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Chapter 1: Introduction 

 

In this introductive Chapter an overview of the worldwide energy demand is reported, with 

the aim of clarifying the importance of seeking renewable energy sources. Between all the 

alternative energy sources, a special interest is devoted to the Photovoltaics, and in 

particular the current situation of PV, the principles of the solar radiation and the solar cell 

technologies will be thoroughly presented. Finally, the last Section of the Chapter is 

dedicated to the description of the structure and the targets of the thesis’ work. 

 

1.1 Worldwide energy demand 
 

The global energy problem is raised from the ever-growing need to satisfy the energy 

demand of developed countries and from the necessity to provide energy through methods 

with low environmental impact, as well illustrated by Michael Grätzel with the following 

sentence: 

“Perhaps the largest challenge for our global society is to find ways to replace the slowly 

but inevitably vanishing fossil fuel supplies by renewable resources and, at the same time, 

avoid negative effects from the current energy system on climate, environment, and health” 

[1]. 

As the world is becoming more advanced in technology and economy, more energy is 

being consumed to keep up with the development and the demand on energy boomed over 

the past years. Presently the annual world primary energy consumption increases by 1.6% 

per year and it is estimated to be about to 25.8 TW by the year 2035 [2].  

At the moment, the energy economy is still highly dependent on three forms of fossil 

fuels - oil, natural gases and coal - which cover more than 85% of the total energy 

production. However, it is expected that world demand for fossil fuels will soon exceed 

annual production and shortages of fossil fuel may cause international economic and 

political crises and conflicts. Moreover, it is known that combustion of fossil fuels releases 

harmful emissions to the environment and the combustion products have not only local but 

also global effects. The use of fossil energy is, in fact, responsible of the so-called 

greenhouse effect. The increase of the amount of CO2 produced in the combustion of fossil 
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energy and then released in the air, together with other gasses called greenhouse gasses, 

generate a reduction of the airflow with the consequent isolation of the warm air inside the 

atmosphere, thus generating an overall increase of the temperature on the Earth. It has been 

predicted that the average global temperature will increase between 0.6 and 4.0 °C in the 

coming 100 years, depending on model parameters such as world population growth, 

primary energy source, and economic growth [3]. In Fig. 1.1 the global energy demand in 

2011 and the prediction for 2040 is reported. From this graph it is possible to see that stored 

energies will continue to dominate the market (even if the coal is predicted to decrease a 

little bit), but the demand of renewable energies will increase drastically. 

 

 

Fig. 1.1 Global energy demand by fuel type [4]. 

 

The term “renewable energy” stands for energy derived from a broad spectrum of 

resources, all of which are based on self-renewing energy sources such as sunlight, wind, 

flowing water, the earth’s internal heat, biomass such as energy crops, agricultural and 

industrial waste, and municipal waste. These resources can be used to produce electricity 

for all economic sectors, fuels for transportation, and heat for buildings and industrial 

processes. 

To be economically competitive, alternative energy sources have to be efficient, 

inexpensive and environmentally friendly, i.e. they have to be sustainable. For example, 

nuclear power is an alternative energy source that cannot be defined sustainable because the 
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use of nuclear plants is associated to a number of well-known environmental problems and 

public safety related to the use of radioactive nuclei and production of radioactive waste.  

Between all the available technologies producing renewable energy, photovoltaic 

energy is a hot topic in current research. One simple reason is that the Earth receives 1.2  

10
17

 W insolation or 3  10
24

 Joule of energy per year from the Sun and this means covering 

only 0.13% of the Earth’s surface with solar cells with an efficiency of 10% would satisfy 

our present needs [5]. Apart from the abundance of potentially exploitable solar energy, 

photovoltaic cells have also other competitive advantages such as little need for 

maintenance, off-grid operation and silence, which are ideal for usage in remote sites or 

mobile applications. According to the Solar Generation 6 report, written by the EPIA 

(European Photovoltaic Industry Association) and Greenpeace International, the 

photovoltaic power generation will cover the 9% of the world demand in 2030 [6]. 

 

1.2 Photovoltaics 
 

1.2.1 Photovoltaic market and the current situation of PV  

 

After the development of the first silicon cell in 1954, photovoltaic devices were used 

primarily in space applications. It is only in the second half of the last decade that grid 

connected photovoltaic systems entered in the terrestrial market with significant 

contribution. Photovoltaic has a lot of advantages: the most important one is that it is a 

clean source of energy, thus allowing a reduction of atmosphere pollution. 

Over the last decade, PV technology has shown the potential to become a major 

source of power generation for the world, with vigorous and incessant growth even during 

times of financial and economic crisis. That growth is expected to last in the years ahead as 

worldwide awareness of the advantages of PV increases. At the end of 2009, the world’s 

PV cumulative installed capacity was approaching 23 GW. One year later it was 40 GW 

and in 2011 more than 69 GW were installed globally and could produce 85 TWh of 

electricity every year, as shown in Fig. 1.2 [7]. This energy volume is sufficient to cover the 

annual power supply needs of over 20 million households. PV is now, after hydro and wind 

power, the third most important renewable energy source in terms of globally installed 

capacity. The growth rate of PV during 2011 reached almost 70%, an exceptional level 

among all renewable technologies. 
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Fig. 1.2 Evolution of the World annual PV market (2000-2011) [7].  

 

In terms of global cumulative installed capacity, Europe still holds the record with 

more than 51 GW installed in 2011. This represents about 75% of the world’s total PV 

cumulative capacity. Next in the ranking are Japan (5 GW) and the USA (4.4 GW), 

followed by China (3.1 GW) which reached its first GW in 2011. Europe has developed 

from an annual market of less than 1 GW in 2003 to a market of over 13 GW in 2010 and 

21.9 GW in 2011. For the first time, Italy in 2011 became the top PV market, with 9.3 GW 

of newly connected systems; Germany was second with 7.5 GW reported by authorities, 

after having been either first or second in each of the last eight years. Together, Italy and 

Germany accounted for nearly 60% of global market growth during last year. These two 

markets were followed by France (1.7 GW) and the United Kingdom (784 MW), which 

showed surprisingly robust growth in 2011. Many other markets have started to show 

significant development. 

As it has for several years, Europe leads the way in the global PV market, with four 

countries that have markets close to or above 1 GW. Outside Europe, China has joined 

Japan and the USA in the group of countries with more than 1 GW of newly PV installed 

capacity. India could also reach that threshold quickly, but other medium sized markets will 

take several years to reach the same level of development. 

 

1.2.2 The solar radiation  

 

The efficiency of a solar cell is sensitive to variations of the intensity and the energy 

distribution of the incident light.  



Chapter 1                                                              Introduction 

Diego Pugliese – Politecnico di Torino – DISAT – PhD in Physics XXVI Cycle  5 

 
 

Solar radiation reaching the Earth's surface strictly depends on the 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 fundamental to define a 

standard spectrum and power density, thus allowing an accurate comparison among 

different solar devices.  

The Sun emission wavelength range covers the ultraviolet (UV), visible and infrared 

(IR) regions of electromagnetic spectrum, with a maximum peak at around 500 nm. Its 

spectrum is similar to that of a blackbody at 5670 K and it is influenced by the absorption of 

some molecules present in the atmosphere, such as O3, CO2, H2O (see Fig. 1.3).  

 

 

Fig. 1.3 Spectra of a black body at 5670 K, extraterrestrial sunlight and terrestrial sunlight 

(AM1.5) [8].  

 

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 [9]. 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. Before reaching the ground, the 

radiation passes through the atmosphere, which modifies the solar spectrum (see Fig. 1.3) 

due to the following factors: clouds (that absorb a high amount of radiation), angle of 

incidence of sunrays (the higher is the tilt of sunrays, the lower is the energy that arrives to 
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the soil) and atmospheric mass. The radiation that finally impings on the ground will 

depend on the path length it has to pass through. This optical path, which takes into account 

the attenuation suffered by the solar radiation due to the atmospheric absorption and 

depends on the position of the Sun, is called Air Mass and it is expressed through the 

formula 

 

              
 

       
     (1.1) 

 

where  is the elevation angle of the Sun (see Fig. 1.4).  

 

 

Fig. 1.4 Illustration of various Air Mass (AM) positions and of the zenith point [10].  

 

When the Sun is directly overhead, the Air Mass is 1 (AM 1) and the irradiance 

reaching the Earth's surface is maximum. The standard spectral distribution of the light used 

for testing photovoltaic devices is AM 1.5 G [11] (elevation angle equal to   = 48.2 ºC and 

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
 [9]. 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 under simulated sunlight. The “G” in 

AM 1.5 G stands for Global, that is the sum of direct and diffuse light.  

In Fig. 1.3 a comparison between the spectrum of a black body at 5670 K and the AM 

1.5 spectrum is shown. 
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1.2.3 Solar cell technologies  

 

Currently the photovoltaic market for terrestrial applications is dominated by mono- 

and poly-crystalline bulk silicon (see Fig. 1.5), which offer the best compromise between 

costs and performances. These devices are the main exponents of a group named as the first 

generation of photovoltaic cells and they comprise more than 86% of the solar cell market. 

 

 

Fig. 1.5 Mono-crystalline and poly-crystalline solar cells [12].  

 

The Si cell fabrication technology is based on the formation of a p-n junction, 

depicted in Fig. 1.6. 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 favors charge separation in the so-called depletion layer when a photon of energy 

larger than the band gap creates an electron-hole pair near the interface (see Fig. 1.6). There 

have been several theoretical calculations on the maximum conversion efficiency obtainable 

from a solar harvester based on the p-n junction. In particular, Shockley and Queisser in 

1961 [13] established an upper limit of the efficiency of 33.7% for a p-n junction with a 

band gap energy (Eg) of 1.4 eV under AM 1.5 illumination. There are two main reasons 

explaining 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 to the electric circuit, whereas 

the rest (E - Eg) is lost by thermal dissipation [14]. Based on this theoretical maximum 

conversion efficiency and on the nature of the materials, photovoltaic cells can be divided 
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in three major categories or generations. The first group includes cells that make use of 

materials with high purity and containing low concentrations of structural defects. These are 

the most efficient cells up to date. To this group belong crystalline silicon, single-junction 

GaAs and multijunction solar cells, with confirmed record efficiencies of 25%, 30% and 

43%, respectively [15]. 

 

 

Fig. 1.6 p-n junction at equilibrium [16].  

 

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. Accordingly, 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 crystallization processes of silicon, make the 

production of silicon cells very expensive. Therefore, Si-based first generation 

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

to be limited. In addition, even if 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 

[17]. 

Two different approaches have been considered to face the problems associated with 

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

increase the energy conversion efficiency beyond the Shockley-Queisser limit. The greater 

incentive to the first approach has been the development of thin film solar cells. These 
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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 are at the origin of third generation PV technologies. 

Photovoltaic cells belonging to the second generation are known as thin film solar 

cells, because the thickness of their constituent material is less than 1 m, i.e. 100-1000 

times lower with respect to first generation devices. This is due to the fact that, being direct 

band gap semiconductors, the thin film materials have much higher absorption coefficient 

than silicon. These cells are based on a single-p-n junction and, therefore, share with first 

generation photovoltaics the theoretical efficiency limit. The driving force for the 

development of thin film solar cells has been their potential for the reduction of 

manufacturing costs. While silicon solar panels are assembled from individual cells 

processed from about 100 cm
2
 silicon wafers, thin film semiconductor materials can be 

deposited onto large surfaces, which is beneficial for volume production.  

Among the exploited materials, the most consolidated technology is that of 

amorphous silicon (a-Si), which is often used in the so-called double- or triple-junction 

cells: these devices are fabricated superimposing various cells based on materials with 

different band gap, that absorb in distinct wavelength regions [18].  

Other used materials are: cadmium telluride (CdTe), whose photovoltaic 

performances are quite similar to crystalline Si, but with the advantages of diffuse light 

absorption and immunity to increasing temperature issues [19]; copper indium selenide 

(CIS), that presents high long-term stability and interesting application as building-

integrated photovoltaics [19]; copper indium gallium (di)selenide (CIGS), that holds the 

record efficiency (up to 19.4%) between the thin film solar cells [18]. The CIGS and CdTe 

solar cell structures are shown in Fig. 1.7.  

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 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 main issues associated with this kind of technology are the use of toxic 

materials as, i.e., cadmium and rare elements as telluride and indium. The implementation 

of a technology marketed as environmentally friendly that uses hazardous metals is quite 

controversial. 
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During the past decades, several examples of third generation solar cells have been 

proposed. The main difference from previous generations is that, here, the basic structure of 

the device is no more the p-n junction, but a multilayer structure in which carriers are 

exchanged. The term third generation includes various technologies and, commonly, is 

used to describe systems which do not fall into the first or second generation and/or which 

try to elude the 33.7% Shockley-Queisser limit [13]. 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 reached: in this case, conversion efficiency 

can be enhanced by stacking cells of different band gaps, thus increasing the spectral 

sensitivity [20]. In principle, by stacking a large number of suitably tailored and designed 

cells, efficiencies as high as 67% and 86% for un-concentrated and maximally concentrated 

solar illumination are theoretically possible [17]. 

 

 

Fig. 1.7 CIGS and CdTe device structures [21].  

 

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

materials were conceived as a new approach to low cost photovoltaics. Compared with the 

inorganic counterpart, recently discovered organic and polymeric conjugated 

semiconducting materials appear very promising for photovoltaics for several reasons, such 

as: lightweightness, low consumption of materials, flexibility, low cost for large scale 

production. These new solar cells have a big potential of development since molecular and 

nanostructural engineering approaches can be exploited for further improvement. The most 
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active research fields comprise organic heterojunctions [22], extremely thin absorber (ETA) 

cells [23, 24, 25], hybrid solar cells [26, 27] and Dye-sensitized Solar Cells [28]. In an 

organic heterojunction the active layer is made up of a heterogeneous mixture (polymer 

blend) of two immiscible polymers: 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 efficiency for 

this class of devices is 5.15% [29], obtained when employing P3HT/PCMB as donor-

acceptor couple (see Fig. 1.8).  

 

Fig. 1.8 Structure of a bulk heterojunction organic solar cell based on the P3HT/PCBM donor-

acceptor couple [30].  

 

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 [24, 31, 32]. Usually, wide band gap semiconductors as TiO2 and ZnO are 

employed as electron conductors and CuSCN as hole conductor. A wide variety of 

inorganic absorbers can be exploited and the best efficiencies (3.5-4% [23, 33]) 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 kind of cells [34].  

Finally, Dye-sensitized Solar Cells (DSCs) [28] 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 
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efficiency of 7.1% [28]. 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 [14]. At the time of writing, the 

record AM 1.5 efficiency for a DSC stood at 12.3% [35]. These devices are characterized 

by low fabrication costs and present some peculiar features like the transparency and the 

possibility of been fabricated in different colors (thanks to the usage of different dyes), thus 

being interesting for building-integrated photovoltaics (BIPV) applications. The major issue 

lays in a limited stability over time, mainly due to the presence of the liquid electrolyte, 

whose evaporation and/or leakage is still an unsolved drawback. A picture of a typical Dye-

sensitized Solar Cell is reported in Fig. 1.9, while a detailed description of the structure and 

operating principle of this kind of cell will be provided in details in Chapter 2. 

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. 

 

 

Fig. 1.9 Picture of a typical Dye-sensitized Solar Cell [36].  

                                                                                                                                               

In Fig. 1.10 the efficiency trend of all the generations of solar cells is summarized. It 

can be seen that for first generation devices (blue points in the graph) the state-of-the-art 

efficiency was reached almost ten years ago, while research on second and third 
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generations (green and orange points, respectively) is presently in progress, thus 

demonstrating the interest in finding some possible low cost competitors to Si-based solar 

cells. 

 

 
 

Fig. 1.10 Best Research-Cell Efficiencies chart [37]. 

 

1.3 Objectives and thesis structure 
 

The main objective of this thesis is to develop and optimize innovative materials for 

Dye-sensitized Solar Cells application, with the aim of overcoming the drawbacks 

highlighted by the conventional ones. In particular, it is well known from the literature that 

TiO2 presents the disadvantage of a reduced charge transport due to a long pathway for the 

electron diffusion within the semiconductor network; Ru-based sensitizers exhibit the 

important limits of expensive synthesis process, relatively low molar extinction coefficient 

in the visible region, limited availability of precursors and waste disposal troubles; finally, 

the main issues when exploiting liquid solvent-based electrolytes are their limited long-term 

stability, difficulty in sealing and leakage, which prevent the realization of devices having a 

high and constant-over-time efficiency. Within this framework, sponge-like and flower-like 
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ZnO nanostructures have been employed as alternative photoanode materials, hemi-

squaraine organic sensitizer (CT1) has been exploited in substitution of Ru-based N719 

dye, and UV-crosslinked polymer membrane and cellulose-based gel have been proposed in 

quality of quasi-solid electrolytes. In the fascinating but at the same time complex Dye-

sensitized Solar Cells’ research world, a theoretical support often reveals necessary to 

clarify and corroborate some experimental evidences. In this context, a physical model able 

to explain the aggregation phenomenon typically shown by organic dye molecules and an 

opto-electronic model applied to build a consistent picture of the static and dynamic small-

signal performances of nanocrystalline TiO2-based DSCs under different incident 

illumination intensities and directions will be presented. 

The thesis is arranged into seven Chapters, the first one giving a brief introduction to 

the renewable energy sources focusing on the status of the today photovoltaic market. To 

introduce the backgrounds of the photovoltaic energy conversion and to define the right 

context of this study, a description of the current photovoltaic technologies with their basic 

operating principle and architecture is reported. This is preceded by a short consideration 

about the solar radiation and is followed by the purpose of the study as well as the outline of 

the thesis.  

Chapter 2 introduces the Dye-sensitized nanostructured Solar Cells beginning with a 

description of the structure and the materials: the components of the cell are treated one by 

one at each time making a cut-through to the literature by examining the used materials, 

their key properties and the related preparation methods. The second part concentrates to 

the discussion of the fundamental physical and chemical processes of the cell operation and 

illustrates the main parameters of a solar cell. 

Chapter 3 presents the experimental techniques exploited for the device 

characterization. 

Chapter 4 is devoted to the description of materials and instrumentations used through 

the work, together with the device fabrication procedures.  

Chapter 5 provides the theoretical support to the experimental activity, in particular  a 

physical model able to explain the aggregation phenomenon of organic dye molecules and 

an opto-electronic model applied to describe the DSC performances under different 

operating conditions will be presented.  

Chapter 6 discusses the experimental and theoretical results of the work. 

Chapter 7 presents the general conclusions on the basis of the previous Sections, 

together with a brief discussion of future work to be done. 
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Almost all the experiments and characterizations were performed at the Center for 

Space Human Robotics @ PoliTO of the Istituto Italiano di Tecnologia (IIT) and in the 

Applied Science and Technology Department (DISAT) of the Politecnico di Torino, with 

the technological support of the Material and Microsystems Laboratory (-lab) of the 

Politecnico di Torino, in Chivasso.  

This work is the result of a collaboration among the Center for Space Human 

Robotics @ PoliTO of the Istituto Italiano di Tecnologia (IIT), the Applied Science and 

Technology Department (DISAT) of the Politecnico di Torino, the Electronics and 

Telecommunications Department of Politecnico di Torino, the Chemistry Department of the 

Università degli Studi di Torino and the companies Cyanine Technologies S.p.A and 

Pianeta s.r.l.. 
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Chapter 2: Dye-sensitized Solar Cells 

 

This Chapter is fully devoted to the description of the Dye-sensitized Solar Cells. These 

devices belong to the third generation of photovoltaics, and are based on the use of organic 

and low cost materials and of cheap fabrication processes. In Section 2.1 a detailed 

overview of DSC architecture and components will be presented, while in Sections 2.2 and 

2.3 the cell operating principle, with particular care dedicated to the charge transfer 

processes occurring inside the device, and the main parameters of a solar cell will be 

respectively described. 

 

2.1 DSC structure and components 
 

The standard architecture of a DSC, made up of a photoanode, a counter electrode and 

a liquid electrolyte solution [1], is reported in Fig. 2.1.  

 

 

                                      Fig. 2.1 Basic structure of a DSC [2].   

 

The photoanode is constituted by a porous wide band gap semiconductor deposited 

onto a glass slice covered by a thin transparent conductive oxide (TCO) film. The 

photoanode is sensitized by a monolayer of dye molecules, responsible for light absorption 

and photoelectron generation. A nanostructured layer with a high specific surface area 

(SSA) is employed as photoanode material instead of a flat semiconductor [3] in order to 

ensure the attachment of a greater number of dye molecules to the surface, and thus 
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achieving a relatively high light absorption and a higher photoconversion efficiency in the 

final device.  

A TCO-covered glass, on which a thin film of catalyst is deposited, plays the role of 

the counter electrode. The catalyst allows speeding up the charge transfer between the 

electrode and the liquid solution.  

Finally, an electrolytic solution, which penetrates the pores of the nanostructured 

photoanode to have a close proximity with the molecules of the sensitizer, is able to conduct 

holes through a redox couple and regenerate the oxidized dye molecules, thus closing the 

electrical circuit. In order to close the structure and to prevent electrolyte leakage, a 

thermoplastic material is placed between the electrodes and defines the electrolyte volume. 

In the following Sections the cell components and their main features will be thoroughly 

described. 

 

2.1.1 Transparent conducting oxide-coated glass substrates  

 

The electrodes of the standard DSC are prepared onto transparent conducting oxide 

(TCO)-coated glass substrates, between which the cell is assembled. The conducting 

coating of the substrate works as a current collector and the substrate material itself both as 

a support structure to the cell and as a sealing layer between the cell and the ambient air.  

TCO can be opportunely deposited by sputtering or by low pressure chemical vapor 

deposition (LP-CVD). Sputtered TCO is basically flat and thus does not possess, as 

deposited, the light scattering properties required by the solar cells. However, surface 

nanotexturing can be achieved in a second step by chemical wet etching. TCO deposited by 

LP-CVD presents several advantages: it is basically a very simple process and easily 

upscalable up to 1 m, with deposition rates over 2 mm/s and the oxide grown has a high 

texturing with crystallographic preferential columnar growth. 

A lot of TCOs were developed and studied in the last thirty years and, among them, 

Fluorine-doped Tin Oxide (FTO) and Indium Tin Oxide (ITO) are mostly used because 

they are considered the best compromise in terms of fabrication process, optical and 

electrical properties. Despite of the lower optical transparency and electrical conductivity (if 

compared with ITO), FTO is the preferred solution in DSC field, because of the high cost 

and the limited supply of indium, and the weak flexibility of ITO layers. 
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2.1.2 Photoanodes  

 

The materials used to fabricate photoanodes are nanostructured oxide semiconductors, 

preferred in photoelectrochemistry because of their exceptional stability against photo-

corrosion on optical excitation in the band gap [4]. Furthermore, the large band gap (> 3 

eV) of the oxide semiconductors is needed in DSCs for the transparency of the 

semiconductor electrode for the large part of the solar spectrum.  

Titanium dioxide has been, and still is, the cornerstone semiconductor for dye-

sensitized nanostructured electrodes for DSCs [5]. In addition to TiO2, other 

semiconductors have been studied and tested, like ZnO, CdSe, CdS, WO3, Fe2O3, SnO2, 

Nb2O5, and Ta2O5 [6]. 

Fig. 2.2 shows the two most important and used crystalline forms of TiO2, i.e. anatase 

and rutile. Anatase appears as pyramid-like crystals and is stable at low temperatures, 

whereas needle-like rutile crystals are dominantly formed at high temperature processes. 

Single crystals of TiO2 also have rutile structure. The densities are 3.89 g/cm
3
 and 4.26 

g/cm
3
 for anatase and rutile respectively. Rutile absorbs about 4% of the incoming light in 

the near-UV region, and band gap excitation generates holes that act as strong oxidants 

reducing the long-term stability of the Dye-sensitized Solar Cells. The third crystalline form 

of TiO2, brookite, is difficult to produce and it is therefore not of practical interest for the 

Dye-sensitized Solar Cells. The band gaps of the crystalline forms are 3.2 eV (the 

absorption edge at 388 nm) for anatase and 3.0 eV (the absorption edge at 413 nm) for rutile 

[4]. 

 

Fig. 2.2 Anatase and rutile crystalline forms of TiO2 [7].                                                                                                                                             
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Titanium dioxide has some unique properties making it the preferred semiconductor 

for DSC. Its conduction band edge lies slightly below the excited state energy level of many 

dyes, that is one condition for efficient electron injection. Another positive aspect is the 

high dielectric constant of TiO2 ( = 80 for anatase) that provides good electrostatic 

shielding of the injected electron from the oxidized dye molecules attached on the TiO2 

surface, thus preventing their recombination before reduction of the dye by the electrolyte. 

Moreover, its refractive index has a suitable value (n = 2.5 for anatase) resulting in an 

efficient diffused scattering of the impinging light enhancing the light absorption. Some 

important and practical aspect of TiO2 are that it is cheap, easily available and non toxic, in 

fact it is already employed as white pigment in paints and tooth pastes. 

The TiO2 film generally employed in a DSC is fabricated starting from a paste in 

which anatase nanoparticles (NPs), with a mean dimension of 20 nm, are dispersed. The 

oxide paste is deposited onto TCO substrates by tape casting or screen printing techniques 

and then it is subjected to a sintering process in order to enhance the electronic 

interconnection between the nanoparticles and the charge transfer towards the substrate. 

The NP-based photoanode presents at the same time the great advantage of a high SSA 

value (in the range 50 - 250 m
2
/g), which permits the anchoring of a great number of dye 

molecules, and the disadvantage of a reduced charge transport due to a long pathway for the 

electron diffusion within the semiconductor network. In order to overcome this important 

drawback, thus ensuring enhanced transport properties, photoanode materials alternative to 

NPs, like 1-D nanostructures (nanorods [8], nanotubes [9], nanowires [10]), are becoming 

increasingly popular. 

A promising alternative to Titanium dioxide for the fabrication of Dye-sensitized 

Solar Cells photoanode is Zinc oxide (ZnO) [11]. ZnO is a wide band gap semiconductor 

(energy gap 3.37 eV), with a conduction band edge positioned approximately at the same 

level as for TiO2. With respect to Titanium dioxide, ZnO presents higher electron mobility 

and carrier lifetime, these parameters being very important to improve the performances of 

DSCs. Moreover, Zinc oxide is well known for its ability to easily grow in a wide variety of 

nanostructures, like for instance nanoparticles [12], nanowires or nanorods [13], nanotubes 

[14], nanosheets [15], nanoplants [16] and nanotetrapods [17]. At present, the 

photoconversion efficiencies of ZnO-based DSCs are below 8% [12, 18, 19], so the 

suggestion of new structures and/or architectures aimed at the improvement of the cell 

performances is an exciting challenge for the future research. 
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2.1.3 Sensitizers 

 

The sensitizer can be regarded as the heart of a DSC: its role is to absorb photons and 

to generate electrons, which are subsequently injected into the conduction band of the 

semiconductor on which it is chemisorbed. The properties of the dye strictly affect the light 

harvesting efficiency and the overall photoelectric conversion efficiency of the solar cell. 

Upon absorption of a photon, an electron is promoted from the fundamental state, the 

Highest Occupied Molecular Orbital (HOMO), to the excited one, the Lowest Unoccupied 

Molecular Orbital (LUMO). From the highest energetic orbital, if the energetic levels of the 

LUMO and the semiconductor conduction band (CB) are in favorable positions, the 

electron can pass into the oxide material. In fact, as will be explained in details in Section 

2.2, the excited state of the dye must have a slightly higher energy with respect to the 

semiconductor conduction band of the oxide, in order to allow the injection of the excited 

electrons (the so-called staggered or type II heterojunction [20]); similarly, the HOMO level 

of the dye should be at lower energy with respect to the redox potential of the electrolyte to 

permit the dye regeneration [20]. For the mentioned reasons, an appropriate choice of the 

dye/semiconductor and dye/electrolyte pairs is of fundamental importance in order to have 

efficient DSCs. Another important property of the sensitizer is its absorption range: longer 

is the range, higher will be the cell efficiency. The light absorption spectrum of the dye 

must range from UV region to IR region, having an absorption peak in the visible range. 

Moreover the dye should be strongly anchored to the oxide surface in order to obtain a low 

charge transfer resistance and a stable chemical bond [21]. Finally, the dye should not incur 

in aggregation: often dye molecules tend to aggregate each other on the oxide surface, thus 

increasing the decay from the excited state to the fundamental one and consequently 

reducing the electron injection into the semiconductor CB. With the aim of decreasing the 

dye aggregation phenomenon, some additives are usually employed as co-adsorbent 

together with the sensitizer, such as the chenodeoxycholic acid (CDCA) [22]. 

The sensitizers typically used in DSC can be divided in two main families: metal-

organic and organic dyes. Metal-based sensitizers exhibit some important limits: expensive 

synthesis process, relatively low molar extinction coefficient in the visible region, limited 

availability of precursors and waste disposal issues. In this context metal-free organic dyes 

could present several advantages, being obtainable with simple, fast and cost effective 

synthetic approach and characterized by high molar extinction coefficients [23, 24]. In 
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comparison to the Ru-based sensitizers, however, organic dyes exhibit lower conversion 

efficiencies, due to the formation of dye aggregates on the semiconductor surface and to 

their narrow light absorption bands in the visible region. 

Between metal-organic dyes, the most used ones are ruthenium or osmium derivates, 

which are characterized by prolonged long-term stability. In particular, the polypyridyl 

ruthenium sensitizer family allows fabricating DSCs with high conversion efficiency 

values: in Fig. 2.3 the molecular structures of most common ruthenium-based sensitizers are 

reported.  

 

 

Fig. 2.3 Molecular structure of N3, N719 and N749 (“black dye”) sensitizers [25].  

 

The first developed sensitizer belonging to this group was the RuL2 (NCS)2 (L = 2,2’-

bipyridyl-4,4’-dicarboxylic acid), known as N3 dye, which allows achieving a 

photoconversion efficiency as high as 10% [26]. Starting from this dye and substituting two 

protons with a tetra-n-butylammonium (TBA) cation group, the so-called N719 dye,  [RuL2 

(NCS)2]: 2 TBA, was obtained. The effect of the deprotonation is to change the polarity at 

the interface, thus shifting the semiconductor conduction band and increasing the Voc of the 

cell. These Ru complexes are able to anchor to the TiO2 surface by means of carboxyl 

groups. Anchoring causes a large electronic interaction between the ligand and the 

conduction band of the semiconductor, resulting in effective electron injection from the Ru 

complex into the oxide material.  

The main disadvantage of these dyes lays in the reduced capability to absorb light 

with wavelengths greater than 600 nm: both N3 and N719 exhibit an absorption spectrum in 

the visible region, with an onset at about 700 nm. In order to overcome this important 

drawback, several dyes have been examined and proposed. It has been found that 

substituting some molecules of the dye, the LUMO level of the sensitizer raises and the 
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HOMO one decreases, leading to the absorption of higher wavelength light. For example, 

substituting a terpyridine group and a cyanide group with two bipyridine groups in the 

[RuL’(NCS)3]: 3 TBA (L’ = 2,2’:6’,2"-terpyridyl-4,4’,4"-tricarboxylic acid) sensitizer 

(known as N749 or “black dye”), the absorption edge of the dye is shifted of approximately 

100 nm towards IR region. This is confirmed by looking Fig. 2.4, where the IPCE (Incident 

Photon-to-electron Conversion Efficiency) spectrum of a DSC fabricated with black dye is 

compared with a N3-based one: it can be clearly seen that the black dye can absorb 

wavelengths up to 900 nm, so that the total photocurrent produced can be as high as 20.5 

mA/cm
2
 [27]. 

 

 

Fig. 2.4 Incident Photon-to-electron Conversion Efficiency of DSCs sensitized by N3 and N749 

(“black dye”) dyes [28].  

Different families of organic sensitizers have been proposed in the last decade. In 

recent years, the development of DSCs based on organic dyes has been very rapid and the 

conversion efficiency of these cells has become comparable to the one of cells based on 

polypyridyl ruthenium dyes. Among the most commonly used organic dyes, it’s important 

to mention the coumarin, the indoline, the cyanine and the squaraine dyes. Fig. 2.5 reports 

examples of sensitizers belonging to these families. Hara et al. proposed a series of 

coumarin derivatives and an efficiency of 7.7% [29], which is comparable with that for 

N719, was obtained. Indoline dyes, known for their reduced photodegradation that permits 

a high long-term stability of the cell, were synthesized for the first time by Uchida and co-

workers [30] and a 9.5% photoconversion efficiency was achieved with the so-called D205 
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dye. Cyanine dyes are known for their high molar extinction coefficient values and the 

capability to absorb the near-IR radiation [31]. However the photovoltaic performances of 

DSCs based on these dyes are quite low: for example using the Cy3 dye, a 4.8% of PCE 

under 75 mW/cm
2
 illumination has been obtained [32]. Representative sensitizers of the 

squaraine family are SQ1 and SQ2 dyes, proposed by Grätzel and co-workers [33, 34], 

which are characterized by relatively high conversion efficiencies (4.5% and 5.4% 

respectively), high molar extinction coefficient values and strong electronic coupling with 

the TiO2 surface.  

Sensitization with one single dye molecule is often poorly performing, since its 

absorption spectrum is hardly matched with the solar emission spectrum. In order to 

overcome this limit, co-sensitization of several dyes with different spectral response reveals 

to be a quite common strategy employed to increase the DSC performances. Zhang et al. 

[35, 36] used a series of squaraine dyes as co-sensitizer of ruthenium polypyridyl 

complexes and improved of 13% the efficiency for Dye-sensitized Solar Cells than those 

sensitized with simple ruthenium polypyridyl complexes. 

An alternative to the use of molecules chemisorbed on the surface of the oxide 

material is the application of semiconductor quantum dots. They are particles made by a 

small number of atoms coming from II-VI or III-V groups with very small dimensions. 

They have a very wide absorption spectrum and it can be modified changing the dimension 

of the particles. A drawback of quantum dots is their easy corrosion when put in contact 

with a liquid electrolyte. 

 

Fig. 2.5 Molecular structures of dyes belonging to different families of organic sensitizers: a) 

coumarin, b) indoline, c) cyanine and d) squaraine [5].  
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2.1.4 Counter electrodes 

 

Like the photoanode, also the counter electrode is fabricated starting from a glass 

covered with a film of conductive oxide. In order to ensure a sufficiently fast reduction 

reaction kinetics at the TCO-coated cathode, a catalyst coating is needed [5].  

The most employed catalysts in DSCs are platinum and carbon-based materials. The 

use of Pt assures high values both of current and voltage, and it is characterized by low 

counter electrode resistance [37]; platinum catalyst coating can be easily performed for 

example electrochemically [6, 38], by sputtering [26], pyrolytically or by spin coating [39]. 

Electrochemically and vapor deposited [40] Pt has been however found unstable in presence 

of the iodide-based electrolyte. An alternative Pt catalyst coating method called "platinum 

thermal cluster catalyst" has been developed. This catalyst provided superior kinetic 

performances with respect to conventional platinum deposition methods, chemical and 

electrochemical stability in practical cells and low platinum loading of 5 - 10 mg/cm
2
, thus 

leading to costs reduction, mechanical stability of the counter electrode surface and optical 

transparency of the counter electrode due to the low platinum content. 

While showing excellent catalytic action, platinum has the disadvantage of being very 

expensive. A low cost solution for counter electrode fabrication is represented by graphite 

[41]. The main problems related to this material are the low homogeneity and adhesion to 

the substrate, so the performances of the cells based on this catalyst are lower with respect 

to the Pt-based ones [42]. An interesting alternative material is graphene, which in principle 

could act as transparent conductive film and catalyst at the same time, thus reducing the 

counter electrode fabrication costs [43]. Finally, another promising design utilizes a porous 

carbon counter electrode as a catalyst layer. This carbon electrode is made from a mixture 

of carbon black, graphite powder and nanocrystalline TiO2 particles. A high conductivity 

(sheet resistance of 5 /sq for a 50 m-thick layer) is obtained due to the carbon black 

particles connecting together separate graphite flakes, while the TiO2 particles are used as a 

binder to the structure.  

 

2.1.5 Electrolytes  

 

The electrolyte plays one of the most relevant roles in the process of light-to-

electricity conversion, since it works as an electron transfer mediator with the function of 
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regenerating the dye sensitizer from the oxidized state. The requirements that must be met 

for any electrolyte employed in a Dye-sensitized Solar Cell are listed here below: 

1. The electrolyte must have long-term stability, including chemical, thermal, 

optical and electrochemical stability, to prevent the degradation of the dye 

from the oxide surface. 

 

2. The electrolyte must be able to transport the carriers between the working 

electrode and the back electrode. After the injection of the electrons into the 

conduction band of the oxide material, the oxidized dye must be regenerated 

and reported to its ground state. That is why the electrolyte must be chosen in 

a proper way in order to take into account the redox potential and the 

recombination properties of the dye. 

 

3. The electrolyte must ensure the fast diffusion of the charge carriers into the 

device and produce good contact with the porous nanocrystalline oxide layer 

and the counter electrode. For liquid electrolytes it is necessary to prevent the 

loss of the solution by leakage or evaporation. 

 

4. The electrolyte should not exhibit a significant absorption in the range of 

visible light. For electrolytes containing I
-
/I3

-
 couple, since I3

- 
has its own color 

and reduces the visible light absorption by the dye, and I3
-
 ions can react with 

the injected electrons, the dark current should be increased; that is why the 

concentration of I
-
/I3

-
 must be optimized. 

 

Electrolytes for DSCs can be classified as liquid, quasi-solid, or solid, depending on 

their viscosity. The most common class of electrolytes used in DSCs is the liquid organic 

solvent-based one. They are usually constituted by a redox couple dissolved in a high 

dielectric constant organic solvent; moreover some additives can be inserted in order to 

increase the device performances [5].  

The highly employed redox couple is iodide/triiodide (I
-
/I3

-
), mainly because of the 

slow recombination reaction; electrolytes based on this couple are commonly prepared by 

dissolving iodide salts with different cations (Li
+
, Na

+
, Mg

+
) in the liquid solvent. However 

the corrosive properties of iodine have led to the investigation of alternative redox couples, 
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like Br
-
/Br3

-
 [44], SCN

-
/(SCN)3

-
 [45] and SeCN

-
/(SeCN)3

-
 [46], which have promising 

electrochemical and noncorrosive properties, but suffer for chemical instability [5]. Also 

some coordination compounds such as copper and cobalt complexes can act as redox 

mediators [47, 48]. Currently, Co complexes are the most promising redox couples, since 

they are noncorrosive, nonvolatile, and relatively transparent to the visible light. Moreover, 

it has been recently shown that Co
(II/III)

tris(bipyridyl)-based redox electrolyte can exceed 

12% efficiency [49]. 

Concerning the solvent, it must have low volatility in the operating DSC temperature 

range, low viscosity in order to allow the fast diffusion of charges, and a high dielectric 

constant to make the redox couple dissolution easier [5]. Between all the solvents used in 

DSC research field, acetonitrile (ACN) can be regarded as the most performing, due to its 

excellent stability, low viscosity and capability to dissolve a lot of salts and organic 

molecules. Unfortunately ACN boiling point is low (78 °C), so for long-term stability tests 

of the DSCs the preferred choice falls on 3-methoxypropionitrile (MPN), characterized by 

164 °C boiling point and low toxicity: an efficiency of 7.6% after 1000 h of continuous 

irradiance has been achieved using MPN as solvent [50]. Less used solvents are water, 

ethanol, ethylene carbonate and propylene carbonate [51]. 

Regarding the additives, a lot of cations and compounds have been introduced and 

tested in liquid electrolytes in order to enhance the photovoltaic performances of the cell. 

Between them, the most employed one is the 4-tert-butylpyridine (TBP), whose effect is to 

suppress the dark current and increase Fill Factor and efficiency values, by inducing the 

coordination between N atoms and Ti ions on the TiO2 surface, thus limiting the electron 

recombination [52]. The addition of guanidinium thiocyanate (GuSCN) in the liquid 

electrolyte leads to an increase of both current and voltage, due to a positive shift of the 

TiO2 CB and a reduction of charge recombination [53]. Also Li cations are commonly used 

as additives: they can be adsorbed on the TiO2 nanoparticles surface, leading to an 

important increase in photocurrent density values. This effect is due to the ability of Li ions 

to lower the acceptor states of TiO2, changing the flat band on the photoanode surface and 

making the electron injection more energetically favorable [54].  

The main issues when exploiting liquid solvent-based electrolytes are their limited 

long-term stability, difficulty in sealing and leakage, which prevent the realization of 

devices having a high and constant-over-time efficiency. To overcome these drawbacks, 

different alternative solutions have been proposed and are currently under study. Between 
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them, a special consideration has to be deserved to the solvent-free liquid electrolytes, the 

quasi-solid electrolytes and the solid electrolytes.  

The former are based on the so-called room temperature ionic liquids (RTIL) and are 

characterized by reduced volatility, good chemical and thermal stability and high ionic 

conductivity. Widely used RTILs for DSCs are alkyl imidazolium salt, trialkyl 

methylsufonium salt and alkylpyridinium salt. The only drawback of RTILs is their high 

viscosity, which makes the diffusion of the charge carriers rather slow [55].  

Quasi-solid electrolyte can be obtained starting from organic solvent-based or ionic 

liquid electrolytes that can be gelled, polymerized, dispersed in polymeric matrix, or in 

which nanoparticles are dispersed [5].  

Solid state electrolytes are represented by conductive polymers, hole-conducting 

molecular solids or organic p-type conductors, like polypyrrole [56], poly(3,4-

ethylenedioxythiophene) (PEDOT) [57], poly(3-hexylthiophene) (P3HT) [58], polyaniline 

(PANI) [59] and 2,27,7-tetranis-(N,N-di-p-methoxyphenyl-amine)9,9-spirobifluorene 

(spiro-OMeTAD) [60]. However, the photovoltaic performances of DSCs based on all these 

alternative electrolytes are currently lower with respect to the liquid solvent-based ones, so 

further work is required. 

 

2.1.6 Sealing 

 

Sealing the DSCs has long been a difficult issue because of the corrosive and volatile 

liquid iodide electrolyte employed in the cells. Being directly related to the long-term 

stability of the cells, it seems to be one of the main technological challenges of the DSC 

technology. A suitable sealing material should at least: 

 

1. Be leak-proof to the electrolyte components and impermeable to both ambient 

oxygen and water vapor. 

 

2. Be chemically inert towards the electrolyte and the other cell components. 

 

3. Adhere well to the glass substrate and the TCO coating. 
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Several sealing materials have been used, such as epoxy glue, water glass (sodium 

silicate) [41], an ionomer resin Surlyn® (grade 1702) from Du Pont, aluminum foil 

laminated with polymer foil [41], a vacuum sealant Torr Seal®, or a combination of these. 

When employing a sealing material, the cell assembly process becomes more time 

consuming. In fact, after the structure sealing, the electrolyte has to be inserted by means of 

a vacuum procedure, which consists in pouring an electrolyte droplet on the top of a hole 

drilled on the counter electrode and evacuating the free space between the electrodes, thus 

allowing the complete electrolyte filling into the volume [61]. One important question when 

selecting the sealant is the tolerance of the sealing material towards iodide and triiodide in 

the electrolyte. Interestingly, despite the fact that the most used sealant, the Surlyn® 

ionomer resin from Du Pont, has been classified by the manufacturer as not resistant 

towards iodine in long-term exposure, stable long-term operation has been demonstrated for 

DSCs utilizing Surlyn® sealing with iodide-based electrolytes.  

 

2.2 Principle of operation 
 

Dye-sensitized Solar Cells are photoelectrochemical devices where several electron 

transfer processes run in parallel and in competition. In contrast to the semiconductor p-n 

junction solar cells, where light absorption and charge transport occur in the same material, 

the DSC separates these functions: photons are absorbed by the dye molecules and transport 

of charges is carried out in the TiO2 electrode and in the electrolyte.  

In DSCs, the photoanode is a mesoporous oxide layer composed of nanometer-sized 

particles which have been sintered together to allow the electronic conduction. Attached to 

the surface of the oxide is a monolayer of dye molecules, which upon light absorption are 

promoted into an excited state. As a result, electrons from the valence band (VB) are 

injected into the conduction band (CB) of the semiconductor, giving rise to the formation of 

excitons and to the subsequent charge separation. The free electrons in the conduction band 

diffuse across the semiconductor towards the external circuit, performing electrical work. 

Once the electrons reach the counter electrode (CE), they react with the electrolyte that fills 

the space between the two electrodes. The original state of the oxidized dye is subsequently 

restored by electron donation from the electrolyte, which is itself regenerated at the 

platinum counter electrode by reduction of triiodide [21, 62, 63, 64]. The redox electrolyte 
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therefore allows the transport of electrical charge between the two electrodes of the DSC, 

closing the cycle.  

The efficiency of a DSC is strongly related to the electronic energy levels of the 

excited state (LUMO) and the ground state (HOMO) of the dye, by the electron Fermi level 

of the semiconductor and by the redox potential of the electrolyte. In particular, the dye 

LUMO must have an energy higher than the oxide CB and the HOMO should be lower with 

respect to the redox potential: for the above reasons the sensitizers have to be designed and 

synthesized in the appropriate way, to match the energy requirements of semiconductor and 

redox couple. The cell itself is able to produce a voltage drop between the two electrodes on 

the external load. The maximum photoelectric voltage that can be reached in open circuit 

condition is called Voc and it is defined as the difference between the TiO2 Fermi energy, 

EF, and the redox potential of the electrolyte, Eredox. The cell can be defined as a “closed 

system” because when the structure has been assembled, during the operation, any chemical 

substance is destroyed or produced. However, some unwanted reactions resulting in losses 

in the cell efficiency can occur. The most important loss mechanisms are the direct 

recombination of the excited dye and the recombination of the injected electrons in the TiO2 

with the oxidized dye or with the holes in the electrolyte. 

Fig. 2.6 shows the sequence of the charge transfer processes responsible for the 

operation of a DSC [65]: 

 

Fig. 2.6 Schematic diagram of the operation kinetics of a DSC: forward electron transfer () 

and electron loss pathways (‒  ) [66].  
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1. The photosensitizer, adsorbed on the surface of the semiconductor, absorbs the 

incident sunlight and becomes excited from the ground state (S) to the excited 

state (S
*
) 

 

                                (2.1) 

 

2. The excited electrons are injected into the conduction band of the 

semiconductor, resulting in the oxidation of the sensitizer (S
+
) 

 

                           
       (2.2) 

 

3. The oxidized sensitizer (S
+
) is regenerated by accepting electrons from the 

iodide ion 

                      
 

 
   

 

 
  
         (2.3) 

 

4. The triiodide redox mediator diffuses towards the counter electrode and is 

reduced to iodide 

 

                    
       

           (2.4) 

 

Additionally to the forward electron transfer and ionic transport processes, several 

competing electron loss pathways should be considered: 

 

5. Decay of the dye excited state to the ground state 

 

                           (2.5) 

 

6. Recombination of the injected electrons with the dye cations 

 

                        
         (2.6) 

 

7. Recombination of the injected electrons with the triiodide redox mediator 
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           (2.7) 

 

The charge transfer processes and the unwanted loss mechanisms presented above will be 

discussed in details in the following Sections. 

 

2.2.1 Absorption of light 

 

The high efficiency of the Dye-sensitized Solar Cell is due to a series of effects of 

numerous well-tuned physical and chemical properties. The most important one is the use 

of large band gap semiconductor material as electrode. Its properties are enhanced by the 

coating of the internal surface of the porous semiconductor with special dye molecules 

tuned to absorb the incoming light. The dye is adsorbed on the TiO2 surface thanks to 

special anchoring groups attached to the dye molecule. The absorption of an impinging 

photon happens via an excitation between the electronic states of the molecule: in Ru 

complexes- based dyes, the excitation is of metal-to-ligand charge-transfer (MLCT) type, as 

reported in Fig. 2.7. 

 

Fig. 2.7 Charge transfer processes between the dye and the TiO2 lattice: 1. MLCT excitation; 2. 

Electron injection; 3. Charge recombination [67].  

The highest occupied molecular orbital (HOMO) is placed near the Ru metal atom, 

whereas the lowest unoccupied molecular orbital (LUMO) is localized at the ligand species. 

When an excitation occurs, an electron is transferred from the HOMO to the LUMO level 

and, since there is a partial overlapping between the electron wavefunctions of the LUMO 



Chapter 2                                          Dye-sensitized Solar Cells 

Diego Pugliese – Politecnico di Torino – DISAT – PhD in Physics XXVI Cycle  34 

 
 

level of the dye with the conduction band of the oxide material, the electron is subsequently 

fast injected into the TiO2 conduction band.  

The injection process for Ru complex-based sensitizers attached to an oxide surface 

occurs in the femtosecond time scale [68]. In order to achieve good device performances, 

the duration of the injection process should be compared with the decay of the excited state 

of the dye to the ground state (process (5) reported in Fig. 2.6). This is given by the excited 

state lifetime of the dye, which for typical Ru complexes employed in DSCs is 20 - 60 ns 

[62]: by looking at these values, it can be stated that for this kind of dye the injection is an 

ultrafast process. However, for an efficient device, it is fundamental that also the quantum 

efficiency for injection is high. The electron injection efficiency is defined as follows 

                                                             
   

 
    

       
,     (2.8) 

where kinj and kd are the rate constants for electron injection and decay of the excited dye, 

respectively; for efficient injection, kinj should be about 100 times larger than kd. 

2.2.2 Charge separation 

 

The charge separation in DSCs is based on the electron transfer from the dye 

molecule to the TiO2 and on the movement of the holes from the oxidized dye to the 

electrolyte. The electron transfer mechanism is strongly related to the electronic structure of 

the adsorbed dye molecule and the energy level matching between the excited state of the 

sensitizer and the conduction band of the oxide semiconductor.  

The main difference between the typical p-n junction cell and the one based on 

nanoparticle electrode/electrolyte interface is that the charge separation in silicon-based cell 

occurs thanks to an electric field across the junction region; instead in a DSC it is slightly 

different, because the small dimensions of the particles of the nanostructured electrode does 

not allow the generation of a field. The electrolyte surrounding all the nanoparticles 

decouples them and screens any electric field in a range of about a nanometer [69]. Even if 

the band bending inside the particles is denied, an electric field is otherwise created at the 

oxide/electrolyte interface thanks to the adsorbed dye molecules. In particular, the latter 

usually employ acid anchoring groups (COOH) as attachment units and, during the binding 

with the TiO2, a proton (H
+
) is released, leaving the dye molecule negatively charged. The 

generated potential difference is estimated to be approximately 0.3 eV and it is the 
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responsible for the charge separation. The most important mechanism for the separation of 

charges is however the relative position of the energetic levels: the excited level of the dye 

must be higher with respect to the conduction band of the oxide, and the HOMO level of the 

sensitizer must be below the redox potential of the electrolyte. 

2.2.3 Charge transport 

 

In a Dye-sensitized Solar Cell, the charge transport occurs thanks to the electron 

transport in the nanostructured TiO2 photoelectrode and to the hole transport in the 

electrolyte: both these mechanisms equally affect the overall performances of the cell. 

The semiconductor nanoparticle network works not only as a large surface area 

substrate for the dye molecules but also as a transport media for the electrons injected from 

the dye molecules. Because of the porous structure of the electrode and of the screening 

effect of the electrolyte, the electrode can be viewed as an ensemble of individual particles 

through which electrons percolate by hopping from one particle to the next [62]. As 

mentioned above, the small size of the particles prevents the formation of a space charge 

layer and a built-in electric field inside the particles, and therefore the electrons cannot be 

drifted by an electric field. The collection of the electrons in the conduction band of the 

TiO2 particles under illumination results in an electron concentration gradient in the 

electrode, and the electrons are transferred to the TCO back contact layer by diffusion. The 

movement of the electrons is characterized by a distribution of diffusion coefficients, 

related to the hopping of the electrons via surface traps of different depths [62]. These 

electron traps are localized energy states just below the conduction band edge of the 

semiconductor oxide and play a significant role in the electron transport. The diffusion 

coefficient of the electrons is strictly related with the position of the electron quasi-Fermi 

level under illumination. If the cell is exposed to a low illumination condition, only deep 

traps contribute to the electron transport, leading to a low diffusion coefficient. If the light 

intensity increases, the quasi-Fermi level raises and the number of traps contributing to the 

transport of electron increases, allowing a higher diffusion coefficient and so a higher 

photocurrent. The electron, together with its screening charge in the electrolyte side of the 

particle surface, can be viewed as a polaron moving by the electron diffusion towards the 

back contact where the electron is subsequently separated. 

 On the other side, considering positive charges, the electrolyte in a DSC works as a 

hole-conducting medium. At the photoelectrode the oxidized dye, left behind by the 
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electron injected to the conduction band of the TiO2, is regenerated by the I
-
 present in the 

electrolyte in the reaction reported by Eq. (2.3), while at the counter electrode I3
- 
is reduced 

to I
- 

in the reaction reported by Eq. (2.4). In other words, I3
- 

is produced at the TiO2 

electrode, it diffuses into the electrolyte and at the end it is consumed at the counter 

electrode. In the same way, I
- 

is produced at the counter electrode, it diffuses into the 

electrolyte in the opposite direction with respect to I3
- 
and finally it is consumed at the TiO2 

interface. Summarizing, the electrolyte can be regarded as essentially a neutral sink of I
- 
and 

I3
- 
feeding the reactions (2.3) and (2.4) at the electrodes and maintaining the redox potential 

in the bulk of the electrolyte via the fast redox reaction of the I
-
/I3

-
. This redox reaction in 

the electrolyte is a two-electron reaction [70] 

 

                        
           (2.9) 

which is composed of a series of successive reactions 

                                                       charge transfer reaction,    (2.10) 

 

                                                 fast chemical reaction,   (2.11) 

 

           
   

                                fast chemical reaction.     (2.12) 

 

2.2.4 Recombination 

The recombination of the generated electrons with the holes in the dye-sensitized 

nanostructured TiO2 electrode can in principle occur both after the electron injection or 

during its migration in the TiO2 electrode on its way to the electrical back contact. The 

recombination of the injected electrons in the photoelectrode with the oxidized dye or with 

the holes in the electrolyte, which are two of the most important loss mechanisms in a DSC, 

will be thoroughly discussed here below. 

The kinetics of the back electron transfer reaction from the semiconductor CB to the 

oxidized sensitizer (process (6) reported in Fig. 2.6 and in Eq. (2.6)) follows a multi 

exponential time law, occurring on a microsecond to millisecond time scale (depending on 
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the electron concentration in the semiconductor and thus on the light intensity). The 

recombination of the electrons in TiO2 with the acceptors in the electrolyte (process (7) 

reported in Fig. 2.6 and in Eq. (2.7)) is usually regarded as the electron lifetime (n). 

Lifetimes observed with the I
-
/I3

- 
are very long (1 - 20 ms under 1 sun light intensity) 

compared with other redox systems employed in a DSC, thus clarifying why this redox 

couple is the commonly used one. 

These two recombination mechanisms are possible in a DSC since the electrons are 

always within only a few nanometers distance from the semiconductor/electrolyte interface 

during their transport through the mesoporous TiO2 film. In particular, taking place on the 

same time scale, the recombination of the electrons with the oxidized dye molecules can be 

in competition with the regeneration process. In fact, when the electron concentration in the 

TiO2 nanoparticles increases, a strong enhancement in the recombination kinetics is 

evidenced [71]. In this case, it is useful to define the regeneration efficiency, ηreg, which 

gives the probability that an oxidized dye molecule is regenerated by an electron donor in 

the electrolyte rather than by the recombination with an electron in the TiO2 

                   
   

 
    

         
,   (2.13) 

where kreg is the rate constant for the regeneration process and krec is the first-order rate 

constant for the recombination of the electrons with the oxidized dye molecules. On the 

other side, regarding the recombination of the electrons in the TiO2 with the acceptors in the 

electrolyte, this phenomenon can compete with the transport through the oxide, being in 

same time range. In order to have an efficient energy production, the oxide transport time t 

should be lower than the electron lifetime: in this case the electrons are able to reach the 

front electrode before the recombination occurs. Often the transport properties are described 

with the diffusion length Ln, which is the square root of the product of the electron lifetime 

and the diffusion coefficient 

                          .   (2.14) 

If this parameter is greater than the film thickness, all the photogenerated electrons will be 

statistically collected [3]. 
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2.3 Main parameters of a solar cell 
 

A photovoltaic cell is a device able to convert the incident sunlight to electrical 

energy, exploiting the photoelectric effect. The generation of the electrical power under 

illumination is achieved by the capability of the photovoltaic device to produce voltage over 

an external load and current through the load at the same time.  

Fig. 2.8 shows the typical Current-Voltage (I-V) characteristic of a generic solar cell, 

together with some important figures of merit: the open circuit voltage Voc, the short circuit 

current Isc and the maximum power point Pmax. 

 

 

            Fig. 2.8 Typical I-V characteristic of a solar cell [72].  

The open circuit voltage Voc is the maximum voltage generated by the solar device 

when it is connected to an infinite resistance (i.e. when no current flows) and it is defined as 

the difference between the potential of the conduction band of the TiO2 and the redox 

potential of the electrolyte. The short circuit current Isc represents the maximum current 

when the electrodes are short circuited, while the maximum power point Pmax is the point in 

which the product of the current and the voltage is maximum. The current flowing in the 

device is dependent on the area illuminated by the sun radiation, so it is preferable to refer 

to the short circuit current density Jsc and the maximum current density Jmax instead of the 

short circuit current and maximum current, simply dividing the currents for the exposed 

area A of the cell. Another important parameter obtainable from the I-V characteristic is the 

Fill Factor FF, which is a measure of the cell quality and is defined as the ratio between the 

theoretical maximum power obtainable (Jmax Vmax) and the measured power (Jsc Voc) 
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.   (2.15) 

Finally, the most important parameter derived from the I-V characteristic is the 

PhotoConversion Efficiency (PCE), defined as the ratio between the maximum power 

developed by the cell and the power density of the incoming solar radiation in the cell Pinc 

                     
    

    
 

          

    
,   (2.16) 

 

where Winc is the optical incident power density (equal to 100 mW/cm
2
, also called 1 sun, 

under standard AM 1.5 G condition, see Section 1.2.2).  

Another crucial parameter necessary to evaluate the performances of a solar cell, and 

in particular to determine the maximum current obtainable from the device, is the Quantum 

Efficiency (QE), which represents the number of electrons photogenerated by an incident 

photon for a given wavelength  . Two QEs, differing only in terms of the reflected light, 

can be defined: the Internal Quantum Efficiency (IQE), where only the photons not 

reflected by the cell surface are taken into account, and the External Quantum Efficiency 

(EQE), which accounts for all the impinging photons. These two quantities are linked by the 

following relation 

                                       , 

   

(2.17) 

 

where R(λ) represents the reflectivity of the surface. 

Using the external quantum efficiency, also known as Incident Photon-to-electron 

Conversion Efficiency (IPCE), the short circuit current density Jsc can be evaluated as 

                                       ,   (2.18) 

 

where q is the elementary charge value, Φ(λ) = E(λ)/(hc/λ) is the incident photon flux for a 

given wavelength λ, E(λ) is the solar spectral irradiance, h is the Planck constant and c is the 

speed of the light. 
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Chapter 3: DSC characterization techniques 

 

The purpose of this Chapter is to describe the different techniques commonly exploited to 

characterize the photovoltaic performances and the charge transport and recombination 

properties of DSCs. Current-Voltage and Incident Photon-to-electron Conversion 

Efficiency measurements, usually adopted to evaluate the photovoltaic response of the 

device and already introduced in Chapter 2, will be presented in the first two Sections of the 

Chapter. In Sections 3.3 and 3.4 Open Circuit Voltage Decay and Electrochemical 

Impedance Spectroscopy techniques, generally aimed at evaluating the charge transfer 

properties, will be respectively discussed.  

 

3.1 Current-Voltage measurements 
 

As already reported in Section 2.3, Current-Voltage (I-V) characteristic is the standard 

technique used to assess the photovoltaic behavior of a solar cell. With the goal of making 

the results achieved by the different research groups in the world comparable, the I-V 

measurements are usually performed under the standard AM 1.5 G condition (see Section 

1.2.2). 

The standard set-up is constituted by a solar simulator and a Source Measure Unit 

(SMU). The solar simulator provides the illumination by means of a Xe lamp and an AM 

1.5 G optical filter able to modify the spectrum for a better match to the standard solar 

spectrum, while the SMU applies a bias voltage to the cell and acquires the corresponding 

current value. Starting from the I-V characteristics, the photovoltaic figures of merit can be 

evaluated by using Eqs. (2.15) and (2.16). The measurement conditions, i.e. the direction of 

the voltage scan, the delay time between two consecutive bias voltages and the use of a 

mask [1], have to be taken in great consideration during the characterization of a Dye-

sensitized Solar Cell, differently for what happens with standard Si-based solar devices. 

 

3.2 Incident Photon-to-electron Conversion Efficiency 

Incident Photon-to-electron Conversion Efficiency is a powerful technique generally 

adopted to estimate the electrical response of a cell at different incident wavelengths.  
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One of the advantages that this characterization technique offers is the possibility to 

investigate the wavelength range in which a particular dye molecule is able to absorb the 

light and efficiently inject electrons into the conduction band of nanostructured TiO2 film. 

The set-up normally utilized to perform this kind of measurement on common silicon-

based solar devices is constituted by two different lamps. The output beam provided by the 

first one passes through a chopper, then it is sent to a monochromator, and finally impinges 

on the cell under test; the second lamp, instead, illuminates the device with a constant 

output, thus keeping it under normal working conditions. 

The short circuit current density yielded by the cell in response to the sum of 

monochromatic and constant illumination is acquired through a lock-in amplifier which 

selects only the AC component related to the monochromatic beam Jsc( ). If the incident 

light power density at each wavelength ϕ( ) is known, the IPCE value at a given 

wavelength can be calculated by using the formula [2] 

                    
      

     
  

  
    

   
    

    
        (3.1) 

where Jsc is measured in mA/cm
2
, ϕ in mW/cm

2
,   in nm, and  lh,  inj and  coll are the light 

harvesting efficiency, the charge injection efficiency and the charge collection efficiency, 

respectively. This chopper-based method to evaluate the IPCE generally adopts a chopping 

frequency of the order of different tens of Hz, so it is suitable for p-n junction-based devices 

whose response time is of about 1 ms, while it can create problems when exploited to 

measure the IPCE spectrum of a DSC (whose response time can be as long as 1 s). 

Recently an alternative set-up to perform the IPCE measurement exploiting 

continuous monochromatic irradiation without chopping and additional bias light has been 

proposed [2, 3, 4]. This method, in which the current is simply acquired by means of a 

SMU, has revealed to be reliable for the IPCE measurements of DSCs, with the only 

shrewdness to evaluate the current for a fixed wavelength after a sufficient long time (3 s) 

to be sure that the Jsc had reached a steady-state value before acquiring it [3, 5].  

 

3.3 Open Circuit Voltage Decay  

Open Circuit Voltage Decay (OCVD) is a well known technique used to study the 

recombination kinetics in DSCs [6]. 
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The cells are kept under constant illumination at open circuit condition until they 

reach a steady-state photovoltage value. Then, the light is suddenly switched off and the 

subsequent voltage decay is monitored as a function of the time. Since under open circuit 

voltage condition the photogenerated electrons cannot be collected by the electrode, they 

recombine with an approximately constant rate, thus reducing the photovoltage. Therefore, 

the decrease of the Voc depends only on the charge recombination, and can be associated to 

the electron lifetime through the formula [6] 

 

                     
   

 
 

    

  
 

  

      
    

  
 

  

     (3.2) 

where kB is the Boltzmann constant, T the absolute temperature and q is the elementary 

charge value. The quantity Vth = kBT/q is called thermal voltage and it is approximately 

equal to 25 mV at room temperature. The advantage of this technique 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. 

3.4 Electrochemical Impedance Spectroscopy  
 

Electrochemical Impedance Spectroscopy (EIS) is a technique widely exploited for 

characterizing the electrical behavior of systems in which the overall performances is 

determined by a number of strongly coupled processes, each proceeding at a different rate. 

This technique is based on the analysis of the electric response of a cell to an applied 

periodic voltage of variable frequency superimposed to a constant bias voltage [7]. Even if 

the transport and charge transfer processes occurring in real systems are commonly 

described by nonlinear equations, in the particular case of applied voltages with amplitude 

comparable with the thermal voltage (i.e. under small-signal condition), it is possible to 

describe all the processes by linear equations in which the coefficient between the potential 

and the current is the electric impedance [8].  

For a Dye-sensitized Solar Cell, since the different transport and recombination 

processes taking place in the device are characterized by quite different time constants, this 

technique is able to distinguish all these mechanisms: the diffusion-recombination 

electronic processes in the TiO2 layer and at the semiconductor/electrolyte interface, the 
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diffusion mechanism of the redox species in the electrolyte, and also the charge transfer at 

the counter electrode [9].  

In this context, the electrochemical cell behavior can be described by an equivalent 

electric circuit. Usually, the shape of the I-V curve of a DSC can be carefully fitted using 

the simple diode circuit model, reported in Fig. 3.1 and corresponding to the following 

equation [10] 

 

                          
  

        
         

        

   
     (3.3) 

 

where Iph is the photocurrent modeled as an ideal current generator, I0 the diode reverse 

saturation current (the so-called dark current), Vth the thermal voltage, m the diode ideality 

factor, and Rs and Rsh the series and shunt resistances of the cell respectively. All these 

parameters can be evaluated by fitting the model to a measured solar cell I-V curve. 

However, in the fitting process Rs needs to be assumed constant, and this is not possible in 

the case of the DSCs because the series resistance takes into account also the contributions 

from the current-dependent resistances of charge transfer and mass transport at the counter 

electrode [11]. For this reason, a more complicated modeling circuit, i.e. the transmission 

line model, TLM, is usually adopted to fit the EIS data and it will be presented in the next 

Section. 

 

   Fig. 3.1 Basic diode equivalent circuit model of a solar cell [10].  

 

In Section 3.4.2, instead, the two typical EIS plot of a DSC will be discussed. 
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3.4.1 The transmission line model  

 

Fig. 3.2 shows the widely used equivalent circuit model of a DSC, in the simplified 

case in which the potentials considered are near the Voc. 

 

 

Fig. 3.2 Simplified equivalent circuit of a DSC for the TiO2 in a conductive state [12].  

 

In this picture, the nanostructured oxide representation has been simplified to a columnar 

model that represents the mesoporous layer in which the electrolyte solution interpenetrates. 

The circuit components and their units are: 

 

 Rr (): charge transfer resistance related to the recombination of the electrons at the 

TiO2+dye/electrolyte interface. 

 

 C (F): capacitance at the TiO2+dye/electrolyte interface. 

 

 Zd(sol) (): impedance of the redox species diffusion into the electrolyte, generally 

called Nernst impedance ZN. 

 

 RPt (): charge transfer resistance at the counter electrode. 

 

 CPt (F): capacitance at the electrolyte/counter electrode interface. 

 

 Rs (): sheet resistance of the TCO layer and contact resistances. 

  

The Nernst impedance ZN, describing the diffusion of the triiodide in the electrolyte, is 

expressed by the following equation 
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      (3.4) 

 

where the Warburg parameter W and the Nernst constant kN are respectively defined as  

 

               
   

        
     (3.5) 

 

and 

                
 

  
.     (3.6) 

kB is the Boltzmann constant, T the absolute temperature, n the number of electrons 

transferred in the reaction, e the elementary charge, C the concentration of triiodide, A the 

area of the electrode, D the diffusion coefficient of triiodide and δ the thickness of the 

diffusion layer [13].  

Each interface (photoanode/electrolyte and counter electrode/electrolyte) is 

schematized with a RC circuit, representing an impedance: the resistance is related to the 

ability to oppose to the charge transfer, while the capacitance is related to the charge 

accumulated at the interface. The three impedances are associated to the main parts of a 

cell. 

The total impedance at the nodes is: 

                 
  

        
    

   

          
   .     (3.7) 

3.4.2 Impedance plot of a DSC  

 

The impedance is a measure of the ability of a circuit to resist the flow of electrical 

current [14]. Unlike the resistance, the impedance includes not only the relative amplitudes 

of the voltage and the current, but also the relative phases.  

Taking into account the Euler’s relationship, it is possible to express the impedance in 

terms of a magnitude Z0 (ratio of the voltage amplitude to the current amplitude) and a 

phase shift ϕ by means of the following equation 
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                                     (3.8) 

By varying the frequency of the applied signal, one can get the impedance of the 

system as a function of the frequency. The recorded data can either be represented as 

magnitude and phase vs. frequency (i.e. Bode plot) or on a complex plane (Nyquist plot), as 

reported in Fig. 3.3. In 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. 

 

 

Fig. 3.3 Typical Nyquist and Bode plots of a DSC [15]. 

   

Analyzing the Nyquist diagram, that is the main output of the AC Impedance 

measurement, for voltages near the Voc, it is possible to see three main semicircles (see Fig. 

3.3) [16]: the first one at high frequency (above 100 Hz) describes the charge transfer at the 

Pt/electrolyte interface, the second one at intermediate frequency (1-100 Hz) is related to 

the recombination at the photoanode/electrolyte interface and to the charge transport into 

the semiconductor, and the third one at low frequency (below 1 Hz) represents the diffusion 

in the electrolyte and it is attributed to the Nernst contribution. If the voltage is reduced, the 

two external semicircles are incorporated into the biggest one.  
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Each parallel between a resistance and a capacitance of the circuit in Fig. 3.2 

corresponds to a semicircle in the Nyquist diagram. The diameter of each section is given 

by the resistance of the associated RC circuit, that is the real part of the associated 

impedance (Z ). The series resistance Rs determines the shift of the entire diagram towards 

right. 
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Chapter 4: Experimental 

 

The purpose of this Chapter is to introduce the different materials and instruments involved 

in the thesis work. Firstly the materials used for the DSC fabrication and the device 

assembly procedures will be analyzed, subsequently the instruments exploited for the 

characterization of both the materials and the solar cells will be presented.  

 

4.1 Materials and methods 
 

In this Section all the materials used for the DSC fabrication, divided on the basis of 

the different cell components, and the device assembly procedures will be reported.  

4.1.1 Photoanodes  

 

In this Section the different materials and procedures exploited for the fabrication of 

the photoanodes will be described.  

For all the photoelectrodes, FTO-covered glasses (0.22 cm-thick, 7 /sq, Solaronix) 2 

cm x 2 cm were used as transparent substrates. Before usage, they were immersed in 

acetone in an ultrasonic bath for 10 min, then rinsed with isopropanol and dried under 

nitrogen flow. The substrates were then cleaned for 10 min in a 3:1 (sulfuric acid:hydrogen 

peroxide) piranha solution in order to remove the organic residues, abundantly rinsed with 

deionized water, dried with N2 flow and finally placed on a hot plate for 2 min at 100 °C 

just to remove residual moistures on the surface.  

This cleaning procedure has undergone some small variations only in the case where 

the TiO2 paste purchased from DyeSol Co. was employed in substitution of the one bought 

from Solaronix. In particular, an ultrasonic bath in ethanol for 10 min was performed 

between the ultrasonic bath in acetone and the rinsing with isopropanol, the cleaning in 

piranha solution was replaced by a rapid firing for 5 min at 540 °C, and the step of heating 

for 2 min at 100 °C was skipped.  

The choice of changing the supplier of the Titanium dioxide paste during the last 

months of the PhD, in particular when cellulose-based gel electrolyte was tested in a DSC 
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(see Section 6.3.2), was due to the fact that the paste purchased from Solaronix was much 

more liquid, thus giving rise to cracked and no more reproducible photoanodes.  

TiO2 nanoparticles were used as standard material for the photoanodes, but they suffer 

for reduced charge transport due to a long pathway for the electron diffusion within the 

semiconductor network. With the aim of overcoming this disadvantage, two different ZnO 

nanostructures (i.e. sponge-like and flower-like particles) were successfully employed as 

alternative DSCs photoanode materials. 

 

4.1.1.1 TiO2 nanoparticles 

 

A circular shaped (diameter of 10 mm) TiO2 layer, employing Ti-Nanoxide D37 

paste, Solaronix (DLS 18NR-AO paste, DyeSol Co.), was deposited onto FTO-covered 

glasses with tape casting technique [1]. After deposition, the layer was dried at room 

temperature for 30 min (10 min) and then baked at 50 °C for 10 min (100 °C for 10 min) on 

a hot plate. Finally, a sintering process in a muffle furnace (Nabertherm series L/LT - B180) 

at 450 °C for 30 min (525 °C for 30 min) enabled the formation of a nanoporous TiO2 film 

with a mean thickness of (8.0±0.5) μm. In order to obtain an increase of the photovoltaic 

conversion efficiency of TiO2 NPs-based devices, a TiCl4 post-treatment was performed by 

dipping the freshly sintered TiO2 films into a 50 mM TiCl4 solution at 70 °C for 30 min, 

then rinsing in abundant deionized water and drying under nitrogen flow. After the post-

treatment, the TiO2 films were again sintered at 450 °C for 30 min [2]. The TiCl4 treatment 

was performed only on Solaronix TiO2 samples, since its beneficial effect was not observed 

on DyeSol TiO2 photoanodes. The expected effect of the treatment is a downward shift of 

the oxide CB that enhances the electron injection efficiency, thus resulting in an increase of 

the short circuit current density [3].  

 

4.1.1.2 Sponge-like ZnO 

 

Zinc nanostructured layers with different thicknesses (12.5 m and 15 m) were 

deposited by radio-frequency (RF) magnetron sputtering technique onto FTO-covered glass 

slices. The vacuum chamber was pumped down to a pressure ranging from about 8  10
−6

 Pa 

to about 6  10
−5

 Pa. A zinc target, with a purity of 99.99% and a diameter of 101.6 mm 

(Goodfellow) was fixed on the cathode, placed at about 8 cm from the substrate holder. 

Argon (5.0 purity) was used as sputtering gas. The plasma discharge was created by 
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applying a RF voltage at a frequency of 13.56 MHz between the target and the grounded 

substrate holder. Each film was grown at a deposition power of 100 W and at room 

temperature, i.e. no intentional heating was supplied to the substrates. After the deposition 

by sputtering, the films were placed on a hot plate at 380 °C for 60 min in ambient air, in 

order to oxidize the zinc and obtain high-density branched ZnO films. 

 

4.1.1.3 Flower-like ZnO microstructures 

 

Flower-like ZnO particles were prepared dissolving separately, in 50 mL bidistilled 

water (from Direct-Q System, Millipore), 2.8 g potassium hydroxide (KOH, 1 M, Merck) 

and 7.4 g zinc nitrate hexahydrate (ZnNO3·6H2O, 0.5 M, Sigma). The zinc nitrate solution 

was dropped into KOH under vigorous stirring, thus the total volume was 100 mL. The 

obtained white gel was transferred in a closed Teflon bottle at 70 °C for 4 h. At the end of 

this time, the ZnO particles were separated from the solution by filtration, washed 

repetitively with deionized water until the pH neutralization, and dried at 60 °C overnight in 

air. ZnO flower-like particles thus obtained were dispersed in a solution containing acetic 

acid (1 vol.%), ethanol (67 vol.%) and water (33 vol.%) in a weight ratio of 1:2 

(ZnO:solution) [4] and then sonicated for 4 h in order to obtain a homogeneous paste. 

Subsequently, a circular shaped ZnO layer was deposited with tape casting technique on 

FTO-covered glasses. The coated films were initially dried at 90 °C for 30 min and then 

thermally treated at 450 °C for 10 min in air, thus obtaining a 14 m-thick ZnO layer. 

4.1.2 Sensitizers 

 

In this Section the different materials and procedures exploited for the sensitization of 

the TiO2 and ZnO photoanodes will be described.  

Ru-based N719 dye has been chosen as standard sensitizer, while the hemi-squaraine 

organic dye CT1 has been proposed as promising alternative, with the purpose of 

overcoming the important limits exhibited by Ru-based sensitizers: i.e. expensive synthesis 

process, relatively low molar extinction coefficient in the visible region, limited availability 

of precursors and waste disposal issues.  

All the photoanodes were heated at 70 °C for 5 min before the impregnation, and then 

soaked in the sensitizing solution at room temperature. After the sensitization, the dyed 
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photoanodes were rinsed in the same solvent in which the dye powder has been dissolved, 

in order to remove the unabsorbed dye molecules. 

 

4.1.2.1 Metal-organic dye 

 

The metal-organic sensitizer used in this thesis is the N719 dye, purchased from 

Solaronix (Ruthenizer535bis-TBA). The absorption spectrum and the molecular structure of 

this sensitizer are depicted in Fig. 4.1. The UV-Vis absorption spectrum of the N719 sample 

in ethanol solution reveals four broad bands. The two broad visible bands at 531 and 

390 nm are assigned to metal-to-ligand charge-transfer (MLCT) origin. The bands in the 

UV region at 313 and 215 nm with a shoulder at 253 nm, instead, are specified to 

intraligand ( -  ) charge transfer transitions [5]. 

 

 

Fig. 4.1 UV-Vis absorption spectrum of N719 in ethanol [5]. The inset shows the molecular 

structure of N719 Ruthenizer535bis-TBA, Solaronix [6].   

 

The standard solution, employed for the impregnation of TiO2 samples, was 

constituted by a fixed concentration of 0.35 mM of dye dissolved in ethanol, and the 

loading time was fixed to 18 h. 

For devices based on sponge-like ZnO photoanodes (see Section 6.1.1), the 

concentration of dye in solution was fixed to 0.25 mM and impregnation times of 1, 2 and 3 

h were considered. 

Finally, for devices based on flower-like ZnO photoanodes (see Section 6.1.2), three 

different concentrations of dye in solution and impregnation times were chosen, namely 
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0.05, 0.4 and 0.75 mM and 2 min, 6.5 h and 13 h, respectively. Moreover in some cases 0.3 

or 0.6 mM NaOH was added to the solution in order to increase its pH (thus moving its 

value from 6.5 without the base to 8.6 or 10.7 when 0.3 or 0.6 mM NaOH was employed, 

respectively). 

 

4.1.2.2 Organic dye: hemi-squaraine CT1 

 

Hemi-squaraine CT1 dye was produced by Cyanine Technologies s.r.l. following a 

simple, easy and not expensive three steps synthesis: quaternarization (a), coupling (b), 

hydrolysis (c) (see Fig. 4.2), according to the classical procedure for hemi-squaraine dyes 

(see the Supporting Information of [7]).  

 

Fig. 4.2 Top panel: synthesis of CT1. Reagent and conditions: a) CH3I, acetonitrile anhydrous, 

reflux, 85 °C, 3 h; b) diethyl squarate, tryethylamine (TEA), ethanol, reflux, 85 °C, 19 h; c) 

40% NaOH solution, ethanol, reflux, 85 °C, 10 min. Bottom panel: absorbance and emission 

spectra of CT1 dye in acetonitrile.   
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CT1 can be considered as the prototype of a wide class of functionalized molecules 

with a common basic structure, where the squaric acid moiety functions as linker (see 

structure 3 in Fig. 4.2). CT1 absorbance and emission spectra in acetonitrile solution are 

reported in the bottom panel of Fig. 4.2. They exhibit a wide band composed of three 

neighboring peaks centered at 388 nm, 419 nm and 434 nm (optical gap 2.83 eV), with an 

average molar extinction coefficient of 15220 M
-1

 cm
-1

 and an emission peak at 480 nm 

(E00 = 2.73 eV). 

In a first phase of combined experimental and theoretical investigation of the hemi-

squaraine/TiO2 interface (see Section 6.2.1), the sensitizer solution was prepared by mixing 

0.25 mM CT1 dye in acetonitrile, and chenodeoxycholic acid (CDCA) at different 

concentrations (0, 1 and 10 mM) was employed as a co-adsorbent, to reduce the dye 

aggregation at the TiO2 surface [8]. CDCA has also a strong influence on the quantity of the 

adsorbed dye since it competitively saturates the anchoring sites present at the surface. The 

impregnation time was fixed to 5 h. 

Subsequently, a detailed study aimed at optimize the performances of CT1-based 

DSCs was carried out. In this case (see Section 6.2.2), the concentration of the sensitizer in 

solution was reduced down to 0.17 mM, in order to make the dissolution process of the dye 

powder in acetonitrile easier and more reproducible, and different impregnation times were 

chosen, namely 5 min, 30 min, 1 h, 3 h and 5 h. In a second phase of the optimization 

process, chenodeoxycholic acid in different concentrations (1, 10, 14 and 18 mM) was 

added as co-adsorbent in the dye solution. Firstly, the sensitization time was fixed to 1 h. 

Then, it was extended to 3 h for the three most promising CDCA concentrations (0, 1 and 

10 mM) in order to verify if a longer loading time could lead to an improvement of the 

photoconversion efficiency of the solar cells.  

Finally, the dye loading time influence on the electrical impedance of a CT1-based 

Dye-sensitized Solar Cell was analyzed by means of a physical model which takes into 

account the possibility of the dye molecules aggregation. In the present case (see Section 

6.2.3), the same impregnation times previously considered, i.e. 5 min, 30 min, 1 h, 3 h and 5 

h, were chosen and the CDCA was not added in the dye solution. 

4.1.3 Counter electrode 

 

In order to ensure a sufficiently fast reduction reaction kinetics at the TCO-coated 

cathode, Pt was chosen as catalyst. 
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For counter electrode fabrication, the same transparent substrates used for the 

photoanode were employed. Two small pin-holes for electrolyte inlet/outlet were drilled in 

the FTO-covered glasses through powder blasting technology and then the substrates were 

cleaned with the same process described in Section 4.1.1. A thin layer of platinum (5 nm) 

was deposited on TCO by thermal evaporation. A 0.125 mm Pt wire (99.99% purity, 

Goodfellow) was put in a W crucible (ME5.005W, Testbourne) and connected with a high 

current circuit controlled by a variac. The evaporation current was in the range 90 - 110 A 

and the deposition rate was kept constant at 0.01 nm/s. The distance between the metal 

source and the substrate was 10 cm. The deposition occurred in high vacuum conditions 

(pressure lower than 5  10
-7

 mbar), obtained by means of a series of a mechanical and a 

turbo-molecular pump.  

In some cases, for the fabrication of irreversible sealed DSC (see Section 4.1.5.2), one 

hole-drilled or even non-drilled Pt-covered counter electrodes were employed. 

4.1.4 Electrolytes 

 

In this Section all the electrolytes employed in the thesis work will be introduced and 

thoroughly described.  

A commercial liquid organic solvent-based electrolyte was used as standard material. 

The liquid solvent-based electrolytes, however, suffer for their limited long-term stability, 

difficulty in sealing and leakage, thus preventing the realization of devices having a high 

and constant-over-time efficiency. To overcome these issues, UV-crosslinked polymer 

membrane and cellulose-based gel quasi-solid electrolytes have been proposed as two 

promising alternative solutions. 

 

4.1.4.1 Liquid electrolyte 

 

The used liquid electrolyte solution was the Iodolyte AN 50, Solaronix, an iodide- 

based low viscosity electrolyte with 50 mM triiodide in acetonitrile. This electrolyte is 

intended for high performance cells, due to the excellent stability, low viscosity and 

capability to dissolve a lot of salts and organic molecules typical of acetonitrile. In the only 

one case of DSCs assembled with the optimized ZnO flower-like microparticles-based 

photoanode (see Section 6.1.2.2), N-methylbenzimidazole (NMBI) at different 

concentrations (0.25, 0.5 and 0.75 M) was employed as liquid electrolyte additive. 
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4.1.4.2 Quasi-solid electrolytes 

 

4.1.4.2.1 UV-crosslinked polymer membrane 

 

UV-crosslinked membranes were prepared using bisphenol A ethoxylate 

dimethacrylate (BEMA, average Mn = 1700, Aldrich) and poly(ethylene glycol) methyl 

ether methacrylate (PEGMA, average Mn = 475, Aldrich). 2-hydroxy-2-methyl-1-phenyl-

propan-1-one (4 wt%, Darocur 1173, Ciba Specialty Chemicals) was added as free-radical 

photo-initiator.  

The polymerization mixture was sandwiched between two UV-transparent glasses, 

separated by a 100 µm-thick tape. Self standing membranes were obtained by UV 

irradiating the mixtures for 4 min using a medium vapor pressure Hg lamp (Helios 

Italquartz, Italy), with an irradiation intensity on the surface of 30 mW/cm
2
.  

The membranes were free-standing 100 µm-thick films, transparent, highly thermally 

stable and highly insoluble in chloroform, meaning that they were highly crosslinked. Then, 

the membranes were swelled for 5 min by a liquid electrolyte composed of NaI and I2 

dissolved in acetonitrile (all purchased from Aldrich). The obtained quasi-solid polymer 

electrolytes were still free-standing, non-tacky, although extremely flexible and easy to 

handle.  

The overall experimental procedure followed to prepare  the UV-crosslinked polymer 

membrane is depicted in Fig. 4.3. 

 

 

Fig. 4.3 Experimental procedure followed to prepare the UV-crosslinked polymer membrane.  
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4.1.4.2.2 Cellulose-based gel 

 

The quasi-solid cellulose-based gel electrolytes tested in the Dye-sensitized Solar 

Cells were all composed by: 

1. Two ionic liquids (the former with iodide as anion and the latter without iodide as 

anion). 

2. A lithium salt (lithium iodide). 

3. Iodine. 

4. Cellulose microcrystalline powder. 

5. An additive to increase the Voc (4-tert-butylpyridine (TBP)). 

1-methyl-3-propylimidazolium iodide (MPII) and 1-ethyl-3methylimidazolium 

thiocyanate (EMISCN) were chosen as ionic liquids. MPII is a very well known source of 

iodide species for DSC electrolytes [9], but it presents a high viscosity (about 800 mPas); 

thus, in order to decrease the overall viscosity of the gel, a second ionic liquid (EMISCN) 

with a low viscosity (about 20 mPas) was employed. Different volume percentage ratios 

between the two ionic liquids were studied, as reported in Table 4.1. 

 

Table 4.1 Volume percentage ratios utilized in the gel electrolyte preparation. 

MPII (vol%) EMISCN (vol%) 

50 50 

60 40 

70 30 

80 20 

90 10 

100 0 

 

A 2 wt% of lithium iodide respect with the MPII weight and a ratio 1/10 between 

iodine and iodide weights were applied for all the gel electrolytes prepared. The amount of 

the cellulose microcrystalline powder used as gelling agent was varied from 3 wt% to 6 

wt% with respect to the total weight of the solution. The TBP weight percentage added to 

the gel electrolytes was changed from 10 up to 25. 

Before starting the gel electrolyte preparation, the microcrystalline cellulose was put 

into an oven at 100 °C for at least 16 h, thus removing as much water as possible. This step 
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is necessary, since the presence of water in the gel electrolytes causes a worsening in the 

DSC photovoltaic performances. Once the water had been removed and the cellulose had 

been cooled, lithium iodide, iodine, cellulose and the two ionic liquids were added into a 5 

ml beaker. The recipient was sealed with an aluminium foil in order to avoid a direct 

contact with the ambient moisture and was stirred and heated at 90 °C for 24 h. After the 24 

h, the beaker was taken out of the stirring and heating and let it cool down at room 

temperature; then, the solution was poured into a plastic Petri disc filled with several 

absorbing paper sheets, in order to remove the ionic liquid excess and let the solution 

becomes a gel. 

Depending on the different amounts of the reagents used to prepare the gel electrolyte 

samples, it was necessary to change the absorbing paper after few hours. 24 h of “liquid 

ionic excess absorption” was usually the time needed for having a solid gel electrolyte. 

A few hours before assembling the DSCs, the gel was mixed with the TBP. This 

adding was performed after the gelation, due to the fact that the temperature employed to 

dissolve the cellulose (90 °C) caused a partial evaporation of the additive, thus leading to a 

decrease in the photovoltaic DSC performances. The displacement of the gel onto the dyed 

photoanode was always performed with tape casting technique. 

In Fig. 4.4 a pictorial scheme of the gel preparation is showed. 

 

 

Fig. 4.4 A scheme of the cellulose-based gel electrolyte preparation. 
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4.1.5 Housing systems and cell assembly 

 

In this Section the two housing systems employed to assemble the Dye-sensitized 

Solar Cells, i.e. microfluidic and irreversible sealed, will be described. Both these 

architectures present some advantages and disadvantages and their usage depends on 

whether the purpose is to perform (irreversible sealed) or less (microfluidic) repeated 

measures of stability over time. 

The innovative microfluidic housing system, recently proposed by the “DSCs 

Research Group” of IIT @ PoliTo [10], is based on all the components of a traditional 

Grätzel device with the addition of a microfluidic chamber, designed by means of a 

PolyDiMethylSiloxane (PDMS) membrane, and an external clamping system closed by 

screws. The microfluidic structure allows to assemble the cell in an easy and reversible 

way, thus granting inspection and control of the components also after the experiments. 

Another advantage in using this kind of architecture is the possibility of inserting in a 

controlled way the electrolyte into the chamber, without losses and wastes. This modular 

device is really useful for laboratory studies and tests, in which a high number of samples 

have to be tested, but presents the important disadvantage of a short duration in time. The 

PDMS, in fact, is oxygen-permeable, thus allowing the partial evaporation of the electrolyte 

and, consequently, a degradation of the overall performances of the device. In order to 

overcome the drawback related to the time-stability of the microfluidic cell, a new structure, 

the irreversible sealed cell, was proposed and successfully implemented. 

 

4.1.5.1 The microfluidic cell 

 

The structure of the microfluidic DSC, together with a picture of the final device, is 

reported in Fig. 4.5. 

Poly(methyl methacrylate) (PMMA) mechanical clamping system consisting in two 

identical frames with inlet/outlet ports was fabricated using a Benchman VMC4000 

numerical control milling machine. The same instrument was used for the fabrication of the 

masters for polydimethylsiloxane (PDMS) membrane casting and O-ring interconnections.  

The membranes were prepared by mixing and degassing at room temperature for 1 h 

the PDMS pre-polymer and the curing agent (Sylgard 184, Dow Corning) in a 5:1 weight 

ratio. The mixture was then poured into the double-drop shaped mould and cured in a 

convection oven for 1 h at 70 °C. Finally the membranes were peeled off from the mould. 
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The cells were assembled by sandwiching the membrane between the dyed 

photoanode and the counter electrode, and closing the structure with the PMMA clamping 

system through the use of screws. The electrolyte filling was done with a syringe connected 

to the housing ports (PDMS O-ring interconnections) via low-density polyethylene (LDPE) 

tubes. The ports were finally sealed employing homemade caps consisting in LDPE tubes 

obstructed with PDMS. Copper foils (50 m-thick, area 1.5 cm
2
) were used as electric 

connections at the electrodes, dielectrically isolated by the PDMS membrane. 

Microfluidic housing system was employed for all the CT1- and ZnO-based DSCs 

considered in this thesis (see Sections 5.1, 6.1 and 6.2). 

 

 

Fig. 4.5 Scheme of the microfluidic DSC with the detail of all the elements constituting the cell 

(a). A picture of the final device (b) [10]. 

 

4.1.5.2 The irreversible sealed cell 

 

The scheme of the irreversible sealed DSC, together with a picture of the final device, 

is reported in Fig. 4.6. 

The cells were assembled by sandwiching a 25 m-thick thermoplast hot-melt sealing 

foil (Meltonix 1170-25, Solaronix) between the sensitized photoanode and the counter 
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electrode. Sealing occurred in a hot-press by heating the two plates at 90 °C and applying a 

pressure of 1.3 bars for about 25 s. 

The electrolyte filling was performed by putting a drop of electrolyte on the hole 

present in the counter electrode, and then air-evacuating with a small vacuum pump the 

circular region delimited by the melting film between the two electrodes. By generating the 

vacuum in the cell, the liquid solution could enter the active area and fill it completely. 

When the region was filled, the hole was closed by displacing on it a piece of the melting 

film used for sealing and a small piece of glass, and finally fluxing hot air at 100 °C for few 

seconds. The external electrical contacts were obtained by depositing a silver paint (Elecolit 

340) onto the TCO layer, in order to reduce the contact resistance. 

 

 

Fig. 4.6 Scheme of the irreversible sealed DSC (a). A picture of the final device (b). 

 

The irreversible sealed architecture depicted in Fig. 4.6 was employed to realize the 

DSCs able to validate the consistent static and small-signal physics-based modeling under 

different illumination conditions (see Sections 5.2 and 6.4). This housing system, instead, 

was not suitable for sealing the quasi-solid electrolytes-based DSCs (see Sections 4.1.4.2 

and 6.3). The encountered issues were essentially two: the thermoplast hot-melt sealing foil 

thickness was not compatible with the sum of the thicknesses of the photoanode and the 

electrolyte and the direct contact of the quasi-solid electrolyte with the melting film 

prevented a good adhesion of the sealing foil with the FTO-covered glasses. Accordingly, 

in the quasi-solid state DSCs the thermoplastic polymer was substituted by a strip of cyano-

acrylic glue (Super Attak, Loctite), applied on the lateral surface of the cathode. This 
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sandwich-type cell, shown in Fig. 4.7, was pressed with two binder clips and a further strip 

of glue was placed on the external perimeter of contact between the electrodes in order to 

guarantee a better protection from the environment. 

 

Fig. 4.7 Sandwich-type quasi-solid state DSC pressed with two binder clips. 

 

4.2 Chemometric approach  

Chemometrics is the mathematical approach which converts experimental data into 

useful information for decision-making in science [11]. Nowadays, the strong imbalance 

that exists between the technical ability to generate a large amount of excellent 

experimental data and the human ability to properly interpret it, is quite worrying. To 

overcome this, chemometric methods (in particular the Design of Experiments, DoE) were 

proposed: the main goal is to plan the type and the number of experiments required to 

obtain the maximum possible information from the investigated system, reducing 

concurrently the overall number of experiments.  

In the thesis work this innovative approach has been proposed twice, in particular to 

optimize the remarkably critical sensitization procedure of ZnO flower-like microstructures 

with Ru-based N719 dye (see Sections 4.2.1 and 6.1.2.2) and to correlate the photovoltaic 

properties of the UV-crosslinked polymer electrolyte membranes to the polymer 

morphology (see Sections 4.2.2 and  6.3.1.2).  

4.2.1 Multivariate optimization of ZnO flower-like microstructures 

sensitization procedure 

 

ZnO is now considered as the second most used semiconductor for solar energy 

conversion by means of third generation devices [12], thanks to its higher electron mobility 

and similar electronic band structure with respect to those of TiO2 [13]. However, despite 
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the many efforts spent to improve the performances of ZnO-based Dye-sensitized Solar 

Cells, the light-to-electricity conversion efficiency remains lower than the one of TiO2-

based cells. Actually, the most efficient ZnO-based DSC was achieved by Memarian et al. 

[14], who obtained a 7.5% overall efficiency, around half of the maximum performances 

obtained for TiO2 [15]. 

The main reason which prevents Zinc oxide from achieving photoconversion 

performances comparable to those obtained for TiO2 is the remarkably critical sensitization 

procedure of this semiconductor with Ru-based dyes. In particular, the presence of 

carboxylic acid binding groups of Ru dyes can lead to the dissolution of ZnO and the 

precipitation of molecular Zn
2+

/dye complexes, resulting in a reduced overall electron 

injection efficiency by the excited dye [16]. Several approaches were performed to 

overcome these sensitization problems. Keis et al.
 
[17] obtained 5% of efficiency by adding 

KOH to the acidic dye loading solutions and shortening the loading time. Other researchers
 

[4, 18] claimed that an improvement of the dye loading can be achieved by changing the 

microstructure of the ZnO films, thus avoiding complex formation without the need of basic 

dye solutions [19]. However, these works were focused on the investigation of specific 

aspects of the preparation and sensitization procedure of ZnO: a multivariate and 

comprehensive study of the critical points listed above has never been carried out.  

This important lack has been fulfilled in the present thesis, where a multivariate 

optimization of the sensitization procedure for flower-like ZnO nanostructured 

microparticles for the fabrication of efficient DSC photoanodes was performed by means of 

a chemometric approach [20]. The chosen experimental variables were the dye loading time 

(x1), the dye solution concentration (x2) and its pH (x3), and the selected ranks of the values 

associated with the variables were the followings: x1 was between 2 and 780 min, x2 ranged 

between 0.05 and 0.75 mM, x3 from 6.5 to 10.7. In order to carry out a multivariate DoE, 

the software MODDE (version 7.0.0.1, Umetrics), widely used in chemistry
 
[21] and 

materials science [22],
 
was adopted. An experimental domain as the one considered here 

can be investigated by means of a factorial design, which has a cubical geometry and is able 

to study the influence of all the factors (experimental variables) on the selected response 

(efficiency of sunlight conversion). A particular factorial design, which is the one adopted 

here, is the Central Composite Face-centered (CCF): in this case, the experiments were 

carried out not only on the vertices, but the axial points on the faces of the factorial 

hypercube were added (see Fig. 4.8). Each factor was studied on 3 levels (-1, 0, +1), with a 

total of 17 experiments, as detailed in Section 6.1.2.2.  
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Fig. 4.8 Factorial hypercube of a Central Composite Face-centered (CCF) DoE in the presence 

of three factors. The black circles indicate the experimental domain points where the 

experiments were performed.  

4.2.2 Chemometric optimization and fine tuning of morphological and 

photovoltaic properties of UV-crosslinked polymer electrolyte membranes 

 

Polymer electrolyte membranes, in which the liquid electrolyte is trapped in the soft 

cages formed by the host polymer matrix, exhibit some advantages compared with other 

kinds of materials such as high ionic conductivity, intimate contact with the mesoporous 

TiO2 layer, and easy handling of the system [23]. In this context free radical photo-

polymerization (UV-curing) is an attractive method for building a tri-dimensional 

polymeric network as it is a very fast and environmentally friendly polymerization process, 

which requires low energy, no solvents and no catalysts, in addition to being transferable to 

industrial scale [24].  

With the aim of correlating the photovoltaic properties of the UV-cured polymer 

electrolyte membranes (see Section 4.1.4.2.1) to the polymer morphology and, at the same 

time, of obtaining quasi-solid DSCs with excellent efficiency and durability, the 

optimization of the experimental conditions was carried out by exploiting a chemometric 

approach. In particular, two designs of experiments (DoE) were planned. At first, a two-

level fractional factorial design (resolution V) with five factors was used to select the 

relevant ones. The five factors, carefully chosen according to our previous experience and 

bibliographic research [15, 25, 26], were: NaI (supplier of the I
-
/I3

- 
redox couple in the 

liquid electrolyte), propylene carbonate (membrane plasticizer) and LiClO4 (liquid 
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electrolyte additive) concentrations, BEMA:PEGMA ratio, and swelling duration. From the 

data analysis (see the Supporting Information of [20]), BEMA:PEGMA ratio and NaI 

concentration proved to be the significant factors. Then, a Central Composite Face-centered 

design (CCF-DoE) was employed to investigate their simultaneous effect on the 

performances of the DSCs: x1 was defined as the weight percentage of BEMA 

(complementary to the PEGMA one) and x2 as the molar concentration of NaI in 

acetonitrile (a 10:1 molar ratio NaI:I2 was maintained [27]). The swelling time of 5 min was 

chosen as optimum as an extended swelling did not reflect on the ionic conductivity of the 

membrane. For the CCF-DoE, 12 experiments were performed, two variables were codified 

in three levels, and four central points were used to evaluate the experimental 

reproducibility. Experiments were carried out in random order to provide protection against 

the effects of lurking variables and also in this case experimental data were analyzed using 

the MODDE software (version 7.0.0.1, Umetrics). 

 

4.3 Characterization 

In this Section the instruments and the techniques exploited for the electrical, optical 

and physical-chemical characterization of the materials and of the Dye-sensitized Solar 

Cells will be presented.  

4.3.1 Electrical characterization  

 

I-V electrical characterization was carried out under AM 1.5 G illumination using a 

class A solar simulator (Newport 91195A) calibrated by means of a Si reference cell (VLSI 

SRC-1000-TC-QZ), and a Keithley 2440 SMU to apply the bias voltages and to measure 

the photocurrent. The measurements were performed using a black mask with a hole that 

allowed illuminating the cells with an area of 0.22 cm
2
. In the particular case of the study 

devoted to the performance optimization of CT1-based DSCs (see Section 6.2.2), the sun 

simulator was calibrated by means of a pyranometer (CMP11, Kipp&Zonen), since at that 

time the Si reference cell was at the manufacturer for a recalibration. Finally, the I-V 

characteristics of the DSCs realized to validate the consistent static and small-signal 

physics-based modeling under different illumination conditions (see Sections 5.2 and 6.4) 

were measured for both photoelectrode (PE) and counter electrode (CE) side and, for the 
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PE-side illumination, were also performed at light intensities in the range 0.1 - 1 sun, by 

using neutral density filters. 

The IPCE spectra were acquired in DC mode using a Newport 100-W QTH lamp as 

light source and a 150-mm Czerny Turner monochromator (Lot-Oriel Omni-l 150). The 

measured wavelength range was 400 - 800 nm (350 - 650 nm in case of CT1-based DSCs) 

with steps of 10 nm, and the current was measured by means of a Keithley 2440 SMU. The 

measurements were performed using a 0.22 cm
2
 black mask. The IPCE spectra of the DSCs 

analyzed in the physics-based modeling study reported in Sections 5.2 and 6.4 were 

measured for both PE- and CE-side. 

Electrochemical impedance spectra were collected through an electrochemical 

workstation (CH Instruments 760D) in the frequency range 10
-1 

- 10
5
 Hz (10

-2 
- 210

4
 Hz in 

case of quasi-solid DSCs based on UV-crosslinked polymer electrolyte membranes, see 

Section 6.3.1.2) with an amplitude of the sinusoidal signal of 10 mV. Sponge-like ZnO-

based DSCs (see Section 6.1.1.2) and CT1-based DSCs exploited to investigate the hemi-

squaraine/TiO2 interface (see Section 6.2.1) and to model the dye loading time influence on 

the EIS (see Sections 5.1 and 6.2.3) were measured at open circuit voltage (0.5 V for the 

last mentioned cells) under 1 sun illumination using a solar simulator (Newport 91195A) 

and a 0.22 cm
2
 black mask. EIS spectra of irreversible sealed DSCs employed to validate 

the consistent static and small-signal physics-based modeling under different illumination 

conditions (see Sections 5.2 and 6.4) were acquired in the same conditions at bias voltages 

ranging from 0 to 0.8 V and for the PE-side illumination were also performed at light 

intensities in the range 0.1 - 1 sun, by using neutral density filters. Finally, EIS spectra of 

flower-like ZnO-based DSCs (see Section 6.1.2.2), of UV-crosslinked polymer electrolyte 

membranes-based DSCs (see Section 6.3.1.2) and of CT1-based DSCs realized to optimize 

the photovoltaic performances of the hemi-squaraine (see Section 6.2.2) were collected in 

dark conditions at different bias voltages (Voc  0.10 V with steps of 0.05 V).  

The experimental EIS data of flower-like ZnO-based DSCs were fitted using the 

equivalent circuit shown in Fig. 4.9, which includes a contact resistance (RS), an equivalent 

impedance of the photoanode (Zox), and a charge transfer impedance (RCE and CCE) at the 

electrolyte/cathode interface [28]. The mass transport impedance due to the diffusion of the 

electrolyte species has been neglected since no significant contribution was evidenced in the 

measured frequency range. According to a purely diffusive transport model of the electrons 

across the photoanode, the small-signal impedance of the oxide is modeled by the input 
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impedance of the distributed RC circuit, open load terminated, shown in Fig. 4.9 (bottom) 

[29]. The constant phase element Q with equivalent impedance 

 

                 
             (4.1) 

 

is a generalization of the conventional electrochemical capacitance, included to account for 

the possible frequency dispersion observed in the EIS spectra. The electrochemical 

capacitance C, corresponding to the constant phase element, results as 

 

                 

 

    

 

 
   

.     (4.2) 

 

Fig. 4.9 Equivalent circuit exploited for the fitting of the EIS spectra of flower-like ZnO-based 

DSCs. Top: equivalent circuit of the overall cell. Bottom: transmission line model of the oxide 

film [30].  

The EIS experimental data of all the other DSCs reported above were fitted using the 

equivalent circuit shown in Fig. 3.2, valid in the approximation of potentials close to the Voc. 

In this modeling circuit [31], the parallel R1//Q1 represents the interface between the 

electrolyte and the counter electrode, while the interface between the oxide and the 

electrolyte was described through the parallel R2//Q2; in both cases Ri is a resistance and Qi 

is a constant phase element (CPE). The use of a CPE instead of a capacitance led to a better 

description of interfaces involving a high-porosity medium. A resistance Rs was introduced 

to take into account all the series resistances. The charge diffusion within the electrolyte 

was described by a Warburg impedance [32]. 
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4.3.2 Optical characterization  

 

UV-Visible spectroscopy measurements were carried out by means of a Varian Cary 

5000 spectrophotometer equipped with an integrating sphere for diffuse and specular 

reflectance. For all the absorbance measurements, the Kubelka-Munk function 

                  
      

  
 

 

 
 

  

 
     (4.3) 

(where R stands for the reflectance, k for the absorption coefficient, s for the scattering 

coefficient, C for the concentration of the absorbing species and a for the absorbance) was 

evaluated, in order to correlate reflectance and absorbance [33]. 

4.3.3 Physical-chemical characterization  

 

Field Emission Scanning Electron Microscopy (FESEM) was exploited for all the 

morphological characterizations performed in this work. In particular, the morphology of 

the coral-shaped Zn and ZnO films (see Section 6.1.1.1) was investigated, both in top and in 

cross view, by means of a Zeiss SUPRA 40, while the morphology of the flower-like ZnO 

microparticles and film (see Section 6.1.2.1) was analyzed only in top view by means of a 

Zeiss Dual Beam AURIGA. The electron energy employed was always equal to 5 keV. 

X-ray diffraction technique was used to determine the crystalline structure of the 

coral-shaped Zn and ZnO films (Panalytical PW1140-PW3020, CuK X-ray source) (see 

Section 6.1.1.1) and of the flower-like ZnO powder (XPert diffractogram, CuK = 1.54 Å) 

(see Section 6.1.2.1). In the first case, the scans were performed in a parallel beam 

geometry with a fixed angle of incidence ω = 1.5°, in order to minimize the contribution of 

the substrate to the observed diffracted intensities, while a Bragg-Brentano configuration 

was used in the second case. 

The BET (Brunauer-Emmett-Teller) specific surface area of the coral-shaped ZnO 

sample (see Section 6.1.1.1) and of the flower-like ZnO powder (see Section 6.1.2.1) were 

evaluated from N2 sorption isotherms (Quantachrome Autosorb1 and Quadrasorb SI, 

Quantachrome, respectively) by multipoint method within the relative pressure range of 0.1 

- 0.3 p/p0. 

Density Functional Theory (DFT) and Time Dependent DFT (TDDFT) were 

exploited to study the structural and electronic coupling between the hemi-squaraine and the 
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TiO2 (see Section 6.2.1), while DFT model was applied to estimate the pore size 

distribution of the flower-like ZnO particles (see Section 6.1.2.1). 

The kinetics of the photo-polymerization process (see Section 6.3.1.1) was 

investigated by using FT-IR spectroscopy (NICOLET-5700 FT-IR instrument by Thermo 

Fisher Scientific Inc., Illkirch, France), which collects the spectra in real time while the 

sample is irradiated by UV light, following the decrease in the area of the band attributable 

to the methacrylate groups at 1630 cm
-1

. The tests were carried out at ambient temperature 

on a UV transparent SiC wafer. A medium pressure mercury lamp (Hamamatsu) equipped 

with an optical guide was used to induce the photo-polymerization (light intensity on the 

surface of the sample: 30 mW/cm
2
). 

The Thermo Gravimetric Analysis (TGA) was exploited with the aim of assessing the 

thermal stability of the different UV-crosslinked polymer membranes and of the cellulose-

based gels (See Sections 6.3.1.1 and 6.3.2.1). The analysis were performed in the 

temperature range 25 - 500 °C using a TGA/SDTA-851 instrument (METTLER, Zurich, 

Switzerland) under N2 flux at a heating rate of 10 °C/min and in the temperature range 25 - 

600 °C using a Netzsch TG 209 F1 TGA instrument under N2 flux at a heating rate of 10 

°C/min, respectively.  

Dynamic mechanical analysis (TTDMA, Triton Technology) was carried out to 

correlate the composition of the UV-cured polymer matrix and the DSCs photovoltaic 

performances (see Section 6.3.1.2). 

The conductivity measurements of cellulose-based gels were performed by means of a 

Metrohm EC.AUT.MAC multipotentiostat equipped with a FRA32 module (see Section 

6.3.2.1). Impedance tests were performed at room temperature in a frequency range 

between 1 and 100 Hz. The resistance of the electrolyte was given by the low frequency 

intercept determined by analyzing the impedance response using a fitting program provided 

with the Metrohm instrument NOVA software. Conductivity values (σ) were obtained by 

exploiting the following equation: 

               
 

   
     (4.4) 

where l is the thickness of the sample, A the area and R the measured resistance. 

The viscosity measurements of cellulose-based gels were carried out at room 

temperature and 60 °C using an Anton Paar MCR 302 Modular Compact Rheometer with a 

logarithmic sweep in the range 0.1 - 100 s
-1

 (see Section 6.3.2.1). 
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Chapter 5: Modeling 

 

This Chapter is dedicated to the description of two different models aimed at studying and 

deep understanding the many physical and opto-electronic mechanisms involved in the 

Dye-sensitized Solar Cells. The first one is a physical model built to investigate the 

influence of different dye loading conditions on the EIS response of a CT1-based DSC, 

while the second one is an opto-electronic model applied to build a consistent picture of the 

static and dynamic small-signal performances of nanocrystalline TiO2-based DSCs under 

different incident illumination intensities and directions. 

 

5.1 Influence of different dye loading conditions on the EIS 

response of a CT1-based DSC 

 

5.1.1 Introduction 

 

The dye sensitization of large band gap semiconductors is a fundamental aspect to be 

taken into account in order to develop efficient Dye-sensitized Solar Cells [1]. The device 

photovoltaic performances have often been observed to be directly dependent on the 

impregnation time used for the dye uptake by the porous photoanode. Moreover, for each 

combination of sensitizer-and-semiconductor film, an optimal loading time can be 

evaluated, beyond which the performances of the cell no longer change, or even get worse 

[2]. For traditional N719/TiO2-based DSCs the influence of the impregnation time on the 

electric response has already been thoroughly discussed by several authors [3, 4, 5], and 

also our group recently suggested an electric model showing that the time dependence of 

the N719 coverage on TiO2 nanostructured surface is in agreement with a square root 

dependence of the dipping time [6]. The optimal impregnation time for the usually 

employed 0.3 - 0.5 mM N719 ethanol solution revealed to be overnight, around 40% of the 

entire time [7, 8] spent to fabricate the solar cells. In order to overcome this drawback, thus 

assuring a great savings in terms of production costs and times, innovative dye molecules 

able to anchor to the semiconductor surface in shorter periods were synthesized by many 

research groups.  
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As an example, a simple hemi-squaraine organic dye molecule (CT1) acting as TiO2 

sensitizer has been proposed by our group and reported in Section 4.1.2.2. Even if the 

anchoring group (squaric acid moiety) of this sensitizer exhibits a quite fast attachment to 

the semiconductor surface, nevertheless this newly introduced organic dye molecule tends 

to aggregate, inducing a worsening of the electric performances of the DSCs [9].  

The influence of the dye adsorption time on the electrical impedance of a CT1-based 

DSC has been studied. Differently from what was observed with N719-based DSCs [6], a 

non-monotonic effect of the impregnation time on the EIS has been found. This feature has 

been analyzed in terms of the dye molecules tendency to aggregate close to the 

TiO2/electrolyte interface. A physical model that fits well the experimental data is here 

proposed [10], which also takes into account a correction related to the difference between 

the illuminated area of the cell and the total area available in the electrical measurements. 

 

5.1.2 Consistent physical model  

 

To better understand the electrical response of a CT1-based DSC, a cell schematically 

presented in Fig. 5.1a has to be considered.  

 

 

Fig. 5.1 Representation of the cell showing the TiO2 electrode and the electrolyte (a) with the 

sketch of a pore (b). S is the surface area and L is the thickness of the porous electrode. G, el, 

σel, τel are the thickness, the dielectric constant, the conductivity, and the characteristic time of 

the electrolyte, respectively. A is the total lateral area of the pores, while d is the thickness of 

the adsorbed dye layer [10]. 
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The porous TiO2 electrode covered with the organic dye is in contact with the 

electrolyte of thickness G, characterized by the material parameters el, σel and τel = el/σel 

standing for the dielectric constant, the conductivity and the characteristic time, 

respectively. In Fig. 5.1a some of the pores originating at the TiO2/electrolyte interface are 

also presented. A model of a pore, showing the lateral area A and the limit d of the dye 

molecules adsorbed on the surface, is drawn in Fig. 5.1b. A is the area of all the pores that is 

in contact with the electrolyte. It may be estimated, in this case, knowing  , the ratio 

between the area of the porous film and all its volume [11], 

 

                                                                                       (5.1) 

where L is the thickness of the TiO2 layer and S the surface of the cell.   

When the adsorption process begins, the lateral area A starts to be covered with a 

monomolecular layer of the sensitizer, forming patches of adsorbed dye that, summed up, 

represent a fraction θ of A. Due to the fact that the free ion density in the electrolyte is large 

enough, the potential in the bulk can be considered constant. On the contrary, the potential 

may vary within a thin layer delimited by the surface A and an equipotential surface parallel 

to it, a distance d apart.  

Applying a small sinusoidal voltage to the CT1-based DSC, two types of currents are 

drawn: one across the area θA, characterized by the admittance Y1, and another one across 

the free surface (1 - θ)A with the admittance Y2, as shown in Fig. 5.2. 

 

 

Fig. 5.2 Currents passing through the dye-adsorbed monolayer θA and through the free surface 

(1 - θ)A. d0 is the thickness of the dye monolayer, while δd0 is the distance until the influence of 

the pore’s wall is felt by the dye molecules [10]. 
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The monolayer is described by the average molecular diameter d0 (10
-9 

m [9]) and the 

equipotential surface of thickness δd0, where δ is a rather small average number of 

molecular diameters. This is the physical limit within which a dye molecule feels the 

attraction force from the surface of the pore. The total admittance in the δd0 layer is Y = Y1 + 

Y2. 

The process of dye adsorption starts when the nanostructured TiO2 photoanode is 

immersed into the sensitizer solution and saturates after a while as the parameter θ goes to 

1. Since the dye loading technological step is mainly governed by the diffusion of dye 

molecules into the porous layer, one may consider the following time dependence of θ                           

 

                     
 

   
     (5.2) 

 

where τ is a characteristic time corresponding to the moment when practically 70% of the 

total area A is covered with a monomolecular dye layer. This time dependence of θ is also 

valid in the case of N719-based DSCs [12]. Fig. 5.2 shows the situation when t < τ. When t 

> τ, the possibility that dye molecules can build up on top of already existing 

monomolecular layer, eventually filling the layer of thickness δd0 [9], as shown in Fig. 5.3a, 

can be considered.  

 

 

Fig. 5.3 A build-up of dye-molecules on TiO2 surface for d0 < d < δd0 (a). Equivalent 

capacitances in series: C1d filled with the CT1 dye and C1e filled with the electrolyte (b) [10]. 
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Since θ is quite large ( 1) and the free surface (1 - θ)A is quite small, one can define 

an average thickness d of the adsorbed dye layers (d0 < d < δd0). The growth of this layer 

decreases exponentially in time, the thickness d would go asymptotically to the value δd0 

and the whole process could be characterized by a decaying time, for convenience 

expressed as k  τ, where k is an arbitrary small number. The reason why one can imagine 

such a process is that the adsorption of the dye molecules originates from the interaction 

with the solid surface of the TiO2 layer and the adsorption of the second or the third layer is 

screened by the other inner layers. The screening varies exponentially with the thickness of 

the adsorbed layers. A thicker adsorbed dye layer prevents the transfer of electrons, leading 

to a worsening in the electric performances of the device. 

Dye molecules may not agglomerate in the bulk. The agglomeration mechanism is 

present only at the surfaces, due to the attraction forces between them and the dye 

molecules. These forces decrease when increasing the number of absorbed layers, until the 

thermal energy is larger than the absorption energy. For long impregnation time, the 

thickness of the dye layers will reach the value δd0. 

In EIS spectra a higher impedance of the δd0 layer has to be expected in the regions 

marked with θA in Fig. 5.3a. In this region two capacitors in series, one related to the dye 

layer C1d and the other one to the remaining electrolyte layer C1e, as shown in Fig. 5.3b, can 

be considered. 

The impedance Z of the cell, apart from the contribution Y
-1

, includes the following 

series elements: Zb, the bulk impedance of the electrolyte, and R0, the transfer resistance of 

the electrodes and the connecting wires. In order to express the total impedance of the cell, 

for each film a parallel of resistance and capacitance can be considered, with the exception 

of the electrolyte bulk where the diffusion of free ions is not negligible and a Warburg type 

element [13] should be taken into account. The free surface (1 - θ)A presents the admittance 

Y2 

         

                
 

  
          where      

   

           
  and      

           –    

   
.     (5.3) 

 

The dye covered surface θA is described by two capacitors in series, one filled with 

CT1 dye molecules and another one with electrolyte, as shown in Fig. 5.3b. Considering the 

values σd and τd as the conductivity and the characteristic time of the dye layer respectively,  
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the following equations can be written 

 

                                                             
 

  
                   (5.4) 

 

                                                    
       

       
  

 

      
                (5.5) 

 

                                                  
         

 
 ,       

           

       
          (5.6) 

 

                                      
       

    
          

  

.          (5.7) 

 

Another important feature to be taken into account is that d starts to increase toward 

δd0 only after θ has got a certain value, for instance θ (τ) may be considered to be ≈ 0.707. 

One may use the step function UnitStep defined as 

 

                             
         
          

           (5.8) 

 

so that the following expression for d can be obtained 

 

                                    
     

    
                     (5.9) 

 

Finally, the bulk impedance of the electrolyte, written as a parallel RC element, turns 

out to be 

 

                   
  

             
  

 

                   
   (5.10) 

 

where G is the thickness of the electrolyte layer. 
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5.2 Physical and electrical modeling of static and small-signal 

response in a Ru-based DSC 

 

5.2.1 Introduction 

 

The main purpose of the ongoing research on DSCs is to increase the cell efficiency 

improving, at the same time, its reliability and stability through material and structural 

optimization. Within this context, a physics-based model capable of consistently describing 

and understanding the device behavior and its relation with microscopic mechanism under 

different operating conditions may provide a significant support in the interpretation of the 

experimental results and in the advancement of DSC technology.  

The modeling and simulation of DSCs have been dealt with by many researchers, 

focusing on device-level behavior or on some specific physical aspects. Models based on 

drift-diffusion approaches of charged species in the electrolyte permeated nanostructured 

TiO2 film have been proposed [14, 15, 16, 17, 18] and applied to evaluate the I-V 

characteristic and to link the microscopic description of the cell to its photovoltaic behavior. 

Physics-based steady-state models exploiting a purely diffusive description of the charge 

transport have been used starting from the analytic model reported by Södergren et al. [19],  

then used to build an analytic device model [20] containing all the optical and electrical 

main features of the device, and to develop coupled optical and electrical models [21, 22]. 

The diffusion transport approach has been progressively enriched by novel recombination 

and transport models, in view of describing experimental observations arising from static 

but also dynamic characterization techniques [23, 24, 25]. 

A static (DC) and dynamic small-signal (SS) device-level model of DSCs is here 

presented [26], which self-consistently couples a physics-based description of the 

nanoporous photoactive layer to a compact circuit-level description of the passive parts of 

the cell. The opto-electronic model of the nanoporous dyed film includes a detailed 

description of photogeneration and trap-limited kinetics, and a phenomenological 

description of nonlinear recombination. Numerical simulations of the dynamic small-signal 

behavior of DSCs, accounting for trapping and nonlinear recombination mechanisms, are 

reported and validated against experiments. The model is applied to build a consistent 

picture of the static and dynamic small-signal performances of nanocrystalline TiO2-based 

DSCs under different incident illumination intensities and directions, analyzed in terms of 
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Current-Voltage characteristic, Incident Photon-to-electron Conversion Efficiency, and 

Electrochemical Impedance Spectroscopy. This is achieved with a reliable extraction and 

validation of a unique set of model parameters against a large enough set of experimental 

data. Such a complete and validated description allows gaining a detailed view of the cell 

collection efficiency dependence on different operating conditions. 

 

5.2.2 Coupled opto-electronic diffusion transport model 

 

In view of modeling the DSC, a detailed physics-based model of the electrolyte 

permeated sensitized nanoporous TiO2 film, approximated as an equivalent homogenous 

medium, is coupled with a compact equivalent circuit model accounting for the electrical 

loss induced by diffusion through the bulk electrolyte (described by a Warburg impedance, 

ZW), the charge transfer at the electrolyte/counter electrode interface (RCE, CCE), and the 

contact series resistance, as depicted in Fig. 5.4. 

 

 

 

Fig. 5.4 Top: mixed circuit and physical description of the DSC. The intrinsic device is 

simulated through the Opto-Electronic Diffusion Transport (OEDT) model described in the text. 

Bottom: definition of the nanoporous film boundaries and a sketch of the energy band diagram 

at thermal equilibrium (solid lines) and out of equilibrium (dashed line) [26]. 
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The photovoltaic I-V characteristics of the cell are described by the following 

nonlinear system 

                                                                      
   

  
          (5.11) 

  

                                                                             (5.12) 

  

where I and V are the total current flowing across the cell and the voltage drop between the 

counter electrode (CE) and the photoelectrode (PE), taken with the generator convention 

sign, R = Rs + RCE + RW is the total parasitic resistance, and In and Vox are the current and 

voltage across the photoelectrode, respectively. Additional efficiency losses related to the 

non-zero slope of the I-V characteristics under the short circuit conditions are empirically 

modeled by the parallel resistance Rx.  

 

5.2.2.1 Diffusion transport model 

 

According to the multiple trapping and release model [27], the electron transport 

across the nanocrystalline semiconductor oxide takes place through the extended states in 

the conduction band, whereas the localized states in the band gap just act as thermally 

activated capture or emission centers. The conduction band electrons are described by the 

Boltzmann statistics, with thermal equilibrium density given by 

 

                                                                   
       

     ,         (5.13) 

 

where Nc is the conduction band density of states, EF,0 the Fermi level in thermal 

equilibrium and Ec the conduction band edge in the TiO2, respectively. On the other hand, 

the density of the electrons trapped in the localized states is expressed as 

  

                                                                    
  

  
,         (5.14) 

 

where g(E) is the density of states of the traps, approximated as an exponential 
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             (5.15) 

where NT is the concentration of trap levels per unit volume and  = T/T0 represents the 

depth of the states distribution below Ec. By approximating the Fermi-Dirac distribution 

with a step function 

                       
 

     
 
    
    

    
           

           

 ,       (5.16) 

the trapped electron concentration finally reveals to be 

 

                                                         
  

  
    

  
     
     .   (5.17) 

 

Neutral conditions across the nanostructured TiO2 layer and a concentration of the 

redox couple in the electrolyte close to the equilibrium value and much larger than the 

electron concentration are assumed. The Fermi energy in the electrolyte phase can thus be 

assumed constant and equal to the equilibrium energy of the I
-
/I3

-
 redox couple. Under these 

assumptions, the time dependent continuity equation for the conduction band electron 

density n can be written as 

 

                                             
  

  
  

 

 
 
   

  
           

       
   

  
 ,   (5.18) 

 

where Un and   
  

 are the net recombination rate and the optical generation rate, 

respectively, and Jn is the diffusion current density, given by 

                                                                      
  

  
 ,   (5.19) 

where D0 is the free electron diffusivity. 

Under static (DC) conditions the cell behavior is fully described by Eq. (5.18), i.e. 

considering only the physical mechanisms involving the extended states, which share a 

common equilibrium Fermi level with the localized ones. On the other hand, under time-

varying conditions, the dynamics of the electrons in the extended and in the localized states 

will evolve independently, so that a full description of the trap kinetics is generally 
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required. However, as long as the frequency of interest is low with respect to the trap 

dynamics [27], an approximated quasi-static configuration can be adopted [28], assuming 

that even in non equilibrium conditions, the conduction band and trap populations share the 

same quasi-Fermi level. Under this assumption, the dynamics of the extended and the 

localized states occupation are related as  

 

                                                               
   

  
 

   

  

  

  
 ,   (5.20) 

 

where the term nT/n does not explicitly depend on time; by exploiting Eq. (5.13) and 

(5.17), this results in 

 

                                           
   

  
   

  

  
  

      
     
      

  

  
       .   (5.21) 

 

Introducing this expression in the continuity equation (5.18), a single equation taking 

into account the dynamics of both free and trapped electrons [23, 29] is obtained in the 

following form 

 

                                                  
  

  
  

 

 
 
   
  

           
     ,   (5.22) 

 

where the adiabatic factor kT is defined as 

 

                                                                 
  

  
      .   (5.23) 

 

Despite the suppression of trap-assisted recombination, the electron lifetime is 

generally limited by recombination at the semiconductor/dye/electrolyte interface with the 

acceptor species in the electrolyte and with the excited dye molecules. The two 

recombination mechanisms are here modeled by means of an equivalent nonlinear net 

recombination rate [24] 

 

                                                                  
            (5.24) 
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aimed at describing the observed discrepancy between the photovoltaic performances under 

different illumination conditions through a carrier density dependent lifetime. It is worth 

noting that a zero net recombination rate is yielded under thermal equilibrium conditions (n 

= n0). The conventional constant lifetime approximation is recovered when β = 1; on the 

other hand, -1 < β < 1 describes a sub-linear increase in the recombination rate with carrier 

density, and β > 1 a super-linear one. Using the definition of the electron diffusion current, 

the electron continuity equation can be finally written as  

                                     
  

  
     

   

         
              

     .   (5.25) 

The model is completed by a voltage-driven boundary condition at the FTO/TiO2 

interface (x = 0) and by a Neumann (or reflective) boundary condition at the interface 

between the nanostructured TiO2 film and the bulk electrolyte (x = d, being d the 

nanostructured TiO2 thickness). As depicted in Fig. 5.4, the thermal equilibrium condition is 

set by EF,0 = Eredox,0. A voltage drop Vox across the semiconductor layer displaces the Fermi 

level in the TiO2 (EF) with respect to the redox energy potential in the electrolyte according 

to qVox = EF  EF,0. Under non-equilibrium conditions, using Eq. (5.13) and expressing Nc 

as a function of n0, it results 

                                                          
       

     
         

   .   (5.26) 

 

Thus, the following boundary conditions can be exploited   

 

                                                                       
    
             (5.27) 

 

                                                             
  

  
 
   

  .             (5.28) 

Once the continuity equation is solved, the total electron current density across the 

photoelectrode is evaluated from Eq. (5.19) at x = 0. 

5.2.2.2 Optical model 

Carrier photogeneration is simulated using measurement-based optical data of the 

sensitized TiO2 film and other cell layers. The optical generation rate is calculated assuming 



Chapter 5                                                                  Modeling 

Diego Pugliese – Politecnico di Torino – DISAT – PhD in Physics XXVI Cycle  88 

 
 

a Lambert-Beer exponential attenuation of the light across the solar cell, which has been 

proven to be rather accurate in conventional DSCs. The optical absorption of the 

photoelectrode is evaluated according to an effective medium approximation as  = D + 

PEL [20]. D and EL are the optical absorption of the sensitized TiO2 film and of the 

electrolyte, respectively; while P and  model the porosity and the average mean path 

length of the light across the film. The optical generation rate is then evaluated as 

 

                                   
  

        
   
 

   
                         (5.29) 

 

where  ( ) is the spectral photon flux density and the function F( ) assumes different 

values depending on the simulated photovoltaic experiment (I-V or IPCE) 

 

                                           
                    

            

            
             

         (5.30) 

 

The illumination efficiency  ill( ), accounting for the optical loss, is calculated as [21, 

30]  

 

                                             
      

                         (5.31) 

 

for illumination from the photoelectrode side, and as 

                                        
      

                               (5.32) 

for illumination from the counter electrode side. TPE and RPE are the transmittance and the 

reflectance of the photoelectrode, respectively; while TCE and TEL are the transmittance of 

the counter electrode and of the bulk electrolyte, respectively. Finally,  inj is related to the 

electron injection efficiency from the excited state of the dye into the conduction band of 

the TiO2 [31]. 
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5.2.2.3 Small-signal model 

 

Small-signal condition is a particular operation mode in which a small-amplitude 

electrically or optical driven time-varying signal perturbs the DC operating point, i.e. the 

static concentration ndc. The case of electrical perturbation of the DC operating point (i.e. 

the case of EIS measurements) is here considered. Under a harmonic small-amplitude 

voltage with angular frequency , it can be written 

                                                                ),                (5.33) 

 

                                                            ),        .   (5.34) 

 

After the linearization and the Fourier transform of Eq. (5.25), it results 

 

                                                              
    

   
  

  

   
       

 ,   (5.35) 

 

 with the boundary condition in Eq. (5.28) at x = d, and the linearized boundary condition at 

x = 0, 

                                                                        
  

  
 .   (5.36) 

 
The small-signal complex diffusion length in Eq. (5.35) is 

 

                                                             
        

  
    

  

      
   

 

 
, 

 

  (5.37) 

where the small-signal diffusivity   
   and the small-signal lifetime   

   are defined as 

                                                               
        

  

       
         (5.38) 

 

                                                        
                 ,   (5.39) 
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τf  being the static lifetime of conduction band electrons 

                                                                      

  
 
   

 
  

 .   (5.40) 

Due to the space-dependence of the above parameters, induced by both trap states and 

nonlinear recombination, Eq. (5.35) is a second-order differential equation with non 

constant coefficients, thus generally requiring a numerical solution.  

Once Eq. (5.35) is solved, the small-signal impedance of the sensitized oxide is 

calculated as  

                                                                     
    

   
 ,   (5.41) 

with     given by Eq. (5.19). It has to be noted that, in the particular case of constant ndc 

throughout the photoelectrode, Eq. (5.35) reduces to a conventional diffusion equation with 

constant parameters, leading to the following analytic closed-form expression for the 

photoelectrode impedance 

                                        
  

  
       

            
 

  
       

        ,   (5.42) 

where σn = VT/(qD0ndc) is the electrical conductivity associated to the DC electron 

concentration and    =   
  ( = 0) = (τf D0)

1/2
. In other words, the DC diffusion length 

depends only on the band transport properties and the recombination rates; thanks to the 

compensation of the adiabatic factor in Eqs. (5.38) - (5.39), it is not affected by the trap 

dynamics. 

From the implementation point of view, SS simulations require a double numerical 

solution: a DC simulation allows to achieve the charge density distribution across the 

device, necessary in order to assess the density dependent parameters in the SS Eqs. (5.35) - 

(5.37); then, the SS behavior is simulated. A finite difference method is applied for the 

solution of the DC and SS partial differential equations, whose self-consistent solution with 

the circuit-level equations is get using a Newton-Raphson algorithm. 
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Chapter 6: Results and discussion 

 

This Chapter aims to present and thoroughly discuss the different experimental and 

theoretical results obtained in the thesis work. A large part of the Chapter is devoted to the 

characterization and to the photovoltaic performances evaluation of innovative and low cost 

materials (ZnO photoanodes, metal-free dye and quasi-solid electrolytes) for DSCs 

application, able to overcome the issues exhibited by the conventional ones. With the 

purpose of supporting and corroborating the experimental analysis, a physical model built 

to interpret the aggregation phenomenon typically shown by organic dye molecules and an 

opto-electronic model applied to evaluate the static and dynamic small-signal performances 

of DSCs under different incident illumination intensities and directions will be also 

presented. 

6.1 Innovative and low cost ZnO photoanodes for DSCs 

application 

In this Section, a detailed description of the morphological and physical-chemical 

characterization of sponge-like and flower-like ZnO-based photoanodes will be provided, 

together with a deep investigation of their photovoltaic performances. 

6.1.1 Sponge-like ZnO-based photoanodes 

 

6.1.1.1 Photoanode characterization 

 

In Fig. 6.1a the morphology of the deposited film as evaluated by FESEM is 

presented. The Zn film shows a sponge-like structure, compatible with the results proposed 

by Baker et al. for Zn-Al coatings [1]. The nanostructuring of a metallic film in a sponge-

like structure occurs for growth processes performed with a substrate temperature T 

approximately equal to a half of the melting temperature Tm (i.e. T/Tm ~ 0.5) [2]. Being the 

melting temperature for zinc particularly low, it is possible to synthesize a porous 

nanostructured layer for T ~ Tamb. Films with thicknesses up to 15 µm were deposited. 

As depicted in Fig. 6.1b, no significant morphological variation can be noticed after 

the high temperature oxidation procedure, resulting only in a moderate volume expansion.  
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Top view in Fig. 6.1c allows appreciating the porous morphology of the film and its 

similarity with the structure of natural coral. The specific exposed surface, as measured by 

BET, was equal to 14.1 m
2
/g, in line with what measured for mesoporous ZnO layers 

deposited with other techniques [3].  

On the magnified FESEM picture in Fig. 6.1d it is possible to observe the 3-

dimensional coral-like nanostructure, formed by the superimposition of small branches able 

to grow in length along basically every direction. The typical dimension of the particulate is 

around 40 nm, with spacing between adjacent structures in the range 10 - 60 nm. Taking 

into account that the typical exciton length in ZnO is in the range 5 - 20 nm, such 

morphological feature presents all the desired characteristics for efficient dye loading and 

charge transport towards the electrode [4]. 

 

 

Fig. 6.1 FESEM characterization: Zn film, cross view (a); ZnO film, cross view (b); ZnO film, 

top view, and (inset) visual comparison with a natural coral (c); magnified image of the coral-

like morphology, where the branched structure is evidenced (d).  

 

The macroscopic appearance of the deposited film before and after the oxidation 

treatment drastically changes, moving from a black to a transparent feature, as shown in 

Fig. 6.2a. In Fig. 6.2b, the XRD characterization of the film before and after the oxidation 

procedure is reported. The diffraction pattern after the thermal treatment witnesses a 

complete oxidation of the film, without the formation of Zn residuals, which could be 

detrimental for charge transport in DSC photoelectrodes. 
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Fig. 6.2 Picture of the photoanode, before (left) and after (right) the oxidation treatment (a); 

XRD characterization, before (bottom) and after (top) the oxidation treatment (JCPDS cards: Zn 

87-0713, ZnO 89-1397) (b). 

 

6.1.1.2 Photovoltaic performances investigation 

 

In Fig. 6.3 the J-V curves and the evaluation of the Photovoltaic Conversion 

Efficiency (PCE) as a function of the dye incubation time are reported.  

Photoanodes with a ZnO film thickness equal to 15 µm were used. Several devices 

were tested and the relative error between different samples was within the 5%, meaning a 

very high reproducibility. An incubation time of two hours was found to be optimal for the 

sensitization of this material, in line with previously reported data
 
[5] and with materials 

synthesized with other techniques [6]. In particular, an evident increase in the Jsc is noticed, 

while the FF reveals to be almost independent from the sensitization procedure. 

The efficiency increase for short incubation times is related with the slow kinetics of 

dye adsorption on the surface of the semiconductor. When the number of chemisorbed dye 

molecules on the surface of ZnO is low, the PCE is reduced both because of the small 

number of photogenerated charges injected in the semiconductor and because of the higher 

recombination rate with the electrolyte, occurring at the semiconductor unoccupied sites. 

When the optimal incubation time is exceeded, the formation of molecular aggregates 
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between the dissolved Zn
2+

 ions and the dye molecules occurs [7]. The aggregates are 

inactive in terms of charge generation and act as filters for the impinging light, decreasing 

the overall efficiency of the device. 

 

Fig. 6.3 Evaluation of the Photovoltaic Conversion Efficiency in microfluidic cells for different 

sensitization times, starting from the J-V curves (inset). The thickness of the ZnO film is 15 µm.  

With the optimized sensitization time of two hours, the photovoltaic behavior of the 

device as a function of the ZnO film thickness was tested. The results of the I-V 

characterization and the Bode representation of the EIS phase are reported in Fig. 6.4. The 

increase in photoanode thickness from 12.5 µm up to 15 µm allowed obtaining a slightly 

higher efficiency, with an increase on the short circuit current, while the FF value remained 

unaffected. Thicker photoelectrodes are able to load a higher amount of dye, thus leading to 

the injection of a higher number of carriers in the conduction band of the semiconductor, 

and the charge transport is efficient enough to allow the collection of the electrons at the 

FTO electrode. More interestingly, the carrier lifetime shows a dependence on the 

photoanode thickness. The experimental curves of EIS were fitted using an equivalent 

circuit in order to obtain information about transport and recombination of charges [8]. In 

particular, the electron lifetimes at open circuit voltage can be estimated from the frequency 

f giving the maximum in the Bode plots reported in Fig. 6.4, as τ = 1/(2πf). The evaluated 

charge carrier lifetimes at Voc were equal to 12 ms and 48 ms for the 12.5 µm- and the 15 
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µm-thick ZnO photoanodes, respectively. The dependence of the electron lifetime on the 

photoanode thickness is probably related to the contribution of the back transfer of electrons 

at the FTO/electrolyte interface [7]. For thicker photoanodes, this parasitic effect loses 

importance, giving as a macroscopic result a higher overall carrier lifetime, as reported 

previously for mesoporous TiO2 films
 
[9]. 

 

Fig. 6.4 I-V and EIS (Bode plots, inset) characterization of ZnO-based DSCs fabricated with 

different photoanode thicknesses, namely 12.5 µm (black) and 15 µm (red). The sensitization 

time was fixed to 2 h. 

In conclusion, the solar energy conversion efficiency of DSCs based on coral-shaped 

ZnO photoanodes sensitized with Ru-based dyes was evaluated [10]. The sensitization 

procedure was refined, being the optimal sensitization time equal to 2 h. Using a 15 µm- 

thick photoanode assembled in a microfluidic architecture, a noticeable photovoltaic 

conversion efficiency of 4.83% was evaluated, with a charge carrier lifetime at the open 

circuit voltage equal to 48 ms. 

6.1.2 ZnO flower-like microstructures as promising nanostructured 

photoanode 

 

6.1.2.1 Photoanode characterization 

 

X-Ray Diffraction (XRD) patterns of ZnO flower-like microparticles prepared at 70 

°C are reported in Fig. 6.5. The diffraction peaks show a good crystalline quality of the 
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sample, with the presence of a pure hexagonal wurtzite structure (JCPDS file, No. 80-

0074). 

Fig. 6.6a and b show the FESEM images of ZnO flower-like particles and of ZnO 

film after drying at 90 °C and subsequently heating at 450 °C, respectively. Zinc oxide 

powder is composed of nearly spherical particles with regular nanostructured prism-shaped 

planes as building blocks. The branched and nanostructured morphology of the ZnO is still 

well maintained after the preparation of the photoanode, with only a slight smoothing of the 

sharp edges due to the little dissolution effect of acetic acid-based solution. However, the 

XRD pattern after the photoanode preparation did not show any degradation of the 

crystalline wurtzite structure (data not reported).  

The specific surface area, as measured by the BET approach, is 19.58 m
2
/g, in line 

with the value measured for nanoporous ZnO electrodes [3]. Flower-like ZnO particles also 

show some degree of nanoporosity, evaluated by DFT model, with pore sized distribution 

peaking at about 4 nm. These pores, as well as the microparticle flower-like morphology, 

are responsible for the relatively high surface area and also act as preferential adsorption 

sites of Zn
2+

/dye aggregates, generated by the dissolution of the ZnO by the Ru-based 

sensitizer during the DSC operation. The N2 sorption isotherm and the DFT pore size 

distribution are reported in Fig. 6.7. 

 

 

Fig. 6.5 XRD patterns of ZnO flower-like microparticles prepared at 70 °C. 
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Fig. 6.6 FESEM image of ZnO flower-like microparticles prepared at 70 °C (a) and FESEM 

image of ZnO film after drying at 90 °C and subsequently heating at 450 °C (b). 

 

 

Fig. 6.7 Nitrogen sorption isotherm with the indication of the calculated BET surface area (a) 

and DFT pore size distribution of the ZnO nanostructured flower-like particles (b). 
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6.1.2.2 Chemometric investigation of the photovoltaic performances 

 

The sensitization of the ZnO flower-like microparticles and the resulting 

performances on lab-scale DSCs were investigated by means of a CCF-DoE [11], a 

multivariate analysis method which permits the optimization of functional materials, 

simultaneously determining variables as others are modified. With this mathematical 

technique, the operational variables (dye loading time x1, dye solution concentration x2 and 

its pH x3) can be simultaneously changed in order to identify the weight of each one and the 

relationship between them, indicating antagonisms and synergies. To the best of our 

knowledge, most of the investigations about DSCs consist of a monovariate analysis, even 

if this procedure leads to error when, at the very least, interactions between the variables 

occur. For all these reasons, an experimental design that simultaneously studies different 

variables is necessary to obtain an empirical mathematical equation for all the factors 

involved, as well as a response map that considers the influence of all the parameters.  

Table 6.1 presents the experimental matrix generated by the software for the adopted 

CCF-DoE. As experimental response (y), it was decided to evaluate the light-to-electricity 

conversion efficiency (η) under 1 sun. In order to assess the experimental reproducibility, 

three replicas (F15, F16, F17) of the central point were carried out. In fact, the DoE 

reproducibility is usually evaluated on the experimental point with all the variables at their 

intermediate value. However, since the study of the reproducibility on a single experiment 

might seem insufficient, a second step of validation of the chemometric model will be 

introduced later. 

The set of carried out experiments allowed to achieve a maximum light-to-electricity 

conversion efficiency of 3.16% (short circuit current density Jsc = 8.57 mA/cm
2
, open 

circuit voltage Voc = 0.56 V, Fill Factor FF = 0.65) for the ZnO photoelectrode sensitized 

with a 0.4 mM dye solution (pH 10.7) for 391 min (6.5 h). The current density-voltage 

curve and the corresponding IPCE curve of the DSC with the highest photoconversion 

efficiency, as mentioned above, are reported in Fig. 6.8. Multiple linear regression 

interpolation parameters were R
2
 = 0.99 and Q

2
 = 0.96. For the sake of completion, R

2
 

represents the fraction of the response variation explained by the model and Q
2
 is the 

fraction of the response variation that can be predicted by the model. More broadly, R
2
 and 

Q
2
 provide the summary of the fit of the model: R

2
 is an overestimated measure and Q

2
 an 

underestimated value of the goodness of the fitting model. Both of these values are very 

close to 1, meaning that the regression model provides an excellent description of the 
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relationship between the independent variables and the response, and therefore an optimal 

analysis of the investigated system. Furthermore, the average value of the sunlight 

conversion efficiency for the three replicated cells (from F15 to F17) was 2.88 (±0.13)%: 

this value is not only an excellent index of reproducibility, if compared to the repeatability 

typically observed in the literature for the DSC devices, but it also perfectly corresponds to 

the theoretical value predicted by the chemometric model (2.86%). 

 

Table 6.1 Experimental matrix of variables and corresponding experimental and predicted 

responses to optimize the sunlight conversion efficiency. For completeness, short circuit current 

density (Jsc), open circuit voltage (Voc), and Fill Factor (FF) values are also reported. Each 

variable was investigated at three levels (-1, 0, +1). 

Exp. 

Name 

Dye 

loading 

time 

(x1, min) 

Dye 

concentration 

(x2, mM) 

Dye 

solution 

pH  

(x3) 

η 

observed 

(y, %) 

η 

predicted 

(%) 

Jsc 

(mA/cm
2
) 

Voc 

(V) 
FF 

F1 2 (-1) 0.05 (-1) 6.5 (-1) 0.24 0.19 0.82 0.46 0.62 

F2 780 (+1) 0.05 (-1) 6.5 (-1) 2.85 2.92 8.96 0.55 0.58 

F3 2 (-1) 0.05 (-1) 10.7 (+1) 0.22 0.25 0.79 0.46 0.61 

F4 780 (+1) 0.05 (-1) 10.7 (+1) 2.68 2.66 7.54 0.54 0.66 

F5 2 (-1) 0.75 (+1) 6.5 (-1) 1.12 1.13 3.08 0.53 0.69 

F6 780 (+1) 0.75 (+1) 6.5 (-1) 2.22 2.19 6.04 0.58 0.64 

F7 2 (-1) 0.75 (+1) 10.7 (+1) 1.77 1.69 4.64 0.55 0.69 

F8 780 (+1) 0.75 (+1) 10.7 (+1) 2.37 2.42 7.11 0.57 0.59 

F9 2 (-1) 0.4 (0) 8.6 (0) 0.92 1.01 2.57 0.53 0.68 

F10 780 (+1) 0.4 (0) 8.6 (0) 2.81 2.74 7.31 0.59 0.66 

F11 391 (0) 0.4 (0) 6.5 (-1) 3.04 3.04 7.98 0.58 0.65 

F12 391 (0) 0.4 (0) 10.7 (+1) 3.16 3.18 8.57 0.56 0.65 

F13 391 (0) 0.05 (-1) 8.6 (0) 2.28 2.25 7.31 0.52 0.60 

F14 391 (0) 0.75 (+1) 8.6 (0) 2.55 2.60 7.58 0.57 0.59 

F15 391 (0) 0.4 (0) 8.6 (0) 2.73 2.86 8.22 0.58 0.57 

F16 391 (0) 0.4 (0) 8.6 (0) 2.87 2.86 8.46 0.58 0.59 

F17 391 (0) 0.4 (0) 8.6 (0) 3.03 2.86 8.33 0.57 0.64 

Fig. 6.9 shows the influence (with 95% confidence) of each experimental factor on 

the response y (sunlight conversion efficiency). This coefficient plot is useful to develop the 

final modeling equation, which is an empirical relationship between the response and the 

factors expressed in polynomial form. From the ANOVA statistical analysis, it results in the 

following equation: 
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    (6.1) 

where y(%), x1, x2 and x3 are the light-to-electricity conversion efficiency, the dye loading 

time, the dye solution concentration and the pH of the dye solution, respectively. The 

coefficients indicate the importance of each factor in the equation. 

 

 

Fig. 6.8 Current density-voltage curve of the DSC (Experiment F12 in Table 6.1) with the 

highest photoconversion efficiency. The corresponding IPCE curve is shown in the inset. 

 

Fig. 6.9 Coefficient plot for the CCF-DoE. x1: dye loading time; x2: dye solution concentration; 

x3: pH of the dye solution. 
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It is interesting to note that the coefficients of x1 and x2 are positive, while those of the 

quadratic effects are negative: this means that a slight increase in x1 and x2 leads to an 

increase of the DSC performances, but higher values of these factors lead to a reduction in 

the device efficiency. It can be assumed that beyond a certain value of dye impregnation 

time and dye concentration, protons derived from the Ru complexes make the dye loading 

solution relatively acidic and dissolve ZnO, generating Zn
2+

/dye aggregates [12]. Such 

aggregates are harmful to the cell because they lower the electron injection efficiency and 

fill the nano-sized pores of the ZnO photoanode. On the other hand, the coefficient of x3 is 

not very significant, while its quadratic term is positive, indicating that dye solutions with 

high pH values improve the photovoltaic performances. One possible reason why protons 

from the carboxyl groups of the dye initiate a dissolution process of the ZnO and form 

Zn
2+

/dye complexes is related to the surface properties of the oxide. In particular, the 

protons adsorbed on the oxide surface dissolve the ZnO, since the pH of the dye solution is 

much lower than the point of zero charge (pzc) of the metal oxide, defined as the pH where 

the concentrations of protonated and deprotonated surface groups are equal [13]. The 

addition of a base to the dye loading solution, proposed by Keis et al. [3], makes the pH of 

the dye solution similar to the pzc of the ZnO, thus reducing the aggregation phenomenon 

and improving the photovoltaic performances of the cell. Lastly, as regards the interaction 

terms, only the coefficient of x1x2 is significantly negative, indicating that soaking the 

flower-like microparticles with a concentrated solution of dye for a long time is 

counterproductive. Thus, the residence time of ZnO photoanode in the dye has to be 

shortened when using concentrated dye solution, in view of limiting the dissolution of ZnO 

during the dye loading. 

The fitted response surfaces of the CCF-DoE are reported in Fig. 6.10, where the 

maximum response zone for sunlight conversion efficiency is observed at x1 = 391 min, x2 

= 0.4 mM and x3 = 10.7. In order to validate the experimental model, two hypotheses were 

analyzed: 

- H0: dependency between the variables does not exist. 

- H1: dependency between the variables exists. 

The Student's t-test was applied using the quadratic differences between the results 

and their average, giving a probability of 5% for H0 and a probability of 95% for H1, thus 

corroborating H1: dependency between the variables exists.  
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Fig. 6.10 Response surfaces showing the effect of the dye loading time (x1) and the pH of the 

dye solution (x3) on the light-to-electricity conversion efficiency of DSCs assembled with 

flower-like microparticle photoanodes, as a function of the dye solution concentration (x2): 0.05 

mM (a); 0.4 mM (b) and 0.75 mM (c). 

 

Finally, in order to further support the statistical model, a cross-validation process 

was carried out: it is a model validation technique for assessing how the fitted results of a 

chemometric model will generalize to an independent data set. On a practical level, the 

software proposed some new experiments to be carried out, and also predicted the result to 

be experimentally obtained. The validation of the chemometric model is achieved if the 

obtained experimental results are - with 95% confidence - adherent to the predicted ones. 

This was actually the case, meaning that the chemometric model presented here is robust 

and valid. 

Once identified the best conditions for the preparation procedure of the flower-like 

microparticle-based photoanodes, a further increase in photovoltaic performances can be 

accomplished by including additives to the commercial liquid electrolyte. While for TiO2-

based cells a large number of investigations on liquid electrolyte additives were reported in 
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several reviews [14, 15], the effect of additives for ZnO-based cells has not been adequately 

addressed yet. In particular, the effect of N-methylbenzimidazole (NMBI), usually added to 

standard liquid electrolytes for TiO2-based DSCs, but never tested in the presence of ZnO 

photoelectrodes, was investigated. Concerning TiO2-based devices, NMBI was generally 

reported to increase the Voc of a DSC, since it adsorbs onto the surface of TiO2 [14, 15]. In 

addition, Yang et al. [16] found that this additive had a positive effect on ionic conductivity 

and apparent diffusion coefficient of triiodide, Dapp(I3
−
), weakening the Coulomb force 

between the cation and the anion, thus facilitating the ion dissociation.  

In this specific case, the effect of NMBI was investigated for DSCs assembled with 

the photoanode prepared according to the optimal conditions (Experiment F12 in Table 

6.1), and the results are reported in Table 6.2 and in Fig. 6.11.  

 

Table 6.2 Photovoltaic performances of DSCs assembled with the optimized ZnO flower-like 

microparticle-based photoanode and with the addition of NMBI into the liquid electrolyte at 

different concentrations. 

Electrolyte Jsc (mA/cm
2
) Voc (V) FF η (%) 

AN 50 8.57 0.56 0.65 3.16 

AN 50 + NMBI 0.25 M 8.75 0.58 0.65 3.26 

AN 50 + NMBI 0.5 M 9.47 0.59 0.64 3.59 

AN 50 + NMBI 0.75 M 9.18 0.59 0.62 3.35 

 

 

Fig. 6.11 Current density-voltage curves of DSCs assembled with the best ZnO flower-like 

microparticle-based photoanode (Experiment F12 in Table 6.1) and with the addition of NMBI 

into the liquid electrolyte at different concentrations. 
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As it can be noted, the addition of NMBI leads to an increase of both Jsc and Voc. This 

result seems to confirm that the two effects observed by Yang et al. [16] for the TiO2-based 

photoanode occur even in the presence of a ZnO-based one. In particular, in the presence of 

0.5 M NMBI, the highest efficiency of the devices assembled with ZnO flower-like 

microparticle-based photoanodes was obtained: 3.59% (Jsc = 9.47 mA/cm
2
, Voc = 0.59 V, 

FF = 0.64). From the data reported in Table 6.2, it seems that the NMBI effect in reducing 

the electron recombination was maximized by using the concentration of 0.5 M.  

In order to further confirm the above mentioned hypothesis, Electrochemical 

Impedance Spectroscopy measurements on the NMBI-based cells were performed and the 

results were compared with the reference cell (i.e. Experiment F12 in Table 6.1). In Fig. 

6.12 examples of Nyquist plots of cell impedances are reported. The arcs related to the 

diffusion of charges in the electrolytic solution cannot be observed due to the lowest 

frequency value measured (usually the characteristic time constant of this process lies in the 

range 1 - 100 s [17]). In contrast, the high frequency arcs related to the charge transfer at the 

electrolyte/counter electrode interface are quite superimposed for the two kinds of devices, 

meaning that the presence of the additive has no influence on the charge transfer between 

the Pt and the solution. On the other hand, it can be noted that the main arc related to the 

recombination at the oxide/electrolyte interface exhibited by the NMBI-based cell is taller 

and wider than the one obtained from the device fabricated without additives: in accordance 

with the results of Yang et al. (despite of using a different semiconductor [16]), the 

presence of NMBI is effective in increasing the charge lifetime, witnessed by a larger 

recombination resistance (basically equal to the arc radius). 

 

 

Fig. 6.12 Nyquist plots of DSCs assembled with the best ZnO flower-like microparticles-based 

photoanode (experiment F12 in Table 6.1) and with the addition of NMBI into the liquid 

electrolyte acquired at the open circuit voltage. The points are the experimental data while the 

continuous lines are the fitting curves. 
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To quantitatively evaluate the charge recombination and the transport properties in the 

flower-like ZnO-based photoanode, the experimental impedance spectra were fitted through 

the  equivalent circuit reported in Fig. 4.9. The results of the fitting procedure are shown in 

Fig. 6.12 superimposed to the experimental curves, evidencing a good match between the 

measured and the calculated spectra. The electron lifetime τn and the diffusion coefficient 

Dn were evaluated from the fitting parameters [17], and in Fig. 6.13 they are reported as a 

function of the applied bias voltage. In agreement with what was observed from the Nyquist 

plots, the lifetime values of NMBI-based cells are larger with respect to those of the 

reference cell; the reduction of the charge recombination is therefore the reason for the 

higher photovoltage exhibited by the NMBI-containing devices [18].
 
In addition, the 

electron diffusion coefficient of these cells is higher than the reference one. Differently 

from what reported by Yang et al. [16],
 
the triiodide apparent diffusion coefficient was not 

assessable due to frequency limitation. However, it was found that the inclusion of NMBI 

has a positive effect also on the oxide transport properties, thus further increasing the 

collection efficiency and, as a consequence, the short circuit current density [19]. Overall, it 

was shown that the addition of NMBI is a valuable means of increasing the performances of 

DSCs assembled with ZnO photoelectrodes. 

 

 

Fig. 6.13 Electron lifetime and diffusion coefficient dependence on the applied voltage for 

DSCs assembled with the optimized ZnO flower-like microparticle-based photoanode and with 

the addition of NMBI into the liquid electrolyte. 

To sum up, promising photovoltaic properties of ZnO flower-like microstructures 

were demonstrated. A chemometric approach was employed, for the first time with ZnO-
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based DSCs, with the purpose of establishing the best sensitization conditions, thus 

avoiding Zn
2+

/dye complexes formation. A maximum photoconversion efficiency value of 

3.16% was achieved. The efficiency was enhanced up to 3.59% when adding, as 

unprecedently reported in the presence of a ZnO photoanode, N-methylbenzimidazole into 

the liquid electrolyte. This effect was attributed to the reduction of the charge 

recombination and to the enhancement of the diffusion coefficient, as evidenced by EIS 

analysis.  

 

6.2 Metal-free hemi-squaraine CT1 sensitizer 
 

This Section is entirely devoted to the study of a simple hemi-squaraine dye (CT1) as 

a TiO2 sensitizer for application in Dye-sensitized Solar Cells. After a combined 

experimental and theoretical investigation of the hemi-squaraine/TiO2 interface, a detailed 

study aimed at optimize the performances of CT1-based DSCs was carried out. Finally, the 

dye loading time influence on the electrical impedance of a CT1-based Dye-sensitized Solar 

Cell was analyzed by means of a physical model which takes into account the possibility of 

dye molecules aggregation close to the TiO2/electrolyte interface. 

6.2.1 Experimental and theoretical investigation of the hemi-

squaraine/TiO2 interface  

 

In this Section the effectiveness of the CT1 dye, which belongs to a relatively new 

photosensitizers’ class, namely the hemi-squaraine molecule, will be studied. Although 

squaraine dyes are well known in DSCs [20], their hemi-squaraine intermediate has been 

rarely proposed [21] and never well studied as a TiO2 sensitizer. Indeed this dye, beside its 

simplicity, its small dimension and its quite reduced absorption energy range, can be 

efficiently employed in DSCs. One of the peculiar features that makes hemi-squaraines a 

unique class of sensitizers is their anchoring group, the squaric acid moiety. The molecular 

structure of the hemi-squaraine dye is reported in Fig. 6.14.  

The study of structural and electronic coupling between the hemi-squaraine and the 

TiO2, focused on the role of the anchoring group, was performed by means of theoretical 

calculations based on the Density Functional Theory (DFT) and the Time Dependent DFT 

(TDDFT), and it is reported in details in ref. [18].  
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Fig. 6.14 Molecular structure of the hemi-squaraine sensitizer. 

Briefly, the results showed that the relatively high efficiency of the hemi-squaraine 

dye could be ascribed to a large displacement of the electron charge towards the anchoring 

group in the excited state and to a strong chemical bonding between the squarate moiety of 

the dye and the anatase surface, which also induces hybridization between the unoccupied 

molecular states of the dye and the surface atoms of the oxide, revealing an adiabatic 

electron transfer mechanism. In order to verify if CT1 can work as a TiO2 sensitizer, the 

alignment of the dye molecular levels with respect to the oxide band structure was 

determined experimentally by cyclic voltammetric analysis, also reported in ref. [18]. This 

analysis showed the formation of a staggered (or type II) interface (see Section 2.1.3), that 

is responsible for an efficient electron injection into the semiconductor CB.  

Since the predictions of the ab initio calculations showed that the requirements for efficient 

application of CT1 in solar cells are satisfied, the sensitization of a TiO2 nanoparticle 

network was experimentally characterized. Moreover the effect of the chenodeoxycholic 

acid (CDCA), employed as co-adsorbent in order to reduce the dye aggregation at the TiO2 

surface, was studied, by adding it in different concentrations (1 and 10 mM, corresponding 

to 4:1 and 40:1 concentration ratio between the CDCA and the dye, respectively) in the 

sensitizing solution. CDCA has also a strong influence of the quantity of the adsorbed dye 

since it competitively saturates the anchoring sites present at the surface. The impregnation 

time was fixed to 5 h. For comparison, a reference photoelectrode obtained with overnight 

impregnation of the oxide layer with a 0.35 mM N719 dye ethanol solution was fabricated 

and characterized. Fig. 6.15a and b compare the absorption spectrum of the dye in 

acetonitrile solution and those obtained for the TiO2 photoanodes. The latter spectra exhibit 

an absorption range that is broader and red-shifted with respect to the dye in solution 

independently on the presence of CDCA.  
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These results are confirmed also by Incident Photon-to-electron Conversion 

Efficiency (IPCE) spectra reported in Fig. 6.15c, which show a surprisingly large red-

shifted on-set (for a yellow dye having a maximum centered at 430 nm) around 600 nm.  

 

 

Fig. 6.15 UV-Visible absorbance spectra obtained for hemi-squaraine dye in acetonitrile 

solution (a) and for the dye attached to the nanocrystalline TiO2 layer for different CDCA 

concentrations (b). IPCE curves of hemi-squaraine-based solar cells for different CDCA 

concentrations (c). 

 

Both the broadening and the shift (blue or red depending on the dye characteristics) 

are commonly observed in spectral responses of organic dyes attached to the TiO2 surface 

and they are generally attributed to the interaction of the anchoring group with the substrate 

surface, and/or to the formation of dye aggregates [22]. In this case, no strong dependence 

of the red shift on the presence of a co-adsorbent can be observed, thus it cannot be related 

with dye aggregation. Moreover the relatively high IPCE values demonstrate that the dye 

effectively injects electrons into the oxide conduction band as suggested by DFT electronic 

structure study. Fig. 6.15 also reveals the beneficial effects of the co-adsorbent, whose 

presence leads to higher, narrower and slightly red-shifted peaks in the IPCE spectra (Fig. 
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6.15c), reaching the maximum value of 87% at around 470 nm for a 10 mM CDCA 

concentration. CDCA molecules act as spacers among the hemi-squaraine molecules, 

avoiding the dye aggregation and thus facilitating the electron injection into the 

semiconductor CB. In the absorption spectra of Fig. 6.15b, a lower dye loading induced by 

CDCA presence is evident, together with the disappearance of a shoulder at about 395 nm. 

The shoulder, not present in the IPCE spectra, can be attributed to dye molecules aggregates 

which are not contributing to charge generation and whose formation is inhibited by CDCA. 

The results obtained under AM 1.5 G illumination for the I-V and the Electrochemical 

Impedance Spectroscopy measurements at open circuit voltage are summarized in Table 6.3 

and reported in Fig. 6.16; the Bode representation of impedance phase of the cells is also 

shown in the inset of Fig. 6.16.  

 

Table 6.3 Photovoltaic performances of microfluidic DSCs sensitized by CT1 and N719 dyes 

for different CDCA concentrations evaluated from I-V characterization and EIS analysis. 

Dye CDCA (mM) Jsc (mA/cm
2
) Voc (V) FF η (%) τn (ms) 

CT1 0 7.68 0.55 0.64 2.74 10.68 

CT1 1 7.82 0.61 0.69 3.32 15.25 

CT1 10 7.89 0.64 0.70 3.54 21.74 

N719 0 15.68 0.62 0.65 6.33 12.46 

 

By fitting the EIS experimental data, the values of the electron lifetime τn were 

calculated and they are reported in the last column of Table 6.3. An analysis of the 

photovoltaic characterizations reveals a photoconversion efficiency of 2.74% without co-

adsorbent, which becomes 3.54% when adding CDCA at 10 mM concentration. This 

efficiency is lower than the one obtained for the reference cell with N719 (6.33%), yet it has 

to be highlighted that one of the main technological steps that may require further 

optimization is the impregnation time of the nanostructured titania that was currently fixed 

to 5 h. This time interval is quite short if compared to those required by Ru-based dyes but 

already gives satisfactory cell performances. This result indicates that the attachment of the 

hemi-squaraine dye to the TiO2 surface is fast, in agreement with the theoretical 

calculations predicting a strong interaction of the squaric acid group with anatase. This 

aspect is very important since reducing the soaking time would lead to important 

technological advantages during the cell fabrication.  
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In Table 6.3 it is also possible to note that both the open circuit voltage, Voc, and the 

short circuit current density, Jsc, values increase when using the co-adsorbent acid. The 

current density increase can be attributed to the improved electron injection efficiency [23] 

following dye disaggregation. The increase of Voc can be explained by examining the τn  

values reported in Table 6.3 and the Bode plots shown in the inset of Fig. 6.16. Upon 

CDCA adsorption, surface TiO2 trap sites are occupied by the acid molecules and 

consequently the CDCA causes an increase of the lifetime (also witnessed by a 

corresponding shift of the middle frequency peak of the Bode plot towards lower frequency 

values). Considering that τn increases with CDCA, the Voc increase has to be related to a 

decrease of back electron transfer recombination due to the fact that the TiO2 trap sites are 

occupied by the acid molecules [24]. 

 

Fig. 6.16 Current density-voltage curves of hemi-squaraine-based solar cells for different 

CDCA concentrations. The corresponding Bode plots of EIS phase are shown in the inset (the 

points are the experimental data while the continuous lines are the fitting curves). 

In conclusion, a combined experimental and theoretical investigation of the structural 

and electronic coupling between the hemi-squaraine and the anatase surface, focusing on 

the role of its anchoring group, was presented. Ab initio simulations revealed that the 

squarate moiety of the dye strongly interacts with the anatase surface giving rise to an 

optimal alignment of the electronic molecular levels with respect to the oxide energy bands, 

thus favoring an adiabatic electron transfer from the excited molecule to the semiconductor. 
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This resulted in an efficient electron injection with an observed maximum IPCE of 87% and 

a maximum photoconversion efficiency of 3.54% for a sensitization time of 5h and a 

CDCA concentration of 10 mM.  

6.2.2 Optimization of the hemi-squaraine CT1 anchoring to the TiO2 

surface 

 

Once the effectiveness of the hemi-squaraine CT1 as a sensitizer for TiO2 had been 

assessed, an optimization of the photovoltaic performances of CT1-based DSCs was carried 

out by studying the effect of the sensitization time of the TiO2 photoelectrode in the dye 

solution and investigating the addition of the chenodeoxycholic acid (CDCA) as co-

adsorbent in the dye solution at different concentrations [25].  

Fig. 6.17a compares the absorption spectrum of the CT1 in acetonitrile solution with 

the spectra of CT1-sensitized TiO2 photoanodes at different dipping time intervals, while 

Fig. 6.17b shows the typical IPCE action spectra of CT1-based DSCs for the same 

sensitization times. Absorbance peaks of CT1-sensitized TiO2 photoanodes show a 

monotonous heightening while increasing the sensitization time that can be ascribed to the 

enhancement of the number of adsorbed dye molecules on the TiO2 film (see Fig. 6.17a). 

On the contrary, the maximum IPCE value (55% at 460 nm) was obtained for a short 

loading time of only 30 min (see Fig. 6.17b). This result shows that for impregnation times 

longer than 30 min not all the hemi-squaraine molecules attached on the TiO2 surface 

effectively inject electrons in the TiO2 conduction band. This fact can be ascribed to their 

spontaneous aggregation or to an ineffective anchorage of the dye on the TiO2 surface. 

Since, as previously reported in Section 6.2.1, the anchoring of the hemi-squaraine 

molecule to the (101) anatase surface through the squarate moiety is based on a strong 

chemical bonding, it is most likely that the ineffective charge transfer for long incubation 

times is related to the formation of molecular aggregates. The photoanode absorption and 

the IPCE spectra are broadened and red-shifted with respect to the absorption spectrum of 

the hemi-squaraine in acetonitrile, extending approximately from 375 nm up to 600 nm (see 

Fig. 6.17a). The red-shift, which was also confirmed by DFT ab-initio calculations, is 

beneficial for photovoltaic applications [18, 22]. The absorption spectra of CT1-sensitized 

TiO2 photoanodes exhibit two well distinguishable peaks: the first one at 414 nm, whose 

intensity strongly increases until 5 h of impregnation and the second one at 480 nm, which 
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shows very small variations in intensity with increasing sensitization time. IPCE spectra, 

instead, show a blue-shift, with a lowering and broadening of the peak at 460 nm for 

loading times longer than 1 h. The peak at 414 nm is not mirrored in the IPCE spectra, 

suggesting that its origin is related to H aggregates formation [22], which are unable to 

inject photogenerated electrons to be collected at the photoanode.  

 

 

Fig. 6.17 UV-Visible absorbance spectra of the hemi-squaraine dye in acetonitrile solution and 

of the TiO2 photoanodes sensitized in CT1 dye for different time intervals. The values for the 

CT1 in acetonitrile solution refer to the right-hand axis, whereas the other curves refer to the 

left-hand axis (a). IPCE action spectra of CT1-based DSCs for the same sensitization times (b). 

The average photovoltaic parameters (mean values of five cells) obtained from the I-V 

measurements varying the sensitization time are summarized in Table 6.4. For comparison, 

the data obtained with a reference N719-based cell are also reported in the last row. It has to 

be noted that the same assembly and characterization procedures were employed, but the 
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N719 dye concentration in the ethanol solution and the impregnation time had to be fixed to 

0.35 mM and to 18 h respectively in order to achieve the optimal conversion efficiency of 

4.83%. 

Table 6.4 Average cell parameters (mean values of five cells) evaluated from the I-V 

characterization. Last row reports the data obtained with a reference N719-based DSC. 

Dye Sensitization time Jsc (mA/cm
2
) Voc (V) FF η (%) 

CT1 5 min 1.78 0.49 0.61 0.58 

CT1 30 min 4.76 0.55 0.67 1.75 

CT1 1 h 4.61 0.54 0.67 1.66 

CT1 3 h 4.54 0.54 0.68 1.65 

CT1 5 h 4.27 0.54 0.66 1.53 

N719 18 h 11.56 0.63 0.66 4.83 

 

 

Fig. 6.18 presents a typical current density-voltage curve of the microfluidic DSCs 

using the TiO2/CT1 electrodes dipped in the dye solution for each sensitization time. The 

photoconversion efficiency reached the maximum value of 1.75% when the loading time 

was only 30 min long. Increasing the sensitization time up to 1, 3 and 5 h, the conversion 

efficiencies decreased down to 1.66, 1.65 and 1.53% respectively.  

 

 

Fig. 6.18 Current density-voltage curves of hemi-squaraine-based DSCs for different 

sensitization times. 
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The worsening in the DSC performances with longer impregnation times is related to 

the decrement of the short circuit current density, while open circuit voltage and Fill Factor 

can be considered constant (see Table 6.4). This behavior, in agreement with the trend 

evidenced in the IPCE action spectra, can be ascribed to a spontaneous aggregation of the 

hemi-squaraine molecules (not effective at 30 min). It is particularly interesting to note that, 

even for a sensitization time as short as 5 min, a consistent number of molecules are already 

attached to the titania surface and are responsible for photocurrent generation. This 

observation further demonstrates the very efficient and fast linking obtained through the 

squarate moiety.  

Fig. 6.19a shows a typical Bode representation of the impedance phase of the cells by 

increasing the sensitization time acquired at open circuit voltage condition. Analyzing the 

Bode plots of EIS (see Fig. 6.19a), it is possible to notice that the peak related to the 

electron recombination at the TiO2+dye/electrolyte interface shifts to a lower frequency 

when the sensitization time increases from 5 up to 30 min and then it shifts back again to a 

higher frequency when the loading time further increases from 30 min up to 5 h.  

 

 

Fig. 6.19 Bode plots of hemi-squaraine-based solar cells for different sensitization times 

measured at open circuit voltage (the symbols represent the experimental data while the 

continuous lines correspond to the fitting curves) (a). Electron lifetimes evaluated by fitting EIS 

data (b). 

These characteristic frequency peaks in the Bode plots are inversely proportional to 

the electron lifetime into the TiO2 film [26, 27, 28]. Accordingly, the shift to higher (lower) 

frequency of the peaks in the Bode phase plots reveals an increase (decrease) of the 

recombination rate constant or equally a decrease (increase) of the electron lifetime τ. The 
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recombination properties were evaluated by fitting the EIS experimental data using the 

equivalent circuit shown in Fig. 3.2. The electron lifetime values (reported in Fig. 6.19b for 

different applied bias voltages), calculated using the formula τ = (R2Q2)
1/2, where β2 is the 

exponent of the CPE Q2, are in agreement with this theoretical prediction for all the 

sensitization times investigated. In particular, the electron lifetime experiences a 

monotonous drop while increasing the sensitization time (see Fig. 6.19b). This behavior can 

be ascribed to a spontaneous aggregation of the hemi-squaraine dye molecules, 

phenomenon which leaves a high number of TiO2 trap site not occupied by the dye 

molecules, and so free for electron-hole recombination.  

The effect of the chenodeoxycholic acid in different concentrations was studied in 

order to reduce the sensitizer aggregation at the semiconductor surface. The positive effect 

of the co-adsorbent is expected to be more evident for longer sensitization times: for this 

reason, 1 and 3 h were chosen as dye loading times. Fig. 6.20a and b compare the 

absorption spectra of TiO2 photoanodes sensitized in hemi-squaraine (CT1) dye for 1 h at 

different CDCA concentrations with the typical IPCE action spectra of CT1-based DSCs 

for the same sensitization time and CDCA concentrations. In Fig. 6.20a, a lower dye 

loading induced by CDCA presence is evident; in particular the Kubelka Munk function of 

CT1-sensitized TiO2 photoanodes experiences a monotonous decrease while enhancing the 

co-adsorbent concentration in the dye solution. This trend is also valid for 3 h sensitization 

time (results not reported). It has to be noted that the addition of CDCA in the hemi-

squaraine acetonitrile solution is responsible for the disappearance of the shoulder at 414 

nm (see Fig. 6.20a): this confirms the attribution of this absorption peak to the dye molecule 

aggregates in the semiconductor surface. CDCA molecules act as spacers among the CT1 

molecules, avoiding the dye aggregation and thus facilitating the electron injection into the 

TiO2 conduction band. In the IPCE action spectra of Fig. 6.20b, the beneficial effect of the 

co-adsorbent leads to a rise, narrowing and slight red-shift of the peak passing from 0 mM 

to 1 mM CDCA. Subsequently, further increasing the CDCA concentration, the peak width 

remains nearly constant, a slight red-shift is still present but a height reduction occurs. 

Maximum IPCE (71% at 460 nm) was obtained for a loading time of 1 h and a CDCA 

concentration of 1 mM (Fig. 6.20b).  

The average photovoltaic parameters (mean values of the five cells) obtained from the 

I-V measurements varying the CDCA concentration are summarized in Table 6.5. The 

physical quantities in the columns are equal to those reported in Table 6.4. 
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Fig. 6.20 UV-Visible absorbance spectra of TiO2 photoanodes sensitized in CT1 dye for 1 h at 

different CDCA concentrations (a). IPCE action spectra of CT1-based DSCs for the same 

sensitization time and CDCA concentrations (b). 

 

Table 6.5 Average cell parameters (mean values of five cells) evaluated from the I-V 

characterization. 

Sensitization time CDCA (mM) Jsc (mA/cm
2
) Voc (V) FF η (%) 

1 h 0 5.33 0.54 0.65 1.88 

1 h 1 5.90 0.61 0.70 2.50 

1 h 10 4.58 0.65 0.69 2.10 

1 h 14 3.98 0.65 0.68 1.76 

1 h 18 3.76 0.64 0.69 1.65 

3 h 0 4.57 0.55 0.66 1.67 

3 h 1 4.79 0.60 0.75 2.16 

3 h 10 3.96 0.65 0.74 1.89 
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It has to be pointed out that the differences in the photoconversion efficiency values 

reported in Table 6.4 and Table 6.5 and the ones presented in the Section 6.2.1 are first of 

all due to the different dye and CDCA concentrations and also to the different calibration of 

the solar simulator. In fact, as recently discussed in the literature [29], the measured DSC 

performances are influenced by the employed measurement conditions such as the usage of 

reference cells. Fig. 6.21 presents a typical current density-voltage curve of hemi-squaraine-

based solar cells for different CDCA concentrations.  

 

 

Fig. 6.21 Current density-voltage curves of hemi-squaraine-based DSCs for different CDCA 

concentrations at an impregnation time of 1 h. 

 

Maximum photoconversion efficiency of 2.50% was obtained when adding 1 mM 

CDCA. Further increasing the co-adsorbent concentration up to 18 mM, the conversion 

efficiency decreased down to 1.65%. It is important to highlight that the photoconversion 

efficiency at 1 h without CDCA (1.88%) is higher than the one reported in Table 6.4 

(1.66%) since a thicker TiO2 layer was deposited onto FTO/glasses. The improvement in the 

DSC performances with a CDCA concentration of 1 mM is related to the enhancement of 

both the short circuit current density (Jsc) and the open circuit voltage (Voc), while the 

reduction of the efficiency with higher co-adsorbent concentrations (10, 14 and 18 mM) is 

due to a net decrease of the Jsc originated from a lower dye loading not compensated by an 

equal increase of the Voc (see Table 6.5). This trend is confirmed by using an impregnation 

time of 3 h. In fact, starting from a photoconversion efficiency of 1.67% without CDCA, it 

subsequently increases up to a value of 2.16% with a CDCA concentration of 1 mM and it 
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finally experiences a decrease down to 1.89% further increasing the CDCA concentration 

up to 10 mM. The worsening in the DSC performances with a longer impregnation time of 

3 h with respect to 1 h is due to the decrement of the short circuit current density, while 

open circuit voltage can be considered constant (see Table 6.5). Increasing the impregnation 

time, therefore, once the disaggregation has been completed, the acid becomes responsible 

for a “conflicting mechanism” that prevents the effective attachment of the sensitizer onto 

the semiconductor surface. 

The short circuit current density increase when using the co-adsorbent acid for both 

the loading time of 1 h and 3 h can be attributed to the improved electron injection 

efficiency [30, 23] following the dye disaggregation. The enhancement of the open circuit 

voltage, instead, can be explained by analyzing either the τ values plotted in Fig. 6.22b and 

the Bode diagrams shown in Fig. 6.22a. The CDCA molecules dissolved in the dye solution 

cause an increase of the electron lifetime (see Fig. 6.22b) and a corresponding shift (and an 

increase) of the middle-frequency peak of the Bode plots toward lower frequency values 

(see Fig. 6.22a).  

 

 

Fig. 6.22 Bode plots of CT1-based solar cells for different CDCA concentrations at an 

impregnation time of 1 h measured at open circuit voltage (the symbols represent the 

experimental data while the continuous lines correspond to the fitting curves) (a). Electron 

lifetimes evaluated by fitting the EIS data (b). 

The enhancement of the open circuit voltage, which corresponds to the difference 

between the free energy of the TiO2 electrons and the redox potential of the electrolyte [31], 

can be therefore linked to a decrease of the back electron transfer recombination due to the 

occupation of the TiO2 trap sites by the acid molecules.  
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In conclusion, the hemi-squaraine anchoring to the TiO2 surface was optimized and 

characterized by means of an electrical and optical study. The dye sensitization time and the 

CDCA co-adsorbent concentration in the dye solution were successfully monitored. A 

maximum photoconversion efficiency of 1.75% for a sensitization time of only 30 min 

without co-adsorbent was obtained, and this value was enhanced up to 2.50% when adding 

1 mM CDCA in the dye solution and fixing the loading time to 1 h. The very fast kinetics in 

the dye adsorption, with optimal sensitization time intervals almost 15 times lower than 

conventional Ru-based sensitizers, confirms the theoretical predictions and indicates a 

strong interaction of the semisquaric acid group with the anatase surface. This result 

suggests that this small molecule can be a promising sensitizer even in a continuous 

industrial process. 

6.2.3 Modeling of the dye loading time influence on the EIS of a CT1-

based DSC 

 

In this Section the physical model introduced in Section 5.1, built taking into account 

the CT1 dye molecules spontaneous tendency to aggregate close to the TiO2/electrolyte 

interface, will be exploited to fit the EIS experimental data of CT1-based DSCs fabricated 

with photoanodes impregnated in the dye solution at different time intervals (from 5 min up 

to 5 h) [32]. 

Fitting the data shows that a better impedance than the bulk impedance of the 

electrolyte written as a parallel RC element reported in Eq. (5.10) would be  

 

                                
     (6.2) 

 

where R0  9.8  and  

 

                    
 

                   
  

    (6.3) 

 

with   0.65 and   0.85, where  and  are well known fitting parameters for relaxation 

time distributions [33]. 

The fit can well interpolate 4 sets of data, the ones concerning the absorption times of 
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30 min, 1 h, 3 h, and 5 h. On the contrary, the agreement with the 5 min loading time data, 

within the same set of parameters, reveals not to be satisfactory. The reason why this 

happens is most probably due to the fact that the EIS measurements were done under 

illuminating conditions (at least for some part of the total area of the cell) and 5 min is a 

time too short to allow a reasonable absorption of dye into the TiO2 pores. In other words, 

the cell behaves as if it was operating in dark conditions. An important point to be remarked 

is that, once a part () of the electrode area is illuminated, the electronic density within the 

conduction band of TiO2 semiconductor increases and expands, almost instantaneously, 

over the entire volume of TiO2. This electron density is also the source of the potential 

difference across the TiO2/electrolyte interface. The transfer resistance decreases 

exponentially when enhancing this potential difference. Hence, a much larger real part of Z, 

for low frequencies, has to be expected for 5 min with respect to the other soaking times 

considered. 

The above mentioned equations can be adjusted in order to take into consideration the 

fact that the cell is under light conditions for only a part of the total area. 

Introducing  

 

                  
                

          
 

            

            
     ,   (6.4) 

 

and taking into account that under illumination the transfer resistance between the TiO2 and 

the electrolyte is reduced, an average electrolyte conductivity within d0 enlarged by a 

factor of  can be considered. 

Preliminary fittings with Eqs. (6.2) and (6.3) show that d/el < 310
-9

 so, in 

comparison to Y2, Y1 is practically negligible. 

When the cell is under light conditions, the Eq. (5.3) preserves the form with the only 

difference that el has to be replaced by an average p (from pore) proportional to el (i.e. 

el in dark). The proportionality, , should include the total area covered by dye () as well 

as the number of dye layers (d/d0) and the illuminated fraction (), thus obtaining 

 

                                  ,   (6.5) 

 

p being a proportionality parameter. 
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Then 
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    (6.6) 

 

As neither p nor A are known, a fitting parameter   may be introduced 

 

          
  

 
.     (6.7) 

 

The total impedance Z would be 
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    (6.8) 

 

Introducing the fitting parameters  and , the impedance to be fitted becomes 
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 .     (6.9) 

 

Summarizing, the electrical impedance Z of hemi-squaraine-based DSCs is function 

of the following parameters: el, τel, , τ, k, , R0,  and . 

Fig. 6.23 shows the parametric plots of the real and imaginary parts of the electrical 

impedance of the cell, for different dye absorption times. The theoretical curves obtained 

using Eq. (6.9) are plotted in the same figure. Even if the fits are not perfect, they follow the 

general trend of the experimental points.  

In Fig. 6.24 the points represent the values of the fraction  of the area A obtained 

from the best fits for each absorption time. The continuous line represents the function 

             . The good match may be a proof of the correctness of the fit.  

In Fig. 6.25 it is plotted the variation in time of the average thickness d of the 

adsorbed dye layers. The points are the values of d for each absorption time obtained from 

the best fits and the full line shows that d(t) may be fitted with a simpler function 
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     (6.10) 

 

that avoids the threshold character of the Eq. (5.9). 

 

 

Fig. 6.23 Parametric plots (-ImZ vs. ReZ) for different dye absorption times. The fitting curves 

are in full black lines. 

 

Fig. 6.24 Fraction  of area A of the pores (fitting values). The continuous curve (Eq. (5.2)) 

confirms the validity of the fitting model. 
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Fig. 6.25 Plot of the fitting values of d (circles) and the Eq. (6.10) (in full black line). 

 

The important fitting parameters el,  and  are reported in Table 6.6. The value el  

0.030 S/m = 0.30 mS/cm corresponds to a normal conductivity of the ionic solution 

(obviously, it depends on the concentration and the temperature). 

Table 6.6 Parameters el,  and  resulted from the best fits, at different loading times. 

Sensitization time el (mS/cm)   

5 min 0.26 3.97 8.9  10
-4

 

30 min 0.36 4.12 1110 

1 h 0.35 4.82 1043 

3 h 0.31 4.98 1100 

5 h 0.30 4.34 1093 

 

, which is d(max)/d0, represents the limiting distance over which the inner surface of 

the pores’ walls manifests the attraction toward the dye molecules. 

The only parameter that needs a thorough analysis is . It has more or less the same 

value for t =  30 min, 1 h, 3 h and 5 h but a value six orders of magnitude smaller for t = 5 

min. By looking the Eq. (6.7), it results that , apart from the fixed value A/S, is actually 

representing p, that is the factor  normalized with respect to ,  and d(max)/d0. In other 
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words,  gives an estimation of how many orders of magnitude the transfer resistance 

decreases when passing from dark to light conditions. 

To conclude, a physical model, based on the hypothesis that dye molecules can 

aggregate on the electrode surface creating an adsorbed layer which prevents the charge 

transfer and thus worsens the electrical performances of the cell, was proposed. The 

changes in the electrical impedance spectra of a solar cell sensitized with hemi-squaraine 

organic dye molecules, when varying the dye absorption time, were analyzed and it was 

observed a non-monotonic behavior of the impedance of the cell, differently from the case 

of Ru-based DSCs [34]. The model fits well the experimental data if a correction is made 

regarding the difference between the illuminated area of the cell and the total area available 

in the electrical measurements. 

 

6.3 Quasi-solid electrolytes for DSCs application  
 

In this Section, an accurate description of the physical-chemical characterization of 

UV-crosslinked polymer electrolyte membranes and of cellulose-based gel electrolyte will 

be provided, together with a detailed investigation of their photovoltaic performances, both 

in terms of efficiency and durability. 

6.3.1 UV-crosslinked novel polymer electrolyte membranes 

 

6.3.1.1 Electrolyte characterization 

 

Fig. 6.26 shows the percentage of conversion of the BEMA:PEGMA reactive mixture 

under UV light as a function of the irradiation time. The reactivity of all the monomers was 

very high in the initial stages of UV-curing, the rate of polymerization was very fast and the 

conversion was completed in less than 300 s. 

TGA analysis under N2 flux (temperature range 25 - 500 °C) of BEMA:PEGMA 

polymer membranes before swelling in the liquid electrolyte solution is reported in Fig. 

6.27. The thermal stability of the BEMA:PEGMA membranes was found to be very high if 

one considers that, generally, the operating temperature of DSCs does not exceed 65 - 70 

°C. The activated polymer membranes (after swelling in the liquid electrolyte) were also 

tested for their thermal stability. Even though the liquid electrolyte addition reduced the 
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thermal stability up to approximately 82 °C, which is the temperature at which the solvents 

began to evaporate, this is well in the limit of application as electrolyte for DSC devices.  

 

 

Fig. 6.26 Methacrylic double bonds conversion of the reactive monomer mixtures checked by 

real time FT-IR spectroscopy as a function of the irradiation time.  

 

Fig. 6.27 TGA analysis under N2 flux (temperature range 25 - 500 °C) of BEMA:PEGMA 

polymer membranes before swelling in the liquid electrolyte solution.  
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6.3.1.2 Chemometric investigation of photovoltaic performances 

 

The complete CCF-DoE (see Section 4.2.2) matrix, ranges, levels of factors and the 

obtained results are summarized in Table 6.7. 

  

Table 6.7 Composite Face-centered design matrix for two test variables in coded and natural 

units along with the observed and predicted responses (light-to-electricity conversion efficiency 

(η) values). Short circuit current density (Jsc), open circuit voltage (Voc), and Fill Factor (FF) are 

also reported. 

BEMA 

(x1, wt%) 

NaI 

 (x2, mol/L) 

η 

observed 

(%) 

η 

predicted 

(%) 

Jsc 

(mA/cm
2
) 

Voc (V) FF 

20 (-1) 0.150 (-1) 4.40 4.32 13.2 0.576 0.58 

50 (+1) 0.150 (-1) 2.98 3.03 9.2 0.575 0.57 

20 (-1) 0.600 (+1) 4.65 4.62 14.0 0.575 0.58 

50 (+1) 0.600 (+1) 3.71 3.68 11.4 0.574 0.57 

20 (-1) 0.375 (0) 4.73 4.80 14.8 0.574 0.56 

50 (+1) 0.375 (0) 3.97 3.92 12.3 0.575 0.56 

35 (0) 0.150 (-1) 4.70 4.66 14.2 0.575 0.57 

35 (0) 0.600 (+1) 4.90 4.94 15.0 0.576 0.57 

35 (0) 0.375 (0) 5.41 5.38 16.0 0.580 0.58 

35 (0) 0.375 (0) 5.38 5.38 16.0 0.578 0.58 

35 (0) 0.375 (0) 5.41 5.38 16.1 0.581 0.58 

35 (0) 0.375 (0) 5.39 5.38 15.9 0.579 0.59 

 

The model was evaluated through the analysis of the variance (ANOVA). Its 

regression coefficient (R
2
) of 0.974 is in reasonable agreement with the experimental 

results, indicating that 97.4% of the variability can be revealed by the model and 2.6% 

residual variability remains. At the same time, the adjusted determination coefficient (R
2

adj 

= 0.960) is also very high to advocate for a high significance of the model. Finally, for 

validation, duplicate assenting experiments were conducted using the optimized parameters: 

the results are closely co-related with the data obtained using the CCF-DoE. 

The set of experiments allowed achieving a maximum light-to-electricity conversion 

efficiency of 5.41% (short circuit current density Jsc = 16.0 mA/cm
2
, open circuit voltage 

Voc = 0.580 V, Fill Factor FF = 0.58) for a polymer electrolyte membrane obtained using a 

BEMA:PEGMA ratio equal to 35:65, swelled by a liquid electrolyte composed of 0.375 
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mol/L NaI and 0.0375 mol/L I2 in acetonitrile. This polymer electrolyte membrane will be 

considered in the following Paragraphs. For comparison, a DSC in presence of only the 

liquid electrolyte described above was also assembled: it achieved an efficiency of 6.34% 

(Jsc = 16.5 mA/cm
2
, Voc = 0.680 V, FF = 0.57). Current density-voltage (J-V) curves of two 

cells, one containing the polymer electrolyte membrane and the other one with the liquid 

electrolyte, are reported in Fig. 6.28. As also shown in Table 6.8, Jsc and FF values of the 

two cells are quite similar, while the Voc of the cell assembled with the polymer electrolyte 

membrane is 100 mV lower. For a polymer electrolyte, this difference in Voc is typically 

attributable to the higher back transfer of injected electrons from the conduction band of the 

TiO2 film to the I
-
/I3

-
 couple [35]. Overall, it is important to note that the difference between 

the light-to-electricity conversion efficiencies of the two cells is considerably small. 

 

Fig. 6.28 J-V curves of DSCs assembled with the polymer electrolyte membrane (red circles) 

and with the liquid electrolyte (blue triangles). 

 

Table 6.8 Photovoltaic parameters of the DSCs fabricated with different electrolytes and 

measured at 1 sun illumination condition at room temperature. 

Electrolyte Jsc (mA/cm
2
) Voc (V) FF η (%) 

Liquid 16.5 0.680 0.57 6.34 

Polymer 16.0 0.580 0.58 5.41 
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The CCF-DoE response surface showing the effect of x1 and x2 on the cell efficiency 

is drawn in Fig. 6.29.  

 

Fig. 6.29 Response surface showing the effect of BEMA:PEGMA ratio (x1) and NaI 

concentration (x2) on the light-to-electricity conversion efficiency of DSCs assembled with 

polymer electrolyte membranes. 

The efficiency surface is hump-shaped as a function of both factors, BEMA:PEGMA 

ratio (x1) and NaI concentration (x2). Examining the effect induced by varying the amount 

of NaI (x2), it can be observed that the increase of NaI concentration from 0.150 mol/L to 

0.375 mol/L improves the cell performances. In fact, the regeneration of the dye cations 

(D
+
) by means of reaction (6.11) is improved when the iodide amount increases. At the 

same time, the increase of the amount of NaI enhances the I3
-
 concentration, according to 

the reaction (6.12).
 
Finally, I3

-
 ions promote the reactions (6.13) and (6.14), correlated with 

the rapid increase in efficiency, due to the increased Jsc [36] 

                                                                    
                                        (6.11) 

                                                                    
                                               (6.12)    

                                                  
     

            
                                                   (6.13)                                     
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                                         (6.14) 

A further increase in the NaI content from 0.375 mol/L
 
to 0.600 mol/L diminishes the 

cell efficiency. As reported in the literature, at higher concentration the ions in the polymer 

electrolyte become contact ions and their mobility is restrained [37]. As a result, the 

effective ions in the polymer electrolyte become relatively lower, and Jsc values decrease 

[38]. This correlation between Jsc and NaI concentration is clearly evident in Fig. 6.30. 

Here, the curves obtained for different polymers have a similar trend, but are shifted among 

them as a function of the amount of BEMA introduced in the formulation (this factor, x1, 

will be further discussed later).  

 

Fig. 6.30 Variation of Jsc as a function of NaI concentration for DSCs assembled with polymer 

electrolyte membranes prepared with different BEMA:PEGMA ratios. 

On the basis of these results, it is important to choose carefully the concentration of 

iodine salts used for preparing the polymer electrolyte membranes: the standard 

concentrations adopted in many investigations (0.5 mol/L
 
NaI and 0.05 mol/L

 
I2) [39], 

according to the data reported here, are not the optimal ones. 

The second factor studied by means of the CCF-DoE is the BEMA:PEGMA ratio (x1), 

i.e. the ratio between the difunctional oligomer and the monofunctional one. As reported 

elsewhere [40], BEMA forms a three-dimensional network and the addition of PEGMA as a 
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comonomer influences the propagation reaction and change the architecture of the 

polymeric matrix, thus affecting its properties. As shown in Table 6.7, the amount of 

BEMA was varied from 20 to 50 wt%. Below 20 wt% the membranes were not self-

standing, while above 50 wt% they were rigid and hard to manage in assembling the cells. 

Within this experimental domain explored by the CCF-DoE, the best cell efficiencies were 

obtained in the presence of 35 wt% of BEMA. To find a correlation between the 

composition of the polymer matrix and the device performances, dynamic mechanical 

analysis (TTDMA, Triton Technology) was performed and the storage modulus E as a 

function of the temperature was measured [41].
 
In fact, by measuring the elastic modulus of 

the networks at the rubbery plateau (i.e. well above the glass transition temperature of the 

polymer), one can calculate the crosslinking density (υe) of the networks, according to the 

classical rubber theory equation: 

                                                                    
  

   
          (6.15) 

where T is the temperature (K) at which the storage modulus is evaluated, and R is the gas 

constant [42]. Here, T was 283 K, being the glass transition temperature of the samples in 

the range 230 - 235 K. In Fig. 6.31 υe as a function of the quantity of BEMA is reported.  

 

Fig. 6.31 Variation of the crosslinking density (υe) in polymer electrolyte membranes as a 

function of weight concentration of BEMA (violet line + stars) and relative amounts of liquid 

electrolyte trapped in the membranes (green line + squares). 
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It can be observed that, as expected, υe increases linearly with the amount of BEMA, 

i.e. when the difunctional monomer increases, the network obtained becomes tighter. Fig. 

6.31 also shows how the BEMA:PEGMA ratio influences the amount of liquid electrolyte 

trapped in the membranes by swelling. Quite surprisingly, the weight concentration of the 

liquid electrolyte stored in the membranes first increases as a function of BEMA amount, 

and then decreases. This may be due to the fact that, increasing υe, the polymeric network is 

too crosslinked to store a fair amount of liquid electrolyte. On the other hand, below 35 

wt% of BEMA the network is very loose and it is no longer able to trap the electrolyte. 

The study of the long-term stability of a DSC containing the most performing 

polymer electrolyte membrane, maintained at 60 °C for 500 h and checked every 30 h, is 

reported in Fig. 6.32.  

 

Fig. 6.32 Normalized light-to-electricity conversion efficiencies of DSCs assembled with the 

polymer electrolyte membrane (red circles) and with the liquid electrolyte (blue triangles) vs. 

conservation time under 60 °C. 

The results are compared with those of a DSC based on a liquid electrolyte (see Table 

6.8). It can be seen that after 120 h (5 days), the efficiency of the DSC with the quasi-solid 

electrolyte decreases only by 3.5%, while the DSC with the liquid electrolyte shows a 

marked 30% decay. After 500 h (20 days), the cell based on the polymer electrolyte 

membrane remarkably retains an efficiency of above 85% of its initial value, indicating that 
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the cell exhibits very good stability upon prolonged storage/testing; on the contrary, the 

efficiency of the DSC with liquid electrolyte shows a rapid decay to below 17% of the 

initial value. In order to better understand the effect of the two different electrolytes on the 

charge transport mechanisms of the cells, the Electrochemical Impedance Spectroscopy 

(EIS) measurements were performed and the obtained spectra were modeled using the 

equivalent circuit shown in Fig. 3.2. The EIS curves measured at open circuit voltage for the 

two different cells immediately after fabrication and upon storage at 60 °C (for 90 h or 240 

h) are reported in Fig. 6.33, together with the results of the fitting.  

 

Fig. 6.33 Measured (symbols) and fitted (solid lines) impedance spectra at open circuit voltage 

of DSCs fabricated with the polymer electrolyte membrane and the liquid electrolyte. For each 

cell, the spectrum of the fresh-assembled device and the spectra measured after 90 h and 240 h 

of storage at 60 °C are reported. 

From the fitting parameters, the chemical capacitance values C were calculated by 

using the formula 

                                                                 

 

    

 

  
   

          (6.16) 
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where 1 is the exponent of the CPE Q1.                                                            

In Fig. 6.34 the chemical capacitance values as a function of the bias voltage are 

shown. The typical exponential dependence on the applied voltage is evident in the semi-

logarithmic plots. It can clearly be seen that the liquid electrolyte-based cell presents 

chemical capacitance values that decrease upon time, while these values remain almost 

constant for the polymer-based cell, evidencing its remarkably increased long-term stability, 

due to a higher electron injection. The chemical capacitance is dependent on the conduction 

band energy, whose level is influenced by the electron injection from the dye molecules and 

by the presence of structural defects in the TiO2 surface. The decrease in the electron 

injection in the aged liquid electrolyte-based cells (also deducted from the reduction of Jsc 

values) or the increase in the number of surface defects upon ageing can be therefore 

responsible for a reduction of the capacitance values [43]. 

 

Fig. 6.34 Chemical capacitance dependence on the bias voltage for DSCs fabricated with the 

polymer electrolyte membrane and the liquid electrolyte. For each cell, the curves related to the 

fresh-assembled device and to the cells after 90 h and 240 h of storage at 60 °C are reported. 

Compared to other UV-cured polymers presented in the literature (see Table 3 in ref. 

[44]), the performances of the DSC containing the optimized BEMA:PEGMA polymer 

electrolyte (i.e. 5.41% of efficiency) is very high. Qin et al. obtained a slightly higher 
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efficiency (i.e. 5.83%) and similar durability, but introducing an expensive ionic liquid (1-

hexyl-3-methylimidazolium iodide) instead of NaI as iodine salt [45]; Lee et al. reached 

6.10% in the presence of an aliphatic urethane acrylate, however the durability was not 

reported [46]. 

In summary, a novel methacrylic-based crosslinked polymer electrolyte was obtained 

by a rapid, economic and environmentally friendly process of photo-curing, using low cost 

chemicals. Light-to-electricity conversion efficiency of the DSC assembled with this 

polymer electrolyte was admirably quite equal to that of the corresponding liquid cell, 

moreover a remarkably better long-term stability was obtained with BEMA:PEGMA 

membranes. The experimental conditions for the preparation of the polymer electrolyte 

were optimized by a design of experiments approach and an interesting correlation between 

the photoelectrochemical results and the structure of the polymeric network was presented. 

6.3.2 Cellulose-based gel polymer electrolyte 

 

6.3.2.1 Electrolyte characterization 

 

The viscosity of the different micro-cellulose weight percentage gels was measured 

and the values obtained at 25 and 60 °C are summarized in Table 6.9. The tests at 60 °C 

were carried out with the aim of estimating the contribution of the heating step to the charge 

transport inside the gel network. 

Table 6.9 Viscosity values for different micro-cellulose weight percentage gels. 

Micro-cellulose 

weight percentage 

25 °C 

 (mPas) 

60 °C 

 (mPas) 

3 700 964 

4 517 706 

5 119 160 

6 234 315 

 

The viscosity values are lower for gels with higher cellulose content, supporting the 

thesis of a material with more liquid inside the network (a possible explanation for this 

phenomenon is reported in pp. 142 - 143). The heating step, generally, leads to the 

fabrication of gels with higher viscosities than those measured at room temperature, 

because of the starting of liquid evaporation from the gel. 
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In order to evaluate the ion transport inside the gel network, conductivity 

measurements were carried out. The tests were performed on the 50/50 and 40/60 volume 

percentage ratio of the two ionic liquids (MPII and EMISCN) gel electrolytes, thus making 

possible the evaluation of how much the viscosity of the gel affects the ion transport. The 

results of the conductivity measurements are reported in Table 6.10. 

Table 6.10 Conductivity values for different MPII/EMISCN volume percentage ratio gel 

electrolytes. 

Gel sample Conductivity (mS/cm) 

50/50 0.76 

40/60 0.77 

 

The values obtained are similar in both gel electrolytes and this suggests that there is 

not a great influence of the MPII viscosity on the charge transport inside the gel network. 

An important requirement that a DSC electrolyte must fulfill is the thermal stability, 

i.e the electrolyte components should not evaporate at the temperatures at which the cell 

operates during the sunlight exposure. With the purpose of verifying this feature, a Thermo 

Gravimetric Analysis of the gel electrolyte was performed and the relative graph is reported 

in Fig. 6.35. 

 

Fig. 6.35 TGA measurement of a gel electrolyte containing 5 wt% of micro-cellulose. 
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A first mass percentage loss is present at around 100 °C and it is due, most of all, to 

water evaporation. A small amount of 4-TBP can be responsible for this loss, as well. The 

main mass loss starts after 300 °C and it is related to the ionic liquid decomposition. Taking 

into account that DSCs usually work at temperatures not higher than 80 °C, it is possible to 

assert that the prepared gel electrolytes are stable under normal DSCs operating conditions.    

6.3.2.2 Photovoltaic performances investigation 

 

The gel electrolyte optimization process started with a series of samples prepared 

according to the volume percentage ratios between the two ionic liquids (MPII and EMISC) 

reported in Table 4.1. The weight percentages of the other reagents were 2 wt% of LiI, 5 

wt% of micro-cellulose and 10 wt% of 4-TBP. In Table 6.11 the photovoltaic parameters 

obtained from the I-V characterization are summarized.  

Table 6.11 Photovoltaic parameters, evaluated from I-V characterization, of DSCs fabricated 

with gel electrolytes containing different ionic liquid volume percentage ratios. 

Volume percentage ratio 

(MPII/EMISCN) 

Jsc 

(mA/cm
2
) 

Voc  

(V) 
FF 

η  

(%) 

50/50 7.87 0.43 0.54 1.86 

60/40 7.39 0.42 0.55 1.72 

70/30 6.17 0.42 0.46 1.18 

80/20 5.64 0.41 0.48 1.10 

90/10 3.98 0.41 0.47 0.76 

100/0 5.83 0.38 0.46 1.03 

 

All the cells were heated at 60 °C for 1 h in a vacuum oven before starting the I-V 

measurements, thus trying to obtain a better gel penetration into the porous matrix of the 

semiconductor layer. It is possible to note that the highest photoconversion efficiency was 

reached with a 50/50 volume percentage ratio of the two ionic liquids. A possible 

explanation for this result could be the lower viscosity of the gel, responsible for a faster 

movement of the ions inside the solid part of the material. Another interesting feature to be 

considered is that all the cells present low Voc values; this experimental evidence can be 

ascribed to the 4-TBP partial evaporation during the cellulose dissolution at 100 °C.  

Fig. 6.36 shows the J-V curves of the DSCs fabricated by employing gel electrolytes 

with different ionic liquid volume percentage ratios. The enhancement of the viscosity 
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when increasing the MPII volume percentage ratio, evident just by a visual inspection of the 

samples, is the cause of the current density decrease. The gels with 90 and 100 vol% of 

MPII were so viscous that became fragile. 

 

Fig. 6.36 J-V curves of the DSCs prepared with gel electrolytes containing different ionic liquid 

volume percentage ratios. 

Once the better ionic liquid volume percentage ratio was fixed, a liquid electrolyte 

containing the same reagents (except for the cellulose) was prepared for a comparison 

purpose. Three cells with the liquid electrolyte were fabricated in order to ensure statistics 

for the results, and their photovoltaic parameters are reported in Table 6.12. 

Table 6.12 Photovoltaic parameters of DSCs containing the liquid electrolyte. 

Sample Jsc (mA/cm
2
) Voc (V) FF η (%) 

1 13.27 0.68 0.63 5.65 

2 13.52 0.68 0.65 6.02 

3 13.37 0.68 0.64 5.77 

Average 13.39 0.68 0.64 5.81 

 

In order to avoid the 4-TBP evaporation, a variation in the gel preparation process 

revealed necessary: 4-TBP was added after the complete finalization of the gelation and the 
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removal of the ionic liquid excess. The 50/50 ionic liquid volume ratio gel was re-prepared 

applying this modified procedure and it was employed to fabricate the DSCs. Subsequently, 

the devices were heated at various temperatures (45, 60 and 75 °C) for different time 

intervals (1, 2 and 3 h), with the aim of finding the better conditions for the gel penetration 

into the TiO2 layer. The photovoltaic parameter values for the different DSCs are 

summarized in Table 6.13. 

Table 6.13 Photovoltaic parameters, evaluated from the I-V characterization, of DSCs fabricated 

with 50/50 ionic liquid volume ratio gel electrolyte and heated at various temperatures for 

different time intervals. 

Sample Jsc (mA/cm
2
) Voc (V) FF η (%) 

25 °C 5.91 0.58 0.61 2.08 

45 °C 1 h 6.54 0.54 0.58 2.07 

45 °C 2 h 7.74 0.54 0.58 2.41 

45 °C 3 h 6.85 0.54 0.60 2.20 

60 °C 1 h 6.95 0.55 0.57 2.17 

60 °C 2 h 6.64 0.54 0.58 2.10 

60 °C 3 h 6.50 0.53 0.57 1.98 

75 °C 1 h 5.09 0.55 0.65 1.81 

75 °C 2 h 3.63 0.53 0.69 1.32 

75 °C 3 h 1.41 0.51 0.64 0.46 

 

From the data shown in Table 6.13 it is possible to infer that the heating step is 

beneficial to the DSC performances when performed at 45 °C and 60 °C, while it proved to 

be counterproductive when the temperature of the oven was fixed to 75 °C. In particular, 

the improvement in DSCs photoconversion efficiency values for the first two temperatures 

is related to an enhancement of the Jsc (due to a better mobility of the redox species into the 

gel network) not compensated by an equal decrease of the Voc (due to the 4-TBP partial 

evaporation). For what concerns the heating time, an enhancement of the efficiency was 

observed at 45 °C by increasing the time interval from 1 h up to 2 h, while a decrement was 

witnessed when the temperature was set to 60 °C and 75 °C. The heating time interval of 3 

h, instead, gave always worst results with respect to those obtained for 1 h and 2 h. The 

better photovoltaic performances were achieved by heating the cell at 45 °C for 2 h or at 60 

°C for 1 h. From this point onwards all the cells were heated at 60 °C for 1 h before being 

measured. In general, it can be assessed that the cell performances got worse after few 
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measurements when the heating step was not employed, contrary to what happened if the 

heating step was performed. It is worthwhile to underline that the DSC performances 

increased more and more rapidly during the first ten measurements reaching a quasi-steady- 

state. This phenomenon is well represented in Fig. 6.37, where the variation of the 

photovoltaic parameters during a campaign of 40 measurements for DSCs heated at 45 °C 

for 1, 2 and 3 h is reported. 

 

Fig. 6.37 Variation of the photovoltaic parameters during a campaign of 40 measurements for 

DSCs heated at 45 °C for 1, 2 and 3 h: Jsc (a), Voc (b), FF (c) and efficiency (d). 

The 4-TBP addition after the gelation had been completed allowed obtaining higher 

Voc values, but they are still far from those measured for the liquid cells. With the purpose 

of further enhancing the open circuit voltage of the cells, the 4-TBP weight percentage 

added to the gel electrolyte was increased up to 15, 20 and 25%. The values of the 

photovoltaic parameters, evaluated from the I-V characterization, are listed in Table 6.14. 

Unfortunately, the Voc values did not increase and the current density ones decreased 
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dramatically, since probably the 4-TBP excess caused the detachment of the dye from the 

Titanium dioxide substrate [47]. 

Table 6.14 Photovoltaic parameters, evaluated from the I-V characterization, of DSCs fabricated 

with 50/50 ionic liquid volume ratio gel electrolyte in which 15, 20 and 25% 4-TBP was added. 

4-TBP weight percentage  Jsc (mA/cm
2
) Voc (V) FF η (%) 

15 0.55 0.49 0.78 0.21 

20 1.99 0.52 0.67 0.69 

25 1.06 0.52 0.72 0.40 

Another parameter that can influence the gel electrolyte behavior in a DSC is the 

micro-cellulose weight percentage; thus, gels with 3, 4, 5 and 6 wt% of micro-cellulose 

were prepared and their photovoltaic performances were tested. The obtained results are 

reported in Table 6.15 and the related J-V curves are shown in Fig. 6.38. 

Table 6.15 Photovoltaic parameters, obtained from the I-V characterization, of DSCs fabricated 

with gels containing 3, 4, 5 and 6 wt% of micro-cellulose. 

Micro-cellulose 

weight percentage 

Jsc 

(mA/cm
2
) 

Voc  

(V) 
FF 

η  

(%) 

3 5.45 0.54 0.60 1.75 

4 5.42 0.53 0.57 1.64 

5 8.18 0.56 0.59 2.71 

6 7.47 0.58 0.61 2.62 

From both Table 6.15 and Fig. 6.38 it is possible to note that for low micro-cellulose 

weight percentages (3 and 4) the efficiencies are lower, while for higher micro-cellulose 

weight percentages (5 and 6) the cell performances considerably increase. At a first sight 

this trend seems to be unexpected, since the cellulose is an inert material and the increase of  

its amount into the gel should cause a decrement of the ion transport from the counter 

electrode to the photoanode, giving a worsening in the photovoltaic performances. One 

possible explanation for this phenomenon, supported by the viscosity values reported in 

Table 6.9, could be related to a higher amount of gelling material that can adsorb the other 

electrolyte reagents. In this way much more ionic species are present inside the gel, thus 

leading to an enhancement of the photoconversion efficiency of the cell. 
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Fig. 6.38 J-V curves of the DSCs prepared with gel electrolytes containing different micro-

cellulose weight percentages. 

One of the most important requirements that gel electrolytes for DSCs application 

must satisfy is their stability regarding the photovoltaic measurements. In order to test this 

essential feature, two kinds of experiments were performed: (a) a gel stability test and (b) a 

stability test of the DSC photovoltaic performances. In the experiment (a), three DSCs were 

fabricated: in the first one the gel was just prepared, while in the second and in the third 

ones the gel was one week and two weeks old, respectively. The photovoltaic parameter 

values are summarized in Table 6.16, the evolution of the photovoltaic parameters during 

80 measurements is reported in Fig. 6.39, and the J-V curves are shown in Fig. 6.40. 

 

Table 6.16 Photovoltaic parameters, evaluated from I-V characterization, of DSCs fabricated 

with the fresh-prepared gel, with the gel after 1 week of storage and with the gel after 2 weeks 

of storage. 

Gel ageing time Jsc (mA/cm
2
) Voc (V) FF η (%) 

Just prepared 8.18 0.56 0.59 2.71 

After 1 week 8.25 0.57 0.56 2.64 

After 2 weeks 8.92 0.56 0.55 2.71 
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Fig. 6.39 Evolution of the photovoltaic parameters during 80 measurements for DSCs fabricated 

with the fresh-prepared gel, with the gel after 1 week of storage and with the gel after 2 weeks 

of storage: Jsc (a), Voc (b), FF (c) and efficiency (d). 

 

Fig. 6.40 J-V curves of DSCs fabricated with the fresh-prepared gel (black line), with the gel 

after 1 week of storage (red line) and with the gel after 2 weeks of storage (blue line). 
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From a comparison between all the graphs reported in Fig. 6.39, it is possible to note 

that there is a steep increase in efficiency and Jsc in the first measurements and even if the 

increment is lower with the measurement advancement, the values still increase after 80 

measurements. The Voc trend is quite different with respect to that shown by liquid 

electrolyte-based DSCs, where the values decrease steeply just after few measurements. In 

gel-based DSCs, the Voc values, usually, decrease a little after few measurements and then 

remain constant. The FF values follow a trend similar to the Voc one. As it can be seen in 

Fig. 6.39, starting from a certain measurement a silver paste was deposited onto the TCO 

layer of both the counter electrode and the photoanode of the DSCs, in order to reduce the 

contact resistance and try to enhance the photovoltaic performances of the devices. 

In the experiment (b), a DSC was assembled by employing the best formulation of the 

gel electrolyte, according to the photovoltaic characterization results showed above. The 

cell was measured freshly-fabricated and after 3, 17 and 32 days. A cycle of 500 measures 

was performed for each test. This means that the DSC had to undergo more than 8 h of 

exposition to the simulated solar light. The results obtained from the I-V characterization 

are summarized in Table 6.17. 

 

Table 6.17 Photovoltaic parameters, evaluated from the I-V characterization, of a quasi-solid 

DSC during the ageing test. 

DSC ageing time Measure time Jsc (mA/cm
2
) Voc (V) FF η (%) 

Just prepared 8 h 1 min 8.07 0.53 0.62 2.68 

After 3 days 8 h 9 min 7.98 0.49 0.61 2.40 

After 17 days 8 h 6 min 8.17 0.47 0.60 2.31 

After 32 days 2 h 35 min 7.22 0.48 0.51 1.75 

 

The variation of the photovoltaic parameters during the ageing test and the J-V curves 

corresponding to the best efficiency for each ageing time considered are reported in Fig. 

6.41 and Fig. 6.42, respectively.  

From Fig. 6.41 it is evident how the Voc values become lower and lower during the 

ageing test. This phenomenon could be ascribed to a not perfect sealing of the cell (see 

Section 4.1.5.2), which leads to a partial evaporation of the liquid part inside the gel during 

the prolonged solar light exposition as a consequence of the cell heating. From the same 

figure it’s also possible to note that the best values showed in Table 6.17 were obtained at 

the end of each cycle of measurement, save for the test performed after 32 days.  
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Fig. 6.41 Variation of the photovoltaic parameters during the ageing test: Jsc (a), Voc (b), FF (c) 

and efficiency (d). 

 

Fig. 6.42 J-V curves corresponding to the best efficiency for each ageing time considered. 
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A good stability was reached even in severe conditions, i.e. more the 8 h of 

measurements performed in a lapse time longer than one month. Only after 32 days the cell 

started giving a dramatic worsening in the photovoltaic performances.  

In conclusion, a polymer gel electrolyte with the micro-cellulose as natural gelling 

agent was prepared and applied in Dye-sensitized Solar Cells. The volume percentage ratio 

between the two ionic liquids MPII and EMISC, the weight percentage of 4-TBP and 

micro-cellulose and the time and the temperature of the heating step necessary to improve 

the gel penetration into the TiO2 layer, were successfully monitored. A maximum 

photoconversion efficiency of 2.71% was obtained by heating the cell at 60 °C for 1 h and 

by employing a gel prepared with 2 wt% of LiI, iodine (1/10
th

 of the whole weight of 

iodide), 5 wt% of micro-cellulose, 10 wt% of 4-TBP and a MPII/EMISC volume 

percentage ratio of 50/50. An ageing test on the DSC photovoltaic performances was 

carried out and a good stability in severe conditions was reached. 

 

6.4 Electrical and physical modeling of DSCs under different 

illumination conditions 

In this Section the physics-based model introduced in Section 5.2 will be applied to 

build a consistent picture of the static and dynamic small-signal performances of 

nanocrystalline TiO2-based DSCs under different incident illumination intensities and 

directions. This is achieved with a reliable extraction and validation of a unique set of 

model parameters against a large enough set of I-V, IPCE and EIS experimental data.  

All the characterizations were carried out in the same day, following a schedule that 

includes repeated measures of I-V, IPCE, and EIS, designed to monitor the stability of the 

device performances during the whole characterization and to identify possible fluctuations 

due to the light intensity stability or to the change of the cell temperature. This enables to 

meaningfully and consistently compare the I-V, IPCE and EIS experimental data with the 

model results derived with a unique set of physical parameters. The maximum observed 

deviations of Jsc and Voc under 1 sun, with respect to the first measure, were about 0.8 

mA/cm
2
 and 50 mV, respectively. Finally, the I-V and IPCE measurements were repeated 

after two weeks, and a substantial stability of the devices was verified.  

For all the cells, a quite significant discrepancy between the short circuit current 

density value as directly measured from the photovoltaic characterization under AM 1.5 G 
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illumination and the value predicted from the integration of the IPCE spectrum (see Eq. 

(2.18)) was observed. In particular, under PE-side and CE-side illumination, the IPCE 

evaluated values were respectively 20% and 15% lower than the measured ones. It has to be 

noted that similar or possibly larger discrepancies have been reported in the literature by 

exploiting the same IPCE measurement set-up [48, 49, 50]. 

6.4.1 Device numerical model 

A consistent description of the device under DC and SS conditions and under 

different illumination implies to extract and verify a unique set of model parameters on the 

basis of a large enough set of experimental data, which should be able to accurately 

reproduce the measured behavior under conditions which are different from the ones 

exploited for the model extraction. Hereinafter, the extraction of the model parameters will 

be carried out on the I-V and EIS characterizations at 1 sun and on the IPCE spectra 

acquired under weak light intensity; the model is then successfully validated against the I-V 

and EIS measurements carried out at light intensities in the range 0.1 - 1 sun [51]. 

6.4.1.1 Extraction of the model parameters 

As already mentioned, the Jsc extrapolated from the IPCE measurements at weak light 

intensities significantly underestimates the actual Jsc measured under 1 sun illumination, for 

both the illumination sides. Moreover, and coherently, an analysis of the ratio of the CE and 

PE IPCE spectra [48] suggests a diffusion length with non-negligible wavelength 

dependence and a peak value comparable to the film thickness, in contrast to the EIS 

measurements under 1 sun, at open circuit voltage, from which a diffusion length of about 

30 m was estimated.  

To introduce the discussion, it can be useful to recall the definition of two widely 

used figures of merit of the cell efficiency. These are the light harvesting efficiency ηLH, 

which measures the number of collected photons with respect to the incident ones, thus 

providing an upper bound to the achievable photocurrent density for zero carrier 

recombination and full injection efficiency, and the collection efficiency ηCOLL, which 

measures the fraction of collected electrons with respect to the generated ones. From Eq. 

(5.29), with ηinj = 1, it results 
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where s = PE (or CE) depending on the illumination direction. The collection efficiency is 

then evaluated as 

 

                                                            
        

                     
 ,           (6.18) 

where Jsc (λ) is the short circuit photocurrent density. Thus, assuming that neither injection 

nor light harvesting is affected by the photogenerated electron density, the aforementioned 

discrepancy in the cell behavior under low and high light intensity can be described by the 

nonlinear recombination model in Eq. (5.24), yielding a collection efficiency significantly 

higher under 1 sun illumination with respect to the one detected during the unbiased IPCE 

measurement. This provides a way to estimate the optical and the electrical model 

parameters, as summarized in the rest of the Section. 

Literature data were exploited to model the optical generation; in particular, the 

spectral dependence of transmittance and reflectance of the PE and CE and the optical 

attenuation of the bulk electrolyte were derived from Halme et al. [52], whereas the optical 

absorption spectrum of the sensitized TiO2 film was derived from the absorbance 

measurements reported by Boschloo et al. [53]. The peak values of TPE, TCE, TEL and αD 

were tuned in order to match the measured short circuit current density under 1 sun, 

assuming almost ideal collection efficiency. The optical parameters used in the simulation 

reported hereinafter are shown in Fig. 6.43.  

The analysis of the I-V characteristics requires also an estimation of the electrical 

circuit components in Fig. 5.4, which was carried out on the basis of the EIS 

characterization at 1 sun. At V = Voc, the electron density across the photoelectrode film 

turns to be almost constant, thus allowing to use the analytical impedance expression in Eq. 

(5.41). As well known, such equation admits for an equivalent circuit representation of the 

photoactive film in terms of a uniform distributed RC circuit [54], terminated by an open 

load (see the inset in Fig. 6.44), whose circuit elements are directly linked to the small-

signal transport and recombination parameters in Eqs. (5.37) - (5.39) according to 

                                                                   
     (6.19) 
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Fig. 6.43 Optical absorption spectra of the cell components exploited in the simulations (a). 

Spectral transmittance and reflectance of photoelectrode, counter electrode and electrolyte 

exploited in the simulations (b).  
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The Nyquist plot in Fig. 6.44 compares the measured and fitted impedance at different 

bias voltages, showing that RCE, CCE and Rs do not present any significant voltage 

dependence, thus allowing to neglect possible mass transport limitations from the 

electrolyte and the activation of an overpotential at the CE [52, 55, 56]. 

 

Fig. 6.44 Example of EIS fitting under 1 sun at different bias voltages. The inset shows the used 

equivalent circuit. 

By exploiting Eqs. (6.19) - (6.21), the EIS equivalent circuit fitting also allows for a 

preliminary estimation of a few electronic parameters, namely α, NT, D0, to be refined then 

on the basis of the numerical simulations. 

Literature data were used for the conduction band effective density of states Nc = 3.24 

 10
20

 cm
-3

 [57, 58], and the electrolyte redox potential at thermal equilibrium Ec - Eredox,0 = 

0.93 eV [59], corresponding to a dark electron density (in the conduction band) n0 = 3.32  

10
4
 cm

-3
. 

Finally, the  exponent characterizing the electron density dependence of the 

recombination rate is estimated on the basis of the discrepancy between the short circuit 

current density measured at 1 sun and the one extrapolated from the IPCE spectra.  

The electrical parameters values used in the following simulations, in good agreement 

with the typical ones reported in the literature, are summarized in Table 6.18, together with 
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the estimation method exploited. All the model parameters, with the exception of TEL and 

TCE, were extracted from the experimental data under PE-side illumination. 

 

Table 6.18 Electrical model parameters used in the simulations. 

Parameter Value Estimation method 

D0 0.18 cm
2
/s EIS, optimized 

 0.72 IPCE and I-V, optimized 

k0 5.35  10
8
 cm

3
/s EIS and I-V, optimized 

α 0.32 EIS, optimized 

NT 1.18  10
20

 cm
-3

 EIS, optimized 

RS 1.3  cm
2
 EIS 

RCE 0.25  cm
2
 EIS 

CCE 1.20  10
-4

 F/cm
2
 EIS 

RW 0.2  cm
2
 EIS 

ωW 3.0 rad/s EIS 

RX 1485  cm
2
 EIS 

 

The measured and simulated IPCE spectra and I-V characteristics for both PE- and 

CE-side illumination are compared in Fig. 6.45a and Fig. 6.45b, respectively, with good 

agreement. 

 

Fig. 6.45 Measured (symbols) and simulated (solid lines) IPCE for both the illumination sides 

(a). Measured (symbols) and simulated (solid lines) I-V characteristics under AM 1.5 G solar 

illumination. The inset compares the corresponding power density (P) vs. voltage curves (b). 
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The maximum deviation between measured and simulated I-V appears around the 

maximum power point, due to an overestimation of the cell Fill Factor (see the inset of Fig. 

6.45b). A better fit could be obtained by increasing the series parasitic resistance (at the 

expense, however, of the fit at high forward bias) or by introducing an empirical ideality 

factor (m) in the conduction band electron Boltzmann statistics [55, 60]. Such a parameter 

would not affect neither the short circuit current density nor the IPCE, while it would affect 

the open circuit voltage and its dependence on the light intensity (Ix). In particular, based on 

a diode-like interpretation of the I-V characteristics, at a first approximation the slope of the 

Voc vs. Ix curve will be proportional to the ratio m/. On the other hand, for the analyzed 

cells, it was not possible to obtain a satisfactory match of the IPCE/I-V discrepancy and of 

the light intensity dependence of the Voc, which for the cells considered here are fully 

described by the nonlinear recombination model. Thus, at the present stage the inclusion of 

this further empirical parameter, whose physical motivation is currently under study [61, 

62, 63], was discarded. Finally, Fig. 6.46 reports the calculated light harvesting efficiency 

and collection efficiency, pointing out the significant effect of the assumed nonlinear 

recombination mechanism on ηCOLL; in fact, ηCOLL is almost ideal and wavelength 

independent at 1 sun, whereas it turns out to be comparable to ηLH and dependent on the 

wavelength and on the illumination side under weak light intensity (0.05 mW/cm
2
).  

 

Fig. 6.46 Simulated ηLH and ηCOLL, obtained through I-V (1 sun) and IPCE characterizations, for 

both the illumination sides. 
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While from the application standpoint the conventional IPCE characterization under 

bias light is the obvious choice for assessing the cell photovoltaic performances, unbiased 

IPCE measurements could be a useful tool to investigate more deeply the electron transport 

and recombination mechanisms, whose apparent density dependence still lacks a sound 

physical explanation. 

6.4.1.2 DC and SS simulations under different light intensities 

It may be asked whether the assumed nonlinear recombination mechanism is able to 

predict the impact of the different illumination intensities on the photovoltaic response of 

the analyzed DSCs. To this aim, a set of I-V and EIS measurements with incident light 

intensity ranging from 0.1 to 1 sun was implemented. Within this range of light intensity, 

the measured short circuit current density (Jsc) increases linearly with Ix and the open circuit 

voltage (Voc) shows a logarithmic dependence from Ix, as expected according to a diode-like 

interpretation of the cell, with a non-ideal slope of about 40 mV. Fig. 6.47 shows the 

measured and simulated light intensity dependence of Jsc and Voc, providing a validation of 

the model against measurements not used during the model parameter extraction.  

The fact that, despite the assumed electron density dependence of the recombination 

rate, the predicted short circuit current density closely follows the measured linear behavior 

with respect to the light intensity, can be explained by analyzing the behavior of the 

collection efficiency. In particular, the behavior of the average collection efficiency in the 

wavelength range of interest Δλ 

                                                              
 

  
      dCOLL ,         (6.22) 

reported in Fig. 6.48 can be considered as a function of the incident light intensity. Within 

the 0.1 - 1 sun range,        exhibits a weak dependence on Ix, consistent with the linear 

behavior of Jsc vs. Ix in Fig. 6.47; in contrast, a significant dependence on Ix is observed at 

light intensities comparable to the one exploited under unbiased IPCE measurements.  

Finally, numerical simulations under AC conditions, with the cell biased at open 

circuit voltage under varying light intensity, were performed. Fig. 6.49 compares the 

measured and simulated Nyquist plots, showing a very good agreement. Correspondingly, 

Fig. 6.50 shows the small-signal transport parameters as a function of the incident light 
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intensity, as extracted from the measured and simulated EIS impedance according to Eqs. 

(6.19) - (6.21). Coherently with the previous analysis of       , the extracted diffusion 

length results to be almost independent of the incident light flux. 

 

Fig. 6.47 Measured (symbols) and simulated (solid lines) Jsc (top) and Voc (bottom) as function 

of the incident light intensity. Error bars indicate the fluctuations observed during the repeated 

measurements. 
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Fig. 6.48 Calculated dependence of the average collection efficiency        as a function of the 

incident light intensity. As a reference, the lamp power density during the IPCE measurement 

was around 0.05 mW/cm2. 

 

Fig. 6.49 Measured (symbols) and simulated (solid lines) EIS Nyquist plots under open circuit 

conditions and under different incident light intensities. The boxed range is zoomed out in the 

bottom figure. 
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Fig. 6.50 Comparison between measured small-signal transport parameters vs. light intensity, as 

extracted from measured EIS (symbols) and from simulated EIS (solid lines). 

To conclude, a mixed-mode physics-based and circuit-level model of the DSC able to 

consistently predict the device behavior under a wide range of experimental conditions was 

presented. The model couples in a self-consistent way an accurate description of electron 

photogeneration, transport and recombination across the nanocrystalline photoactive layer, 

with an equivalent compact circuit for the parasitic parts of the cell. Trap-limited dynamics 

and nonlinear recombination are included and their impact on the steady-state and small-

signal dynamic behavior of the device is assessed, based on experimental data and 

numerical simulations. A unique and limited set of physical and electrical parameters is 

derived and verified on the basis of a suitable range of experimental data. The simulation 

results successfully reproduce the I-V, IPCE and EIS measurements under different 

operating conditions (light intensity, illumination direction, and applied voltage), allowing 

to clearly identify the optical and electrical losses across the cell and to gain insight into the 

collection efficiency dependence on the electron density. 
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Chapter 7: Conclusions and future works 

 

The objective of the thesis work was to develop and optimize innovative and low cost 

materials for Dye-sensitized Solar Cells application.  

The DSC is an electrochemical solar cell, and its operation is closely related to the 

nanometer scale morphology of the TiO2 electrode and to the molecular nature of the 

TiO2+dye/electrolyte interface. The standard DSC technology is based on a sintered 

nanostructured TiO2 electrode deposited by screen printing or tape casting of a colloidal 

TiO2 solution onto FTO-covered glass, a Ru-based metal-organic dye, a liquid nitrile-based 

redox couple and a thermal platinum catalyst-based counter electrode. 

These conventional materials, however, highlight some important drawbacks: in 

particular, TiO2 presents the disadvantage of a reduced charge transport due to a long 

pathway for the electron diffusion within the semiconductor network; Ru-based sensitizers 

exhibit the important limits of expensive synthesis process, relatively low molar extinction 

coefficient in the visible region, limited availability of precursors and waste disposal 

troubles; finally, liquid solvent-based electrolytes are characterized by a limited long-term 

stability, difficulty in sealing and leakage, thus preventing the realization of devices having 

a high and constant-over-time efficiency. 

With the goal of overcoming these issues, two different ZnO nanostructures, namely 

the sponge-like and the flower-like, were successfully employed as alternative photoanode 

materials, hemi-squaraine (CT1) organic dye molecule was exploited as promising TiO2 

sensitizer, and UV-crosslinked polymer membrane and cellulose-based gel were proposed 

as quasi-solid electrolytes. 

Sponge-like ZnO was characterized in terms of photovoltaic and charge transport 

properties, in particular examining their dependence on the oxide thickness and on the 

soaking time. A noticeable photovoltaic conversion efficiency of 4.83% was evaluated, with 

a charge carrier lifetime at open circuit voltage equal to 48 ms, employing a 15 µm-thick 

photoanode and a sensitization time of 2 h.  

Promising photovoltaic properties of ZnO flower-like microstructures, synthesized by 

a simple, reproducible and low cost hydrothermal process, were demonstrated. A 

chemometric approach was used with the purpose of establishing the best sensitization 

conditions, thus avoiding the long-term degradation to ZnO surface and the Zn
2+

/dye 

complexes formation typically shown by ZnO photoanodes in presence of metal-organic 
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dyes. A maximum photoconversion efficiency value of 3.16%, enhanced up to 3.59% when 

adding, as unprecedently reported in the presence of a ZnO photoanode, N-

methylbenzimidazole into the liquid electrolyte, was achieved. This effect was attributed to 

the reduction of charge recombination and to the enhancement of the diffusion coefficient, 

as evidenced by the EIS analysis.  

The effectiveness of the hemi-squaraine CT1 as a sensitizer for TiO2 was proved by 

carrying out a combined experimental and theoretical investigation of the structural and 

electronic coupling between the hemi-squaraine and the anatase surface, focused on the role 

of its anchoring group. Ab initio simulations revealed that the squarate moiety of the dye 

strongly interacts with the anatase surface giving rise to an optimal alignment of the 

electronic molecular levels with respect to the oxide energy bands, thus favoring an 

adiabatic electron transfer from the excited molecule to the semiconductor. This resulted in 

an efficient electron injection with an observed maximum IPCE of 87% and a maximum 

photoconversion efficiency of 3.54% for a sensitization time of 5 h and a CDCA 

concentration of 10 mM. Subsequently an optimization of the photovoltaic performances of 

the CT1-based DSCs was carried out by studying the effect of the sensitization time of the 

TiO2 photoelectrode in the dye solution and by investigating the addition of the 

chenodeoxycholic acid (CDCA) as co-adsorbent in the dye solution at different 

concentrations for reducing the dye aggregation. A maximum photoconversion efficiency of 

1.75% for a sensitization time of only 30 minutes without co-adsorbent was obtained, and 

this value was enhanced up to 2.50% when adding CDCA at 1 mM in the dye solution and 

fixing the loading time to 1 h. The very fast kinetics in the dye adsorption, with optimal 

sensitization time intervals almost 15 times lower than conventional Ru-based sensitizers, 

confirms the theoretical predictions and indicates a strong interaction of the semisquaric 

acid group with the anatase surface. This result suggests that this small molecule can be a 

promising sensitizer even in a continuous industrial process. 

A novel methacrylic-based crosslinked polymer electrolyte, obtained by a rapid, 

economic and environmentally friendly process of photo-curing, using low cost chemicals, 

was reported. Light-to-electricity conversion efficiency of the DSC assembled with this 

polymer electrolyte was admirably quite equal to that of the corresponding liquid cell, 

moreover a remarkably better long-term stability was obtained with BEMA:PEGMA 

membranes. The experimental conditions for the preparation of the polymer electrolyte 

were optimized by a design of experiments approach. An interesting correlation between 

the photoelectrochemical results and the structure of the polymeric network was presented, 
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showing that tuning the polymer composition, and consequently the crosslinking density of 

the polymeric network, is a promising way to enhance the efficiency of the device.  

A polymer gel electrolyte with the micro-cellulose as natural gelling agent was 

prepared and applied in Dye-sensitized Solar Cells. The volume percentage ratio between 

the two ionic liquids MPII and EMISC, the weight percentage of 4-TBP and micro-

cellulose and the time and the temperature of the heating step necessary to improve the gel 

penetration into the TiO2 layer, were successfully monitored. A maximum photoconversion 

efficiency of 2.71% was obtained by heating the cell at 60 °C for 1 h and by employing a 

gel prepared with 2 wt% of LiI, iodine (1/10
th

 of the whole weight of iodide), 5 wt% of 

micro-cellulose, 10 wt% of 4-TBP and a MPII/EMISC volume percentage ratio of 50/50. 

An ageing test on the DSC photovoltaic performances was carried out and a good stability 

in severe conditions, namely more the 8 h of measurements performed in a lapse time 

longer than one month, was reached. 

Two consistent physics-based models were also reported, with the aim of better 

understanding the complex mechanisms involved in the Dye-sensitized Solar Cells and 

supporting, at the same time, the obtained experimental results. 

The first one, based on the hypothesis that organic dye molecules can aggregate on 

the electrode surface creating an adsorbed layer which prevents the charge transfer, thus 

worsening the electrical performances of the cell, was built to study the influence of the dye 

adsorption time on the electrical impedance of a CT1-based Dye-sensitized Solar Cell. 

Differently from the case of Ru-based solar cells, a non-monotonic behavior of the 

impedance of the cell was observed when varying the dye soaking time. The model fits well 

the experimental data if a correction is made regarding the difference between the 

illuminated area of the cell and the total area available in the electrical measurements. 

The second model, which self-consistently couples a physics-based description of the 

nanoporous photoactive layer to a compact circuit-level description of the passive parts of 

the cell, was applied to build a consistent picture of the static and dynamic small-signal 

performances of nanocrystalline TiO2-based DSCs under different incident illumination 

intensities and directions and under different applied voltages. Trap-limited dynamics and 

nonlinear recombination were included and their impact on the steady-state and small-

signal dynamic behavior of the device was assessed, based on experimental data and 

numerical simulations. A unique and limited set of physical and electrical parameters was 

derived and verified on the basis of a suitable range of experimental data. The simulation 

results successfully reproduced the I-V, IPCE and EIS measurements under different 
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operating conditions, allowing to clearly identify the optical and electrical losses across the 

cell and to gain insight into the collection efficiency dependence on the electron density.  

The great and fascinating challenge for the future, instead, will be the realization of a 

flexible Dye-sensitized Solar Cell for space human robotics applications by employing the 

quasi-solid electrolytes presented in the thesis work and thin metal sheets or ITO-coated 

plastic materials as photoelectrode substrates. The sintering process at 450 - 500 °C 

employed in conventional DSC technology, essential to remove the organic additives 

contained in the TiO2 paste and to achieve a better electrical connection between the 

nanoparticles, is no longer viable when replacing the glass substrates with flexible ones due 

to their thermal instability at such high temperatures. Within this framework, a lot of efforts 

will be needed to develop low temperature growth methods able to guarantee a complete 

necking between TiO2 nanoparticles, thus maximizing the device performances. 
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