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ABSTRACT

One of the greatest challenges of our time is to devise means to provide energy in a
sustainable way to attend an exponentially growing demand. The energy demand is
expected to grow 56% by 2040. In this context, the use of clean and sustainable sources
of energy is imperative. Among these sources, solar energy is the only one which can
meet the total world energy requirement even considering such large growth in demand.
The solar power incident on the Earth’s surface every second is equivalent to 4 trillion
100-watt light bulbs. Photovoltaic solar cells are one of several ways to harness solar
energy. These cells convert solar energy directly into electricity. Commercial photovoltaic
devices are already a reality, but their share of the world energy matrix is still quite
small, mainly due to the high costs. Next generation photovoltaics open a number of
new possibilities for photovoltaic energy applications that can potentially decrease the
overall cost of energy production. Transition metal semiconductor oxides are promising
materials that can be produced by low cost methods and offer interesting new features.
The use of these materials in next generation photovoltaics is therefore a very promising
and interesting application. In this thesis work zinc, titanium and vanadium oxides were
used in next generation solar cells. Thin films of zinc oxide were synthesized by the
low cost and environmentally friendly techniques of electrodeposition and hydrothermal
synthesis and applied as working electrodes in highly efficient dye sensitized solar cells
(DSSCs). The films were characterized by structural and optical techniques while the cells
were tested by current vs. voltage and quantum efficiency measurements. The efficiencies
of these cells were as high as 2.27% using ZnO thin films without any post deposition
treatment. Moreover, natural dyes extracted from plants of northeastern Brazil were
applied as sensitizers in DSSCs assembled with commercial available TiO2 as working
electrode. The natural dyes were extracted employing very simple methods and were
characterized by XPS and UPS techniques. Their band alignments were shown to be
compatible with the TiO2 as well as with the mediator electrolyte. The efficiency of
DSSCs sensitized with natural dyes were as high as 1.33%. Finally, water based V2O5

was used as hole transport medium (HTM) in conventional organic solar cells (OSCs) and
ITO-free, plastic OSCs. The results obtained with V2O5 were compared with the results
obtained from cells assembled with PEDOT:PSS, which is the most used HTM. This
comparison showed that the use of V2O5 as HTM can lead to more efficient OSCs. The
stability of these devices were evaluated by tests applying the ISOS standards ISOS-D-1,
ISOS-L-1 and ISOS-O-1. A UV-filter and a protective graphene oxide (GO) layer were
employed seeking to improve the stability of OSCs. The combination of both UV-filter
and GO protective layer was shown to be the most effective way to improve the stability
of these devices.

Keywords: Thin films, Electrodeposition, Solar cells, Oxide semiconductors.



RESUMO

Um dos maiores desafios do nosso tempo é desenvolver formas para fornecer energia de
forma sustentável para atender uma demanda que cresce exponencialmente e que deverá
crescer 56% até 2040. Neste contexto, o uso de fontes limpas e sustentáveis de energia
é um imperativo. Entre essas fontes, a energia solar é a único que pode satisfazer a ne-
cessidade total de energia do mundo, mesmo considerando o crescimento na demanda. A
potência solar incidente na superf́ıcie da Terra a cada segundo é equivalente a 4 trilhões
de lâmpadas de 100 watts. Células solares fotovoltaicas são uma das várias maneiras de
aproveitar a energia solar, convertendo-a diretamente em eletricidade. Dispositivos com-
erciais fotovoltaicos já são uma realidade, mas a sua participação na matriz energética
mundial ainda é muito pequena, principalmente devido aos seus custos elevados. Células
fotovoltaicas de nova geração abrem uma série de novas possibilidades para aplicações
de energia fotovoltaica que pode diminuir o custo total de produção de energia. Óxidos
semicondutores de metais de transição são materiais promissores que podem ser produzi-
dos através de métodos de baixo custo e que possuem caracteŕısticas interessantes. Por
conseguinte, o uso destes materiais em energia fotovoltaica de próxima geração se apre-
senta com uma aplicação promissora. Nesta tese de doutorado óxidos de zinco, titânio e
vanádio foram utilizados em células solares de próxima geração. Filmes finos de óxido de
zinco foram sintetizados por eletrodeposição e śıntese hidrotérmica. Os filmes foram apli-
cados como eletrodos de trabalho em células solares sensibilizadas por corante (DSSCS)
altamente eficientes. Os filmes foram caracterizados por técnicas estruturais e óticas en-
quanto que as células foram testadas por medidas de corrente vs. voltagem e de eficiência
quântica. A eficiência dessas células atingiu 2,27% utilizando filmes finos de ZnO sem
qualquer tratamento pós-deposição. Além disso, corantes naturais extráıdos de plan-
tas do nordeste do Brasil foram aplicados como sensibilizadores em DSSCs montadas com
TiO2 comercial utilizado como eletrodo de trabalho. Os corantes naturais foram extráıdas
empregando métodos simples e foram caracterizados por espectroscopia de fotoelétrons
excitados por raios X e por radiação ultravioleta, XPS e UPS respectivamente. Seus alin-
hamentos de banda se mostraram compat́ıveis com o TiO2 e com o eletrodo de regeneração.
A eficiência das DSSCs sensibilizadas com corantes naturais chegou a 1,33%. Finalmente,
V2O5 à base de água foi usado como material transportador de buracos (HTM) em células
solares orgânicas (OSCs) convencionais e OSCs de plástico constrúıdas sem ITO. Os re-
sultados obtidos com V2O5 foram comparados com os resultados de células constrúıdas
com PEDOT:PSS, que é o HTM mais utilizado. Esta comparação revelou que o uso de
V2O5 como HTM pode levar a OSCs mais eficientes. A estabilidade destes dispositivos
foi avaliada por testes aplicando os padrões ISOS-D-1, ISOS-L-1 e ISOS-O-1. O uso de
filtros ultravioleta e de uma camada protetora de óxido de grafeno reduzido foi testado
com o intuito de melhorar a estabilidade desses dispositivos. O uso de uma combinação
de ambos se mostrou a forma mais efetiva de melhorar a estabilidade das OSCs.

Palavras-chave: Filmes finos, Eletrodeposição, Células solares, Óxidos semicondutores.
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1. INTRODUCTION AND OBJECTIVES

Transition metal oxides (TMOs), from the simplest binary oxides to the more com-

plex oxide compounds, are a class of materials with great variety of functional properties.

These span from insulating, semiconducting or metallic behavior, to ferroelectricity, mag-

netism, magneto resistance or superconductivity, among many more. TMOs are now

regularly applied in many printed electronic and optoelectronic devices such as thin film

photovoltaics (TFPVs), thin film and field effect transistors (TFTs and FETs respec-

tively), light emitting diodes (LEDs), etc. Common to most of these devices are their

maturity with respect to novel materials and high performance. The attention is also

directed to their manufacture, which include large-scale, large-volume, flexible and recy-

clable, disposable and/or reusable devices. Novel deposition techniques are used to obtain

high structural quality, which is slowly reaching that observed for conventional deposition

methods (vacuum-based or similar). This is especially true for TFPVs (organic solar cells,

polymer/oxide solar cells, all-oxide solar cells, perovskite solar cells, mesoscopic dye solar

cells, quantum-dot solar cells) where large-scale, large volume applications allow low cost

fabrication and the possibility to be competitive at the commercial level. In addition,

oxide semiconductors can also confer higher lifetime stability to TFPVs through inter-

face engineering. Mobile power generation demands 5 to 10 years of stable operation,

while building integrated and outdoor applications require stability of about 20 years.

In a future foresight, solution processable oxide semiconductors could also benefit from

their versatile printing manufacture for the most desired solar cell application: building

integrated photovoltaics (BIPVs). Printing can be applied on flat surfaces like walls or

windows as well as on almost any surface shape, also allowing for transparent or semi-

transparent elements. Thus, an easy integration of intelligent, CO2-free, green buildings

with beautifully designed facades is envisaged.
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1.1 Objectives

The general objective of this work is to synthesize, characterize, and apply different

transition metal-oxide semiconductors, such as ZnO, TiO2, and V2O5, in thin film solar

cells, such as dye-sensitized solar cells (DSSCs) and organic solar cells (OSCs).

This objective can be split into the following specific objectives:

• Synthesis of TMOs

The first specific objective of this work was to synthesize thin films of TMOs by

electrodeposition, hydrothermal synthesis, and sol-gel. These synthesis techniques

were selected due to their low-cost with the possibility to be carried out at low

temperature.

• Characterization of materials

The second specific objective of this work was to characterize the thin films using

different characterization techniques, such as scanning electron microscopy (SEM),

transmission electron microscopy (TEM), ultraviolet-visible (Uv-Vis) spectroscopy,

X-ray diffraction (XRD), energy dispersive X-ray (EDX) spectroscopy, X-ray pho-

toelectron spectroscopy (XPS), and ultraviolet photoelectron spectroscopy (UPS).

• Application of TMOs in solar cells

Another specific objective for this work was to apply the thin films as working

electrodes in DSSCs or as the electron or hole transport layer in OSCs, as well as

to characterize the cells in terms of their power conversion efficiency and stability.

The efficiency was evaluated by electrical characterization methods such as current–

voltage curves and external quantum efficiency measurements, and the stability by

accelerated or real outdoor degradation tests.

• Fabrication of solar cells by printing methods

Another objective was to fabricate organic solar cells by printing methods. This

specific method was selected among others due to its low-cost and scalability.
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• Interfacial engineering

The last specific objective of this work was to improve the stability of organic solar

cells by means of interfacial engineering.

1.2 Outline

This thesis work is organized in the following way:

Chapter 2 reviews the literature in the field of solar cells, with special attention to the

next generation solar cells and to the application of transition metal oxides as building

blocks of these devices. This chapter is written in a way to provide the reader with a basic

knowledge of the subjects and help achieve a full understanding of the results presented

in later chapters.

Chapter 3 presents the materials characterization techniques used in this work. These

techniques were briefly presented to support the discussion of results. Additional informa-

tion about experimental procedures and characterization itself, are presented on demand,

together with results.

Chapters 4 and 5 present results and analysis on the application of nanostructured

ZnO thin films as photoanodes in dye sensitized solar cells. The ZnO films were produced

by electrodeposition (results shown in chapter 4) and hydrothermal synthesis (results

shown in chapter 5). In both chapters the ZnO photoanodes were characterized using

the techniques presented in chapter 3. Solar cells assembled with these ZnO electrodes

were characterized by current–voltage and IPCE (incident photon to collected electron

efficiency) measurements.

Chapter 6 shows the results on the application of three different natural dyes as sen-

sitizers for dye sensitized solar cells. The solar cells used to provide the results for this

chapter were assembled with TiO2 as photoanode. The natural dyes have been character-

ized by means of UV-Vis spectroscopy and ultraviolet photoelectron spectroscopy. The

obtained solar cells were also characterized by current–voltage and IPCE measurements.

Chapters 7 presents results on the application of V2O5 as hole transport layer in

organic solar cells. In this project V2O5 was applied in plastic ITO-free organic solar cells
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fabricated with the roll-to-roll technique.

Chapter 8 shows the evaluation of the stability of organic solar cells by means of

accelerated and real outdoor degradation tests. Some strategies to improve the stability

of organic solar cells are also presented.

Conclusions, as well as suggestions for future work, are summarized in chapter 9.



7

2. SOLAR CELLS

2.1 Solar cells: general aspects

2.1.1 The importance of solar energy

To date, more energy from sunlight strikes the Earth in one hour (4.3× 1020 J) than

all energy consumed on the planet in a year (4.1× 1020 J). There is a huge gap between

the present use of solar energy and its potential, which defines the grand challenge in

energy research [1]. Sunlight does not strike the Earth’s surface uniformly as is shown on

Fig. 2.1 which depicts the world map of the irradiance, i.e., the power of electromagnetic

radiation per unit area (radiative flux) incident on a surface.

Figure 2.1: Total primary power density supply from sunlight.

Source: http://www.ez2c.de/ml/solar land area/index.html

Despite the enormous potential for solar energy, our society still depends, to a great

extent, on coal, oil and natural gas. These fossil fuels, however, will be depleted someday
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in the future because they are limited. In fact, according to International Energy Agency

(IEA) report [2] (see Fig. 2.2), 81% of the energy consumed in 2012 came from fossil

fuels. In 2005, Würfel [3] pointed out that the reserves of fossil fuels, which have been

accumulated over millions of years, will literally go up in smoke over a time of only about

one hundred years.

Figure 2.2: World energy production by source in 2012.

Source: International Energy Agency

Unfortunately the end of the reserves is not the biggest problem. The ever growing

combustion of fossil fuels has provoked a rapid increase of carbon dioxide concentrations in

the atmosphere resulting in the global warming effect [4] which has drastic consequences

to the climate on the planet. Under these circumstances, the use of renewable and CO2-

free energy sources is imperative. Hence, the interest in clean energy sources is growing.

Several renewable energy sources are being developed such as biomass, wind, hydroelec-

tricity, geothermal and solar. Among them solar is an attractive source of energy since it

is clean, easily accessible and abundant. Moreover, solar energy is the one alternative that

possesses the higher potential of becoming the actual successor of fossil fuels. Figure 2.3

illustrates the world potential to different kind of renewable energy sources, which can

replace fossil fuels as the main source of energy. According to this figure, wind energy or
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solar energy, have the potential, alone, to meet the total global need for energy. It is also

clear in this graph that the potential for the solar energy is, by far, the biggest one.

Figure 2.3: Potential energy production per year of various types of renew-
able energy sources.

Source: Olindo [5]

The energy demand is perennially growing. One of the reasons for this growth is the

increment in the world’s population. By 2040, there will be nearly 9 billion people on the

planet, up from about 7 billion today [6]. In other words, the population will grow by more

than 30% over the next 30 years. This growth will not occur uniformly around the globe.

Soubbotina [7] claims that most of this growth will take place in developing countries

which have increased the consumption of energy in their path to development. As a

consequence of this decentralized growth, the energy usage will increase with higher a rate

than the rate of population growth. According to U.S. Energy Information Administration

(EIA) [8] the energy consumption will increase by 56% by 2040 in reference to 2010. In this

scenario, solar energy arises as the better choice to supply the large demand that is coming

without increasing the concentration of CO2 in the atmosphere. The overall participation

of this technology in the generation of electricity is still quite small. However solar energy
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presents the fastest growing rate among the sources of energy that are not dependent of

fossil fuels [9]. Thus, if it keeps the trend of growth, in a few years solar energy will be the

most important energy source not based on burning fossil fuels. According to European

Photovoltaic Industry Association (EPIA) [9], in 2012 the global solar energy installed

power reached the mark of 100 GW. As can be seen in Fig. 2.4, most of this installed

power was found in Europe with Germany leading the World with about 31% of the total

photovoltaic (PV) installed capacity. Germany, however, is far from presenting the best

potential to generate electricity from sunlight.

Figure 2.4: Global photovoltaic cumulative installed capacity share in 2012 (MW; %).

Source: European Photovoltaic Industry Association [9]

Figure 2.5 shows the total irradiance on the horizontal plane in Germany and Brazil.

Comparing the irradiances on both countries it is possible to conclude that the worst

scenario in Brazil is about 40% better than the best scenario in Germany. Therefore,

there is a huge open market for PV in places like Brazil where the potential is enormous

but the installed power is still very low.

Unfortunately, the cost of solar energy is still very high. According to The Economist

magazine in an article published in 2012, photovoltaic cost have fallen from 76.67 US$/Watt

in 1977 to an estimated 0.74 US$/Watt in 2013 for crystalline silicon solar cells. The cost

of photovoltaic technology is about 165 US$/MWh which is still high if compared with the
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conventional energy sources from fossil fuels with an average cost of about 83 US$/MWh.

It should be mentioned here that current photovoltaic cost estimates are calculated on the

price of Si-based solar cell technology which is the current technology on the marketplace.

Thus, enormous research efforts are being directed towards the development of new types

of solar cell devices characterized by low-cost, high efficiency and stable long lifetimes.

The use of semiconductor oxides can be a strategy to reduce the price of photovoltaics.

Figure 2.5: Total irradiance on the horizontal plane on Germany (left) and on Brazil (right).

Source: Salamoni and Rüther [10]

2.1.2 Solar spectrum

The Sun produces light with a distribution similar to what would be expected from

a 5523 K (5250◦C) black-body, which is approximately the Sun’s surface temperature.

The distribution of the emitted electromagnetic radiation by the Sun, as function of the

incident wavelength, is called solar spectrum. Figure 2.6 shows the extraterrestrial solar

spectrum (as measured on the top of the atmosphere) and the one at sea level. The figure

also shows the black-body radiation spectrum at 5523 K, which is in good agreement with

the extraterrestrial solar spectrum. The solar energy flux crossing a unit area normal to

a solar ray at the mean path between the Sun and the Earth is referred to as the solar
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constant. According to Kininguer [11], the value of the solar constant is 1367 W/m2. The

solar spectrum covers energy values from ultraviolet (UV) to infrared (IR) where 45.7%

is in the infrared region, 47.3% in the visible range, and 7.0% in the ultraviolet range [3].

Almost all absorbs used in solar cells have the ability to harvest light on the UV and

visible ranges with IR photons simply lost. Nevertheless, a great deal of effort has been

dedicated to the development of materials or structures that can harvest photons in the

IR range [12–14].

Figure 2.6: Solar spectrum at the top of the atmosphere, at sea level,
absorption bands and black-body radiation at 5523 K.

Source: Callister Jr and Rethwisch [15] apud Abreu [16]

As can be seen in Fig. 2.6, there are some absorption bands on the spectrum at sea

level. The absorption on the spectrum depends on the air mass, AM, defined as:

AM =
1

cos θ
(2.1)

were θ is the angle between the vertical line passing the observer and the line that connects

the observer to the Sun as illustrated on Fig. 2.7. When the Sun is above the vertical axis

this angle is called zenith angle. The absorption due to the bands in a solar spectrum

increases when the AM increases. The standard AM for solar cells testing is AM = 1.5.
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Figure 2.7: Solar spectrum at the top of the atmosphere, at sea level, ab-
sorption bands and black-body radiation for 5523 K.

Source: Own author

2.1.3 A brief history of the photovoltaic technology

Photo is the Greek word for light while voltaic is referred to electricity (from Alessandro

Volta, Italian Physicist who invented the electric battery). Therefore, the term photo-

voltaics is commonly used as the process of transformation of light energy (or solar energy)

into electric energy.

The basic science behind the photovoltaic effect was first observed in 1839 by the

nineteen-year-old French physicist Alexandre Edmond Becquerel. Becquerel observed a

physical phenomenon allowing light-electricity conversion while experimenting with metal

electrodes and electrolytes. In 1883 Charles Fritts, an American inventor, described the

first solar cells made from selenium wafers. In 1888 Edward Weston receives a first US

patent for a ”solar cell”. Therefore, photovoltaics is an ancient technology more than 170

years old [17].

In 1901 Nikola Tesla receives a US patent for a ”method of utilizing, and apparatus

for the utilization of radiant energy” [17]. The pace of advancement really increased

after the publication of the impressive Einstein’s paper entitled On a Heuristic Viewpoint

Concerning the Production and Transformation of Light. This paper, published in 1905,
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proposed a theoretical explanation for the photoelectric effect [18]. Some years later, in

1916, Robert Millikan provided experimental proof of Einstein’s theory of the photoelectric

effect. Due to this success, Einstein received the 1922 Physics Nobel Prize for his work

on the photoelectric effect. Approximately three decades later, a Bell laboratories team

discovered that silicon had photoelectric properties and quickly developed Si solar cells

achieving efficiency of 6%. Early satellites were the primary use for these first solar

cells. The commercial solar age had then began. On the next years the advancements

concentrated on spacial applications. By the occasion of the 1970’s oil crisis, also referred

as oil shock, when the price of the oil quadrupled in less than half a year [11], alternative

sources of energy gained a big importance. Research drived PV costs down about 80%,

allowing for applications such as offshore navigation warning lights and lighthouse horns,

railroad crossings, and remote use where utility-grid connections are too costly.

More recently, global warming and climate change have become issues of evergrowing

concern. The use of renewable sources of energy has become even more encouraged.

In fact, the rising attention that global warming has increased, has forced the world

leaders to embrace some goals in order to minimize this effect. The Kyoto Protocol is

an example of how the leaders decided to face the problem. On the Kyoto Protocol the

goal was the reduction, by 2012, of at least 5.2% on the emissions of greenhouse gases by

developed countries regarding to levels recorded in 1990. Those conditions, together with

considerable subsidy programs have provided the means for an extraordinary growth of

the photovoltaic industry for a relatively long period of time. Nowadays the photovoltaic

industry is one of the fastest growing industries in the world and exist largely without

subsidies [11].

2.1.4 Physical principles

The PV effect may be described in simple terms as follows: light, which is pure

energy, enters a PV cell in form of photons, and imparts enough energy to electrons

(negatively charged atomic particles) in semiconducting materials to free them. A built-

in-potential barrier in the cell acts on these electrons to produce a voltage (the so-called
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photovoltage) [19]. Particularly, this occurs when the energy of the photons making up

the light is larger than the forbidden band gap of the semiconductor. However, in normal

conditions the excited electrons relax back quickly to their original or ground state. In a

photovoltaic device, there is a built-in asymmetry which pulls the excited electrons away

before they can relax, and feeds them to an external circuit. The extra energy of the

excited electrons generates a potential difference or electron motive force (e.m.f.). This

force drives the electrons through a load in the external circuit to do electrical work.

2.1.5 Semiconductors

According to quantum mechanics every atom presents a set of discrete electronic en-

ergy levels, which are separated by gaps on the energy scale. In a typical semiconductor’s

crystal structure, atoms are separated by few Å allowing interaction between these dis-

crete energy levels spreading them into energy bands. The highest energy band containing

electrons at 0 K is called the valence band, and the conduction band is defined as the

energy band where electrons can conduct net current by moving through the unoccupied

energy states.

The gap in energy between the top of the conduction band, EC , and the bottom of the

valence band, EV , is the forbidden energy band gap EG = EC − EV . On the ideal case

no energy states are allowed inside the band gap. Photons with energy greater than or

equal to EG may be absorbed by electrons in the valence band, exciting them across the

gap into the conduction band. In some cases, doping impurities and unintentional defects

create energy levels in the forbidden band and are responsible for many semiconductor

properties that lead to practical applications.

The Fermi level, EF , is defined as the energy level above which there is no occupied

states at temperature T = 0 K. Pauli exclusion principle states that each quantum state

can only be occupied by one electron. Therefore, in the ground state, electrons start filling

energy levels from the lowest energy up. At finite temperature, however, the system is

no longer in the ground state, and electrons fill energy states above the Fermi level. The

probability of occupation of an allowed energy state at a given energy E is given by the
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Fermi-Dirac distribution function:

F (E) =
1

1 + exp
(
E−EF

kT

) (2.2)

The band structure governs the electronic characteristics of solids. The solids can be

classified in terms of its conducting properties as conductors, insulators and semiconduc-

tors. In a conductor, the conduction band is partially filled or there is an overlapping

between the conduction and valence bands. This kind of material has a zero band gap.

Electrons subject to a small applied field are free to move. On the other hand, the band

gap in an insulator is so large that essentially no electrons can be excited to the conduction

band to contribute to the current flow. Semiconductors present conducting properties in

between those of conductors and insulators. A semiconductor possesses a relatively nar-

row band gap and, at low temperature, behaves like an insulator. At higher temperature,

however, there is a reasonable probability of electron excitation from the valence band to

the conduction band, so electrons can contribute to the current in the conduction band.

The promotion of an electron to the conduction band leave a hole in the valence band,

creating an electron-hole pair. Under the action of an external field the electrons and

holes carry current in opposite directions. Hence, the sum of the motion of electrons in

the conduction band and holes in the valence band contributes to the current flow in a

semiconductor.

2.1.5.1 Properties of semiconductors

One of the most important properties of a semiconductor is that it can be doped with

different types and concentrations of impurities to vary its resistivity. Also, when these

impurities are ionized and the carriers are depleted, they leave behind a charge density

that results in an electric field and sometimes a potential barrier inside the semiconductor.

Such properties are absent in a metal or an insulator.

An intrinsic semiconductor, also called an undoped semiconductor or an i−type semi-

conductor, is a pure semiconductor without any significant dopant species present, or

more precisely, contains a negligible amount of impurities comparing with the thermally
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generated carriers. The conduction electron concentration, n, in intrinsic semiconductors

in thermal equilibrium at a given temperature without any external excitations such as

light or electric field is given by:

n =

∫ ∞
Ec

N(E)F (E)dE (2.3)

where N(E) is the number of states at the conduction band and F (E) is the occupancy

of its states [20]. By means of the Fermi-Dirac integral and Boltzman statistics, n can be

written as:

n = NC exp

(
−EC − EF

kT

)
(2.4)

where NC is the effective density of states in the conduction band. Similarly, the hole

density, p, in the valence band can be derived:

p = NV exp

(
−EF − EV

kT

)
(2.5)

where NV is the effective density of states in the valence band.

For intrinsic semiconductors, the electron density in the conduction band is equal to

the hole density in the valence band:

n = p = ni (2.6)

where ni is the intrinsic carrier density which may be obtained from eqs. 2.4 and 2.5 and

written as:

ni = (NCNV )1/2 exp

(
− EG

2kT

)
(2.7)

where EG = EC − EV is the energy band gap.

Semiconductors doped with impurities are called extrinsic semiconductors. Dopants

may introduce some energy levels that usually lie within the energy gap. Impurities that

have the ability to create states with relatively small ionization energy regarding to the

conduction band are known as donors. Electrons in the donor states may be ionized
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to the conduction band at moderate temperatures. A semiconductor doped with donor

impurities usually has additional negatively charged carriers and thus are called n−type

semiconductors.

Similarly, impurities which create states with relatively small ionization energy re-

garding to the top of the valence band, are known as acceptors. Electrons can be excited

from the valence band to the acceptor states at moderate temperatures leaving a hole in

the valence band. Therefore, a semiconductor doped with acceptor impurities usually has

additional positively charged carriers and are called p−type semiconductors.

Electrons are the majority carriers and holes are the minority carriers in n−type semi-

conductors while holes are the majority carriers and electrons are the minority carriers

in p-type semiconductors. For extrinsic semiconductors, n is generally close to the donor

concentration ND in n−type semiconductors whereas p is close to the acceptor concen-

tration NA in p−type semiconductors [21]. Using eqs. 2.4 and 2.5, the Fermi energy of

extrinsic semiconductors is given by:

EF = EC − kT ln

(
NC

ND

)
(2.8)

for n-type semiconductors, and

EF = EV + kT ln

(
NV

NA

)
(2.9)

for p−type semiconductors. With respect to intrinsic semiconductors, the Fermi energy

level of a n−type semiconductor is closer to the conduction band while that of a p−type

semiconductor is closer to the valence band.

As mentioned before, the band gap is the energy difference between the bottom of the

conduction band and the top of the valence band. However, the bottom of the conduction

band and the top of the valence band are not, in general, at the same point in reciprocal

space. If EV and EC are aligned in reciprocal space the band gap is referred to as direct.

When they are misaligned the band gap is said to be indirect. Figure 2.8 shows the band

structures of the indirect and direct band gap semiconductors Si (left) and GaAs (right).
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Figure 2.8: Energy band structure for Si on the left with indirect transition band gap
and GaAs on the right with direct transition.

Source: Sze and Kwok [20]

This difference between direct and indirect band gaps is very important as a photon

with energy of the order of a semiconductor band gap carries a very small momentum.

In a direct gap semicondutor, a photon of energy EG (or larger) can promote an electron

from the valence to the conduction band (to produce an electron-hole pair) quite easily

because the electron does not need to be given very much momentum.

However, to be promoted to the valence band of an indirect gap semiconductor, an

electron must undergo a change in momentum that can not be provided by a photon.

Therefore, an indirect transition is carried out by a simultaneous absorption, by the

electron, of a photon and a phonon where the former provides the required energy and

the latter the required momentum.

The process in which an electron undergoes a transition from the conduction band

back to the valence band to annihilate an electron-hole pair is called recombination. The

recombination process is much more efficient for a direct band gap semiconductor than for

an indirect band gap semiconductor, where the process must be mediated by a phonon.
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The carrier lifetime is defined as the average time it takes for carriers to recombine, and the

carrier diffusion length is the average distance these carriers travel before they recombine.

There are three different recombination mechanisms: (a) Radiative recombination: It

is a reverse process of the absorption. It occurs with emitted light and happens more

rapidly in direct-band-gap semiconductors; (b) Auger recombination: In this recombina-

tion process, the released energy excites another electron to a higher energy level instead

of emitting light. This excited electron then thermalizes back down to the conduction

band edge. Auger recombination is especially probable in heavily doped material. (c)

Recombination through traps: Impurities and defects can form energy levels in the for-

bidden band. Therefore, electrons can relax from the conduction band to these energy

levels and then recombine with holes in the valence band. This process is particularly

likely if the energy levels are near the middle of the band gap.

2.1.5.2 p− n junctions

When a n−type semiconductor and a p−type semiconductor are put in contact, they

form a p− n junction. If the p−type and the n−type regions are composed by the same

material, the junction is called homojunction, while when the materials are different, the

junction is called heterojunction. As mentioned before, the Fermi energy of a n−type

semiconductor is closer to the conduction band while it is closer to the valence band for

a p−type semiconductor.

After the contact, due to a carrier density gradient, majority-carrier electrons diffuse

from the n−type region to the p−type region, and majority-carrier holes diffuse from the

p−type region to the n−type region. This carrier diffusion produces a diffusion current

flow from the p−type region to the n−type region. The charged dopants will produce a

built-in field in the opposite direction from the diffusion current followed by the creation

of a drift current. This phenomenon gives rise to a region formed by the ionized impurities

- donor impurities on the n side and acceptor impurities on the p side. This region is

referred to as depletion region, or zone.
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2.1.5.3 Solar cells operation

A solar cell can be considered as a two terminal device that functions like a diode in the

dark and generates a photovoltage when illuminated. Under illumination a solar cell has

the ability to convert light energy into electrical energy [21, 22]. The semiconductor diode

is fashioned when an n−type and a p−type semiconductor are brought together to form

a p − n junction. This is typically achieved through diffusion or implantation of specific

impurities (dopants) or via a deposition process. The diode’s other electrical contact is

formed by a metallic layer on the back of the solar cell [23]. A simple conventional solar

cell structure is depicted in Fig. 2.9. As shown in the figure, the sunlight strikes the solar

cell and it delivers electrical energy.

Figure 2.9: Schematic representation of a simple conventional solar cell.

Source: Gray [23]

It is possible to state that all photovoltaic devices present four important steps to

convert sunlight into electrical energy [24]:
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1. a light absorption process which causes a transition in a material (the absorber)

from a ground state to an excited state,

2. the conversion of the excited state into (at least) a free negative and a free positive-

charge carrier pair, and

3. a discriminating transport mechanism, which causes the resulting free negative-

charge carriers to move in one direction (to a contact called the cathode) and the

resulting free positive charge carriers to move in another direction (to a contact

called the anode). The energetic, photogenerated negative-charge carriers arriving

at the cathode result in electrons which travel through an external path (an electric

circuit). While traveling this path, they lose their energy doing something useful

at an electrical load and finally they return to the anode of the cell. At the anode,

every one of the returning electrons completes the fourth step of photovoltaic energy

conversion, which is closing the circle by

4. combining with an arriving positive-charge carrier, thereby returning the absorber

to the ground state.

2.1.6 Characterization techniques

2.1.6.1 Current density vs. voltage: J − V curves

A J − V measurement under standard test conditions (AM 1.5 spectrum and 25◦C)

provides a fingerprint of a solar cell and it is the most common tool for solar cells char-

acterization. The J − V curve of an ideal solar cell follows the ideal diode equation:

J = JS

(
e

qV
kT − 1

)
(2.10)

where JS is the saturation current density and V the applied voltage. When light is

applied, the light-induced current flows from the p−type end to the n−type end through

the outside circuit. This flow is opposite to the dark current, so the light J−V curve will

follow the ideal diode equation shifted by the amount of light-induced current density JL:
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J = JS

(
e

qV
kT − 1

)
− JL (2.11)

Under realistic conditions, additional parameters need to be considered. Equivalent

circuit models define the entire J − V curve of a cell, and it is a good tool to take into

account these additional parameters. One basic equivalent circuit model in common use

is the single diode model shown in Fig. 2.10.

Figure 2.10: Schematic representation circuit of a photovoltaic cell.

Source: Gray [23]

Using Kirchoff’s current law the current I through the circuit shown in Fig. 2.10 can

be written as:

I = IL − ID − Ish (2.12)

where IL is the light-generated current in the cell, ID is the voltage-dependent current

lost to recombination, and Ish is the current lost due to shunt resistances. In this single

diode model ID is modelled using the Shockley equation for an ideal diode:

ID = I0

[
exp

(
V + IRs

AVT

)
− 1

]
(2.13)

where I0 is the saturation current, Rs is the series resistance, A is the dimensionless diode
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ideality factor, and VT is the thermal voltage given by:

VT =
kTc
q

(2.14)

where k is Boltzmann’s constant, Tc is the cell’s working temperature and q is the ele-

mentary charge. Usually, A = 1 when ideal diffusion currents dominate, A = 2 when

recombination currents dominate, and 1 ≤ A ≤ 2 when both currents are comparable.

Writing the shunt current in terms of Rs and the shunt resistance Rsh as

Ish = (V + IRs) /Rsh (2.15)

and substituting this expression together with eq. 2.13 in eq. 2.12 yields Kirchoff’s current

law for the current through the model circuit:

I = IL − I0
[
exp

(
V + IRs

AVT

)
− 1

]
− V + IRs

Rsh

(2.16)

As the current generated by a solar cell depends on its area, the current density J , defined

as I/area, is more often used than the current itself.

A solar cell is characterized by a number of parameters. The open circuit voltage Voc

is the maximum value of the potential difference and is obtained when the terminals of

the cell are isolated with infinite load resistance. The short circuit current density Jsc is

the maximum current that a solar cell can produce and is measured when the terminals

are connected to each other with zero load resistance. These parameters can be easily

obtained by means of a J − V curve like shown in Fig. 2.11.

The cell power density is given by P = JV . The maximum power density Pmax

determines the cell’s efficiency. It occurs at a certain voltage Vmax corresponding to a

given current density Jmax as shown in Fig. 2.11. The fill factor FF is defined as:

FF =
Vmax Jmax
Voc Jsc

(2.17)

and describes how “square” the J − V curve is. The efficiency η is defined as the ratio of
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the maximum output power to the incident light power Ps as:

η =
Vmax Jmax

Ps
=
Voc Jsc FF

Ps
(2.18)

Typically, the power density of the AM 1.5 spectrum is used and thus:

η =
Voc Jsc FF

100 mW/cm2 (2.19)

Figure 2.11: Example of a typical J − V curve for a solar cell.

Source: Gonzalez-Valls [25]

The shape of the J −V curve of a third generation solar cell is heavily affected by the

presence of series and shunt resistances. Series resistance in a solar cell has three causes:

firstly, the movement of current through the emitter and base of the solar cell; secondly,

the contact resistance between the metal contact and the active solar cell; and finally the

resistance of the top and rear metal contacts. The main impact of series resistance is to

reduce the fill factor, although excessively high values may also reduce the short-circuit

current. Series resistance does not affect the solar cell at open-circuit voltage since the

overall current flow through the solar cell, and therefore through the series resistance, is
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zero. A straightforward method of estimating the series resistance from a solar cell is to

find the slope of the J − V curve at the open-circuit voltage point.

Moreover, near the open-circuit voltage, the J − V curve is strongly effected by the

shunt resistance. Significant power losses caused by the presence of a shunt resistance

are typically due to manufacturing defects, rather than poor solar cell design. Low shunt

resistance causes power losses in solar cells by providing an alternative current path for the

light-generated current. Such a diversion reduces the amount of current flowing through

the solar cell junction and reduces the voltage from the solar cell. The effect of a shunt

resistance is particularly severe at low light levels, since there will be less light-generated

current. The loss of this current to the shunt therefore has a larger impact. In addition,

at lower voltages where the effective resistance of the solar cell is high, the impact of a

resistance in parallel is large. The effect of the series and shunt resistance in the J − V

curve is depicted on Fig. 2.12.

Figure 2.12: Effect of the modification of (a) series resistance and (b) shunt resistance
in a solar cell J − V curves.

Source: Gonzalez-Valls [25]

2.1.6.2 External quantum efficiency

External quantum efficiency (EQE), also referred to as incident photon to collected

electron efficiency (IPCE), is defined as the ratio of electron-hole pairs collected to inci-
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dent photons at a specified wavelength. IPCE is a product of light harvesting, injection

and collection efficiencies. The spectral response is obtained through electrical measure-

ments for a device under illumination in different wavelengths in open circuit condition.

Under these circumstances the IPCE can be defined as the ratio between the photocur-

rent and the intensity of monochromatic incident light. Reflection and absorption on

the superstrate, the TCO (transparent conductive oxide) layer, as well as the incomplete

absorption of photons can contribute to the losses in external quantum efficiency.

The number of charges generated in the device per unit time and unit area is given

by:

Nc =
Jsc
q

(2.20)

and the number of incident photons per unit time and unit area is given by:

Nf =
Iλ
hc/λ

(2.21)

were Iλ is the intensity of the source, h is the Planck constant, c the speed of light in

vacuum and λ the wavelength of the incident radiation. The EQE can then be written as

(plugging in the values of constants):

EQE =
Nc

Nf

= 1240× Jsc
Iλ λ

(2.22)

If the EQE is obtained under true Jsc conditions (AM1.5 illumination, V = 0), then it

can be related to the photovoltaic parameter Jsc

Jsc = q

∫
ΦAM1.5 EQE(λ) dλ (2.23)

where ΦAM1.5 is the photon flux of AM1.5 illumination. It is usually impractical to perform

EQE measurements under true Jsc conditions, and fortunately eq. 2.23 generally holds

true for white-light illumination intensities of less than one sun.
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2.1.7 Thin Film Photovoltaics

Thin film photovoltaics encompasses those called “excitonic solar cells” such as DSSCs

(dye sensitized solar cells), OPVs (organic photovoltaics) ss-DSSCs (solid state dye sen-

sitized solar cells). Excitonic solar cells (XSCs) consist of solar cells in which light ab-

sorption results on the production of a transiently localized excited state, called exciton,

that cannot be thermally dissociated (binding energy � kT ) in the chemical phase in

which it was formed. Examples of XSC include molecular semiconductor solar cells, con-

ducting polymer solar cells, dye-sensitized solar cells, quantum dot solar cells. These thin

film photovoltaics (TFPV) devices also encompass a new type of solar cell called hybrid

perovskite solar cell.

Currently, there are four generations of solar cells: silicon, inorganic, excitonic, and

Perovskite solar cells [1, 25].

The first generation of solar cells refers to a single p−n junction of crystalline Si (c-Si),

exhibiting up to 25% conversion efficiency (laboratory scale). This efficiency approaches

the theoretical energy conversion efficiency limit of 31%, which is known as the Shockley

and Queisser (S-Q) limit. These silicon-based solar cells currently have the highest effi-

ciency, which is being rapidly challenged by perovskite solar cells, but they are also the

most expensive.

Second generation solar cells include inorganic thin films: amorphous silicon (a-Si),

cadmium telluride (CdTe), or copper (gallium) indium selenide/sulphide. These solar

cells are less expensive than conventional silicon solar cells, and they can be fabricated

as flexible devices. Nevertheless, their lower efficiency compared to silicon solar cells and

the use of toxic metals are important issues hindering commercialization.

Third generation photovoltaic technology utilizes organic semiconductors as part of

the active layer of the device. These solar cells comprise organic solar cells (polymer solar

cells, small-molecule organic solar cells), hybrid solar cells, and dye-sensitized solar cells,

among others. Third generation solar cells are called excitonic solar cells because the

charge generation mechanism is based on the formation of an exciton (a bound electron-

hole pair). This charge generation could reach conversion efficiencies beyond the S-Q
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limit. Because XSCs are less expensive than second generation solar cells, third generation

solar cells are considered the most suitable solar cells for flexible and printable devices.

However, their low efficiency and challenges with stability are significant issues preventing

their entrance into the market.

Fourth generation solar cells are known as perovskite solar cells. Metal-organic per-

ovskites could be the “missing link” between inorganic and organic semiconductors [26].

In only five years of development, hybrid perovskite solar cells have attained power con-

version efficiencies that took decades to achieve with the top-performing conventional

solar cell materials. Despite the incredible improvement in the photovoltaic performance

of perovskite solar cells, critical questions must be answered such as: are the devices

excitonic? If so, what is the exciton diffusion length? What are the carrier lifetime and

recombination dynamics? Recently, Zhang et al. [27] have demonstrated that the spin

configuration affects the rate at which electron-hole pairs split apart or recombine in per-

ovskite solar cells, suggesting that these devices are not excitonic. Moreover, the generally

low stability ascribed to perovskite solar cells is a significant obstacle for the commercial

viability of metal-halide perovskite solar cells. However, a recent study has reported more

than 2000 hours of stability for these devices [28].

In addition to the four well-known generations of solar cells, other types of solar cells

exist that do not easily fit in any of these categories, such as kesterite solar cells and

all-oxide solar cells. Kesterite solar cells are thin film solar cells, which differ from second

generation solar cells because kesterite solar cells are only composed of abundant, non-

toxic elements. In fact, the kesterite crystal structure represents a group of compound

semiconductors such as Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe). In fact, CZTS

has geen recently shown to be a promising alternative to copper indium gallium selenide

(CIGS) or CdTe with 12.7% efficiency [29]. Lin et al. [30] have recently reported inkjet-

printed kesterite solar cells with an efficiency of 6.4%. On the other hand, all-oxide solar

cells are entirely composed of oxides, namely semiconductor oxides. All-oxide solar cells

are also conceptually close to the second generation solar cells; however, in second gen-

eration solar cells, metal oxides (MOs) are mainly used as buffer layers and low bandgap
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semiconductors, i.e., CdTe, copper indium selenide (CIS), or CIGS, are used as absorbing

layers. In all-oxide solar cells, the metal oxides are also used as absorbing layers. This class

of devices have recently attracted considerable attention due to their promising potential

for reducing solar cell costs through inexpensive materials and production methods [31].

Heterojunction ZnO/Cu2O cells are the most efficient system investigated so far, reaching

efficiencies of almost 5% [32].

2.1.7.1 Excitons

An exciton is a quantum of electronic excitation energy travelling in the periodic

structure of a crystal; it is electrically neutral and hence its movement through the crystal

gives rise to the transportation of energy but not charge [33]. The neutrality of this

quasiparticle comes from the fact that an exciton can also be described as a bound state of

an electron and an electron hole. The electrical charge from the electron and electrical hole

cancels each other. This electron-hole pair is kept bound due to Coulombic electrostatic

attraction. The exciton can be treated as a particle, it moves, present spin and have a

strong bind energy [34].

Excitons mediate the absorption and emission of light, particularly in disordered and

low-dimensional materials. To understand the work principles of solar cells it is necessary

the understanding of this excitation. Excitons behave slightly different in organic or

inorganic semiconductors. In inorganic semiconductors they are easily separated into free

electron-hole pairs, which does not happen in organic semiconductors. The reason for that

is that the dielectric constant ε for inorganic semiconductors is relatively large compared

to that of organic semiconductors. Figure 2.13 illustrates these two kinds of excitons on

inorganic and organic semiconductors.

In inorganic semiconductors with generally large dielectric constant the electric field

screening tends to reduce the Coulomb interaction between electrons and holes (binding

energy around 10 meV), which results in an extended exciton with a radius larger than the

lattice spacing (radius around 100 Å). This class of excitons is referred as Wannier-Mott

excitons (see the left side of Fig. 2.13).
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Figure 2.13: Schematic overview of the exciton formation by the absorption
of the light.

Source: Center for Excitonics / Massachusetts Institute of Technology [34]

The Coulomb interaction between an electron and a hole, in organic semiconductors

(or molecular solids) with small dielectric constants, can be strong (binding energy around

1 eV); and the excitons thus tend to have radius of around 10 Å. This is in the same order

as the size of the unit cell (see the right side of Fig. 2.13) what makes them highly localized.

These molecular excitons may even be entirely located on the same molecule. This class

of excitons is referred to as Frenkel excitons. Figure 2.14 shows an schematic overview of

the exciton formation in a molecule.

The excited state in excitonic solar cells is a highly localized and slightly bound Frenkel

exciton. Their energetics and transport are central to solar energy processes. The sep-

aration of the exciton into a free electron and free hole is the source of usable electrical

energy in third generation solar cells. The diffusion of excitons to an engineered interface

that can subsequently split them into electrons and holes remains a central challenge in

many photovoltaics applications.

The way which radiation is absorbed and carriers are separated are two of the main

differences between XSCs; and a classical p− n junction:
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Figure 2.14: Schematic overview of the exciton formation in a molecule.

Source: Center for Excitonics / Massachusetts Institute of Technology [34]

• Conventional photovoltaics rely on differences in work functions between the elec-

trodes of the cell in which photogenerated carriers could be separated. Therefore,

an asymmetry through the cell is necessary to obtain electrical power. In classical

p−n junctions of solid state devices the separation of photogenerated carriers relies

on separation through a depletion region built at the p− n interface materials [35].

• The distinguishing characteristic of a XSC is that charge carriers are generated and

simultaneously separated across a heterointerface. An absorbed photon produces

an exciton which is a neutral excitation, not free carriers. Therefore, a dissocia-

tion interface is required. In contrast, photogeneration of free electron-hole pairs

occurs throughout the bulk semiconductor in conventional cells, and carrier sepa-

ration upon their arrival at the junction is a subsequent process. This apparently

minor mechanistic distinction results in fundamental differences in photovoltaic be-

havior [36].

2.1.7.2 Dye sensitized solar cells

Dye sensitized solar cells have their origin in the discovery by Moser in 1887 that dye-

sensitization of halogenated silver plates leads to an increased photocurrent. However, it

was not until the 1970’s that the underlying mechanism for current generation in these

type of devices was established [37]. DSSCs attracted much attention since 1991, when
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O’Regan and Grätzel published their seminal paper showing that is possible to fabricate

highly efficient DSSCs [38]. Since then, this paper was cited more than 19,000 times,

giving rise to a new research branch. In fact, one can say that this publication started

the field of third generation solar cells.

The breakthrough of the O’Regan and Grätzel work O’Regan and Grätzel [38] came

from the incorporation of mesoporous TiO2 as electrode material which challenged the

paradigm of that time that a high interfacial surface area needs to be avoided in solar cell

devices. The device proposed by them was the first photovoltaic system that employs a

3-dimensional junction to convert sunlight into electricity.

A typical DSSCs comprises a working electrode which is conventionally constituted

by a wide band gap semiconductor notably TiO2 [39], ZnO [40, 41] and SnO2 [42] covered

with a dye monolayer, usually a ruthenium-based sensitizer such as N719, N3 and Black

Dye [43–46]. A wide variety of organic dyes have also been reported in the literature,

including porphyrin [47], phthalocyanine [48], coumarin [49], indoline [50], triarylene con-

jugated [51] and many other natural dyes [52, 53]. This working electrode is supported on

conducting glass (transparent conducting oxide, TCO). Different materials as platinum,

palladium and gold could be use as counter-electrode of the cell [54]. Finally, the gap

between the electrodes is typically filled with a molten salt containing a redox couple

(A/A−) which plays a role similar to that of a hole conductor material, even though it

is not a hole transporting material. Most DSSCs studied so far employ the redox couple

iodide/tri-iodide I−/I−3 as electrolyte because of its good stability and reversibility [55].

However other hole conductors as solid [43] and ionic [47] electrolytes also can be used.

A schematic of the interior of a DSSC showing the principle of how the device operates

is shown in Fig. 2.15.

Since DSSCs are one of the excitonic solar cells, the generated photocurrent is inex-

tritatively related to the charge dissociation energy which is quantitatively proportional

to the exciton binding energy (EBE) of the dye. Therefore the EBE is one of the most

critical factors in improving the energy conversion efficiency. The EBE should be con-

sidered during the molecular design of an efficient photosensitizing dye [57]. The basic
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Figure 2.15: Schematic overview of a dye-sensitized solar cell.

Source: Hagfeldt et al. [56]

photovoltaic principle relies on the visible photo-excitation of the dye molecule. The ba-

sic electron transfer process occurring within a DSSC is shown in Fig. 2.16 and described

below:

• When light falls on the cells, the dye oxidizes and injects electrons into the con-

duction band of the semiconductor oxide. For Ru-complex dyes, electron injection

from the excited dye into the conduction band of TiO2 is believed to be ultrafast

(10−10–10−15 s−1) [56]. To be effective, the decay of the excited dye to its ground

state must be slower than the injection time; decay time of 20–60 ns are typical for

Ru-complex dyes.

• The photo-oxidized dye can be regenerated via reduction by the redox mediator

(10−8 s−1).

• The photo-oxidized dye captures an electron from iodide (I−) from the electrolyte

and I− is oxidized to triiodide. Both process occur in the same time scale.

• Triiodide (I−3 ) regains its electron from the counter electrode when the cell is exter-

nally connected with the load.

• The charge transfer through the semiconductor oxide network occurs by a diffusion

(or percolation) process (10−3–100 s−1). The electron goes from one crystal to
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Figure 2.16: Basic electron transfer process occurring within a DSSC: (a) electron
migration from a dye molecule through the solar cell and (b) possible recombination
process.

Source: Vallejo et al. [54]

another by a hopping mechanism.

• The recombination of photo-injected conduction band electrons with the oxidized

form of the electrolyte redox couple (I−3 /I−) ions occurs in a different time scale

(from microsecond to millisecond) depending upon the concentration of electrons in

the semiconductor and the intensity of light.

• The low charge transfer resistance (< 1 Ω cm2) of the counter electrode always

favors better reduction of the electron acceptor (I−3 ) in the redox mediator, resulting

in better long term stability and better performance of the DSSC [56].

• The voltage developed within the cell under illumination condition is due to the

energy difference between the quasi-Fermi levels of the electron in the semiconductor

oxide and the electrochemical potential (redox or Nernst) potential of the redox

mediator.

Most of the improvement on DSSCs performance is due to a paradigm shift in the

chemical components utilized within this photo-electrochemical device. A new generation

of DSSCs is based on a combination of light-harvesting donor-π-acceptor (D-π-A) dyes in
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conjunction with cobalt-based redox mediators. By replacing employed Ru(II)-based dyes

and iodide-based electrolytes by porphyrin sensitizers and cobalt-based redox mediators,

it is possible to achieve power conversion efficiencies as high as 13% [58].

2.1.7.3 Organic solar cells

The 2000 Chemistry Nobel Prize was shared by Alan J. Heeger, Alan G. MacDiarmid

and Hideki Shirakawa for ”for the discovery and development of conductive polymers”.

Their late 1970’s seminal findings have been followed by the development of conductive

polymers into a research field of great importance for chemists as well as physicists.

Advances in the field of conductive polymers, have led to a number of applications. As

their conductivity can be comparable to the one of semiconductors, the idea to apply

them on solar cells arises naturally.

The first generation of organic solar cells (OSCs) was based on single organic layers

sandwiched between two metal electrodes with different work functions [59]. This type

of OSC is known as single layer solar cell. When an organic semiconductor is placed

in between these two electrodes, their work functions will be equilibrated generating a

built-in electric field which causes a band bending on the organic semiconductor.

Once the light is absorbed by this sandwiched organic semiconductor, an exciton is

created within it. After its creation, the exciton cannot be easily dissociated. It must

diffuse to the interface between the organic semiconductor and the cathode electrode in

order to be separated. As the lifetime and mobility of excitons in organic semiconductors

are very low, the organic layer cannot be ordinarily thick in order to absorb more light.

In fact, the thickness of the layer is limited by the exciton diffusion length. The power

conversion efficiency for these single layer devices is very low. A single junction organic

solar cell is depicted in Fig. 2.17(a). The figure shows a polymer sandwiched between two

electrodes with different work functions. This difference in the work functions induces

a built-in electrical field on the polymer, which bends it. The figure also illustrates the

absorption of one photon with energy hν, the generation and dissociation of one exction as

well as the charge carriers transport. At this geometry, the charge carriers must diffuse a
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long way before it is collected by the electrodes. Therefore, a high degree of recombination

is expected limiting the performance of the OSC.

One strategy applied to increase the performance of an organic photovoltaic solar cells

was the development of the bilayer heterojunction structure. It has been recognized that

the most efficient exciton dissociation mechanism in organic materials occurs at a donor-

acceptor (DA) interface [60, 61]. At such an interface, the donor material with a low

ionization potential forms a heterojunction with an acceptor material with a high elec-

tron affinity. Depending on the alignment of the energy levels of the donor and acceptor

materials, the dissociation of the strongly bound excitons can become energetically favor-

able [62, 63], leading to the formation of a free electron polaron in the acceptor material

and a free hole polaron in the donor material.

Figure 2.17: Device structures of OSCs: (a) single-layer cell; (b) bilayer cell; and (c) bulk
heterojunction cell.

Source: Wang et al. [64]

The dissociation, or charge-transfer (CT) process, typically occurs over time scales

τCT of a few hundred femto-seconds or less [65, 66]. Since τCT is much shorter than any
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other competing process, the charge transfer efficiency approaches ηCT = 100% [67]. A

schematic view of a bilayer solar cell is depicted in Fig. 2.17(b). The figure shows the

DA interface and the discontinuity of the highest occupied molecular orbital (HOMO)

to the lowest unoccupied molecular orbital (LUMO). The advantage of such a structure

is that, under ilumination, the exciton needs to diffuse only to the discontinuity of the

HOMO-LUMO levels. For this reason, these organic semiconductors must be of different

nature regarding the conductivity as one must transport electrons while the other must

transport holes in order to allow charge flux to the electrodes. Excitons need to diffuse

much less in these bilayer solar cells in comparison with the single layer structure which

increases the probability of exciton dissociation leading to large charge carrier collection

and higher power conversion efficiency. Tang [68] reported about 1% power conversion

efficiency for two organic materials (a phtalocyanine derivative as p−type semiconductor

and a perylene derivative as n−type semiconductor) sandwiched between a transparent

conducting oxide and a semitransparent metal electrode.

The next breakthrough was achieved by introducing the bulk heterojunction (BHJ)

structure [60, 69] in which the single active layer is composed by a misture of two or-

ganic semiconductors to transport electrons and holes. A bulk heterojunction solar cell

is depicted in Fig. 2.17(c). In BHJ solar cells, the exciton dissociation takes place much

closer to the place where they are created since the interface is all around the active layer.

The use of such structure increases even more the probability for this dissociation, and

consequently the power conversion efficiency is higher. The power conversion efficiency

for bulk heterojunction solar cells have increased very fast, reaching 2.5% in very few

years [70], and now efficiencies above 10% have been demonstrated [71] for single junction

solar cells. Tandem solar cells, in which two solar cells with different absorption charac-

teristics are linked to use a wider range of the solar spectrum [72], have demonstrated

efficiencies higher than 10-11% [73–76].

An additional advantage of bulk heterojunction solar cells is that it can be easily

fabricated by solution process methods and on flexible substrates which makes them even

more technologically interesting [77, 78]. Indeed, OSCs are particularly attractive because
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of their ease of processing, mechanical flexibility and potential for low cost fabrication of

large areas [79, 80]. Additionally, their material properties can be extensively tailored by

modifying their chemical structure [81, 82].

Because OSCs are based on exciton dissociation by charge transfer at the DA interface,

the conversion of photons to electrons flowing in an external circuit is a consequence of

four steps, as illustrated in Fig. 2.18 [67]. The overall process can be detailed as follows:

1. The absorption of a photon with energy hv, in the active layer leads to the formation

of an exciton, which has quantum efficiency ηA;

2. The diffusion of the exciton to the interface is characterized by the diffusion length

LD, and the quantum efficiency for the exciton diffusion is ηED;

3. The exciton is likely separated at the interface between two materials with offset

energy levels with a quantum efficiency of ηCT ;

4. Once separated, the charges must be collected at the respective electrodes after being

transporting through organic layers with mobility µ, and the charge collection has

a quantum efficiency ηCC .

Figure 2.18: Schematic energy level diagram of a typical bilayer device showing the
operational mechanism in organic photovoltaic devices.

Source: Jones [83]
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Thus, the overall external quantum efficiency, which is the number of charges collected

per incident photon, is

EQE = ηA ηED ηCT ηCC . (2.24)

Steps 1, 2, and 3 occur in the active layer of the OSC, which is the core of the device.

However, there are additional layers which are vitally important to the functionality of

such devices. For example, a standard bulk heterojunction solar cell is composed of five

layers, as shown in Fig. 2.19. Moreover, the solar cell architecture can be designed in two

different configurations: normal and inverted. The layer deposited on top of the front

electrode transports the electrical carriers, which are generated in the active layer, to the

transparent electrode. This layer can transport holes (normal architecture) or electrons

(inverted architecture). The core of the solar cell is the active layer. In this layer, the

light is absorbed, and excitons are generated, transported, and separated. A second

transport layer is deposited on top of the active layer, which transports carriers that have

the opposite signal as those transported by the first transportation layer. Finally, a metal

(back) electrode with a low work function, such as aluminum or silver, is deposited to

complete the solar cell. This metal electrode is used to extract carriers that have the

opposite signal as those extracted by the front (transparent) electrode. In the normal

architecture, the light enters the active area from the hole transport material layer. On

the other hand, in the inverted architecture, the light enters the active area from the

electron transport material layer.

Normally, the light enters the BHJ solar cells through the front (transparent) electrode,

which must be as transparent as possible to allow the light to reach the photoactive mate-

rials and sufficiently conductive to extract the electrical carriers. Generally, a transparent

conductive oxide (TCO) with high work function is used to extract the carriers. These

carriers can be holes or electrons, depending if the solar cell has a normal or inverted

architecture, respectively.

The active materials in OSCs can be used to harvest photons that have energy above

the bandgap of the active material. Photons with energy below the bandgap are not useful

for solar cells. Photons with an excess of energy will generate a hot charge carrier that
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Figure 2.19: A five-layer bulk heterojunction solar cell with normal architecture
(right) and inverted architecture (left).

Source: Own author

will quickly relax to the conduction band of the active material via the thermalization

process. Figure 2.20 illustrates the loss mechanism when a photon cannot be absorbed

due to insufficient energy and thermalization.

Figure 2.20: Absorption and thermalization losses occurring in a solar cell.

Source: Ameri et al. [84]

In molecular materials, such the donor materials in OSCs, the absorption spectrum

differs from the continuous spectrum found in inorganic semiconductors. The absorp-

tion spectrum of molecular materials shows narrow and discrete peaks, as illustrated in
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Fig. 2.21. Moreover, polymers with different bandgaps absorb light in different regions,

which leads to better utilization of the solar irradiation spectrum. Thus, tandem OSCs

have two major advantages in comparison to single junction OSCs [84–87]: reduced ther-

malization, and better utilization of the solar irradiation spectrum. Moreover, tandem

OSCs can reach efficiencies above 10%.

Figure 2.21: Normalized film absorption of two polymers with
different band gaps in a blend with [6,6]-phenyl-C61-butyric acid
methyl (PCBM) ester. Specifically, PCBM is a low bandgap polymer
with a bandgap Eg of 1.4 eV, while poly(3-hexylthiophene-2,5-diyl)
(P3HT) has Eg of about 1.9 eV.

Source: Andersen [88]

A schematic illustration of tandem OSCs is shown in Fig. 2.22 with two geometries,

where the two sub-cells have complementary absorption spectra. In particular, the donor

materials in the sub-cells consist of a high bandgap polymer and low bandgap polymer.

The open circuit voltage Voc of a tandem OSC, built up in series, will be the sum of Voc

for both sub-cells:

Voc,tandem = Voc,bottom + Voc,top. (2.25)

On the other hand, the short-circuit photocurrent density Jsc of the tandem OSC is



43

determined by the sub-cell with the lowest Jsc:

Jsc,tandem = min[Jsc,bottom, Jsc,top]. (2.26)

Based on this consideration, the maximum efficiency of a tandem OSC can be calcu-

lated as a function of the donor polymer bandgap for the two sub-cells. This calculation

suggests that tandem cells have a 30% higher efficiency potential compared to single junc-

tion devices. Moreover, a maximum efficiency of up to 15% can be achieved by combining

a bottom donor, which has a bandgap of 1.6 eV, with a top donor, which has a bandgap

of 1.3 eV. Under these assumptions, the most efficient tandem cells require materials with

a bandgap energy difference of only 0.3 eV [85].

Figure 2.22: Schematic representation of an organic tandem device comprised of two
sub-cells with different, complementary absorption spectra in the (a) normal configu-
ration and (b) inverted configuration.

Source: Ameri et al. [85]

2.2 Transition metal oxides for next generation solar cells

Transition metal oxides (TMOs) are suitable for use in third and fourth generation

solar cells. In both cases, they can be used as hole or electron transport layers, but

TMOs can also be used as part of the active layer in hybrid solar cells or all-oxide solar
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cells. In general, TMOs are characterized by excellent semiconducting properties, good

band alignment with the dyes or polymers commonly used in solar cells, and low-cost

water-based solution-process synthesis methods.

2.2.1 Why transition metal oxides for next generation solar cells?

Metal oxides are, in general, chemically stable, mostly non-toxic, and abundant ma-

terials, often manufactured using inexpensive methods under ambient conditions. Conse-

quently, MO-based devices are inexpensive, very stable, and environmentally safe. About

10 years ago, it was difficult to use these materials as semiconductors; nowadays, compa-

nies sell products based on these materials.

Third generation solar cells are an appealing technology because they can be fab-

ricated with inexpensive materials and methods and they are environmentally friendly.

Furthermore, the theoretical limit for the efficiency of these devices is beyond the the S-Q

limit [89]. Organic solar cells are the most adaptable technology for printable applications,

which are highly desired. Thus, TMO semiconductors are promising for third generation

solar cells.

Titanium dioxide (TiO2) is extensively used in DSSCs [90, 91], quantum dot solar

cells [92, 93], organic solar cells [94, 95], and perovskite solar cells [89, 96]. The core of

most efficient dye-sensitized solar cells and quantum dot solar cells is a mesoporous TiO2

nanoparticle (NP) electrode, which not only provides a high surface area for accommodat-

ing the light-absorbing sensitizer but also serves as a stable conductor for photo-generated

electrons.

In organic solar cells, the use of TiO2 nanocrystals results in one of the highest reported

efficiencies, 4.20%, for P3HT:PCBM inverted devices [94]. However, the electron states in

TiO2 must be filled by electrons from carrier excitation (bandgap of about 3.0–3.3 eV, [97]

typically by ultraviolet (UV) irradiation) to provide favorable electron transport. There-

fore, the devices usually require high-energy UV exposure before they are fully functional

and efficient, which, in turn, may degrade the organic materials [98].
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Recently, zinc oxide (ZnO) has emerged as promising candidate for XSC applications,

especially because ZnO nanostructures can be obtained through simple, low-cost tech-

niques such as hydrothermal and electrochemical synthesis. Despite the fact that TiO2 is

the most used semiconductor oxide in XSCs, ZnO has been intensively investigated and

successfully applied in these types of cells [99–101].

Historically, ZnO was one of the first semiconductors used in dye-sensitized solar cells.

The bandgap and conduction band edge of ZnO is similar to that of TiO2 (anatase).

Moreover, ZnO has a higher electron mobility than TiO2, which should favor electron

transport [56]. The longer electron lifetimes observed for ZnO mean lower charge recom-

bination, which is beneficial for solar cell performance [99].

These emerging cost-effective photovoltaics can only be achieved through inexpen-

sive, rapid production, low-temperature fabrication techniques. Among these process,

electrodeposition is low-cost alternative that is well suited for producing high-quality

ZnO thin films because it offers a high degree of control over the film characteristics

through optimization of the deposition parameters [101]. The feasibility of electrode-

positing ZnO suggests that the high-temperature processed TiO2 compact layer could be

eliminated [100], which is beneficial for decreasing the cost and increasing the applicability

of such devices.

Vandium (V) oxide (V2O5) has been a promising candidate for a hole transport layer

(HTL) in organic solar cells due to its favorable energy level alignment, low resistance,

improved adhesion to the active layer, and higher stability in ambient atmosphere relative

to poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), which is the

most common HTL material [102]. In recent years, V2O5 has been prepared using various

synthetic methods [103, 104]. In particular, the sol-gel method has become the most

common method, using vanadium(V) oxytriisopropoxide (VO(OiPr)5) as precursor, which

is a compound known for its high toxicity, reactivity, and high cost [105]. In a recent work,

Teran-Escobar et al. [102] proposed V2O5 synthesis from a sodium metavanadate solution

in water under ambient conditions, resulting in a thin film of V2O5·0.5H2O.
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2.2.2 Introduction to transition metal oxides

The favorable features of TMOs have led to the performance enhancement of solar

cells and have been used for realizing efficient next-generation solar cells with long-term

stability. They are widely used as the working electrode in DSSCs, as electron or hole

transport layers in OSCs, or as active materials in hybrid and all-oxide solar cells. Metal

oxides are useful for next-generation solar cells because their chemical and electrical prop-

erties can be tuned to enable charge exchange with a wide variety of organic molecules.

Energetics play a key role in advancing device structure and performance, and the energy

barrier at the interface critically depends on the work function of the electrodes. Thus,

various types of thin-film metal oxides have been used as a buffer layer to modify the elec-

trode work function. Indeed, TMOs are particularly attractive because they can present

wide range of energy level alignment, have good transparency as thin films, are easy to

manipulate, can provide low-resistance ohmic contacts, and can enhanced adhesion to the

active layer [106, 107].

Moreover, TMOs can be very versatile as they can present work functions ranging

from approximately 3.5 eV for defective ZrO2 to approximately 7.0 eV for stoichiometric

V2O5 [108]. Low work function TMOs such as ZnO and TiO2 are used as electron injection

buffer layers for cathodes [109–111]. On the other hand, high work function TMOs are

often used as hole-injecting buffer layers for anodes [112–114]. The band alignment of

different TMOs with photovoltaic polymers is depicted in Fig. 2.23. Furthermore, TMOs

are very attractive environmentally.

Recently, the development of environmentally friendly solution-processable oxides, or

“green inks,” have been applied in printable electronics. Table 2.1 summarizes recent

initiatives on the development of green inks from TMOs. Their compatibility with low-

cost, scalable process such as electrodeposition or roll-to-roll make these materials even

more attractive. Compared with PEDOT:PSS, these inexpensive semiconductor oxides

can be more stable [102]. In particular, Voroshazi et al. [115] have demonstrated that

MoO3 can be more stable than PEDOT:PSS. Figure 2.24 compares the stability of solar

cells assembled with PEDOT:PSS and MoO3 as the HTL, showing that devices containing
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MoO3 are more stable. A number of reviews on TMOs and their use in organic electronics

are available [107, 108, 116, 117].

Figure 2.23: The energy level diagram of state-of-art photovoltaic polymers,
electron-accepting fullerene derivatives, and transition metal oxides.

Source: Chen et al. [106]

Figure 2.24: Comparison between the stability of solar cells assembled with
PEDOT:PSS and MoO3 as hole transport layer.

Source: Voroshazi et al. [115]
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Table 2.1: Samples and deposition conditions.

TMO Synthesis method Solvent Temp. ◦ C Ref.

WO3 Sol gel Butanol Room Temp [118]
c-TiO2 CBD H2O Room Temp [119]
SnO2 CBD H2O Room Temp [120]
Cu2O CBD H2O Room Temp [121]
ZnO Spray Pyrolysis H2O Room Temp No

InZnO Spray Pyrolysis H2O Room Temp No
Cs2CO3 Oxide suspension Methanol Room Temp [122]

H3PW12O40 Solution Methanol Room Temp [123]
ZnO Spray Pyrolysis H2O Room Temp [124]

InxGayO2 Sol gel 2ME 75 [125]
InxZnO Sol gel 2ME 75 [125]
In2O3 Sol gel 2ME 75 [125]
MoOx Electroless- H2O 80 [126]

plating-like
VOx Electroless- H2O 80 [126]

plating-like
MoO3 Oxide suspension H2O 120 No
V2O5 Sol gel H2O 130 [102]

Cs2CO3 Oxide suspension H2O 150 [127]

2.2.3 Zinc oxide (ZnO)

Zinc oxide is a white powder that occurs naturally as the mineral zincite; however,

most ZnO is produced synthetically. Numerous materials and products use ZnO as an ad-

ditive, including rubbers, plastics, ceramics, glass, cement, lubricants, paints, ointments,

adhesives, sealants, pigments, foods (source of Zn nutrient), batteries, ferrites, fire retar-

dants, and first-aid tapes. Zinc oxide is a II-VI direct wide-gap semiconductor. In the

presence of native defects such as oxygen vacancies or interstitial zinc atoms, ZnO has

features of a n−type semiconductor [128]. Semiconducting ZnO has many applications

such as sensors, photovoltaic cells, varistors, light-emitting diodes, nanogenerators, and

piezoelectric transducers, among others [101, 129].

The interest in ZnO is fueled by its prospects in optoelectronics applications owing

to its direct wide bandgap (Eg ≈ 3.3 eV at 300 K). Some optoelectronics applications of
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ZnO overlap with that of GaN, another wide-gap semiconductor (Eg ≈ 3.4 eV at 300 K)

which is widely used for the production of green, blue-ultraviolet, and white light-emitting

devices. However, ZnO has some advantages over GaN, such as the wide availability of

fairly high-quality ZnO bulk single crystals and a large exciton binding energy of 60 meV.

Moreover, ZnO also has a much simpler crystal-growth technology, resulting in potentially

lower costs for ZnO-based devices [128].

In XSCs, ZnO is being intensively investigated due to its similarities with TiO2, which

is the most used oxide semiconductor in these cells. Moreover, ZnO presents some ad-

vantages over TiO2, such as higher electron mobility, which reduces charge recombina-

tion [130, 131]. Morover ZnO is more suitable for deposition using simple and inexpensive

techniques [100]. Table 2.2 shows a compilation of the basic physical parameters for ZnO.

Table 2.2: General physical properties of ZnO semiconductor material.

Property Symbol (units) Value

Molecular weight Mw (mol/g) 81.39
Density ρ (g/cm3) 5606
Melting point mp (◦C) 1975
Enthalpy of formation ∆Hf (J/mol) 6.5× 105

Entropy of formation ∆HS (J/mol·K) 100
Heat capacity Cp (J/mol·K) 41
Electron mobility µ (cm2/V·s) 200
Carrier concentration ni (cm−3) 8× 108

Refractive index ηD (dimensionless) 2.008 - 2.029
Water solubility Ksp (mg/L) 16 at 29◦C

Source: Gonzalez-Valls [25]

As shown in Fig. 2.25, ZnO crystallizes in one of three structures: wurtzite (B4), zinc

blende (B3), and rocksalt (B1). Under ambient conditions, the stable phase is wurtzite,

which belongs to the spatial group P63mc or C4
6v, with lattice parameters a = 3.25 Å and

c = 5.21 Å with ratio of c/a =
√

8/3 = 1.633. The other two ZnO crystalline structures,

zinc blende and rocksalt, can only be obtained under special synthesis conditions.
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Figure 2.25: Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt (B1),
(b) cubic zinc blende (B3), and (c) hexagonal wurtzite (B4). The shaded gray and black spheres
denote Zn and O atoms, respectively.

Source: Özgür et al. [128]

2.2.4 Titanium dioxide (TiO2)

Titanium dioxide (TiO2), also known as titanium(IV) oxide or titania, is the naturally

occurring oxide of titanium. In nature, TiO2 occurs as the minerals rutile, anatase, and

brookite, and TiO2 is commonly sourced from ilmenite, rutile, and anatase. Titanium

dioxide has a wide range of applications from paint to sunscreen to food coloring and solar

cells. Figure 2.26 illustrates the unit cells of the three TiO2 structures. The rutile phase

is thermodynamically more stable and is preferred in the dye industry. The metastable

anatase phase is the most suitable for solar cell applications due to its bandgap (Eg =

3.2 eV), which is higher than that for the rutile phase (Eg = 3.0). For most dyes used in

DSSCs, the TiO2 conduction band remains slightly below the excited energy level, which

allows efficient electron injection. Moreover, the high refraction index n = 2.5 leads to

efficient scattering from the incident light on the porous photoanode, resulting in better

light absorption.

The advantages of TiO2 extend to charge transport. In particular, the high dieletric

constant (ε = 80 for anatase phase) provides good electrostatic protection for the injected

electron with respect to oxidized dye, which is adsorbed on the oxide surface. This

injected electron is protected from recombination before it is reduced by the mediator
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Figure 2.26: Stick-and-ball representation of TiO2 crystal structures: rutile, brookite, and
anatase (left to right).

Source: Moellmann et al. [132]

electrolyte. Thus, the injected electron diffuses quickly through the film. This diffusion

is approximately 104 times faster than that for a charged ion in solution; however, the

diffusion is much smaller than the diffusion in a nanocrystalline semiconductor. This

lower mobility can be attributed to the very high internal surface area of the mesoporous

structure, which contains a high density of defects capable of trapping electrons [133].

The requirements for electron transport layers (ETL) involve high electron mobility

and transparency in the visible region to allow transmission of light into the active layer.

These requirements limit the number of materials that have these characteristics, among

which is the well-known and widely used titanium oxide [134, 135]. In general, thin TiO2

films have been introduced as ETL because of their large bandgap (3.7 eV) and well-

matched energy levels (valence band of ≈ 8.1 eV and conduction band of ≈ 4.4 eV).

Thus, these films facilitate electron injection and transport and simultaneously block the

hole collection at the cathode [136].

2.2.5 Vanadium oxide (V2O5)

Vanadium oxide (V2O5) is an inorganic compound commonly known as vanadium

pentoxide. Generally, V2O5 is a brown/yellow solid; however, when precipitated from an
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aqueous solution, its color is deep orange. Because of its high oxidation state, it serves

as both an amphoteric oxide and an oxidizing agent. Industrially, V2O5 is the most

important compound of vanadium as a principal precursor to vanadium alloys and as a

widely used industrial catalyst [137]. The mineral form of this compound, shcherbinaite,

is extremely rare and almost always found among fumaroles. The mineral trihydrate,

V2O5 · 3H2O, is also known by navajoite.

The characteristics of V2O5 make it a promising candidate for the hole transport layer

(HTL) in organic solar cells. The most widely used synthesis methods employ multistep

techniques for preparing this HTL, such as the suspension of V2O5 nanoparticulates ob-

tained from the hydrolysis of vanadium (III) acetylacetate [104] or the fabrication of a

bronze V2O5 HTL from a suspension of metal oxide (MO) obtained after the reaction be-

tween a metal powder and H2O2 [138]. One of the most widespread fabrication methods is

the application of sol-gels made from vanadium (V) oxitriisopropoxide (ViPr) [105, 139–

142], an expensive compound known for its toxicity. A water-based synthesis route has

been proposed by Livage [143, 144]. The water-based V2O5 was successfully applied in

OSCs with improved efficiency and stability [102, 145].

In comparison with V2O5 prepared using the oxitriisopropoxide precursor, which leaves

an organic residue, water-based V2O5 is less expensive, more stable, more environmental

friendly, and leaves no residue. Because the water-based V2O5 is synthesized in wa-

ter, the pristine thin films are hydrated with some water molecules between the layered

V2O5 structure. To prepare a crystalline thin film, the film must to be annealed up to

320◦C. Figure 2.27 shows how the water molecules are removed with increasing annealing

temperatures. At 320◦C, no water molecules remain, and the film is completely crys-

talline. Pristine V2O5 thin films synthesized from the Livage [143] recipe are hydrated

V2O5·1.6H2O. Heating the sample at 120 ◦C releases water molecules from the V2O5 slabs,

resulting in V2O5·0.5H2O. The second dehydration takes place at 250◦C, obtaining 0.1

water molecules per V2O5. The crystalline form of V2O5 without water is obtained after

heating the sample above 320◦C.
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Figure 2.27: Process of elimination of water molecules from V2O5 hydrated thin film through
heating.

Source: Liu et al. [146]

2.2.6 Synthesis of oxide semiconductors

2.2.6.1 Electrodeposition

Electrodeposition is emerging as a method for synthesizing semiconductor thin films

and nanostructures, especially chalcogenides and oxides. The electrodeposition of thin film

semiconductors became popular in the 1980s, primarily in the development of inexpensive

techniques for fabricating solar cells. Therefore, the requirements of a photovoltaics cell

for large-scale terrestrial use, namely high efficiency, stability, and low cost, were met

using electrodeposited thin-film semiconductor-based solar cells [147, 148].

The electrodeposition of thin film semiconductors has some advantages over physi-

cal and chemical deposition techniques. In particular, electrodeposition is an easy and

economical synthesis method that has little to no waste of material. Because of the pu-

rification that often results from electrodeposition, very pure starting materials are not

required, unlike other methods [148]. Thus, the electrodeposition of semiconducting ma-

terials represents a new challenge because this method presents interesting characteristics
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for large-area, low-cost, and generally low-temperature processing of materials [149]. Zinc

oxide is probably the most studied and versatile MO for solar cell applications. Films

of ZnO with remarkable structural quality can be prepared by electrodeposition with

different morphologies ranging from arrays of single crystalline microcolumns to contin-

uous films, depending on the substrate activation, solution composition, and deposition

time [149].

Thermodynamically, electrodeposition is based on the familiar Nernst equation for the

potential EM of a metal electrode in a given solution:

Em = E0
m +

RT

nF
ln

(
am+
m

am

)
, (2.27)

where E0
m is the standard potential for the reduction to form M , R is the gas constant,

T is the absolute temperature, n is the number of electrons required for the reduction,

F is the Faraday constant, and am+
m and am are the activities of Mm+ in the electrolyte

and of M in the deposit, respectively. Truly reversible potentials can be established only

if the following conditions are fulfilled [147]:

(a) All of the processes enabling the electrodeposition of M are fast compared to other

competing reactions;

(b) All soluble intermediate species are present in the solution at equilibrium concen-

trations;

(c) The element M is a pure and well-defined phase;

(d) The deposited crystal grains are in their equilibrium form and state;

(e) The crystals are not too small, i.e., they exceed crystal sizes of approximately 25 nm

for potential errors less than 1 mV.

The above conditions are rarely met in practice, and hence, Kröger [150] has introduced

the concept of “quasi-rest potentials” to help explain the zero-current conditions that

otherwise approximate the true thermodynamic reversibility. The electrodeposition of M
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can occur at potentials that are more negative than the equilibrium potential due to the

neglect of interactions of the solute ion Mm+ with the solvent or with complexing ligands

as in eq. 2.27. Such potentials are known as overpotentials (or overvoltage). Moreover,

there are many kinetic factors that influence the deposition of elemental semiconductors,

such as the rate of the electron transfer reaction, dissociation kinetics of solvated or

complexed ions and so on.

2.2.6.2 Hydrothermal synthesis

Hydrothermal synthesis is a special case of the solvothermal process, which is generally

defined as a crystal growth method, that occurs via chemical reactions and changes in the

solubility of materials in an aqueous solution held at a given temperature and pressure,

above ambient conditions, in a closed system [151]. According to classical growth theory,

the thermodynamic driving force for hydrothermal growth from a solution is the presence

of supersaturation, which could initiate spontaneous crystallization and further growth of

the nuclei [152].

Indeed, the hydrothermal method exploits the spontaneous crystallization by increas-

ing the temperature T and pressure p, which are fundamental properties of water. Thus,

the solvency of water changes important characteristics such as the ionic product, density,

thermal conductivity, viscosity, heat capacity, and dielectric constant, which are all highly

p and T dependent. Specific solvent properties can be obtained by tuning the synthesis

parameters.

In the synthesis of inorganic compounds, the precursor is often an aqueous solution

of simple salts, such as metal chlorides, nitrates, or acetates. These aqueous salts can be

precipitated to their corresponding metal hydroxides prior to synthesis using a base, which

is often NaOH, KOH, or NH4OH, along with other additives for pH control, reduction,

oxidation, or coating, as necessary. On the other hand, these aqueous salts can be added

prior to hydrothermal treatment.
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2.2.6.3 Sol-gel

The sol-gel method is a wet-chemical synthesis technique for preparing oxide gels,

glasses, and ceramics with a high-degree of purity. Sol-gel is an effective synthesis method

because it allows control of the stoichiometry, crystal structure, and particle size. The

method is based on controlling the hydrolysis and condensation of alkoxide precursors.

In general, the sol-gel process involves transition from a liquid “sol” (colloidal solution)

into a “gel” phase [153]. Inorganic metal salts or metal organic compounds such as

metal alkoxide are commonly used as precursors. The colloidal suspension is formed

after a series of hydrolysis and condensation reactions with the precursors. Then, the

sol particles condense into a continuous liquid phase (gel). With further drying and heat

treatment, the resulting gel is converted into dense ceramic or glass materials. Generally,

three reactions are used to describe the sol-gel process: hydrolysis, alcohol condensation,

and water condensation. Because water and alkoxides are immiscible, alcohol is commonly

used as co-solvent. With an appropriate co-solvent, the sol-gel precursor mixes well with

water to facilitate the hydrolysis.

In summary, the sol-gel method consists of the following steps:

(a) Hydrolysis and condensation: During the hydrolysis reaction, the alkoxide groups

(OR) are replaced with hydroxyl groups (OH) through the addition of water. The

subsequent condensation reaction produce oxides with by-products of water (water

condensation) or alcohol (alcohol condensation).

(b) Gelation: In the gelation step, the alkoxide gel precursor undergoes a polymerization

(condensation) reaction with by-products of water or alcohol.

(c) Aging: During this process, further cross-links continue, and the gel shrinks as the

covalent links replace non-bonded contacts. The pore sizes and pore wall strengths

change with the evolution of the gel structure.

(d) Drying: The gel has a high ratio of water and three-dimensional interconnected

pores inside the structure. Before the pore is closed during the densification process,

drying is used to remove the liquid trapped in the interconnected pores.
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Instituto de Qúımica (Unicamp), 2001.



71

[134] K. S. Yeo, S. Nakaob, Y. Hirosea, T. Hasegawaa, and Y. Matsuo. Application

of sputter-deposited amorphous and anatase TiO2 as electroncollecting layers in

inverted organic photovoltaics. Org. Electron., 14(7):1715–1719, 2013.

[135] I. Sasajima, S. Uesaka, T. Kuwabara, T. Yamaguchi, and K. Takahashi. Flexi-

ble inverted polymer solar cells containing an amorphous titanium oxide electron

collection electrode. Org. Electron., 12(1):113–118, 2011.

[136] H. Y. Sun, J. Weickert, H. C. Hesse, and L. Schmidt-Mende. Uv light protection

through TiO2 blocking layers for inverted organic solar cells. Sol. Energy Mater.

Sol. Cells, 95(12):3450–3454, 2011.
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3. CHARACTERIZATION TECHNIQUES

A number of techniques were used to characterize the materials synthesized for this

thesis. In this chapter, these techniques are briefly presented to support the discussion of

results.

3.1 X-ray diffraction

One primary technique for gaining knowledge about the crystalline structure of mate-

rials is X-ray diffraction (XRD). When this technique is applied to thin films, even more

information can be acquired, such as the preferential orientation of growth.

The diffraction pattern of a polycrystalline material could be considered to be a collec-

tion of reflections, which are each described by a peak height, position, width, and area.

The integrated area is proportional to the Bragg intensity Ik, where K corresponds to

a reflection’s Miller indexes set (hkl). Moreover, Ik is proportional to the square of the

absolute value of the structure factor, |Fk|2.

The diffraction of X-rays by a crystalline material can be described considering a

monocromatic beam with a specific wavelength (λ) focused on a crystal, which is composed

of parallel atomic planes (hkl) arranged periodically in space. The beam is focused on

the crystal at angle θ, which is referred to as the Bragg angle. The electrons from the

atoms composing the crystal are excited and vibrate at the same frequency as that of the

incident X-ray. The diffracted beam will also form an angle θ with the crystal planes, and

consequently, the diffracted beams will be parallel, as shown in Fig. 3.1. The constructive

interference of diffracted waves occurs when the paths taken by the X-ray beam reflected

by two or more planes hkl is different by an integer multiple of the wavelength. This
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relation is known as Bragg’s law, which can be written as:

nλ = 2dhkl sin θ, (3.1)

where dhkl is the interplanar distance, θ is the diffraction angle, λ is the wavelength of

the incident X-ray radiation, and n is an integer.

Figure 3.1: The X-ray diffraction of crystallographic planes.

Source: Cullity [1]

3.2 Electron microscopy

Electronic microscopy techniques offer a significant advantage in terms of the maxi-

mum resolution when compared with optical microscopy. While the maximum resolution

for the best optical microscopes is ∼300 nm, modern transmission electron microscopes

(TEMs) can reach sub-Angstrom resolution. Optical microscopes are primarily limited by

the wavelength of visible light, while electronic microscopes are limited by the wavelength
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of a high-energy electron beam, which is much smaller than that of visible light [2].

According to de Broglie’s equation, the wavelength of any particle can be expressed

by

λ =
h

mv
, (3.2)

where m is the particle mass, v is its velocity, and h is Plank’s constant. Assuming that

the acceleration voltage in an electron gun is V , then the electron energy is

eV =
mv2

2
. (3.3)

From eq. 3.3, it follows that

mv2 = 2eV. (3.4)

Multiplying both sides of eq. 3.4 by m, it follows that

m2v2 = 2meV. (3.5)

Substituting eq. 3.2 in eq. 3.5, the following equation can be obtained for the incident

wavelength:

λ =
h

(2meV )2
. (3.6)

Typical operating voltages in TEM are of the order of 100 kV which yields an electron

wavelength of 0.00370 nm. For these energies, the relativistic mass of the electron must be

considered. Performing the same calculations for a scanning electron microscope (SEM),

where typical voltages are of the order of 10 kV, electron wavelengths of about 0.01 nm

are obtained. In both cases, the obtained wavelength is less than the interatomic distance

in solids.

In addition to a magnification that is almost one million times higher than that for

an optical microscope, an electron microscope offer additional advantages. For example,

the TEM can simultaneously provide information about the real and reciprocal space

because the electron diffraction patterns can be recorded. Moreover, the TEM has two

essential operation modes: diffraction mode and image mode. The information obtained
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in diffraction mode is derived mainly from the elastic scattering of the incident beam by

the specimen [3]. If the scattering centers in the specimen are arrayed in an orderly, regular

manner (as in a crystal), the scattering is coherent and results in spot patterns. On the

other hand, if the specimen is poly-crystalline, ring patterns are expected. The diffraction

pattern in TEM is usually obtained from a specific area of the specimen obtained by

inserting a selecting aperture. In this case, the operation is called selected-area electron

diffraction (SAED). In the image mode there are basically two kind of mechanisms for

the image formation. Diffraction contrast imaging and phase constant imaging. In the

diffraction contrast imaging mode, both non-diffracted or diffracted beam are used to form

the image, while all other beams are removed from the image by using of an objective

aperture. The images can be acquired in brigth field (BF) or dark field (DF). In BF

imaging, only the transmitted beam is allowed to pass the objective aperture to form

images, with mass-thickness contrast. In DF imaging, only diffracted beams are allowed

to pass the aperture to form images. Phase contrast or high resolution imaging HREM

use all of the diffracted and non diffracted beams and add them back together, to form a

phase contrast image. In order to obtaind a HREM image, a large objective aperture is

used. Phases and intensities of diffracted and transmitted beams are combined to form a

phase contrast image.

In SEM a number of signals can be analyzed using various electron beam interactions

with the sample, such as backscattered electrons, secondary electrons, characteristic X-

rays, continuum X-rays, fluorescent X-rays, cathode luminescence, and current in the

sample, among others.

3.3 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy is an analytical technique used for performing

elemental analysis of a sample, which is based on the interaction of X-ray excitations

within a sample. The EDX characterization capabilities are largely due to the fundamental

principle that each element has a unique atomic structure, allowing also only one set

of peaks in the X-ray emission spectrum. Most EDX spectrometers are coupled to an
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electronic microscope and use the high energy electron beam as the X-ray excitation. In

this way, EDX can be used to evaluate the chemical composition of the region of focus in

the microscope.

The X-rays emitted by a sample under electronic excitation as well as the corre-

sponding energy loss by the primary electron beam are characteristics of the chemical

constituents of the sample. The characteristic X-ray spectrum can provide both qualita-

tive and quantitative information about the sample, thus enabling a correlation between

the microstructure and the chemical composition of the sample.

The absorption of X-ray photons by matter is weak, and thus, the emitted photons

originate from a depth range that is essentially determined by the penetration depth of

the high-energy primary electrons. Depending on the material and the primary energy,

the information depth ranges from 0.1–10 µm. The characteristic difference between the

information depth and the volume probed by the different techniques is shown schemat-

ically in Fig. 3.2. Backscattered electrons and X-ray photons originate typically from a

pear-shaped zone below the surface, while the low-energy secondary electrons and Auger

electrons carry information from the small, narrow neck of the “pear.” The shape of

the probed region arises from the elastic and inelastic scattering of high-energy primary

electrons. Moreover, the X-ray probe offers better depth analysis for the investigation of

layered structures.

3.4 Photoelectron spectroscopy

Photoelectron spectroscopy techniques are based on electron emission from the sample

when the sample is stimulated by external radiation. Photoelectron spectroscopy offer

some of the most versatile techniques for characterizing a surface. In this work, both X-

ray photoelectron spectroscopy (XPS) and ultraviolet (UV) photoelectron spectroscopy

(UPS) are considered.
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Figure 3.2: Schematic overview of the pear-shaped volume probed by differ-
ent microprobe signals (electron and X-ray emission) when a primary electron
beam is incident on the solid surface. The Auger electrons originate from a
depth of 5–20 Å, whereas the X-ray information depth is 0.1–10 µm with much
less spatial resolution.

Source: Lüth [4]

3.4.1 X-ray photoelectron spectroscopy

In X-ray photoelectron spectroscopy, X-ray radiation causes the electron ejection

within a sample. Thus, X-rays are used to excite a sample, and electrons are emitted

as a response. The emitted electrons are then collected and recorded with respect to their

kinetic energy, giving rise to a spectrum that reveals important information about the

sample.

The electron emission is due to the photoelectric effect, and an ultra-high vacuum

(10−9 torr) system is required for detecting such electrons. When the experiment is

performed, the incident X-ray beam has a diameter ranging from ∼1–10 mm and a pen-

etration depth of approximately 1 µm. The electrons can be excited in any part of this

volume; however, only electrons from a small volume, which has a diameter ranging from

0.01–1 mm and a depth of only 10 nm, have sufficient energy to be ejected from the

sample and contribute to the XPS signal. Because all the information is obtained from

a maximum depth of ∼10 nm, XPS provides information only from the surface of the

samples. The typical setup for XPS measurements is illustrated in Fig. 3.3.

When a X-ray photon strikes a sample, all of its energy can be absorbed by a single

electron, which leads to its ejection from the sample with a certain kinetic energy. This
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Figure 3.3: Schematic drawing of a typical XPS setup with a photon source (X-rays, UV light,
laser, or synchrotron radiation), a sample, which can be manipulated with different linear and
rotational degrees of freedom, electron optics, an energy dispersive analyzer, and a detector. The
XP spectra (intensity vs. binding energy) are shown for four different metals with the element
specific distribution of their core-level photoemission.

Source: Jacobs [5]

process is known as the photoelectron effect. The kinetic energy for an ejected electron

can be expressed by

KE = hv −BE − φ, (3.7)

where KE is the measured kinetic energy, hv is the incident X-ray photon energy, and

BE is the binding energy, which had to be overcome before the electron could be ejected.

Moreover, φ is the work function of the sample, which can easily be calibrated.

The electron binding energy can be calculated from the kinetic energy. The binding

energy is correlated with the atomic number Z of the material comprising the sample.

Thus, a characteristic value for each material can be obtained. The XPS spectrum is

taken with respect to the binding energy and is not related to the kinetic energy [6].
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Equation 3.7 can be rewritten as follows:

BE = hv −KE − φ. (3.8)

After the electron is ejected, a hole appears in its place, and an electron from an outer

layer can fill the hole. The excess energy, which is due to the difference in energy levels

between the outer electron and the hole, could be released in the form of X-rays in a

phenomena known as X-ray fluorescence. On the other hand, the excess energy could be

transferred to a neighboring electron, which could also be ejected from the sample. If the

neighboring electron is also ejected, this electron is referred to as an Auger electron.

To interpret the results from the XPS spectrum, an energy scale must be defined, and

the energy on this scale is typically measured with respect to the Fermi level. In this way,

the binding energy, which is the energy of interest in an XPS experiment, could be defined

as the difference between the energy at the core level and the Fermi level. Moreover, the

energy for Auger electrons will be related to the difference in energy between electron

energy levels.

The XPS technique is very sensitive to the surface, precisely because the electrons in

this energy range cannot travel long distances in a solid before they are scattered and

lose their characteristic energy. Assuming that the attenuation of electron energy is due

primarily to inelastic scattering and considering the following Beer-Lambert Law:

I = I0 exp

(
− d

λ cos θ

)
, (3.9)

approximately 95% of the signal is obtained from the first 5 nm of the sample surface.

3.4.2 Ultraviolet photoelectron spectroscopy

If the area of interest is restricted only to the electrons in the valence shell, photons

with less energy could be used to analyze the material, such as photons in the ultraviolet

range rather than X-rays. This technique is referred to as photoelectron spectroscopy by

ultraviolet radiation, which is commonly known as UPS. The energy of photons in UPS
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is on the order of 20–40 eV, which is considerably less than that of XPS.

One major feature of UPS allows the determination of the work function and valence

band maximum (VBM) for semiconductors. In general, the UPS spectra consists of two

principal components: (1) primary electrons that did not suffer inelastic collisions, and

(2) secondary electrons, which are primary electrons that have lost varying amounts of

energy. The primary electrons result in distinct spectral features (peaks) that mirror the

density of states (DOS) of the sample (to a first-order approximation), while the secondary

electrons have a roughly continuous energy spectrum down to zero kinetic energy, which

is superimposed with the primary electron spectrum.

From the initial spectrum, the highest kinetic energy can be determined, which corre-

sponds to VBM for an unknown binding energy. The lowest kinetic energy is zero. With

these two values, the ionization energy Eion can be calculated as follows:

EK = hv − Eion. (3.10)

To determine the work function of the semiconductor, the analyzer must be calibrated.

This calibration essentially provides a reference in which the Fermi edge of the analyzer

is on the energy scale. Then, the semiconductor sample can be connected to the analyzer

by mounting it on the sample plate. This immediately equilibrates the semiconductor

Fermi level with that of the analyzer, i.e., the “internal” kinetic energy spectrum of the

semiconductor becomes calibrated. Then, the absolute values for the work function and

the VBM binding energy can be extracted.

3.5 Ultraviolet-visible absorption spectroscopy

The ultraviolet-visible (UV-Vis) spectra can be used to calculate the electronic band

gap of semiconductor thin films. Semiconductor materials exhibit high absorption for

photons with energies greater than the band gap energy, which results in a sharp increase

in absorption at energies close to the band gap.
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The band gap energy of semiconductors can be measured using Tauc’s plot of E with

respect to α2E2 [7, 8], where E the energy in electron-volts and α is the absorption

coefficient. The absorption coefficient can be calculated from the Beer-Lambert Law:

I = I0e
−αt, (3.11)

where I0 is the intensity of incident light, α is the absorption coefficient, and t is the film

thickness. Then, considering

I/I0 = T, (3.12)

where T is the transmittance, it follows from eq. 3.11 that

α =
1

t
ln

(
1

T

)
. (3.13)

From E and α, the Tauc plot can be obtained. Using the positions where the curve crosses

the x-axis, the direct band gap can be estimated.

3.6 Raman spectroscopy

Raman spectroscopy provides information about molecular vibrations that can be

used for sample identification and quantification. In this technique, a monochromatic

light source (i.e., laser) is applied to a sample, and the scattered light is detected. The

majority of the scattered light has the same frequency as the excitation source; this is

known as Rayleigh or elastic scattering. A very small amount of the scattered light (5–

10% of the incident light intensity) is shifted due to interactions between the incident

electromagnetic waves and the vibrational energy levels of the molecules in the sample.

The Raman spectrum for a sample is obtained by plotting the intensity of this “shifted”

light with respect to the frequency. The frequency shift between the emitted photon and

the excited photon indicates the characteristic vibrational modes in the material. There

are two types of Raman shift. If the incident photons transfer energy to the lattice in the

form of phonons, which means that the final vibrational state is more energetic than the
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initial state, the emitted photon possesses a lower energy (frequency) to conserve the total

energy of the system. This process is designated as a Stokes shift. On the other hand,

if the final vibrational state is less energetic than the initial state, the emitted photon

possesses a higher frequency; this process is considered an anti-Stokes shift [9]. Generally,

the Raman spectra are plotted with respect to the laser frequency such that the Rayleigh

band lies at 0 cm−1. On this scale, the band positions will lie at frequencies corresponding

to the energy levels of different functional group vibrations.
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4. ELECTRODEPOSITED ZINC OXIDE THIN FILMS FOR

DYE SENSITIZED SOLAR CELLS

In this chapter, nanostructured ZnO thin films were electrochemically grown on fluorine-

doped tin oxide (FTO) substrates. The morphology was tuned by modifying the synthesis

parameters. The synthesis was performed by applying Zn(NO3)·6H2O as the sole compo-

nent of the aqueous electrolyte without capping agents. The ZnO thin films were charac-

terized by X-ray diffraction (XRD), Raman spectroscopy, energy-dispersive X-ray spec-

troscopy (EDX), X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spec-

troscopy (UPS), ultraviolet-visible (UV-Vis) spectroscopy, scanning electron microscopy

(SEM), and transmission electron microscopy (TEM). The as-deposited films were ap-

plied as electrodes in dye sensitized solar cells (DSSCs). The performance of the cells

was investigated using current density vs. voltage J − V curves and incident photon-

to-charge-carrier efficiency (IPCE) measurements. SEM analysis demonstrated a direct

relation between the ZnO morphology and Zn precursor concentration. Moreover, lower

concentrations resulted in a more porous morphology. Increasing the amount of dye ad-

sorbed on ZnO decreased the power conversion efficiency (PCE) of the final DSSCs. The

best cell presented the following parameters: open circuit voltage Voc = 0.59 V, short cir-

cuit current Jsc = 7.64 mA/cm2, fill factor FF = 50.41%, and power conversion efficiency

PCE = 2.27%.

4.1 Introduction

Recently, ZnO has emerged as promising candidate for applications in excitonic solar

cells (XSCs). Different ZnO nanostructures, such as nanowires, nanotubes, nanobelts,

nanotetrapods, and mesoporous thin films, have been successfully obtained using low-
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cost techniques such as hydrothermal and electrochemical synthesis [1–6]. Though TiO2

is the most commonly used semiconductor oxide for XSC applications, interest in ZnO

XSCs has increased because ZnO has been investigated and successfully applied in this

technology [7–9]. Moreover, ZnO presents unique properties that are very similar to those

of TiO2. In fact, ZnO presents some advantages over TiO2 such as faster charge transport

due to electron mobility and higher conductivity, which is several orders of magnitude

higher than that observed for TiO2 [10, 11].

Among the various synthesis methods developed for producing ZnO nanostructured

thin films, electrodeposition is a very attractive technique due to its low cost, scalability,

and low temperature processing requirements. Direct control of the film morphology is

possible by manipulating the electrodeposition parameters such as the applied current, ap-

plied potential, electrolyte concentration, temperature, and pH [12–15]. Moreover, electro-

chemical deposition of ZnO permits the fabrication of novel nanostructured thin films with

superior advantages such as a larger surface area, improved electron mobility, and more

efficient charge transport [16–20]. Zhu et al. [21] have shown that a nanorod/nanoparticle

composite architecture could improve the performance of TiO2 DSSCs. Furthermore,

different ZnO nanostructures have been successfully applied in DSSCs [22–25].

In this work, ZnO thin films were obtained by electrodeposition under different syn-

thesis parameters. These films were morphologically, compositionally, and structurally

characterized. Photoanodes developed with these films were applied in DSSCs.

4.2 Water-based fabrication of ZnO

The commercialization and maturity of excitonic solar cell technology (organic, hy-

brid, and dye-sensitized solar cells) can only be accomplished by maximizing the device

efficiency and lifetime while minimizing fabrication costs. High-quality ZnO thin films

can be synthesized using water-based fabrication techniques, minimizing cost while re-

taining good device quality. The primary water-based technique utilized in this work is

electrodeposition. Hydrothermal synthesis is also utilized, as discussed in the following

chapter.
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4.2.1 Electrodeposition of ZnO

The approach used for electrodepositing chalcogenides [26, 27] has been extended to

many metallic oxides. In metallic oxide electrodeposition, the simplest deposition reaction

is based on the reduction of an oxygen precursor in presence of dissolved metallic ions [16].

The electrodeposition of ZnO may be accomplished using nitrates or oxygen [12, 28].

The electrodeposition of ZnO nanostructures is generally based on the generation of

OH− ions at the surface of a working electrode by the electrochemical reduction of a

precursor in a Zn2+ solution. To date, three precursors have been used for the hydroxide

formation: O2, H2O2, and NO−3 [9, 23].

The electrochemical reduction of O2 occurs either by a two-electron process or a four-

electron process. As a function of the electrolyte and cathode properties [29], the two-

electron process is described by

O2 + 2H2O + 2e− → H2O2 + 2OH−, (4.1)

while the four-electron process is described by

O2 + 2H2O + 4e− → 4OH−. (4.2)

The generation of hydroxide ions induces an increase of the local pH close to the

cathode. Moreover, Zn2+ and OH− ions react. This reaction leads to the precipitation of

ZnO and to ZnO deposition on the surface of the cathode described by [29]

Zn2+ + 2OH− → ZnO + H2O. (4.3)

For the H2O2 and NO−3 ions, the electroreduction is governed by one of the following

processes [23]:

H2O2 + 2e− → 2OH−, (4.4)

NO−3 + H2O + 2e− → NO−2 + 2OH−, (4.5)
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Zn2+ + 2OH− → Zn(OH)2, (4.6)

Zn(OH)2 → ZnO + H2O. (4.7)

In these reactions, ZnO crystallizes in the Wurtzite structure, and the stacking se-

quences of Zn2+ and O2− along the major c-axis creates a polar crystal. The surfaces

perpendicular to the major axis (the [0002] directions) are composed uniquely of either

Zn2+ or O2− ions and are, therefore, polar. Hence, the electrostatic force will attract neg-

ative ions from the solution onto the positive polar face, which allows anisotropic growth

of the crystal along the c-axis [9, 30].

4.2.2 Practical matters

Electrodeposition is performed in two ways, namely the potentiostatic and galvano-

static methods. In the galvanostatic mode, the deposition is carried out by passing a

constant current between two electrodes immersed in an electrolyte. In this kind of de-

position, the potential of the electrodes is not given much importance and deposition is

standardized at optimum current. In the potentiostatic mode the deposition is carried

out in an electrolytic cell containing an extra reference electrode [31] in addition to the

regular working electrode (cathode) and counter or auxiliary electrode. The deposition is

carried out at a constant potential of the working electrode with respect to the reference

electrode [31]. The potentiostatic method is more precise due to the application of the

exact reduction potential at the working electrode, resulting in high-quality films [32].

4.3 Experimental procedure

4.3.1 Synthesis of nanostructured ZnO thin films

Nanostructured ZnO thin films were fabricated by an electrochemical deposition pro-

cess. The film deposition was performed by applying Zn(NO3)·6H2O as the sole compo-

nent of the aqueous electrolyte and by avoiding the use of a capping agent. A Pt foil
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and FTO-coated glass (SOLEMS R©) with a sheet resistance of 50–70 Ω/� were used as

the counter electrode and working electrode, respectively. The potential was applied with

respect to a Ag(s)/AgCl(s)/Cl−(aq)(Saturated KCl) reference electrode. The potential was

applied by a VersaSTAT 3 R© potentiostat (Princeton Applied Research) that was also used

to record the data.

The experimental set up used for the electrodeposition of ZnO thin films is shown in

Fig. 4.1. Three different concentrations of zinc nitrate were used for the aqueous solution:

12.5 mM, 25 mM, and 50 mM. For all procedures, the temperature was held at 80◦C

through the use of a hot plate, and the applied potential was −1.0 V. The reaction time

ranged from 0.5 h to 2 h. The crystal structure, morphology, and composition of the

as-deposited ZnO nanostructured thin films were characterized by XRD, SEM, and EDX,

respectively.

Figure 4.1: The experimental set up used in this work for the electrodeposition of ZnO elec-
trodes. The working electrode (WE), counter electrode (CE), and reference electrode (RE) were
all connected to the potentiostat.

Source: Own author
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4.3.2 Structural, morphological and electrical characterization of the films

The zinc oxide thin films were structurally characterized by X-ray diffraction and ra-

man spectroscopy. X-ray diffraction analyses between 20 and 80◦ were performed with

a Rigaku Rotaflex RU200 B instrument using CuKα1 radiation. Raman measurements

were performed with a Jobin Yvon T64000 micro-Raman Triple Spectrometer using an

excitation wavelength of 532 nm. The chemical composition of the films was evaluated by

energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy. EDX analy-

sis were performed using the electron beam from the SEM as the X-ray excitation source

with an acceleration voltage of 20 KV. The X-rays were analyzed with an Inca 250 SSD

XMax20 detector, which is Peltier cooled with 20 mm2 active area and 129 eV resolution.

The XPS measurements were performed using equipment from SPECS R© with an energy

analyzer (PHOIBOS R© 150) using Al Kα (1486.6 eV) radiation as the X-ray source. All

spectra were adjusted according to the value of the C 1s peak at (284.8 ± 0.1 eV). The

fitting was performed using the CASA XPS application software. Morphological charac-

terization was carried out by means of scanning and transmission electron microscopy.

The electronic microscopy images for this work were obtained using the following equip-

ment. Scanning electron microscopy (SEM, FEI Quanta 650FEG ESEM) equipped with

an energy dispersive X-ray spectroscopy (EDX) analyzer (Inca 250 SSD XMax20 detec-

tor). Transmission electron microscopy (TEM, 200 kV JEM 2011) equipped with an EDS

detector (Oxford Linca). The band diagrams for the studied thin films were determined

with the help of Uv-Vis spectroscopy and ultraviolet photoelectron spectroscopy measure-

ments. UV-Vis analysis of solutions and thin films was performed with a Shimadzu 1800

spectrophotometer. UPS analyses were obtained using equipment from SPECS with a

PHOIBOS 150 energy analyzer. The UV radiation source was a He lamp (He 1 21.2 eV)

with an experimental resolution of 0.15 eV. The samples were forward biased at 5 V and

10 V to provide sufficient energy for detecting the secondary cut-off electrons.
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4.3.3 Solar cell fabrication and characterization

The as-deposited ZnO thin films were immersed in a 0.5 mM/L ethanolic solution of

N719 dye for 1 h to provide dye loading for ZnO. After dye loading, the working electrodes

were used to assemble DSSCs. The platinized FTO counter electrode was prepared by

electron beam physical vapor deposition (EBPVD) with a Pt layer thickness of 50 nm.

The working and counter electrodes were bonded together with hot-melt sealing foil. A

commercially available liquid iodide-iodine electrolyte, from Solaronix R©, was introduced

through a small hole on the Pt counter electrode through capillary forces by applying

vacuum. Finally, the DSSCs were hermetically sealed with a small piece of glass, which

closed the filing hole. Photoelectrochemical tests were performed by measuring the J−V

characteristic curves under simulated AM 1.5 solar illumination at 100 mW/cm−2 using

the Steuernagel Solarkonstant R© KHS1200 sun simulator. J − V curves were measured

using a Keithley R© 2601 multimeter. IPCE measurements were performed with a quantum

efficiency (QE)/IPCE measurement system from Oriel R© at 10 nm intervals between 300

and 700 nm. The results were not corrected for intensity losses due to light absorption or

due to reflection by the glass support.

4.4 Structural, morphological, compositional, and electrical analysis

In this work, the optimization of the reaction time and the concentration of zinc

nitrate in the aqueous electrolyte received particular attention. Samples 1, 2, and 3 were

deposited from a 50-mM zinc nitrate electrolyte for 0.5 h (sample 1) and 2 h in four steps

of 0.5 h each (samples 2 and 3). Sample 2 was cleaned with deionized water and dried

with nitrogen between two consecutive 0.5 h steps and was left in air between cycles.

Sample 3 was maintained in the electrolyte solution between cycles. For samples 4 and 5,

the total reaction time was 2 h, performed in one single step, with 25-mM and 12.5-mM

zinc nitrate concentration, respectively. Table 4.1 summarizes the deposition conditions

for the preparation of each electrode.
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Table 4.1: Samples and deposition conditions for the electrodeposited ZnO thin films.

Sample Electrolyte Reaction Number Contact
concentration (mM) time (h) of steps with air

1 50 0.5 1 No
2 50 2 4 Yes
3 50 2 4 No
4 25 2 1 No
5 12.5 2 1 No

Source: Own author

4.4.1 X-ray diffraction

Figure 4.2 shows XRD diffractograms for samples 3, 4 and 5. For now on the results will

be mainly focused on the samples 3, 4 and 5 since they were synthesized in electrolytes with

different zinc nitrate concentrations, during the same time, 2h, and without air contact.

The sample 3 electrode (electrolyte concentration of 50 mM) diffractogram reveals the

existence of a single crystalline phase with hexagonal wurtzite structure (CPDS card file

number 36-1451, zincite phase). The maximum intensity for typical ZnO corresponds to

the (1011) diffraction peak. Therefore, the observation of a strong and narrow (0002)

peak suggests that the nanostructure is highly oriented with the c-axis perpendicular

to the plane of the substrate ([0001] direction). The diffractograms of samples 4 and 5

(electrolyte concentrations of 25 mM and 12.5 mM, respectively) also show a preferential

orientation along the (0002) plane but with increasingly lower relative intensity of the

(0002) peak. Moreover, the diffractograms of samples 4 and 5 agree with the presence of

ZnO as described before. Extra peaks at 2θ equal to 26.5◦, 36.3◦ and 56.6◦ correspond to

the FTO substrate.
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Figure 4.2: The XRD diffractograms for the electrodes from samples 3, 4, and 5.

Source: Own author

4.4.2 Raman spectroscopy

The XRD results for samples 3, 4, and 5 suggest the formation of a wurtzite structure

with preferential growth along the c-axis. In Raman spectroscopy, ZnO with a wurtzite

structure is shown by four Raman active modes: A1 + E1 + 2E2 [33]. The characteristic

Raman features for this symmetry are the E2 (low) and E2 (high) phonon modes at

about 99 cm−1 and 437 cm−1, respectively. The low-wavenumber E2 mode predominantly

involves the vibration of the heavy Zn sublattice, while the high-wavenumber E2 mode

is primarily associated with the vibration of the lighter O sublattice. Because of the

strong occurrence of E2 modes in standard backscattering experiments, these modes can

be considered to be a Raman fingerprint for ZnO [34, 35]. On the other hand, both A1 and

E1 modes are infrared active and polar. Thus, these modes are divided into longitudinal-

optical (LO) and transversal-optical (TO) components [36]. The A1(LO) phonon mode

at about 577 cm−1 is allowed in this symmetry, but it occurs with very weak intensity
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in this well-ordered ZnO. The E1(LO) mode, when observed in this configuration, can

be attributed to interband Fröhlich interaction in nonideal ZnO. Finally, an additional

feature occurs at about 332 cm−1, which could be attributed to the E2 (high)−E2 (low)

difference mode based on its behavior and frequency position.

Figure 4.3 shows the Raman spectra for samples 3, 4, and 5, using a green (532 nm)

exciting source. In all samples, the presence of clear peaks at 99 cm−1 and 437 cm−1,

which are ascribed as E2 (low) and E2 (high) vibrational modes, respectively, confirms

the formation of wurtzite-structured ZnO along the c-axis. Sample 3 presents only these

fingerprint peaks for wurtzite ZnO; the A1(LO) phonon mode at about 577 cm−1, which

is correlated to VO and/or Zni defects [37], is not observed, indicating good crystalline

quality. In addition to the E2 peaks in sample 4, a very weak peak at 380 cm−1 is observed,

which is due to the A1(TO) vibrational mode. In addition to the E2 peaks, sample 5

presents both LO and TO components for the A1 vibrational mode. The occurrence of

the A1(TO) mode at about 378 cm−1 and the rather strong A1(LO) mode at about 577

cm−1 indicate reduced structural quality in these regions. Moreover, the spectrum from

sample 5 also presents broad peaks centered around 220 cm−1 and 530 cm−1, which can

be related to structural defects, along with a visible peak at 332 cm−1, which is ascribed

to E2 (high) − E2 (low).

The Raman spectroscopy results are in good agreement with the XRD results. Sample

3 possesses a stronger c-orientation, while samples 4 and 5 present additional features in

addition to the strong c-orientation. The Raman spectra suggest that the sample 5 thin

film contains more defects, while the XRD results suggest that sample 5 was grown in a

more dispersed way than samples 3 and 4.
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Figure 4.3: Raman spectra for as-prepared ZnO thin films in samples 3, 4, and 5.

Source: Own author

4.4.3 Electron microscopy

The influence of the deposition reaction time and contact with air on film morphology

was studied. Films grown from 50-mM zinc nitrate electrolyte (samples 1, 2, and 3) were

used in this study. Figure 4.4(a) shows the SEM micrograph (top view) of sample 1, which

presents a very dense array of vertically aligned nanorods. In the higher magnification

view shown in Fig. 4.4(b), a different microstructure was formed in the region between the

nanorods. The deposition of vertically aligned nanorods confirms the XRD results because

the ZnO was crystallized in the wurtzite crystal structure, which presents with hexagonal

symmetry and consists of tetrahedrally coordinated Zn and O atoms in alternating layers

along the c-axis. These layers are uniquely composed of either Zn2+ or O2− ions and are,

therefore, polar [9]. The polar (0001) plane has a higher surface energy and leads to fast

crystal growth along the [0001] direction, resulting in the formation of one-dimensional

ZnO nanostructures [30].
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Figure 4.4: The SEM micrographs of electrodes from (a) sample 1 (top view), (b) sample 1
(top view) with a higher magnification, (c) sample 2 (top view), (d) sample 3 (top view), (e)
sample 2 (cross-sectional view), and (f) sample 3 (cross-sectional view).

Source: Own author
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Although the internal structure of ZnO favors anisotropic growth along the [0001] di-

rection, the surrounding conditions during the electrodeposition process may affect the

ZnO growth [38], which could explain the different morphology observed between the

nanorods. Moreover, this growth mechanism could also be responsible for the coales-

cence between adjacent nanorods observed in the microstrucure of sample 2, as shown

in Fig. 4.4(c). Moreover, the growth of a porous nanostructure is observed between the

nanorods of sample 3 (Fig. 4.4(d)). According to Ludwig et al. [39], there is a strong

correlation between the amount of electrochemically deposited ZnO and the morphology

of the thin film. The total amount of electrochemically deposited ZnO can be estimated

from the total charge deposited per area (integrated from the monitored current density

with respect to time). In this study, the average current density for all deposited films

was 1.3 mA/cm2. This high current density probably led to the fast growth rate of the

ZnO nuclei as well as the growth of ZnO along the other directions. As a result, different

nanostructures were formed and coalesced between the nanorods.

Figure 4.4(e) shows the cross-sectional micrograph for sample 2. The effect of air

contact between consecutive deposition steps is observed by discontinued layers that cor-

respond to each of the four 0.5-h steps. Sample 3 was also grown in four deposition cycles,

but the sample remained inside the electrolyte (no air contact) between consecutive steps.

Thus, the sample does not contain discontinued layers, as shown in Fig. 4.4(f).

The influence of the zinc precursor concentration on the morphology of the films

was also investigated. In this study, samples 4 and 5 were grown from 25 mM and

12.5 mM electrolyte solutions, respectively, in a single step of 2 h without changing any

other parameters. The high-density current during the electrochemical reaction together

with low concentrations of the zinc precursor in the aqueous electrolyte led to the novel

nanostructures shown in Fig. 4.5. Figures 4.5(a) and 4.5(b) show top view images of the

electrodes grown from 25 mM and 12.5 mM electrolyte solutions, respectively. In these

images, porous films are observed rather than the vertically aligned nanorods found in

samples grown from 50 mM electrolytes. The cross-sectional views of these same films,

shown in Figs. 4.5(c) and 4.5(d), do not show vertically aligned structures, suggesting that
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the films were not grown along the c-axis. This result is agrees with the XRD results,

which showed a lower relative intensity of the (0002) peaks for these samples, as well as

with the Raman spectroscopy results, which showed a more complex structure for sample

5. In fact, the high-resolution SEM images of sample 5 (12.5 mM) show the formation of

a mesoporous nanostructure (see Fig. 4.6).

Figure 4.5: The SEM micrographs of electrodes from (a) sample 4 (top view), (b) sample 5
(top view), (c) sample 4 (cross-sectional view), and (d) sample 5 (cross-sectional view).

Source: Own author
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Figure 4.6: High-resolution SEM micrographs of the sample 5 electrode: (a) top view, and (b)
cross-sectional view.

Source: Own author

The TEM images together with the selected-area electron diffraction (SAED) pattern

confirm the crystallinity of the samples. Figure 4.7 shows a high-resolution TEM image

for sample 5, where the crystallographic planes are clearly observed. The presence of the

planes confirms the crystallinity of the sample, and the measured distance of 0.26 nm

corresponds to the (0002) direction. The inset shows a representative SAED pattern

for this sample. According to this pattern, additional planes contribute to the electron

diffraction, such as (202̄0), (0004), and (202̄2).
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Figure 4.7: The high-resolution TEM image for sample 5. The inset shows the SAED pattern
for an specific area of the sample.

Source: Own author

4.4.4 Energy dispersive X-ray spectroscopy

According to Table 4.2, which shows the EDX results of films deposited with and

without air contact (samples 2 and 3, respectively), air contact evidently influences the

film composition as well as the microstructure. Films grown with air contact between

deposition steps show an excess of oxygen content with respect to zinc, while films grown

without air contact show stoichiometric ZnO composition. The excess oxygen can be ex-

plained by the reaction of the ZnO surface with oxygen from the air, forming an insulating

layer of zinc hydroxide (ZnOH). The X-rays forming the EDX spectrum comes from the

bulk of the films. As shown in sample 3, only the surface of the film was in contact with
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air, and the EDX spectra does not show excess oxygen. Sample 2 was in contact with air

three times before the film deposition was complete, and the EDX data for this sample

shows an excess of oxygen, which suggests the formation of ZnOH thin layer.

Table 4.2: EDX results for the composition of ZnO electrodes formed from samples 2 and 3.

Sample O %at. Zn %at. Ratio O:Zn

with air contact 56.07 43.93 1.28
without air contact 50.37 49.63 1.01

Source: Own author

4.4.5 X-ray photoelectron spectroscopy

The XPS technique also allows the quantification of elements in a material. In contrast

with the bulk sensitivity of EDX, this technique is surface sensitive. The XPS spectrum

for sample 5, which was electrodeposited for 2 h without air contact, is shown in Fig. 4.8,

and C, Zn, and O were observed on the surface of the thin film. The quantification

analyses for the surface reveal an excess of oxygen at the surface and are summarized in

Table 4.3. The ratio of O:Zn at the surface of the film is approximately 3:1, which is far

from that expected by the stoichiometry.

The XPS is a very powerful technique that can provide information about the chem-

ical states of the compositional elements. The Zn 2p core-level XPS spectrum for ZnO

(Fig. 4.9(a)) shows doublet spectral lines at the binding energies around 1022 eV (Zn 2p

3/2) and around 1045 eV (Zn 2p 1/2) with a spin-orbit splitting of 23 eV, which coincides

with the results for Zn2+ in ZnO. The O 1s core-level XPS spectrum for the thin film is

shown in Fig. 4.9(b). The O 1s core-level analysis may also provide information about

the existence of H, because H in ZnO tends to strongly bond with oxygen atoms [40]. To

calibrate the photo-electron binding energy, the C 1s peak for C–C bonds was assigned

to 284.8 eV. The O 1s spectra can be de-convoluted into three different peaks [41–44]:
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Figure 4.8: An overview of the XPS results for electrodeposited ZnO thin films.
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(i) a peak at a lower binding energy (LP), centered at 530.2 eV, was assigned to the O

1s core level (O2−) in the ZnO wurtzite structure surrounded by Zn atoms with their

full complement of nearest neighbour oxygen ions [45], (ii) a middle binding energy peak

(MP) around 531.7 eV is associated with hydroxidic oxygen [46], and (iii) high binding

energy peak (HP), centered at 532.4 eV, corresponds to weakly adsorbed surface species,

which are usually ascribed to nonstoichiometric near-surface oxygen, oxygen atoms in

carbonate ions on the surface of ZnO, surface hydroxylation, adsorbed H2O, or adsorbed

O2. Considering only the oxygen bonded to Zn in wurtzite structure ZnO, the quan-

tification becomes closer to the stoichiometry, but an oxygen deficiency can be observed

(Table 4.3). This oxygen deficiency suggests the presence of oxygen vacancies, which can

cause changes in the ZnO energy levels.
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Table 4.3: XPS results for the composition of the sample 5 ZnO electrodes.

Analysis O %at. Zn %at. ratio O:Zn

Regions 74.30 25.70 2.89
Components 45.63 54.37 0.84

Source: Own author

Figure 4.9: high-resolution XPS spectra for (a) Zn 2p and (b) O 1s.
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4.4.6 Band diagram

The band alignment of ZnO with the dye, electrolyte, and FTO has a cruicial impor-

tance for the functionality of ZnO-based DSSCs. From the UPS spectrum, the ionization

energy can be calculated by [47]:

IP = hv − ESEC + EV BE (4.8)

where IP is the ionization energy, which is defined as the distance from the valence band

maximum (VBM) and the vacuum level, ESEC is the secondary electron cutoff energy,

and EV BE is the valence band edge energy. Figure 4.10 shows the valence band UPS

spectrum for sample 5.

Figure 4.10: Valence band UPS spectrum for sample 5.
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The values of ESEC and EV BE can be directly obtained from the valence band UPS

spectrum as illustrated in Fig. 4.11. With these values and eq. 4.8, IP can be determined.

For this sample, the value of ESEC is 17.5 eV, and the value of the EV BE is 3.0 eV. Hence,

the calculated value of IP is 6.7 eV.

Figure 4.11: Details of valence band edge and secondary electron cutoff obtained for an
electrodeposited ZnO thin film, sample 5.
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Another important feature for the construction of the band alignment diagram is the

optical bandgap, which can be estimated using Tauc’s plot. Figure 4.12 shows Tauc’s

plot for sample 5. According to Fig. 4.12, the optical bandgap (Eg) for sample 5 is 3.1

eV. The difference between the nominal bandgap Eg = 3.37 eV at 300 K for ZnO [48–50]

and the Eopt
g value given by Fig. 4.12 indicates the presence of optically active defects

in this sample. This means that the corresponding defects are characterized within the

bandgap by this energetic amount from either the valence or conduction band. The true

nature of these defects still needs to be determined, but these defects may depend on

the method of crystal growth. For sample 5, the difference Eg − Eopt
g is around 0.27 eV,

which agrees with the expected value for defective ZnO. A larger Eg − Eopt
g difference of

0.85 eV has already been reported [51, 52]. The difference observed in sample 5 could be

attributed to oxygen vacancies, which create an energy level within the bandgap close to

the conduction band minimum, narrowing the bandgap [53–55].

Figure 4.12: Tauc’s plot: calculation of bandgap of electrodeposited ZnO thin films, sample 5.
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Once IP , V BE, and Eg have been determined, the value for the work function arises

naturally as Φ = 3.7. This value for the work function agrees with the value previously

reported from Schlesinger et al. [56]. With this data, the energy band diagram for sample

5 can be obtained, as shown in Fig. 4.13. In summary, the valence band edge is shifted

by 3.0 eV with respect to the Fermi level. The optical bad gap was determined to be 3.1

eV, and consequently, the conduction band edge is shifted by 0.1 eV with respect to the

Fermi level. The work function Φ for this thin film is 3.7 eV, and the ionization energy is

6.7 eV.

Figure 4.13: Band diagram for sample 5.

Source: Own author

Finally, in Fig. 4.14, the band diagram alignment of the electrochemically deposited

ZnO working electrode (sample 5) is shown with other DSSC constituents, including the
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Ru-based, N719 dye, the regenerate electrolyte I−/I−3 , the FTO substrate, and the counter

electrode, which is composed by a conductive glass activated with a platinum catalyst.

Figure 4.14: Band alignment for a DSSC using sample 5 as the working electrode.

Source: Own author

4.5 Photovoltaic performance

The electrodes described above were used without any further treatment as photoan-

odes in DSSCs. The solar cells were tested under simulated AM 1.5 solar illumination at

100 mW/cm2. Figure 4.15 shows the J − V curves and IPCE spectra for the best cell of

each set, while Table 4.4 shows the photovoltaic parameters for those cells. All DSSCs

presented Jsc greater than 2.89 mA/cm2, Voc greater than 0.59 V, fill factor FF greater

than 46.58%, and power conversion efficiency PCE greater than 0.97%. These values are

in good agreement with those recently reported for ZnO thin films deposited in similar

way without any post-deposition treatment [57, 58].
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Figure 4.15: J − V curves and IPCE spectra for DSSCs assembled with five samples of
electrodeposited ZnO thin films.
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The Voc values are approximately the same for all cells. Because Voc for DSSCs is

defined as the difference between the redox potential of the mediator and the Fermi level

of the nanocrystalline film [59], the Fermi level energies of all thin films are approximately

the same. The Jsc values tend to increase with decreasing electrolyte concentration.

According to the SEM and XRD results, the decrease in the electrolyte concentration

leads to more porous films, which is desirable for the best photovoltaic performance. In

fact, the solar cell constructed from sample 5 (12.5 mM), which presented a mesoporous

nanostructure, showed the maximum Jsc value. Moreover, considering the absence of

post-deposition treatments, a remarkably high PCE value of 2.27% was obtained for this

cell. The improved Jsc value can be attributed to the mesoporous structure of the thin

film, which allows the absorption of larger amount of dye in monolayers on the ZnO

nanostructure. This dye absorption allows for a higher generation of photoelectrons and

consequently higher Jsc. The series and shunt resistance were determined from the slopes

of the J − V curves.
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Table 4.4: Photovoltaic parameters for DSSCs assembled with the five ZnO samples.

Sample Jsc (mA/cm2) Voc (V) FF (%) PCE (%) RS (kΩ · cm2) RSh (kΩ · cm2)

1 2.89 0.60 55.60 0.97 2.25 1.80
2 4.72 0.61 51.95 1.50 0.83 1.06
3 5.55 0.63 50.99 1.79 1.92 1.37
4 5.17 0.61 46.58 1.46 20.00 1.02
5 7.64 0.59 50.41 2.27 0.69 0.84

Source: Own author

The amount of dye adsorbed on the oxide was measured by the dye desorption method,

which consists of the separation of the two electrodes, followed by the immersion of the

ZnO-dye electrode in an aqueous basic solution of 0.1-mM KOH. The dye desorption oc-

curred in 1 h, with the solution turning pink due to the presence of the N719 dye. At the

same time, the ZnO electrode became colorless in a similar process to that observed by

Neale et al. [60]. The quantity of dye adsorbed on the ZnO electrode was determined by

UV-Vis analysis of the desorbed dye solution using the Lambert-Beer law. The results

were corrected by the active area of the DSSCs. The relation between the amount of

adsorbed dye and the efficiency for the electrodes grown using the 50-mM zinc nitrate

solution is shown in Fig. 4.16. A higher power conversion efficiency was observed for the

samples that adsorbed the lowest amount of dye. This result can be explained by dye

precipitation on the ZnO nanostructure. According to Keis et al. [61], dye precipitation

can occur in the ZnO nanostructure and, as in this case, some dissolution of ZnO could

occur due to the acidic carboxylic groups. The resulting Zn2+ ions form insoluble com-

plexes with the N719 dye, causing precipitation of these complexes in the pores of the

film, which gives rise to a filter effect (inactive dye molecules) [62].
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Figure 4.16: Dye desorption study for DSSCs assembled with electrochemically deposited ZnO.

Source: Own author

All of the cells assembled with the electrodeposited ZnO working electrodes present

a striking feature: the photovoltaic parameters improve with aging under ambient condi-

tions. Figure 4.17 shows this improvement from changes in the J − V curves and IPCE

spectra for sample 2, where this effect was more pronounced. From the J − V curves in

Fig. 4.17(a), Jsc increases by almost 45%, while Voc increases by about 24%. The increase

in Jsc agrees with the increase of the peak in the IPCE spectrum in the region where the

dye is adsorbed, as shown in Fig. 4.17(b). The PCE improvement for this sample was

greater than 200%.

The SEM images for sample 2 show that this sample is very compact, making the

electrolyte diffusion inside its structure more difficult. The amount of dye adsorbed for

the working electrode in this device was higher than that of other devices, which enabled

its improved photovoltaic performance. Thus, the dye probably precipitates at the ZnO

surface, which is not desired, and thus does not form a monolayer at the ZnO electrode

surface. The massive improvement in the performance of the cell could be attributed to

the diffusion of the regenerating electrolyte into the ZnO structure.
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Figure 4.17: J−V curves and IPCE spectra for the cell that presents a significant improvement
in performance after aging under ambient conditions.

a) J − V curves b) IPCE spectra

Source: Own author

The redox couple is a key component of DSSCs that can affect the performance of

solar cells in many ways. The reduced part of the couple regenerates the photon-oxidized

dye. The previously oxidized species diffuses to the counter electrode, where it is reduced.

The photovoltage of the device depends on the redox couple because it determines the

electrochemical potential at the counter electrode. The redox couple also affects the elec-

trochemical potential of the ZnO electrode through the recombination kinetics between

the electrons in ZnO and the oxidized redox species [63]. The slow diffusion of the elec-

trolyte into the ZnO structure can gradually improve the photovoltaics parameters by

enabling the more effective regeneration of the dye. This process could tune the energy

levels for better alignment and may dissolve some of the precipitated dye from the ZnO

surface.

Figure 4.18 shows the evolution of the photovoltaic parameters over time for sample 2.

In fact, all parameters increase with time, but it is clear that the primary factor leading

to the improved PCE is the increase in the short circuit current. As discussed above,

the reason for this improvement is likely the slow diffusion of the redox mediator into the

ZnO working electrode.



112

Figure 4.18: Time evolution of the photovoltaic parameters under ambient conditions for a
DSSC assembled with sample 2 electrodes.

Source: Own author
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4.6 Conclusions

In this work, ZnO thin films were synthesized using a low cost, electrodeposition tech-

nique. The resulting films were used without any post-deposition treatment to assemble

DSSCs. All of the assembled photoelectrodes were successfully used in DSSCs. The mor-

phological, structural, and electrical characterization of the samples revealed that the best

performance could be obtained with more porous electrodes. Moreover, the amount of

adsorbed dye revealed that a large amount of adsorbed dye decreased the PCE, which was

probably due to the precipitation of the dye on the porous thin film. After aging under

ambient conditions, the PCE of the devices could be improved. A remarkably high PCE

of 2.27% was obtained using the cell with a mesoporous nanostructure. For this device,

the photovoltaic parameters were Voc = 0.59 V, Jsc = 7.64 mA/cm2, FF = 50.41%, and

PCE = 2.27%.
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5. HYDROTHERMALLY SYNTHESIZED ZINC OXIDE

THIN FILMS FOR DYE SENSITIZED SOLAR CELLS

In this chapter, ZnO nanorods (NRs) were hydrothermally synthesized and inves-

tigated for use in dye-sensitized solar cells (DSSCs). The results obtained with these

nanorods were compared with the results obtained with the electrodeposited mesoporous

ZnO thin films presented in the previous chapter. The NRs were grown on two different

fluorine-doped tin oxide (FTO) substrates with different sheet resistances. The influence

of the amount of dye adsorbed by ZnO on the solar cell performance was also evalu-

ated. The results reveal that the DSSCs fabricated with more conductive FTO present

higher power conversion efficiency (PCE), mainly due to the higher short-circuit current

Jsc, which can be attributed to the lower series resistance as a consequence of the lower

sheet resistance. Moreover, the PCE efficiency is inversely proportional to the dye loading

time. The best solar cell assembled with an electrodeposited ZnO working electrode is

9% more efficient than the best device assembled with hydrothermally synthesized ZnO

working electrodes. This difference in performance is primarily due to the difference in

Jsc, which can be attributed to the lower dye precipitation on the solar cell assembled

with the electrodeposited ZnO working electrode.

5.1 Introduction

Different ZnO nanostructures can be prepared, such as simple nanoparticles, nanorods,

nanobelts, branched nanorods, nanowires, ultra-narrow nanobelts, hierarchical nanos-

tructures, nanocombs, nanosprings, nanospirals, seamless nanorings, core–shell nanos-

tructures, nanocages, and nanoflowers, among many others [1–4]. These nanostructures

have been widely used in excitonic solar cells (XSCs), including dye-sensitized solar cells
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(DSSCs) [5, 6], quantum dot solar cells [7], organic solar cells (OSCs) [8–10], and Per-

ovskite solar cells [11, 12]. In DSSCs, one possible way to obtain faster electron transport

replaces the nanoparticle electrode with vertically-aligned nanostructures, which, in turn,

improves solar cell efficiency. Moreover, solid hole conductors with slower kinetics require

the application of faster electron transport materials such as vertically-aligned nanostruc-

tures. The use of vertically aligned ZnO NRs in DSSCs has some drawbacks. The main

problem in the use of NRs is their low surface area; an electrode formed with nanorods

between 20 and 25 µm has only one-fifth of the surface area of a similar electrode made of

nanoparticles. Moreover, the low surface area seems to explain why the reported power

conversion efficiencies for bare, vertically aligned ZnO nanorods have not been higher than

2.5%, even when NRs with lengths up to 40 µm are considered [13]. In this work, thin

films composed with ZnO nanorods were applied as working electrodes in DSSCs, and

the results from ZnO thin films obtained by hydrothermal synthesis and electrochemical

deposition are compared.

5.2 Hydrothermal synthesis of ZnO

Hydrothermal synthesis, which is also known as chemical bath deposition (CBD),

is a low-cost aqueous technique. Though hydrothermal synthesis can be performed at

temperatures between 100–1000◦C and under pressures between 1 MPa–1000 MPa in a

sealed autoclave reactor [14, 15], there are advantages to performing ZnO synthesis at low

temperatures (< 100◦C) in an aqueous solution under atmospheric pressure, as shown by

the large number of studies using such low-cost conditions [13, 16–19]. Figure 5.1 shows

the formation of ZnO nanorods on indium-tin-oxide (ITO) substrates from an initial layer

of ZnO nanoparticles (NPs).

The hydrothermal technique consists of ZnO formation from the hydrolysis of Zn2+

salts in a basic aqueous solution. The basic media is essential for forming ZnO nanos-

tructures, and either strong or weak alkalis can be used. The most commonly used base

is hexamethylenetetramine (HMT, C6H12N4), which acts as pH buffer, controlling the pH

value at 6–7 for slowly supplying OH− anions to the synthesis, according to [16, 17, 21–23]:
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Figure 5.1: Schematic representation of the growth of ZnO nanorods on ITO substrates using
hydrothermal synthesis from an initial layer of ZnO nanoparticles.

Source: Gonzalez-Valls [20].

(CH2)6N4 → 6HCHO + 4NH3 (5.1)

NH3 + H2O↔ NH+
4 + OH− (5.2)

Other bases applied in hydrothermal synthesis include NaOH, KOH, and NH4+. When

the concentration of Zn2+ and OH− exceeds a critical value, the precipitation of ZnO starts

when the solution is heated:

Zn2+ + 2OH− → Zn(OH)2 (5.3)

Zn(OH)2 → ZnO + H2O (5.4)

Then, the obtained ZnO in the solution begins nucleation on the substrate surface, which

is positioned upside down in the solution, with ZnO NPs. The ZnO NPs act as seeds for

the nucleation of ZnO NRs.

The dimensions and quality of the final ZnO NRs depend on the hydrothermal syn-

thesis conditions, such as the zinc concentration in solution, growth time, and growth

temperature. Furthermore, the reaction solution should be changed after certain time to

renew the precursor materials.
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5.3 Experimental procedure

5.3.1 Synthesis of ZnO nanorod thin films

The vertically aligned ZnO NRs were deposited on FTO substrates. For the nanorod

synthesis, the transparent conductive oxide (TCO) substrates were first washed with

deionized water and soap, rinsed with deionized water (two times) and ethanol, dried

under N2 flux, and cleaned for 20 min in an ultraviolet-surface decontamination system

(Novascan R©, PSDUV) connected to an O2 gas source before use. A ZnO buffer layer of

about 80–100 nm was prepared by spin coating a sol-gel layer of ZnO on top of the TCO

substrate. The ZnO sol-gel was prepared using the method reported by Lira-Cantu and

Krebs [24], Aslan et al. [25]. Briefly, 2.0 g of zinc acetate and 1.07 g of diethanol amine

(DEA) were dissolved in 10 mL of isopropanol and heated at 60◦C for about 10 min until

total dissolution. Then, the solution was diluted with ethanol (1:1) and filtered through

a filter with 0.45-µm pores (Albet R©). Once the ZnO sol-gel was applied by spin coating,

the substrates were annealed at 450◦C for 2 h (heating rate of 3◦C·min−1). Annealing

allows for the formation of a dense ZnO thin film, which can be used as buffer layer to

enable better contact between the TCO and ZnO NRs.

A layer of ZnO NPs, which were used as seeds for the growth of ZnO NRs, was spin-

coated on top of the ZnO buffer layer. The ZnO nanoparticles were prepared following

the method described by Pacholski et al. [26]. Specifically, a solution of 0.03-M KOH in

methanol was added dropwise in a refluxing mixture of 0.01-M zinc acetate dehydrate in

methanol at 65◦C. After 2 h of reflux, the solution was allowed to cool down. Because

the suspension of ZnO nanoparticles is known to degrade (agglomerate) with time [27],

a freshly prepared suspension was always used. The NP suspension was spin coated on

the FTO/ZnO dense layer three times at a speed of 1000 rpm [28]. The substrates were

thermally treated at 150◦C for 10 min between each deposition.

To grow the ZnO NRs, the substrates were placed face-down in an equimolar aque-

ous solution of 25-mM zinc nitrate hexahydrate and HMT [16, 17, 29] at 96◦C for 12 h,

changing the solution after 6 h. Because thermal treatment of the as-synthesized elec-

trodes is known to improve the power conversion efficiency, the samples were dried in



125

air and sintered at 450◦C for 30 min in air before DSSC fabrication. In this work, two

FTO substrates, which had differing sheet resistances, were used for the ZnO working

electrodes. For the first set of solar cells, the FTO substrate had a sheet resistance in the

range of 50–70 Ω/�. For the second set of solar cells, the sheet resistance was between

10–15 Ω/�. The experimental set up used for growing the ZnO NR thin films is depicted

in Fig. 5.2

Figure 5.2: Experimental set up used for the hydrothermal synthesis of
ZnO nanorod thin films on FTO substrates.

Source: Own author.

5.3.2 Structural, morphological and electrical characterization of the films

The zinc oxide thin films were structurally characterized by X-ray diffraction and ra-

man spectroscopy. X-ray diffraction analyses between 20 and 80◦ were performed with

a Rigaku Rotaflex RU200 B instrument using CuKα1 radiation. Raman measurements

were performed with a Jobin Yvon T64000 micro-Raman Triple Spectrometer using an

excitation wavelength of 532 nm. The chemical composition of the films was evaluated by

energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy. EDX analy-

sis were performed using the electron beam from the SEM as the X-ray excitation source

with an acceleration voltage of 20 KV. The X-rays were analyzed with an Inca 250 SSD
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XMax20 detector, which is Peltier cooled with 20 mm2 active area and 129 eV resolution.

The XPS measurements were performed using equipment from SPECS R© with an energy

analyzer (PHOIBOS R© 150) using Al Kα (1486.6 eV) radiation as the X-ray source. All

spectra were adjusted according to the value of the C 1s peak at (284.8 ± 0.1 eV). The

fitting was performed using the CASA XPS application software. Morphological charac-

terization was carried out by means of scanning and transmission electron microscopy.

The electronic microscopy images for this work were obtained using the following equip-

ment. Scanning electron microscopy (SEM, FEI Quanta 650FEG ESEM) equipped with

an energy dispersive X-ray spectroscopy (EDX) analyzer (Inca 250 SSD XMax20 detec-

tor). Transmission electron microscopy (TEM, 200 kV JEM 2011) equipped with an EDS

detector (Oxford Linca). The band diagrams for the studied thin films were determined

with the help of Uv-Vis spectroscopy and ultraviolet photoelectron spectroscopy measure-

ments. UV-Vis analysis of solutions and thin films was performed with a Shimadzu 1800

spectrophotometer. UPS analyses were obtained using equipment from SPECS with a

PHOIBOS 150 energy analyzer. The UV radiation source was a He lamp (He 1 21.2 eV)

with an experimental resolution of 0.15 eV. The samples were forward biased at 5 V and

10 V to provide sufficient energy for detecting the secondary cut-off electrons.

5.3.3 Solar cell fabrication and characterization

The ZnO thin films were immersed in a 0.5-mM/L ethanolic solution of N719 dye for

different times to provide dye loading of the ZnO. After dye loading, the working elec-

trodes were used to assemble DSSCs. The platinized FTO counter electrode was prepared

by electron beam physical vapor deposition (EBPVD) with a Pt layer thickness of 50 nm.

The working and counter electrodes were bonded together with hot-melt sealing foil. A

commercially available liquid iodide-iodine electrolyte was introduced through a small

hole on the Pt counter-electrode through capillary forces by applying vacuum. Finally,

the DSSCs were hermetically sealed with a small piece of glass, which closed the filling

hole. Photoelectrochemical tests were performed by measuring the J − V characteris-

tic curves under simulated AM 1.5 solar illumination at 100 mW/cm−2 from a Steuer-
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nagel Solarkonstant R© KHS1200 sun simulator. The J − V curves were measured using

a Keithley R© 2601 multimeter. The incident photon-to-charge-carrier efficiency (IPCE)

measurements were performed with a quantum efficiency (QE)/IPCE measurement sys-

tem (Oriel R©) at 10 nm intervals between 300 and 700 nm. The results were not corrected

for intensity losses due to light absorption or due to reflection by the glass support.

5.4 Structural, morphological, compositional, and electrical analysis

The ZnO nanorods were characterized by X-ray diffraction (XRD), Raman spec-

troscopy, transmission electron microscopy (TEM), scanning electron microscopy (SEM),

X-Ray photoelectron spectroscopy (XPS), ultraviolet (UV) photoelectron spectroscopy

(UPS), and UV-Vis spectroscopy. The obtained results were compared with the results

obtained for electrochemically deposited mesoporous ZnO thin films.

5.4.1 X-ray diffraction

Figure 5.3 shows XRD diffractograms for a typical sample, which reveals the existence

of a single crystalline phase with a hexagonal wurtzite structure (CPDS card file num-

ber 36-1451, zincite phase). The maximum intensity for typical ZnO corresponds to the

(1011) diffraction peak. Therefore, the observed strong and narrow (0002) peak suggests

vertically aligned nanorods that are highly oriented along the c-axis, which is perpendic-

ular to the plane of the substrate ([0001] direction). Extra peaks at 2θ equal to 26.5◦,

36.3◦, and 56.6◦ correspond to the FTO substrate.

Figure 5.4 shows a comparison between ZnO electrodes obtained by hydrothermal syn-

thesis and electrochemical deposition. Although both films present a preferential growth

direction along the c-axis, the film growth by electrodeposition presents intense peaks

along the c-axis as well as peaks in directions that are not present in the hydrothermally

synthesized ZnO thin film. In fact, the electrodeposited thin film presents a mesoporous

structure growing along several directions.

Additionally, the intensity of the peaks for electrochemically deposited thin films are

generally high, suggesting that there is more material contributing to the diffraction of
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X-rays, which roughly indicates a larger potential surface area for the electrodeposited

ZnO thin film.

Figure 5.3: XRD diffractograms for hydrothermally synthesized ZnO thin films.
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5.4.2 Raman spectroscopy

According to Fig. 5.5, the Raman spectrum for a sample of the hydrothermally synthe-

sized ZnO presents characteristic features for wurtzite-structured ZnO, such as E2 (low)

and E2 (high) phonon modes at about 99 cm−1 and 437 cm−1, respectively. As previously

mentioned, the low-wavenumber E2 mode predominantly involves the vibration of the

heavy Zn sublattice, while the high-wavenumber E2 mode is primarily associated with

the vibration of the lighter O sublattice. The absence of both A1 transversal-optical (TO)

and A1 longitudinal-optical (LO) modes could be an indication of the good crystalline

quality of the film.
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Figure 5.4: Comparison of XRD results for hydrothermally synthesized and electro-
chemically deposited ZnO thin films.
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Figure 5.6 shows a comparison of the Raman spectra for a hydrothermally synthe-

sized ZnO thin film and an electrochemically deposited thin film. Both spectra show the

fingerprint for wurtzite-structure ZnO aligned with the c-axis [30, 31]. The electrode-

posited sample spectrum shows a collection of different peaks assigned to the wurtzite

structure as well as peaks indicating the presence of defects. Specifically, both LO and

TO components for the A1 vibrational mode were observed around 220 cm−1 and 530

cm−1, respectively, which could be related to structural defects. In addition, a visible

peak was observed at 332 cm−1, which is ascribed to E2 (high) −E2 (low). On the other

hand, in the hydrothermally synthesized ZnO spectrum, only peaks due to the wurtzite

structure were observed.
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Figure 5.5: Raman spectrum for hydrothermally synthesized ZnO thin films.
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Figure 5.6: Raman spectra comparions for hydrothermally synthesized and
electrochemically deposited ZnO thin films.
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5.4.3 Electron microscopy

Figure 5.7(a) shows a cross-sectional SEM image for ZnO NRs grown in 12 h, while the

inset shows a top view for the same electrode. From these images, the average NR length

is around 3.2 µm, while the NR diameters were found to be around 40 nm, even though

some NRs presented larger diameters. The larger diameter NRs can be attributed to the

coalescence between two or more NRs over time. Figure 5.7(b) shows the electrodeposited

ZnO thin film, which has a film thickness of around 12 µm. The inset shows the top

view of the same electrode, where it is possible to observe the mesoporous nature of the

electrodeposited thin film.

Figure 5.7: SEM images for the ZnO thin films: (a) hydrothermally synthesized ZnO NRs and
(b) electrodeposited ZnO mesoporous thin film.

a) SEM Images for HS ZnO b) SEM Images for ED ZnO

Source: Own author

TEM images for the ZnO NRs are shown in Fig. 5.8. As discussed previously, TEM

can simultaneously provide information about the real space (very high resolution images)

and reciprocal space because the electron diffraction pattern can be recorded. The images

shown in Fig. 5.8 confirm the good crystallinity of the ZnO NRs. The selected-area

electron diffraction (SAED) pattern of the NR represents the (0002) and (101̄0) directions

from the wurtzite structure, where the NR growth is along the (0002) direction.
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Figure 5.8: TEM images for a ZnO NR obtained by hydrothermal synthesis, detail for a single
NR and high resolution TEM image with a SAED pattern as inset.

Source: Own author

5.4.4 X-ray photoelectron spectroscopy

The XPS survey for the hydrothermally synthesized ZnO thin film is shown in Fig. 5.9.

The XPS spectra reveals the presence of C, Zn, and O at the surface of the thin film. The

quantification analyses reveals an excess of oxygen. Nevertheless, when only the oxygen

bonded with zinc is considered, the quantification analysis at the surface of the thin film

reveals an oxygen deficiency. These data are summarized in Table 5.1.
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Figure 5.9: An overview of the XPS results for hydrothermally synthesized ZnO thin films.
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Table 5.1: XPS results for the composition of hydrothermally synthesized ZnO electrodes.

Analysis O %at. Zn %at. ratio O:Zn

Regions 57.32 42.68 1.34
Components 43.31 56.69 0.76

Source: Own author

The Zn 2p core-level XPS spectrum for ZnO (Fig. 5.10(a)) shows doublet spectral

lines at the binding energies around 1045 eV (Zn 2p 1/2) with spin-orbit splitting of 23

eV, which coincides with the results for Zn2+ in ZnO. The results of the O 1s core-level

XPS spectra are shown in Fig. 5.10(b). To calibrate the photo-electron binding energy,

the C 1s peak for C–C bonds was assigned to 284.8 eV. The O 1s spectra can be de-
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convoluted into three different peaks [32–35]: (i) a peak at a lower binding energy (LP),

centered at 530.1 eV, was assigned to the O 1s core level (O2−) in the ZnO wurtzite struc-

ture surrounded by the Zn atoms with their full complement of nearest neighbor oxygen

ions [36], (ii) a middle binding energy peak (MP) around 531.4 eV is associated with

hydroxidic oxygen [37], and (iii) a high binding energy peak (HP), centered at 532.2 eV,

corresponds to weakly adsorbed surface species, which are usually ascribed to nonstoichio-

metric near-surface oxygen, oxygen atoms in carbonate ions on the surface of ZnO, surface

hydroxylation, adsorbed H2O, or adsorbed O2. Considering only the oxygen bonded to

Zn in wurtzite-structure ZnO, an oxygen deficiency appears, as shown in Table 5.1. This

oxygen deficiency suggests the presence of oxygen vacancies, which can cause changes in

the ZnO energy levels.

Figure 5.10: High-resolution XPS spectra for (a) Zn 2p and (b) O 1s.
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5.4.5 Band diagram

Understanding the energy band diagram of the working electrode used in DSSCs is

fundamentally important. The energy levels can be determined using UPS spectroscopy

and UV-Vis spectroscopy. Figure 5.11 shows the valence band UPS spectrum for the hy-
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drothermally synthesized ZnO electrode. The spectrum for the electrodeposited electrode

(sample 5) is also shown for comparison.

Figure 5.11: Comparison between the valence band UPS spectra for ZnO thin films
deposited by hydrothermal synthesis and electrochemical deposition (sample 5). Ap-
plied bias of 5 eV
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The values of the secondary electron cutoff energy (ESEC) and valence band edge

energy (EV BE) can be directly acquired from the valence band UPS spectra illustrated in

Fig. 5.12. With these values and eq. 4.8, the ionization energy (IP ) can be determined.

For this sample, the value of ESEC is 17.3 eV, and the value of EV BE is 3.05 eV. Hence,

the calculated value of IP is 6.9 eV.
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Figure 5.12: Details of the secondary electron cutoff and valence band edge obtained for
hydrothermally synthesized ZnO thin films.
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To complete the band alignment diagram, the optical bandgap is required, which can

be estimated using Tauc’s plot. Figure 5.13 shows Tauc’s plot for the hydrothermally

synthesized ZnO as well as the electrodeposited ZnO (sample 5) thin films. According

to Fig. 5.13, the optical bandgap (Eg) for the hydrothermally synthesized ZnO electrode

is 3.15 eV while that for the electrodeposited ZnO electrode (sample 5) is 3.10 eV. As

mentioned previously, the difference between the nominal bandgap Eg = 3.37 eV at 300 K

for ZnO [38–40] and the Eopt
g value given by Fig. 5.13 indicates the presence of optically

active defects in this sample. The corresponding defects could be characterized by the

difference in energy from either the valence or conduction band.

With IP , V BE, and Eg, the value of the work function can easily be determined as

Φ = 3.9 eV. With this data, the energy band diagram can be drawn for the ZnO thin films.

The band diagram for the hydrothermally synthesized ZnO is depicted in Fig. 5.14 along

with the band diagram for electrodeposited ZnO, for comparison. For the hydrothermally

synthesized ZnO thin film, the valence band edge is shifted by 3.05 eV with respect to

the Fermi level. The optical bad gap was determined to be 3.15 eV, and consequently,

the conduction band edge is shifted by 0.1 eV with respect to the Fermi level. The work
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Figure 5.13: Comparison between the optical bandgaps for sample ZnO thin films
deposited by hydrothermal synthesis and electrochemical deposition (sample 5).
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function Φ for this thin film is 3.9 eV, and the ionization energy is 6.9 eV. There is no

significant difference between the band diagrams for the hydrothermally synthesized and

electrodeposited ZnO electrodes.

Figure 5.14: Band diagram for hydrothermally synthesized and electrodeposited ZnO thin
films.

a) hydrothermally synthesized ZnO b) electrodeposited ZnO

Source: Own author
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Finally, in Fig. 5.15, the band diagram alignment of the hydrothermally synthesized

ZnO working electrode is shown with other DSSC constituents, including the Ru-based

N719 dye, the regenerate electrolyte I−/I−3 , the FTO substrate, and the counter electrode,

which is composed of a conductive glass activated with a platinum catalyst. The same

band diagram is shown for the electrochemically deposited electrode. In terms of the

energy levels, there is no appreciable difference between the two electrodes, and it is not

possible to attribute differences in performance to the band alignment between the ZnO

electrodes and the other DSSC elements.

Figure 5.15: Band alignment for DSSCs using hydrothermally synthesized and electrochemi-
cally deposited ZnO as working electrodes.

a) hydrothermally synthesized ZnO b) electrodeposited ZnO

Source: Own author

5.5 Photovoltaic performance

The J − V curves are depicted in Fig. 5.16 for the best DSSC assembled with the less

conductive FTO (LC FTO) as well as that assembled with the more conductive FTO (MC

FTO). Based on these curves and the data shown in Table 5.2, there are no appreciable

differences in Voc or FF when the cells are assembled with LC FTO or with MC FTO.

On the other hand, the conductivity of FTO seems to affect the short-circuit current.

In fact, Jsc is significantly higher for MC FTO devices. The values for the series and
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shunt resistance reveal that MC FTO leads to a lower series resistance, which is logical

because of the lower resistance of FTO. On the other hand, LC FTO results in high

shunt resistance, which is beneficial for the solar cell performance. Figure 5.16 also shows

the IPCE spectra for the best cell in each set. The IPCE spectra indicate that the cell

assembled with more conductive FTO has high external quantum efficiency, which is in

good agreement with the J − V curves. Thus, the higher efficiency for cells assembled

with MC FTO is due to a more intense short-circuit current.

Figure 5.16: J − V curve and IPCE spectra for the best devices using ZnO synthesized by
hydrothermal synthesis assembled with different FTO substrates.
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Table 5.2: Photovoltaic parameters for DSSCs assembled with hydrothermally synthesized
ZnO on different FTO substrates.

Sample Jsc Voc FF PCE Rs Rsh

(mA/cm2) (V) (%) (%) (kΩ · cm2) (kΩ · cm2)

LC FTO 3.78 ±0.67 0.67 ±0.04 52.57 ±2.58 1.34 ±0.27 2.25 ±0.12 1.21 ±0.15

MC FTO 5.29 ±0.93 0.69 ±0.04 50.84 ±0.58 1.83 ±0.28 0.95 ±0.13 0.65 ±0.15

Source: Own author
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The dye loading was evaluated by varying the dye loading time from 15 min to 1

h. The J − V curves for different dye loading times is shown in Fig. 5.17(a), and the

variation of PCE with respect to the dye loading time is depicted in Fig. 5.17(b). The

PCE increases with decreasing dye loading time, which can be explained by the formation

of active monolayers of the dye attached to ZnO nanorods. At the same time, the poor

performance for longer dye loading times can be explained by the dye precipitation on

ZnO [41].

Figure 5.17: J − V curves and normalized PCE for the dye loading time study.

a) J − V curves
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5.5.1 Comparison between hydrothermally synthesized and electrodeposited

ZnO thin films as working electrodes in DSSCs

Figure 5.18 shows the J − V curves for devices assembled with hydrothermally syn-

thesized and electrodeposited ZnO thin films. The best solar cell from the set of hy-

drothermally synthesized ZnO films had a dye loading time of 15 min, and the best solar

cell from the set of electrodeposited ZnO films is sample 5. In general, the solar cells

assembled with electrodeposited ZnO present higher Jsc values, while the cells assembled
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with nanorods present higher Voc values. For the devices shown in Fig. 5.18, Jsc is 7.64

mA/cm2 for the electrodeposited device and 5.97 mA/cm2 for the hydrothermally syn-

thesized device. Moreover, Voc for the hydrothermally synthesized device is 0.64 V while

that for the electrodeposited device is 0.59 V. The fill factor FF for the hydrothermally

synthesized device is 54.42% while that for the electrodeposited device is 50.41%. The

higher FF value for the hydrothermally synthesized device can be attributed to the lower

value for the series resistance Rs because Rs primarily affects the FF . Moreover, the

hydrothermally synthesized device also has a lower shunt resistance Rsh in comparison

with the electrodeposited device, which should contribute to the decrease in FF . Both

resistances affect FF , but the effect of the series resistance is dominant at this order of

magnitude, which explains why FF is higher for the hydrothermally synthesized device

than that of the electrodeposited device.

Figure 5.18: Comparison between J − V curves for devices assembled with ZnO
working electrodes prepared by hydrothermal synthesis and electrochemical deposition.
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Table 5.3 shows the photovoltaic parameters for the two prepared devices. The DSSC

assembled with the electrodeposited ZnO presented an efficiency, about 9% higher. Ac-

cording to Table 5.3, the main factor leading to this higher efficiency is the higher Jsc

value, which is 28% higher in the electrodeposited sample than the hydrothermally syn-

thesized sample. Moreover, the high current density could be attributed to the higher dye

adsorption of the electrodeposited ZnO. Nevertheless, as discussed previously (Fig. 5.17),

the N719 dye tends to precipitate at the surface of the ZnO, giving rise to a filter effect

(inactive dye molecules) [42]. In this work, it was demonstrated that a higher amount

of adsorbed dye does not lead to higher Jsc or better photovoltaic performance; in fact,

the results in this work have shown the opposite effect, which can be primarily attributed

to the inactive dye molecules. For completeness, the amount of adsorbed dye was de-

termined for these two devices. The amount of dye adsorbed by the electrodeposited

ZnO was 4.54 10−8 mol/cm2, while that adsorbed by hydrothermally synthesized ZnO

was 4.32 10−8 mol/cm2. Because the amount of dye adsorbed by both samples is almost

the same, the difference in Jsc can be attributed to the better adsorption of the dye on

the electrodeposited ZnO, which formed monolayers and precipitated less than that in

hydrothermally synthesized ZnO.

Table 5.3: Photovoltaic parameters for DSSCs assembled with hydrothermally synthesized and
electrochemically deposited ZnO.

ZnO film Jsc Voc FF PCE Rs Rsh

(mA/cm2) (V) (%) (%) kΩ · cm2 kΩ · cm2

hydrothermal synthesis 5.97 0.64 54.42 2.08 0.49 0.70
electrodeposition 7.64 0.59 50.41 2.27 0.69 0.84

Source: Own author
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5.6 Conclusions

Zinc Oxide NRs prepared by hydrothermal synthesis were successfully applied in

DSSCs. SEM images confirm the deposition of vertically aligned nanorods. X-ray diffrac-

tion pattern, electron diffraction pattern, and Raman spectroscopy agree that the de-

posited ZnO is wurtzite structured with preferential growth along the [0002] direction.

TEM images confirm the good crystalline quality of the NRs. XPS survey of the thin film

surface confirms the presence of Zn, O, and C. High-resolution spectra for O 1s and Zn

2p also confirm the formation of wurtzite-structured ZnO; these high-resolution spectra

further reveals the presence of oxygen vacancies. Tauc’s plot, shows a value of 3.15 eV for

the optical bandgap, which provides further evidence for the presence of oxygen vacan-

cies. The UPS spectrum was used to determine the ionization energy and valence band

maximum. These data were used to draw the band diagram for ZnO as well as the band

diagram alignment with the other DSSCs components. The DSSCs performance were

characterized using J − V curves and IPCE spectra. The results revealed better pho-

tovoltaic performance for the DSSCs assembled with the ZnO working electrode grown

on more conductive FTO. The better performance could be ascribed to the higher Jsc

value as a consequence of the lower series resistance. The dye loading time study reveals

that the PCE efficiency increases with decreasing dye loading times. Comparing the best

DSSC fabricated with the ZnO NRs and with that fabricated with the mesoporous thin

film, it is possible to conclude that the DSSC assembled with the mesoporous thin film

has better performance, primarily as a result of the higher Jsc value due to the lower dye

precipitation on the ZnO surface.
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6. NATURAL DYES FOR DYE SENSITIZED SOLAR CELLS

In this work, natural dyes extracted from three plants found in northeastern Brazil,

Nerium oleander, Duranta repens, and Solanum melongena (eggplant peel), were used as

sensitizers for fabricating dye-sensitized solar cells (DSSCs). Different characterization

methods were employed to analyze the adsorption of the dyes on titanium oxide (TiO2)

electrodes. The X-ray photoelectron spectroscopy (XPS) and ultraviolet (UV) photoelec-

tron spectroscopy (UPS) analyses together with the optical properties of the films were

the most useful analysis techniques. The photoelectrochemical performance of these dyes

on DSSCs showed open circuit voltages (Voc) between 0.50 V and 0.55 V, short-circuit

photocurrent densities (Jsc) from 0.55 mA/cm2 to 3.74 mA/cm2, and fill factors (FF )

between 64.66% and 72.56%. The power conversion efficiency (PCE) of the DSSCs sensi-

tized with Nerium oleander reached 1.33%. This work is the first study that evaluated the

natural dye Duranta repens in DSSC, which showed a PCE of 0.74%. The cells prepared

with Solanum melongena (eggplant peel) presented an efficiency of 0.20% with an average

fill factor 71.88%.

6.1 Introduction

Since DSSCs were first reported [1], they have attracted significant attention as emerg-

ing photovoltaic technologies. The goal of DSSCs is to mimic photosynthesis by converting

light energy into electricity. These cells are composed of a photosensitizer, a transpar-

ent conductive oxide (TCO) glass, a semiconductor oxide thin film, and a regenerating

electrolyte [2]. Compared to conventional silicon-based solar cells, DSSCs have many ad-

vantages such as low-cost production, high power conversion, good efficiency under cloudy

and artificial light conditions, semi-transparency, and multi-color range possibilities [3].

In recent years, the power conversion efficiency has been increased to more than 13% [4].
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At present, ruthenium polypyridyl complexes (e.g., N719) are the most commonly used

sensitizers despite the high cost production, scarcity of ruthenium, and rather meticulous

synthesis process. On the other hand, the long-term application of a number of syn-

thetic dyes has detrimental effects on the environment and are associated with allergic,

toxic, carcinogenic, and otherwise harmful responses [5]. Thus, the development of new

photosensitizers is essential for improved DSSCs.

Natural dyes are interesting light harvesters for DSSCs because they are abundant,

biodegradable, and environmentally friendly. Natural photosensitizers in DSSCs have the

potential to reach similar performances and stability as those obtained for dyes based on

metal complexes. Moreover, natural photosensitizers do not need to rely on noble metal

utilization and thus, have lower cost [6–9]. Over the last two decades, various dyes have

been considered as suitable sensitizers, such as anthocyanin, flavanoids, carotenoids, and

chlorophyll, among others [10–14]. Despite the advantages of natural dyes, the efficiency

reached for DSSCs assembled with these dyes is still very low when compared with Ru-

based dyes. Devices fabricated with red turnip dye are among the most efficient natural

dye-based devices, showing efficiencies around 1.70% [15]. Ito et al. [16] reported that

a conversion efficiency of 2.3% was obtained using Monascus yellow dye as a sensitizer.

Moreover, chlorophyll has been employed as a sensitizer for DSSCs with an efficiency of

4.6% [17].

In this work, natural dyes were extracted from three plants found in Northeastern

Brazil: Nerium oleander, Duranta repens, and Solanum melongena (eggplant peel). These

dyes were used as sensitizers for fabricating DSSCs. The photoaction in these dyes is due

to the presence of anthocyanin. The anthocyanins in N. oleander and S. melongena have

been identified as Myricetin [18] and Nasunin [19], respectively. Moreover, D. repens

has never been used in DSSCs, and scientific studies on this plant are still emerging.

Nevertheless, Iqbal et al. [20] and Veitch and Grayer. [21] have been able to identify the

presence of anthocyanins in D. repens.

In the sensitization of a wide bandgap semiconductor like TiO2, the anthocyanine

molecule bonds with the oxide through the carbonyl and hydroxyl groups, improving elec-
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tron transfer. While N. oleander and S. melongena were previously tested in DSSCs [19,

22], this is the first study evaluating the performance of D. repens in DSSCs.

6.2 Experimental procedure

6.2.1 Preparation of dye sensitizer solutions

Dyes were obtained from the petals of fresh N. oleander and D. repens flowers harvested

in the Brazilian state of Ceará and from fresh eggplant peel (S. melongena) purchased

at a local market. Prior to use, the eggplant peel was washed with distilled water and

crushed. The flower petals and the crushed eggplant peel were weighed and macerated

in solvent using a 1:4 (weight:volume) proportion. The solvent used was ethanol acidified

with hydrochloric acid (pH = 2). The macerated materials were kept in the solvent for

24 h, protected from light and under refrigeration (5◦C). After 24 h, the resulting dyes

were filtered to remove solid fragments and stabilized. The dyes were used without any

further purification.

6.2.2 Preparation of electrodes

The working electrodes were prepared on fluorine-doped SnO2 (FTO) glasses with

sheet resistance of 15 Ω/�. Prior to use, the FTO glass was cleaned in a five step process.

Step 1 consisted of washing the glasses in a detergent solution under ultrasonic agitation

for 10 min. Steps 2 and 3 consisted of twice washing the glasses in deionized water for

10 min under sonication. In step 4, the glasses were washed with ethanol in an ultrasonic

bath for 10 min. Finally, in step 5, the electrodes were cleaned for 20 min in UV-surface

decontamination system (Novascan, PSD-UV).

The cleaned FTO glasses were treated in a 40-mM TiCl4 solution for 30 min at 70◦C.

Four layers of commercially available nanosized TiO2 paste from Solaronix R© were applied

on top of the treated electrodes using a doctor’s blade; each layer was 20 nm thick. A fifth

layer of TiO2 paste was applied with a thickness of 200 nm. Each layer was dried at 125◦C

for 6 min after deposition. The nanosized TiO2 working electrodes were sintered under

four different conditions: 5 min at 275◦C; 5 min at 375◦C; 15 min at 450◦C; and 15 min
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at 500◦C. Platinized FTO counter electrodes were prepared by electron beam physical

vapor deposition (EBPVD) with a Pt layer thickness of 50 nm.

6.2.3 DSSC assembly

The solar cells were assembled according to the following procedure. The photoanodes

were immersed into the natural dye solutions at room temperature for 2 h in the N.

oleander and S. melongena solutions, and for 8 h in the D. repens solution. The working

and counter electrodes were held together with hot-melt sealing foil. The commercially

available liquid iodide-triodine electrolyte was introduced through a small hole on the

Pt counter electrode by capillary forces under applied vacuum. Finally, the DSSCs were

hermetically sealed with a small piece of glass, which closed the filling hole.

6.2.4 Characterization

The natural dyes were characterized by means of UV-Vis, XPS, and UPS spectroscopy.

The DSSCs were characterized using J − V curves and incident photon-to-charge-carrier

efficiency (IPCE) spectra. The absorption spectra of dye solutions were recorded using a

UV–vis spectrophotometer (UV-Vis Hewlett-Packard R© 8453 Diode-Array) in the 300–650

nm range. The XPS and UPS spectra were recorded using equipment from SPECS R© with

an energy analyzer (PHOIBOS R© 150) using Al Kα (1486.6 eV) as the X-ray source. All

of the spectra were adjusted according to the value of the C 1s peak at (284.8 ± 0.1 eV).

The fitting was done using the CASA XPS application software. Photoelectrochemical

tests were performed by measuring the J − V characteristic curves under simulated AM

1.5 solar illumination at 100 mW/cm−2 from a Steuernagel Solarkonstant KHS1200 R© sun

simulator. The J − V curves were measured using a Keithley R© 2601 multimeter. The

IPCE measurements were performed with a quantum efficiency measurement system from

Oriel R© at 10 nm intervals between 300 and 700 nm. The results were not corrected for

intensity losses due to light absorption or due to reflection by the glass support. The cells

were also characterized by impedance spectroscopy.
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6.3 Results and discussion

6.3.1 Light absorption by natural dyes

The UV-Vis absorption spectra for the three natural dyes are shown in Fig. 6.1. The

dyes extracted from N. oleander, D. repens and S. melongena in ethanol and HCl (pH = 2)

displayed intense absorption in the 450–600 nm region with peaks at 537 nm, 535 nm,

and 549 nm, respectively. These peaks are characteristic of anthocyanins. Anthocyanins

generally have a maximum absorption in the visible range at 465–550 nm due to π-π∗

charge transfer transitions from the highest occupied molecular orbital (HOMO) to the

lowest unoccupied molecular orbital (LUMO). which results in a shift of the electronic

charge density from the chromenium portion to the catechol end of the anthocyanin

molecule [23–25].

Figure 6.1: UV-Vis absorption spectra of the extracts from the three natural dyes used as
sensitizers in DSSCs.
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Using Tauc’s plot with the UV-Vis spectra, the optical bandgap can be determined

for these natural dyes as shown in Fig. 6.2. According to this graph, the optical bandgaps

for these natural dyes are very similar. The determined values are 2.12, 2.07, and 2.06

eV for N. oleander, D. repens, and S. melongena, respectively. The value of the optical

bandgap is crucial for determining the band alignment between the natural dyes and the

other components of the solar cell, such as the semiconductor working electrode and the

regenerating electrolyte. Additional important features for the determination of the band

alignment diagram can be obtained from the UPS spectrum.

Figure 6.2: Tauc’s plot for the natural dyes used as sensitizers in DSSCs.
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6.3.2 Determination of the HOMO and LUMO levels of the natural dyes

Figure 6.3(a) shows the measured UPS spectrum of N. oleander. The HOMO energy

level (vs. vacuum) of N. oleander is –5.22 eV, and the band gap is 2.12 eV, as estimated

from the UV-Vis absorption spectrum shown in Fig. 6.2. From Fig. 6.3(b), the values of

the HOMO level and band gap of D. repens are determined to be –4.32 eV and 2.07 eV,
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respectively. In Fig. 6.3(c), the same procedure for S. melongena leads to values of –5.00

eV and 2.06 eV for the HOMO level and optical bandgap, respectively. According to the

HOMO level and band gap values, the LUMO energy level (vs. vacuum) of N. oleander,

D. repens, and S. melongena is –3.10 eV, –2.25 eV, and –2.94 eV, respectively.

Figure 6.3: Valence band UPS spectra for the natural dyes used as sensitizers in DSSCs. The
inset in each graph presents a detailed view of the HOMO level value.
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6.3.3 Band diagram

Once the HOMO and LUMO values for each natural dye have been determined, the

band alignment diagrams can be constructed. Figure 6.4 shows the band alignment dia-

grams for the three natural dyes. The three dyes meet the requirements necessary for use

as sensitizers in DSSC. In fact, there are no significant differences between the three dyes

with regard to the HOMO-LUMO levels and optical bandgap.

Figure 6.4: Band alignment diagrams for the natural dyes with those for other DSSC compo-
nents.

Source: Rajendran [18], Calogero and Di Marco [19], Anis et al. [26].
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6.3.4 Photovoltaic performance

The performance of natural dyes as sensitizers in DSSC was evaluated by open circuit

voltage (Voc), short-circuit current (Jsc), fill factor (FF ), and PCE measurements. The

photovoltaic parameters of the DSSCs sensitized with these natural dyes are listed in

Table 6.1. The J − V curves for the best performing DSSCs are depicted in Fig. 6.5.

As shown in Table 6.1, the fill factors of these DSSCs are always higher than 64%. The

open circuit voltages (Voc) vary from 0.50 V to 0.55 V, short-circuit photocurrent densities

(Jsc) vary from 0.55 mA/cm−2 to 3.74 mA/cm−2, and fill factors (FF ) vary between

64.66% and 72.56%. The PCE of the DSSCs sensitized with N. oleander reached 1.33%,

which is more than two times higher than that for a previously reported device [22, 27, 28].

This study is the first to evaluate the natural dye D. repens as a sensitizer, and the PCE

value of 0.74% makes it a promising natural sensitizer [27, 28]. The cells prepared with

S. melongena (eggplant peel) present an efficiency of 0.20% with an average fill factor

71.88%. The efficiency obtained for S. melongena is lower than that reported previously

[19]. The higher efficiency of N. oleander is due to the improved interaction between the

dye and the TiO2 surface, which could facilitate better electron injection for producing

a large current density, as shown in Fig. 6.5 and Table 6.1. However, a large injection

recombination rate results in a larger dark current, which can reduce the fill factor. This

process can be clearly observed in Table 6.1, where the fill factor for N. oleander is 64.66%

while that for the other natural dyes is higher at 72%.

Table 6.1: Photovoltaic parameters.

Dye DLT (h) Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

N. oleander 2 3.74 0.55 64.66 1.33
D. repens 8 1.95 0.53 72.07 0.74
S. melongena 2 0.55 0.50 72.56 0.20

Source: Own author.
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Figure 6.5: J − V curves for the DSSCs sensitized with the three natural dyes.
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Figure 6.6 shows the IPCE curves obtained for the DSSCs using natural dyes as

sensitizers. These results are in good agreement with the results presented by Fig. 6.5

and Table 6.1. N. oleander, which presents the largest Jsc value, also presents the higher

IPCE value. The spectrum for this dye shows well-defined peaks around 340 nm and 460

nm. The peak at 340 nm is more intense than the corresponding peak for the other dyes

used in this study. The IPCE spectrum for D. repens presents only one peak around 340

nm, which has a wide shoulder from 380 to 480 nm. Finally, the IPCE spectrum for S.

melongena contains only the peak at 340 nm, which has an intensity similar to that for

D. repens. The absence of the peak at 460 nm for D. repens and S. melongena is evidence

of poor dye adhesion to TiO2. Moreover, because S. melongena does not have a wide

shoulder on the 340 nm peak, its interaction with TiO2 is poorer than that of D. repens.

6.4 Conclusions

In summary, natural dyes from northeast Brazil were extracted using a simple and

inexpensive method and were successfully applied as sensitizers for DSSCs. The char-

acterization of these dyes revealed that the absorption is compatible with the optical
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Figure 6.6: IPCE spectra for the DSSCs sensitized with the three natural dyes.
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bandgap and HOMO-LUMO levels of anthocyanins. Moreover, these dyes are suitable for

use with the TiO2 working electrode and I−/I−3 redox mediator electrolyte. The dye N.

oleander presents better performance than the other considered dyes, possibly due to its

better interaction with the TiO2 working electrode.
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7. VANADIUM PENTOXIDES FOR ITO-FREE PLASTIC

ORGANIC SOLAR CELLS

In this chapter, the application of V2O5 in organic solar cells is discussed. Here, V2O5

was fabricated on a flexible indium tin oxide (ITO)-free substrate and applied in single

junction devices with inverted and normal architectures and as part of the recombination

layer in polymer tandem solar cells. The results for V2O5 were compared with those for

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) in reference de-

vices. Both water-based V2O5 and V2O5 synthesized from vanadium (V) oxitriisopropox-

ide (ViPr) were investigated. The best single junction device reached a power conversion

efficiency (PCE) of 1.71% and the best tandem device reached a PCE of 1.11%.

7.1 Introduction

In the last decade, organic optoelectronic devices have been attracting growing scien-

tific interest due to their multiple advantages such as high flexibility, easy processing, low

fabrication cost, and large area fabrication. These unique advantages make organic opto-

electronic devices highly promising candidates for organic solar cells [1–6], organic memory

devices [7–9], organic thin-film transistors [10–12], organic light-emitting diodes [13–15],

organic photodetectors [16–18], and organic sensors [19, 20], among others. Solution-

processed bulk-heterojunction (BHJ) solar cells have also gained serious attention during

the last few years as future photovoltaic technologies for low-cost power production. Or-

ganic photovoltaics (OPVs) are, potentially low-cost, printable devices that show promise

as next-generation renewable energy sources. Nevertheless, OPV commercialization is

only feasible through printing technologies such as slot-die coating, gravure coating, knife-

over-edge coating, off-set coating, spray coating, inkjet printing, pad printing, and screen
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printing [21]. With lower OPV costs, ITO, which is commonly used as a transparent

electrode, is one of the primary expenses in current photovoltaic devices [22, 23]. As an

alternative to ITO, combinations of highly conductive PEDOT:PSS (HC-P) with met-

als grids have been extensively investigated [24, 25]. Though PEDOT:PSS is the most

common hole transport layer in OPV, a significant disadvantage of PEDOT:PSS is its

hygroscopic nature, which has been a stability limiting factor for devices based on PE-

DOT:PSS [26]. Thus, replacing PEDOT:PSS with a humidity stable alternative could

improve the stability of printable OPVs. Among these alternatives, V2O5 has been ex-

tensively investigated [27, 28]. In this work, water-based V2O5 has been used as the hole

transport layer in single inverted and normal configuration ITO-free OPVs and as part

of the recombination layer of tandem ITO-free OPVs.

7.2 Experimental

Single junction devices: Both inverted and normal architectures were considered.

The active, electron transport, and hole transport layers were slot-die coated using a lab-

roll coater, and the silver grid on the back electrode was printed through the use of a

small flexographic printing roll.

Tandem devices: All layers were compressed between Flextrode R©. The back elec-

trode was slot-die coated using the same preparation as that used for single junction

devices.

The use of a roll coater enabled control of the coating as well as the temperature,

adapting perfectly to the slot-die head and to the flexographic printing roll.

7.2.1 Materials

Single junction devices (inverted architecture): The coating was performed

on Flextrode R©. The coating comprises a highly conductive metal grid, semi-transparent

conductor, and hole blocking layer. The active layer for the single junction device was

composed of poly(3-hexylthiophene-2,5-diyl) (P3HT; electronic grade from Rieke R©) and

methanofullerene phenyl-C61-butyric acid methyl ester (60PCBM; technical grade from
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Solenne BV R©). Water-based V2O5 and PEDOT:PSS (Clevios SV3 from Heraeus R©) com-

prised the hole transport layer (HTL). The V2O5 was diluted with isopropyl alcohol in

the ratio 1:2 (w/w), and the PEDOT:PSS was diluted to a viscosity of 300 mPa s. Fur-

thermore, highly conductive PEDOT:PSS (Clevious PH1000 from Heraeus R©) was used

to improve the contact between the HTL and the back electrode. This HC-P was diluted

with isopropyl alcohol in the ratio 10:3 (w/w), its sheet resistivity was 60 Ω/�. The back

silver grid was printed using a screen-printing silver paste (PV410 from Dupont R©). The

structure of the ITO-Free flexible OPV is shown in Fig. 7.1, illustrating the stacking of

the layers comprising the solar cell. Specifically, the first layer is Flextrode R©, followed by

the active layer, HTL, and finally the back electrode. In same cases, the back electrode

was composed of highly conductive PEDOT and silver ink; in other cases, only the silver

ink was used on top of the HTL.

Figure 7.1: Structure of the ITO-Free flexible OPV.

Source: Own author.

Single junction devices (normal architecture): Two different plastic electrodes

were considered. The first electrode was a highly conductive metal grid and semi-

transparent conductor, which was formed on top of the poly(ethylene terephthalate)

(PET) (SN1). The second electrode consisted of PET with a highly conductive silver
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nanowire layer (SN2). Both electrodes were provided by Dr. Frederik Krebs of the De-

partment of Energy Conversion and Storage, Technical University of Denmark. For this

geometry, the first slot-die-coated layer was HTL, which was composed of V2O5 diluted

with isopropyl alcohol in the ratio 1:2 (w/w). The active layer was the same as that from

the inverted architecture, and the electron transport layer (ETL) was composed of ZnO

nanoparticles in acetone with a concentration of 49 mg/ml. The back silver grid was

printed using a screen-printing silver paste (PV410 from Dupont R©).

Tandem devices: For the tandem devices, the first active layer was composed of

P3HT:60PCMB using the same synthesis as that for single junction devices. The low

bandgap (LBG) poly(2,7-carbazolenevinylene) (P10) polymer shown in Fig. 7.2 was used

in the second active layer, which was composed of P10:PCBM. In the interlayer, ZnO

nanoparticles in acetone with a concentration of 49 mg/ml were employed. Water-based

V2O5 and PEDOT:PSS (Clevios SV3 from Heraeus R©) were used as HTL similarly to that

used for the single junction devices.

Figure 7.2: Structure of the LBG polymer P10 which was used as an active material for the
second active layer.

Source: Own author.
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7.2.2 Coating procedure

All coatings were performed using a homemade mini-roll coater shown in Fig. 7.3

developed by Dr. Krebs’ group.

Figure 7.3: Mini-roll coater used to fabricate ITO-free OSCs and TPSCs.

Source: Department of Energy Conversion and Storage, Technical University of Denmark.

Single junction devices (inverted architecture): Flextrode R© was mounted on

the roller using heat-stable tape (3M). The coating procedure began with slot-die coat-

ing of the active layer, which consisted of P3HT:PCBM (1:1 by weight) dissolved in

chlorobenzene (40 mg/ml) with an additional 10% chloroform and 3% chloronaphtha-

lene. The solution flow was set to 0.1 ml/min, and the web was set to 1.3 m/min. The

temperature was held at 70◦C. For the reference device, the back PEDOT:PSS layer was

slot-die coated on the active layer. The coating was conducted at 80◦C with a web speed

of 0.5 m/min. The V2O5 layer was slot-die coated on the active layer at 90◦C with a web

speed of 1.0 m/min. The flow of the solution was varied to give different thicknesses; the
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applied flows were 0.20 ml/min, 0.15 ml/min, and 0.10 ml/min, resulting in the theoreti-

cal dry thickness of 80, 60, and 40 nm, respectively. The highly conductive PEDOT:PSS

was slot-die coated on top of the HTL at 70◦C with a web speed of 0.4 m/min. The back

silver electrode was applied by flexographic printing of heat-curing silver paste PV410

(Dupont R©). The silver paste was added to the flexographic roll and further transferred

to the substrate with a web speed of 1.2 m/min and roll temperature of 80◦C.

Single junction devices (normal architecture): The electrode (SN1 or SN2) was

mounted on the roller using heat-stable tape (3M). The coating procedure began with

slot-die coating of the V2O5 layer at 90◦C with different web speeds and applied flows to

optimize the thickness of the layers. The active layer, which was the same as that used

for the inverted architecture, was slot-die coated. Then, the ZnO electron transport layer

was slot-die coated at a web speed of 0.8 ml/min and dried at a temperature of 70◦C. The

silver paste was added to the flexographic roll and further transferred to the substrate

with a web speed of 1.2 m/min and roll temperature of 80◦C.

Tandem devices: The layers were slot-die coated exactly in the same way. The

interlayer was composed of V2O5 and ZnO. These two layers were slot-die coated as

follows. The V2O5 layer was slot-die coated on the active layer at 90◦C with a web speed

of 1.0 m/min with an applied flow of 0.10 ml/min. The ZnO layer was slot-die coated

at a web speed of 0.8 ml/min and dried at a temperature of 70◦C to ensure an insoluble

ZnO film. The second active layer consisting of P10:PCBM (2:3 by weight), dissolved in

chlorobenzene with an addition of 2% chloronaphthalene, was slot-die coated following

the same parameters for the other active layers. The highly conductive PEDOT:PSS was

slot-die coated on top of the HTL at 70◦C with a web speed of 0.4 m/min. The back

silver electrode was applied by flexographic printing of heat-curing silver paste PV410

(Dupont R©)). For the reference device, PEDOT:PSS was slot-die coated between the

V2O5 and ZnO using the same conditions as those for the reference single junction device.
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7.3 Application of water-based V2O5 in flexible ITO-free OPVs

Water-based V2O5 was applied as the HTL in printable, flexible ITO-free OPVs, and

it was applied as part of the recombination layer in tandem OPVs. The results ob-

tained with water-based V2O5 were compared with reference solar cells assembled with

the PEDOT:PSS-based HTL as well as with the ViPr-based V2O5 HTL. First, the in-

vestigation assessed how the performance of solar cells is affected by the variation in the

thickness of the V2O5 layer. These tests indicate that the PCE improves when the thick-

ness of the layer decreases, as shown in Fig. 7.4. The theoretical thickness of thin films

deposited by the slot-die technique can be calculated as follows:

d =
d

v · w
· c
ρ
, (7.1)

where f is the flow rate [cm3/min]; v is the coating speed [cm/min]; w is coating width

[cm]; c is the concentration of the solids in the ink [g/cm3], and ρ is the density of material

in the final film [g/cm3]. According to Fig. 7.4, the PCE for organic solar cells tends to

increase with decreasing V2O5 thickness, and the optimum theoretical thickness was found

to be around 40 nm.

7.3.1 Comparison between V2O5 and PEDOT:PSS as HTL for ITO-free

plastic OPVs

Next, various solar cells were fabricated using V2O5 as the HTL. To provide a reference

for the performance of V2O5, a number of solar cells were fabricated with PEDOT:PSS

as the HTL. The comparison of the photovoltaic parameters for solar cells developed

with V2O5 or PEDOT:PSS HTLs is shown in Table 7.1. The data reveal that solar cells

assembled with V2O5 present, on average, better performance than those assembled with

PEDOT:PSS. Considering only the best performing samples, the V2O5-based device is

more efficient. On average, there is no appreciable difference between the open circuit

voltage Voc or fill factor FF . The difference in these parameters is on the order of 3%. On

the other hand, the difference in the short circuit current Jsc is much more pronounced,
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Figure 7.4: Relationship between the theoretical thickness of the V2O5 layer and the normal-
ized PCE.
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Source: Own author.

being approximately 16% higher for cells with V2O5 when compared with the reference

(PEDOT:PSS) devices. Consequently, Jsc is the primary factor leading to the better

performance of the V2O5-based device.

Table 7.1: Photovoltaic parameters for ITO-free OSCs: PEDOT:PSS or V2O5 as HTL.

HTL Jsc (mA/cm2) Voc (V) FF (%) η (%)

PEDOT:PSS avg 4.48±0.22 0.56±0.01 51.29±0.66 1.27±0.07
max 4.67 0.56 52.27 1.36

V2O5 avg 5.18±0.40 0.54±0.01 53.29±1.61 1.49±0.07
max 5.69 0.54 51.98 1.59

Source: Own author

The voltage vs. current J − V curves for both devices are shown in Fig. 7.5, where

it is possible to graphically compare the two devices. The main factor causing difference
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in performance for these solar cells is Jsc. The best solar cell based on V2O5 was then

measured using another solar simulator because such equipment provides a better spectral

mismatch factor and allows temperature control, leading to a more accurate measurement.

In addition to the use of this more accurate solar simulator, the active area for this

solar cell was determined using light-beam induced-current (LBIC) images. In LBIC

microscopy [29], a focused beam of light is scanned over the active area of the organic

solar cell while simultaneously recording the photoelectric response Isc. The resulting map

of the LBIC is a two-dimensional (2D) image showing the relative degree of current within

the probed area. The LBIC images used to calculate the active area for this device are

shown in Fig. 7.6. Using this more accurate system, characterization of the best solar cell

based on V2O5 shows an increase of the PCE. The PCE measured in the standard solar

simulator was 1.59%, while the measured PCE was 1.71% in the more accurate system.

Figure 7.7 shows the J − V curve and the incident photon-to-charge-current efficiency

(IPCE) spectrum for the best solar cell based on V2O5, measured with the more accurate

system.
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Figure 7.5: Comparison between PEDOT:PSS and V2O5 as HTL in inverted devices.
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Figure 7.6: The LBIC images for the best OSCs with V2O5 as the HTL in iverted device.

Source: Own author
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Figure 7.7: J − V curve measured on the accurate solar simulator, and the IPCE spectrum
for the best inverted OSC with V2O5 as the HTL.
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7.3.2 Comparison between water-based V2O5 and ViPr-based V2O5 as the

HTL for ITO-free plastic OPVs

As mentioned before, two kinds of back electrodes were considered: one composed of

a layer of HC-P and silver ink and another composed of only silver ink, which was printed

directly on top of the V2O5 layer. The presence of HC-P improved the performance of the

solar cells by improving all of the photovoltaic parameters, as can be seen in the J − V

curves shown in Fig. 7.8. Specifically, HC-P is used to improve the electrical contact

between V2O5 and the silver ink because the conductivity of V2O5 is low in comparison.

Nevertheless, solar cells fabricated without HC-P reached 55% of the efficiency of those

fabricated with HC-P. Optimizing the conductive properties of the V2O5 buffer layer could

suppress the use of HC-P at the back electrode. Specifically, eliminating HC-P could

contribute to the improved stability of the solar cells because the hygroscopic nature of

PEDOT is problematic for the stability of such devices [30–34].
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Figure 7.8: Effect of the use of highly conductive PEDOT:PSS as part of the back electrode.
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Table 7.2 summarizes the parameters for OSCs assembled with water-based V2O5, with

and without HC-P. The data reveal that no significant voltage drop occurs when HC-P is

removed, which indicates that a suitable energy level alignment is preserved. The decrease

in Jsc and FF is on the order of 20%, which could be caused by the undesirable values of

the series resistance Rs and shunt resistance Rsh.

Table 7.2: Comparison of the photovoltaic parameters for OSCs with and without highly
conductive PEDOT on the back electrode.

HC-PEDOT Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

with 5.69 0.54 51.98 1.59
without 4.55 0.51 40.82 0.88

Source: Own author
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After identification the effects of removing HC-P from the back electrode, the two

different types of V2O5 were compared for the HTL. The first sample was synthesized

using vanadium(V) oxytriisopropoxide [35–37], which is a compound known for its high

toxicity, reactivity, and cost; the other sample was fabricated using water-based V2O5

synthesis[27, 38], which is much more environmental friendly, inexpensive, and free from

organic residues. In Fig. 7.9, the two V2O5 samples used in this study are compared. In

addition to the advantages highlighted above, the use of water-based V2O5 in this study

leads to much better performing solar cells.

Figure 7.9: Comparison between water-based V2O5 and ViPr-based V2O5 as HTL.
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To understand the differences in performance for the solar cells with two different

V2O5 samples, the thin films were characterized using X-ray photoelectron spectroscopy

(XPS) and ultraviolet (UV) photoelectron spectroscopy (UPS). Figure 7.10 shows the

XPS spectra (overview) for the two V2O5 samples. Specifically, XPS shows that both
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films contain vanadium, oxygen, carbon, and nitrogen, while only the ViPr-based V2O5

sample contains sulphur. The XPS spectra were obtained from real solar cells, where the

V2O5 is deposited on top of the polymers. The presence of sulphur is an indication that

the XPS spectra included results from the polymer under V2O5 because P3HT contains

sulphur. As the theoretical thickness for this thin film ranges from 40 to 120 nm, the X-

Ray source does not provide enough energy to eject an electron under the V2O5. If sulphur

is observed in the spectrum, the V2O5 layer must not cover the entire polymer layer, and

the X-Ray beam reaches zones where there is no V2O5 on top of the polymer, causing

the appearance of the sulphur signal from P3HT. In the spectrum from the water-based

V2O5, there is an absence of the S peak, which means that only V2O5 is being measured.

To be more precise, additional peaks due to carbon and nitrogen could be observed, which

could be ascribed to contamination at the surface. Because the XPS technique is very

surface sensitive, it is difficult to avoid contamination. The peak ascribed to carbon in

the ViPr-based V2O5 sample is more intense than the V 2p-O 1s peak from water-based

V2O5. This high, relative intensity indicates a higher C content, which could be attributed

to organic residue remaining from synthesis of ViPr-based V2O5.

Figure 7.10: XPS survey for V2O5 thin films.
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The results of V 2p core-level XPS spectrum as well as those for the O 1s spectrum are

shown in Fig. 7.11. The spectra for the two V2O5 samples present only slight differences.

Both spectra present the doublet spectral lines of V 2p, which are observed at the binding

energy around 517 eV (V 2p 3/2) and around 524 eV (V 2p 1/2) with a spin-orbit splitting

of 5 eV. These results coincide with those for V5+ in V2O5 [39–41]. The peak at 529.9

eV corresponds to O 1s core-level and is due to O−2 ions. The V 2p 3/2 peak can be de-

convoluted into two different peaks. For both spectra, there is a small shoulder centered

around 516 eV. This peak can be attributed to V4+, which is commonly observed in the

hydrated form of V2O5 [42] as well as in reduced films [43]. The O 1s core-level can also

be de-convoluted into two peaks for water-based V2O5 and three peaks for ViPr-based

V2O5.

Figure 7.11: High-resolution XPS spectra of the V 2p and O 1s core-levels.
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In the case of water-based V2O5, in addition to the characteristic peak due to O−2

at 529.9 eV, there is another weak peak centered at 531.2 eV, which is associated with

hydroxidic oxygen that was expected for hydrated V2O5. On the other hand, in the ViPr-

based V2O5, the peak was de-convoluted into peaks at 529.9 eV (characteristic peak of
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V2O5), 530.7 eV, and 532.5 eV, which are usually ascribed to nonstoichiometric near-

surface oxygen and oxygen atoms in carbonate ions, respectively. The presence of this

peak together with observed residual carbon in the XPS survey indicate the presence of

organic residues on the ViPr-based V2O5 thin film. Binding energy (BE) values of the

main peaks and their assignment are detailed in Table 7.3.

Table 7.3: Binding energy values (in eV) of the main peaks in the XPS spectra of V2O5.

Peak ViPr-based V2O5 (mA/cm2) water-based V2O5 assignment

V 2p 3/2 515.6 515.8 V4+

V 2p 3/2 517.1 517.2 V5+

V 2p 1/2 524.8 524.8 V5+

O 1s 529.9 529.9 O2−

O 1s 530.7 531.2 H2O
O 1s 532.5 Organic C-O

Source: Own author

The full He I (21.22 eV) scan of the UPS analyses is depicted in Fig. 7.12, and the

insets show the detail of the valence band edge and the secondary electron cutoff. The

work function can be determined by the difference between hv and the energy due to the

secondary electron cutoff. Thus, the work function for ViPr-based V2O5 is determined to

be 5.3 eV while that for water-based V2O5 is 5.9 eV. The valence band edge with respect

to the Fermi level for both types of V2O5 is the same at 2.44 eV. The ionization energy

is then 7.76 eV for ViPr-based V2O5 and 8.3 eV for water-based V2O5.
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Figure 7.12: Valence band UPS spectra V2O5.

a) ViPr-based V2O5
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7.3.3 Application of V2O5 as HTL in normal configuration, ITO-free flex-

ible OPVs

Water-based V2O5 has also been considered in devices with normal configuration.

However, a significant amount of effort is required because all of the technology for

Flextrode R© was developed for the inverted configuration. In this study, the first at-

tempt utilized some of the technology for the inverted configuration devices. The front

electrode for the inverted configuration is composed of PET/Ag metal grid/highly con-

ductive PEDOT/ZnO. For the front electrode, the structure was precisely the same for

the Flextrode R©, replacing ZnO with V2O5. Water-based V2O5 is readily deposited on top

of the highly conductive PEDOT, and the films have good quality, as shown in Fig. 7.13.

From the top view, the film clearly covers the whole substrate, and there is no disconti-

nuity or aggregation observed in this image. In Fig. 7.13(b), the well-defined border can

be observed. Nevertheless, even though the films seem to have good quality, the obtained

results show that many things must be tailored in this electrode for it to be suitable for

normal configuration OSCs. As before, the results for V2O5 are always compared with

the results for PEDOT:PSS under the same assembly conditions, as shown in Fig. 7.14.
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Table 7.4 summarizes the photovoltaic parameters for the two devices. The OSCs based

on V2O5 show better performance than those fabricated with PEDOT:PSS, having better

Jsc, Voc, FF , and PCE. The solar cell with V2O5 has PCE of 0.12% while that with PE-

DOT has PCE of 0.08%. Neither value is close to 1.71%, which is the best result obtained

for the inverted configuration with V2O5 as the HTL.

Figure 7.13: Optical microscopy images for V2O5 applied in the normal OSC configuration.

a) Top view b) Film border

Source: Own author

Table 7.4: Comparison of the photovoltaic parameters for normal configuration OSCs with
PEDOT:PSS or V2O5 as HTL.

HTL Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

PEDOT:PSS 0.80 0.38 27.18 0.08
V2O5 0.81 0.47 30.26 0.12

Source: Own author

To improve the performance of the normal configuration devices, the second approach
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Figure 7.14: Comparison between water-based V2O5 and PEDOT:PSS in normal configuration
OSCs.
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replaced the Flextrode R© from the inverted configurations device with another structure.

In this new structure, a PET substrate covered with silver nanowires was used as front

electrode. As before, the V2O5 thin films were well coated with the substrate. Figure 7.15

shows the optical microscopy images for V2O5 on top of the silver nanowires, showing

that V2O5 is well deposited on top of the silver nanowires. In this approach, Jsc increased

considerably, and this increment is the main factor that leads to better performing solar

cells. The J −V curve for the best device is shown in Fig. 7.16. For this device, the short

circuit current Jsc is 2.13 mA/cm2, and the open circuit voltage Voc is 0.48 V. A discrete

S shape can be observed in the curve close to the Voc value, decreasing the FF , which is

very low at 25.52%. Even with this S-shaped curve and very low FF , thePCE for this

device based on silver nanowires is remarkably high when compared with others using

HC-P and the silver grid. For the device considered in Fig. 7.16, PCE is 0.26%, which is

more than twice that for the best OSCs assembled with the adapted Flextrode R©.
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Figure 7.15: Optical microscopy images for V2O5 applied in normal configuration OSCs on
top of silver nanowires.

a) Top view b) Film border

Source: Own author

Figure 7.16: J − V curve for the best performing normal configuration OSC.
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7.3.4 Application of V2O5 as part of the recombination layer in tandem

OPVs

In recent years tandem polymer solar cells (TPSCs) have attracted much attention,

leading to very impressive efficiency records [44–48]. However, these efficiencies have only

been achieved on solar cells with small areas using rigid glass substrates, which require

slow and energy-intensive fabrication steps. Few studies have attempted roll-to-roll (R2R)

processed TPSCs. Li et al. [49] succeeded in fabricating a TPSCs with 5.56% efficiency

on a flexible plastic substrate using R2R compatible coating; however, the device utilized

a pre-fabricated transparent ITO front electrode and an evaporated back electrode of

MoOx and silver. Larsen-Olsen et al. [35] successfully demonstrated TPSCs fabricated

by R2R slot-die coating. However, the efficiencies were limited, and these devices also

used pre-fabricated ITO electrodes. The first all-printed and coated TPSCs were reported

recently by Andersen et al. [50], presenting a roll-coated TPSC consisting of 12 layers.

The most widely used recombination layer consists of PEDOT:PSS as HTL and ZnO as

ETL. Chou et al. [51] demonstrated TPSCs with efficiencies up to 5.1% could be fabricated

using metal oxides instead of PEDOT:PSS. In this study, flexible, ITO-free TPSCs have

been fabricated using V2O5 instead of PEDOT:PSS. All layers were deposited by coating

techniques. A transparent V2O5 thin film functions as a hole transport and collecting

layer for the first cell and acts as a stable foundation, enabling the fabrication of the

second cell in the tandem cell architecture. The structure of these devices was composed

of two subcells. The first active layer consisted of P3HT:PCBM, and the second active

layer consisted of the LBG P10 polymer (see Fig. 7.2). The two subcells were linked

by a recombination layer composed of V2O5 and and ZnO to enable stacking the two

inverted configuration OSCs in the TPSC. Figure 7.17 illustrates the J − V curve and

IPCE spectrum for the best tandem device. The tandem architecture for these devices, as

well as the coating procedures were exactly the same as those used by [50], changing only

the HTL to V2O5. The J−V curve and IPCE spectrum demonstrate that was possible to

assemble TPSCs with V2O5 as part of the recombination layer, reaching PCE up to 1.11%,

which is close to the 1.33% for the optimized TPSCs obtained with PEDOT:PSS [50].
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Figure 7.17: J − V curve and IPCE spectrum for a TPSC using V2O5 as part of the recom-
bination layer.

a) J − V curve

- 0 . 2 0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0- 5

- 4

- 3

- 2

- 1

0

V O C  =  0 . 9 1  V
J S C  =  3 . 9 3  m A / c m 2

F F  =  3 0 . 9 2  %
P C E  =  1 . 1 1  %

 

 

Cu
rre

nt 
De

ns
ity

 (m
A/c

m2 )

V o l t a g e  ( V )

B e s t  t a n d e m  d e v i c e

b) IPCE spectrum

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 00
2
4
6
8

1 0
1 2
1 4

 

 

IPC
E (

%)
W a v e l e n g t h  ( n m )

 P 3 H T
 L B G

Source: Own author

7.4 Conclusions

In summary, V2O5 was successfully applied in ITO-free OSCs and TPSCs. In single

junction devices, the OSCs fabricated with water-based V2O5 show better performance

than devices fabricated with PEDOT:PSS as HTL. A comparison between the two differ-

ent preparations of V2O5 for HTL reveals that water-based V2O5 leads to more efficient

devices than ViPr-based V2O5. Water-based V2O5 was also considered as the HTL in

normal configuration devices, and OSCs based on V2O5 outperformed the reference de-

vices with PEDOT:PSS. Water-based V2O5 were also used as part of the recombination

layer in TPSCs, demonstrating PCE as high as 1.11%. Finally, flexible OSCs have been

assembled at ICN2 reaching efficiencies that approach the efficiencies reached by the rigid

glass-based, spin coated devices.
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8. STABILITY OF ORGANIC SOLAR CELLS

8.1 Introduction

Organic solar cells (OSCs) have been an exciting topic of research for the last few

decades as they present several potential advantages compared with conventional inor-

ganic solar cells, including lighter weight, greater flexibility, and inexpensive large area

fabrication using printing techniques. In fact, polymer solar cells are more suitable for

printable solar cells. Substantial progress in organic solar cell technology has improved the

device efficiency, which reaches almost 12% [1]. Compared to the extensive research efforts

devoted to improving the power conversion efficiency (PCE), the stability of OSCs has

attracted significantly less attention, which could be partially due to the high complexity

of the degradation mechanism [2]. This emerging technology is at a pre-commercial stage

of development, and there are several challenges that must be addressed before commer-

cialization would be feasible. To be competitive in the renewable energy market, further

improvements with respect to the efficiency and lifetime of the OSCs are essential. While

the operational lifetime of Si solar cells is in the range of 25 years, the operational organic

photovoltaic (OPV) lifetime under full solar illumination (1 sun = 100 mW/cm2) has only

recently reached a few years [3–7].

Degradation mechanisms in OPV are complex and include a variety of processes:

photo-bleaching of the conjugated polymers, trap generation in the polymer, fullerene

moieties of the photoactive layer[8, 9], degradation of the hole and electron transport

layer [10], ion migration from the electrodes [8], morphological changes [11], and so on.

These processes are almost inseparable as they can be caused by the same factors, namely

exposure of the device to light, heat, oxygen, and/or water [12]. In addition to improving

the design and synthesis of active materials, interface engineering has emerged as a key

factor in increasing the efficiency and stability [13–20]. For facilitating charge extrac-



192

tion, the interface between the electrodes and the active organic layers is modified by

particular treatments, or dedicated interlayers are chosen to match the electronic levels

of the electrodes with the transport levels of the organic materials [21]. In this chapter,

interfacial engineering to increase the stability of OSCs is presented. The use of the high

work function semiconductor oxide V2O5 as the hole transport layer (HTL) as well as the

use of reduced graphene oxide as the interlayer in these devices were evaluated.

8.2 Experimental

8.2.1 Sample preparation

Two types of devices were evaluated with respect to stability. The first devices were

glass-based devices with glass/fluorine-doped tin oxide (FTO)/ZnO/poly(3-hexylthio-

phene-2,5-diyl) (P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)/V2O5/Ag.

The other considered devices were Flextrode R©-based devices, which had the same struc-

ture, but the devices are flexible. For flexible devices, the stability was evaluated using

V2O5 or poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as the

HTL. The flexible plastic solar cells were assembled as described in the previous chapter.

For glass-based devices, all layers, with the exception of Ag, were deposited layer-

by-layer using a spin-coating technique starting from the FTO layer. The silver back

electrode, which has a thickness of 100 nm, was evaporated on top of the V2O5 in a

UNIVEX R© 350G thermal evaporator from Oerlikon R©, placed inside a glovebox.

The ZnO precursor was prepared as proposed by Krebs et al. [22]. In particular,

5.94 g of Zn(OAc)2 ·2H2O was dissolved in 250 ml of MeOH and heated up to 60◦C. At

this temperature, 3.02 g of KOH was added, and the solution was refluxed for 3 h at

◦C. The precipitated particles were then allowed to settle for 12 h before the mixture was

carefully decanted. The precipitate was dissolved in 100-ml MeOH, and after resuspension,

the particles were allowed to settle for another 12 h. Following the previous synthesis

method, MeOH was removed, and the particles were dissolved in 40 ml of chlorobenzene

or isopropanol. The concentration of ZnO was determined and then diluted in 49 mg/ml

of acetone. For stabilization, 2-(2-methoxyethoxy) acetic acid (MEAA) at 2% w/w or
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2-[2-(2-Methoxyethoxy)ethoxy]acetic acid MEEAA at 4% w/w was added with respect

to the weight of ZnO. The ZnO nanoparticles suspended in acetone were spin coated on

the previously cleaned FTO substrate with a speed of 3000 rpm and an acceleration of

3000 rpm/s over 40 s. After deposition, the ZnO thin films were annealed at 140◦C for

30 min.

The active layer composed of P3HT:PCBM (30:30 mg) in chlorobenzene was spin

coated on top of the ZnO layer with a speed of 1000 rpm and an acceleration of 500 rpm/s

over 40 s. The synthesis of the V2O5 · H2O xerogel was performed by the cationic exchange

method [23]. Briefly, 4.5 g of sodium metavanadate (NaVO3; Sigma) was dissolved in wa-

ter at 80◦C. Once cold, the solution was passed through a cationic exchanger (DOWEX50

WX2 50-100 R©, Sigma R©). Water-based V2O5 cannot be directly deposited on the polymers

due to its polarity. To deposit the V2O5 thin film on top of the active layer, isopropanol

must be added to the as-prepared V2O5 xerogel (1:1 ratio), which changes its polarity and

enables deposition. The V2O5 layer was then spin coated on top of the active layer with

a speed of 3000 rpm. The solution was released on the sample for about 10 s, when the

final speed was reached. After deposition, the V2O5 layer was dried at 120◦C for 15 s to

remove the isopropanol. After evaporation, the device was annealed at 120◦C for 10 min.

8.2.2 Stability tests

The stability tests were performed according to the International Summit on OPV

Stability (ISOS) standards [24]. Initially, the samples were analyzed according to the

ISOS-D-1 standard, where the samples are kept under atmospheric conditions without

any source of light. To understand the protective effect of encapsulation, two sets of

devices were tested, with and without encapsulation. Another set of samples were tested

according to the ISOS-O-1 standard, where the samples were tested outdoors in real

operational conditions. For this test, a sun tracker was used to keep the samples under 1

sun of solar illumination for as long as possible. A third set of samples was tested according

to the ISOS-L-1 standard, where the samples are held under artificial illumination (solar

simulator) without controlling the temperature or relative humidity. For the ISOS-L-1
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standard, the use of the solar simulator makes the temperature slightly high. During the

tests, the temperature was approximately 55◦C.

8.3 Results and discussion

8.3.1 Degradation under inert atmosphere in dark

Prior to the application of the ISOS standards to evaluate the stability of the OSCs,

the devices were kept under an inert atmosphere, which contained less than 1 ppm of O2

and H2O, for approximately 90 days after fabrication. The J − V curve and the incident

photon-to-charge-current efficiency (IPCE) spectra for these devices were measured im-

mediately after fabrication and after 90 days in the glove box. These results are shown in

Fig. 8.1 while and Table 8.1 summarizes the average photovoltaic parameters under these

circumstances. The results reveal that there is no evidence of degradation in OSCs.

Figure 8.1: J − V curves for OSCs before and after an aging time of 90 days inside a glove
box.
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Table 8.1: Average photovoltaic parameters of OSCs before and after an aging time of 90 days
inside a glove box.

condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

pristine 12.01±0.53 0.53±0.01 45.98±1.32 2.91±0.16
after 90 days 12.32±0.50 0.53±0.00 45.12±0.95 2.92±0.12

Source: Own author

8.3.2 Degradation of OSCs according to the ISOS-D-1 standard

After being removed from the glove box, the stability of the samples was evaluated by

following the ISOS-D-1 standard to verify the efficacy of encapsulation on the protection

of solar cells. Part of the samples were encapsulated with glass-glass and an UV-curable

epoxy, while the remaining samples were evaluated without any encapsulation. Figure 8.2

shows how the J−V curves for the best performing sample evolved over 60 days. In both

cases, the primary factor causing stability changes in the OSCs is the decreasing short

circuit current Jsc. However, based on the J − V curves, only for the best performing

devices, encapsulation does not seem to be effective in protecting OSCs.

Figure 8.2: J − V curves, for best performing, OSCs aged in air for 60 days without and with
encapsulation, according to the ISOS-D-1 standard.
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Table 8.2 summarizes the photovoltaic parameters for cells with and without encap-

sulation. On average, the main factor causing degradation is the decreasing value of Jsc.

For encapsulated devices, the value of the Jsc decreases by about 10% in 60 days while

that for the non-encapsulated samples decreases by 18%. The values for the open circuit

voltage Voc and fill factor FF are nearly constant after 60 days in air. The PCE decreases

by approximately 8% for the encapsulated devices and 15% for the non-encapsulated de-

vices. On average, encapsulation can protect the OSCs from losses in Jsc, consequently

preserving its PCE. Nevertheless, OSCs without encapsulation could be more stable than

encapsulated OSCs.

Table 8.2: Average photovoltaic parameters of OSCs aged in air for 60 days without and with
encapsulation, according to the ISOS-D-1 standard.

encapsulation condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

yes pristine 11.70±0.28 0.52±0.00 45.40±0.98 2.78±0.01
after 60 days 10.60±0.44 0.53±0.01 46.10±1.27 2.56±0.06

no pristine 9.71±0.50 0.51±0.01 47.40±1.32 2.32±0.16
after 60 days 7.99±0.71 0.52±0.01 47.03±1.83 1.97±0.20

Source: Own author

8.3.3 Degradation of OSCs according to the ISOS-L-1 standard

To quickly determine the stability of these devices, two samples were submitted to an

accelerated test, where the samples were kept under 1 sun of constant irradiation using a

solar simulator. The samples were studied for 72 h. The working temperature was around

55◦C.
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Figure 8.3 shows how the photovoltaic parameters evolution for the two considered

OSCs. In both samples, the main factor causing degradation of the OSCs is the decreasing

value of Jsc. Moreover, the variation of PCE with time follows the trend for Jsc with time.

In the 72-h study period, Voc slightly increases. The FF remains almost constant for

sample 1 and decreases slightly for sample 2. The initial efficiency loss for OSCs, called

“burn in,” seems to originate from the decrease in Jsc caused by the bulk degradation of

the active layer induced by solar radiation [25–27].

Figure 8.3: Time evolution of the photovoltaic parameters for two OSCs under accelerated
degradation test (solar simulator conditions) for 72 h, according to the ISOS-L-1 standard.
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At this point, the variables important for the degradation analysis of OSCs are defined.

The definitions for the most common variables have been provided by the OPV community

through consensus protocols [24]:

1. (E0,T0), where E0 is the initial testing measurement of an OPV device immediately

after final fabrication of the device at time T0 = 0.

2. (ES,TS), where ES is a second testing measurement of an OPV device, defined

arbitrarily by the user at time TS after the fabrication of a device.
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3. (E80,T80), where E80 is the testing measurement of an OPV device after the device

has decayed 20% from the initial testing measurement of E0. The time required

decay to E80 is T80.

4. (ES80,TS80), where ES80 is the testing measurement of an OPV device after the

device has decayed 20% from the second testing measurement ES. Here, TS80 is the

time required to decay to ES80.

For both samples, there is a clear burn-in time. Assuming the burn-in time is T80, the

burn-in time for both devices is about 8 h. The secondary measurement time TS is set to

T80. Then, at the end of the 72-h experiment, both samples have almost reached TS80.

The J − V curves for both samples were measured before and after the accelerated

degradation test, as shown in Fig. 8.4. The primary change after the degradation was a

decrease in the value of Jsc.

Figure 8.4: J − V curves for OSCs degradation tests under solar simulator conditions over
72 h, according to the ISOS-L-1 standard.
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The comparison of the photovoltaic parameters before and after the degradation are

shown in Table 8.3. These results confirm that the values from the open circuit voltage
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and fill factor remain almost constant before and after the accelerated degradation test.

In fact, for sample 1, Voc and FF slightly increased after the degradation. On the other

hand, for sample 2, Voc was not changed, and FF slightly decreased. As a result, the

performance of sample 1 was better than that of sample 2 for the same conditions.

Table 8.3: Photovoltaic parameters for OSCs degradation tests under solar simulator conditions
over 72 h, according to the ISOS-L-1 standard.

sample condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

1 pristine 12.21 0.52 45.49 2.91
after 72 h 7.41 0.53 47.43 1.85

2 pristine 12.09 0.53 46.46 2.96
after 72 h 7.28 0.53 45.16 1.75

Source: Own author

8.3.4 Degradation of OSCs according to the ISOS-O-1 standard

In this study, four samples were degraded in real outdoor conditions. Two samples

based on rigid FTO glass and two samples based on Flextrode R© were considered. The

glass-based OSCs were studied for 1000 h, while the plastic OSCs were studied for 900 h.

In both cases, the photovoltaic parameters were recorded every 5 min. Only the data

points in which the irradiance is 1±0.1 sun are shown.

The time evolution of the photovoltaic parameters for glass-based solar cells is shown

in Fig. 8.5. This case is similar to the ISOS-L-1 case because the losses in PCE follow the

decreasing trend of Jsc. Both samples show a burn-in process, with T80 values of 450 h

and 420 h for samples 1 and 2, respectively. Considering TS = T80, TS80 is not reached for

sample 1 within the 1000 h experimental time. For sample 2, TS80 is around 1000 h. For

both samples, Voc does not show any appreciable difference during the test. For sample

1, FF remains almost constant while showing some instability and decrease for sample 2

after the first 300 h of experiment.
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Figure 8.5: Time evolution of the photovoltaic parameters for two OSCs tested under real
outdoor conditions over 1000 h, according to the ISOS-O-1 standard.
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Source: Own author

The photovoltaic parameters were also measured with a solar simulator. The evolution

of the J − V curves for both samples is shown in Fig. 8.6. The decrease in Jsc as well

as the constance of Voc are both observable in this figure. The decrease in Jsc is in good

agreement with the changes in the IPCE spectra of the samples, showed in the insets.

The shape of the spectra are preserved and only change in intensity, which indicates a

decrease in the value of Jsc.

Table 8.4 shows the photovoltaic parameters associated with the J − V curves shown

in Fig. 8.6. The data from Table 8.4 also confirms that the degradation of the solar cells

is due to losses on Jsc. Moreover, Voc and FF do not present any appreciable change. All

of the results from the application of the ISOS-O-1 standard show that the mechanisms of

degradation seem to be the same as those responsible for the degradation under accelerated

conditions in the ISOS-L-1 standard because the photovoltaic parameters evolve in a very

similar way.
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Figure 8.6: J −V curves for OSCs degradation tests under real outdoor conditions, according
to the ISOS-O-1 standard. Insets show IPCE spectra.
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Table 8.4: Photovoltaic parameters for OSCs degradation tests under real outdoor conditions,
according to the ISOS-O-1 standard.

sample condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

1 pristine 12.28 0.52 45.18 2.89
after 175 h 10.05 0.53 47.08 2.49
after 350 h 9.38 0.53 47.12 2.35
after 700 h 8.10 0.52 46.96 1.99
after 1000 h 7.83 0.53 46.29 1.93

2 pristine 12.73 0.52 44.36 2.93
after 175 h 10.38 0.53 44.98 2.57
after 350 h 9.49 0.52 47.70 2.39
after 700 h 8.37 0.52 46.45 2.04
after 1000 h 7.84 0.52 45.08 1.85

Source: Own author
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8.3.4.1 V2O5 vs. PEDOT:PSS

The V2O5-based and PEDOT:PSS-based HTL for flexible, ITO-free, printable photo-

voltaic are compared. The stability of two encapsulated OSCs have been tested following

the ISOS-O-1 standard. Figure 8.7 shows the time evolution of the photovoltaic parame-

ters for both devices. The results are very similar to the results presented for glass-based

devices. The degradation is caused by losses in Jsc. The values of Voc and FF are almost

constant for the cell using the V2O5-based HTL; however, for the cell using PEDOT:PSS,

there is a failure of FF around 650 h. The effect of this failure can be observed in the

PCE for this device: PCE reaches a plateau, but decreases after the FF failure.

Figure 8.7: Time evolution of the photovoltaic parameters of plastic OSCs under real outdoor
degradation tests using V2O5 or PEDOT:PSS as HTL, according to the ISOS-O-1 standard.

a) V2O5 as HTL
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b) PEDOT:PSS as HTL
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Source: Own author

Figure 8.8 shows the comparison between the two samples, considering only PCE. Both

devices present a burn-in process. Nevertheless, T80 for both devices is very different. For

the best device, which uses V2O5, T80 is 400 h while that for the PEDOT:PSS-based

device is around 40 h. Considering that TS = T80, TS80 is not reached for the V2O5-

based OSC because PCE is held around E80 for the duration of the experiment. For

the PEDOT:PSS-based OSC, TS80 is reached at about 150 h, and T80 is about 550 h.
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The efficiency of these devices seems to stabilize around T50, but failure on FF induces

additional losses in PCE.

Figure 8.8: Comparison between the PCE evolution for plastic OSCs under real outdoor
degradation tests using V2O5 (black) or PEDOT:PSS (red) as HTL, according to the ISOS-O-1
standard.
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The J −V curves for these solar cells, determined at different times during the degra-

dation, are shown in Fig. 8.9. There are remarkable differences between the curves for the

two cells. There is no change in Voc and just a slight decrease in Jsc for V2O5-based cells.

The PEDOT:PSS-based cells, on the other hand, presented a more pronounced decrease

in Jsc and a reduction in Voc.
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Figure 8.9: J −V curves for plastic OSCs under real outdoor degradation tests using V2O5 or
PEDOT:PSS as HTL, according to the ISOS-O-1 standard.

a) V2O5 as HTL

- 0 . 1 0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6

- 4

- 2

0

2

 

 

Cu
rre

nt 
De

ns
ity

 (m
A/c

m2 )

V o l t a g e  ( V )

 I n i t i a l
 3 0 0  h
 6 0 0  h
 9 0 0  h

b) PEDOT:PSS as HTL
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8.3.5 Strategies for improving the stability of OSCs

All the results presented so far suggest the solar cells analyzed in this study degrade

mainly due to losses in Jsc, while FF and Voc values remained almost constant, as it has

been reported previously [8]. These losses can be attributed to a number of factors such

as poor exciton separation [28], decrease mobility in the active layer [29, 30], increase in

charge carrier recombination [31], among others.

Two main degradation pathways of the active layer of OPVs that have been suggested

are [8]: (i) morphological degradation of the bulk heterojunction architecture and (ii)

chemical degradation of the organic materials. Possible reasons for chemical degradation

in poly(3-hexyl-thiophene)(P3HT) are the formation of charge coupled complexes with

oxygen [32] and oxidation of the polymer backbone [30].

According to Endale et al. [33], the photodegradation of P3HT results in reduced light

absorption, increased series resistance and lower hole mobility. It is well known that more

energetic photons like those from UV and blue radiation have the ability to damage the

polymers, degrading the active layer of OSCs. In fact, it is generally accepted that UV

radiation is able to promote physical or chemical degradation in polymeric materials, as
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this energy could be enough to break chemical bonds [34–36]. Hintz et al. [36] reported

the photodegradation of P3HT upon illumination with both visible (525 nm) and UV

(365 nm) light finding that the degradation products depend strongly on the wavelength

of the incident light. For UV irradiation the π-conjugated system and the hexyl side

chain are degraded simultaneously, while for visible light only the π-conjugated system is

affected. Córcoles et al. [37] suggests that chain break would be the principal degradation

mechanism under UV irradiation.

Besides photo induced degradation, another type of chemical degradation is related to

oxygen and moisture incorporation as well as with the diffusion of another species into the

active layer, the latter being known as interlayer diffusion. In i, the electrode material is

slowly dissolved in the other layers, i.e., the electrode material diffuses through the entire

device and thus contributing to the overall degradation of the device [30, 31, 38, 39].

In this work, with the aim to avoid the UV component of the solar spectrum, ultraviolet

radiation filters have been used in stability tests. Graphene reduced oxide protection layer

was tried as protective layer, with the objective to protect the active layer from for the

oxygen and moisture diffusion as well as from the interlayer diffusion. In the normal

configuration devices, there is some evidences that V2O5 layer can acts as a UV filter [40],

since it absorbs light in the UV region.

8.3.5.1 UV filter

In order to identify the effect of UV-filter protection on the stability of OSCs, identical

samples, without and with an UV filter, were tested according to ISOS-O-1 standard

during 2500 h. Figure 8.10 shows the evolution of the photovoltaic parameters for these

devices during 2500 h stability test. According to Fig. 8.10, the main factor causing

degradation in both devices is a decreasing on the value of Jsc, which is in good agreement

with the results presented in previous sections. During the tests, the other monitored

parameters, VOC , and FF changed very little. After 2500 h, the PCE value decreased to

73% and 65% of its initial PCE, for the solar cell with and without UV filter, respectively.



206

Figure 8.10: Time evolution of the photovoltaic parameters for OSCs without UV filter with
UV filter during real outdoor degradation tests according to the ISOS-O-1 standard.
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Figure 8.11 shows J−V curves for cells without and with an UV filter, obtained under

real solar illumination. Curves were recorded every 500 h. The overview of these sets of

curves provide a better picture for the evolution of the photovoltaic parameters. Absolute

values of the photovoltaic parameters are shown in Table 8.5. The analysis of Fig. 8.11

together with the data from Tab. 8.5 makes clear that the values for Jsc decreases less

for the solar cell with the UV filter. As a consequence of this small decreasing in Jsc,

the device protected with an UV radiation filter was able to retain more PCE during the

stability test.
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Figure 8.11: J − V curves for OSCs degradation tests, without and with UV filter, under real
outdoor conditions, according to the ISOS-O-1 standard.
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Table 8.5: Photovoltaic parameters for OSCs degradation tests, without and with UV filter,
under real outdoor conditions, according to the ISOS-O-1 standard.

UV filter condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

without pristine 10.12 0.46 38.88 2.10
after 500 h 9.15 0.46 38.05 1.71
after 1000 h 8.23 0.46 39.11 1.65
after 1500 h 7.91 0.46 39.29 1.62
after 2000 h 7.61 0.49 38.70 1.51
after 2500 h 6.90 0.49 38.41 1.36

with pristine 7.59 0.46 37.88 1.58
after 500 h 7.11 0.46 35.89 1.44
after 1000 h 6.84 0.47 35.48 1.34
after 1500 h 6.29 0.47 35.41 1.28
after 2000 h 6.29 0.48 33.73 1.22
after 2500 h 5.93 0.48 32.81 1.15

Source: Own author

Figure 8.12 shows J − V curves and IPCE spectra for the cell tested without an UV

filter, before and after the ISOS-O-1 stability test. The data were recorded under solar
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simulator conditions. Figure 8.13 shows the same data for the device with UV filter.

The photovoltaic parameters for these two devices, before and after the stability test are

shown in Table 8.6.

The data show a performance degradation, with decreased photovoltaic parameters,

of the cells, both without and with an UV filter, after the 2500-h stability test. The insets

of Figs. 8.12(b) and 8.13(b) show the normalized PCE spectra before and after the test.

The spectra before and after the test match perfectly in both cases (without and with an

UV filter) showing that the IPCE losses are due to decreasing Jsc values. The decrease in

performance is less accentuated for the device tested with an UV filter which allows the

conclusion that the use of the UV filter is beneficial to the long term stability of these

OSCs.

Figure 8.12: J − V curves and IPCE spectra for OSCs degradation test, without UV filter,
obtained under solar simulator conditions before and after the ISOS-O-1 2500-h stability test.
The inset shows normalized IPCE spectra.

a) J − V curves
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Figure 8.13: J − V curves and IPCE spectra for OSCs degradation tests, with UV filter,
obtained under solar simulator conditions before and after the ISOS-O-1 2500-h stability test.
The inset shows normalized IPCE spectra.

a) J − V curves
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Table 8.6: Photovoltaic parameters for OSCs degradation tests, without and with UV filter,
obtained under solar simulator conditions, before and after the ISOS-O-1 2500-h stability test.

UV filter condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

without pristine 14.17 0.50 35.19 2.47
after 2500 h 7.32 0.35 28.21 0.73

with pristine 13.36 0.50 36.01 2.40
after 2500 h 7.96 0.51 31.35 1.27

Source: Own author

8.3.5.2 Graphene oxide protective layer

Graphene oxide (GO) is a versatility material and has been used for different purposes

in OSCs such as hole transport layer [41, 42], electron transport layer [43, 44] or trans-

parent electrode [45, 46]. Graphene is well known as an impermeable material [47, 48].

In the case of graphene oxide, Compton et al. [49] reported that polystyrene–graphene

nanocomposites have low O2 permeability, thus being promising packaging materials.
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Chen et al. [50] found that CVD graphene coated on the surface of Cu or Ni protects

the metal from oxidation. Therefore, graphene-based materials are excellent environmen-

tal barriers [48, 51]. Zhike et al. [52] demonstrated that two or more layers of graphene

top electrodes can protect OPVs very well from air contamination because multilayer

graphene films are impermeable to air. Due to its properties, graphene oxide is a suitable

material to be used as a protective layer on OSCs. It can be used to protect the active

layer from oxygen and moisture diffusion as well as from interlayer diffusion.

In this work, graphene oxide was tested as OSCs protective layer, placed in between

the active layer and the hole transport layer. A reference device without a GO protective

layer and another one with a GO protective layer were tested for 2500 h under real outdoor

conditions. Figure 8.14 shows J − V curves recorded every 500 h while Table 8.7 shows

the photovoltaic parameters. The data plotted as a function of time is shown in Fig. 8.15.

Figure 8.14: J − V curves for OSCs degradation tests, without and with a GO protective
layer, under real outdoor conditions, according to the ISOS-O-1 standard.
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Table 8.7: Photovoltaic parameters for OSCs degradation tests, without and with a GO pro-
tective layer, under real outdoor conditions, according to the ISOS-O-1 standard.

GO layer condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

no pristine 10.12 0.46 38.88 2.10
after 500 h 9.15 0.46 38.05 1.71
after 1000 h 8.23 0.46 39.11 1.65
after 1500 h 7.91 0.46 39.29 1.62
after 2000 h 7.61 0.49 38.70 1.51
after 2500 h 6.90 0.49 38.41 1.36

yes pristine 8.21 0.46 35.51 1.63
after 500 h 7.53 0.48 35.78 1.42
after 1000 h 6.60 0.49 35.21 1.35
after 1500 h 6.50 0.49 34.89 1.28
after 2000 h 6.48 0.49 34.29 1.15
after 2500 h 5.12 0.46 31.37 0.89

Source: Own author

Figure 8.15: Time evolution of the photovoltaic parameters for OSCs degradation tests, with-
out and with a GO protective layer, under real outdoor conditions, according to the ISOS-O-1
standard.

a) without GO layer
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These devices were also measured under solar simulator conditions and have been

characterized regarding the external quantum efficiency, before and after the stability

tests. Figure 8.16 shows the J − V curves and IPCE spectra for the solar cell with a
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graphene oxide protective layer (see data for the reference device on Fig. 8.12). The

inset in Fig. 8.16 shows normalized IPCE spectra. These results indicate that the use

of a graphene oxide protective layer seems to be causing a malefic effect on the stability

of these organic solar cells. It is important to notice that, while the degradation of the

reference devices (without GO) was mainly due to losses in short circuit current, the losses

in PCE of samples with a GO layer were due to losses in short circuit current and also

fill factor. Looking more closely to the time evolution of PCE for the samples with and

without a GO layer, which is depicted in Fig. 8.17, it can be observed that, at least for

the first 1500 h, the sample with a GO layer was more stable. It is true that at end of the

test the sample with a GO layer is less stable, but it is important to point out that its

electrical connectors were more oxidized than those of the sample without the protective

layer. This extra oxidation can be the reason for the decrease on fill factor values.

Figure 8.16: J −V curves and IPCE spectra for OSCs degradation tests with a GO protective
layer under solar simulator conditions, before and after the ISOS-O-1 2500-h stability test. The
inset shows normalized IPCE spectra.

a) J − V curves
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Figure 8.17: Comparison between the time evolution of PCE for OSC with and without a GO
protective layer.
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8.3.5.3 UV filter and graphene oxide protective layer

The effect of a combination of UV filter and graphene oxide protective layer on the

stability of OSCs was also evaluated. Figure 8.18 shows J − V curves recorded every

500 h, while Table 8.8 shows the photovoltaic parameters. The data plotted as a function

of time is shown in Fig. 8.19.
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Figure 8.18: J − V curves for OSCs degradation tests, without and with a combination of
UV filter and GO protective layer, under real outdoor conditions, according to the ISOS-O-1
standard.

a) without protective layer
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Table 8.8: Photovoltaic parameters for OSCs degradation tests, without and with a combi-
nation of UV filter and GO protective layer, under real outdoor conditions, according to the
ISOS-O-1 standard.

UV filter + GO layer condition Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

no pristine 10.12 0.46 38.88 2.10
after 500 h 9.15 0.46 38.05 1.71
after 1000 h 8.23 0.46 39.11 1.65
after 1500 h 7.91 0.46 39.29 1.62
after 2000 h 7.61 0.49 38.70 1.51
after 2500 h 6.90 0.49 38.41 1.36

yes pristine 9.08 0.48 38.62 1.91
after 500 h 8.60 0.51 34.52 1.84
after 1000 h 7.17 0.50 38.55 1.73
after 1500 h 7.19 0.51 37.68 1.69
after 2000 h 7.30 0.49 35.48 1.57
after 2500 h 7.37 0.49 34.01 1.50

Source: Own author
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Figure 8.19: Time evolution of the photovoltaic parameters for OSCs degradation tests without
and with a combination of UV filter and GO protective layer, under real outdoor conditions,
according to the ISOS-O-1 standard.

a) without any protective layer
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Figure 8.20 shows the J −V curves and IPCE spectra for the solar cell protected by a

combination of UV filter and graphene oxide protective. This results show that the effect

of both protections is much more effective.

Figure 8.20: J − V curves and IPCE spectra for OSCs degradation tests with a combination
of UV filter and GO protective layer, before and after the ISOS-O-1 2500-h stability test. The
inset shows normalized IPCE spectra.

a) J − V curves
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b) IPCE spectra
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8.4 Conclusion

In this chapter the efficiency of OSCs have been tested by means of the application

of the ISOS standards; ISOS-D-1, ISOS-L-1 and ISOS-O-1. All the results for the tested

have shown that the main factor causing degradation is losses in current density. Two

strategies were applied in order to try to improve the stability of these devices. The use of

UV-filter and a protective reduced graphene oxide layer. The results have shown that both

strategies are effective in improving the stability of OSCs, and the use of both together

leads to remarkably efficient device. In one test the long term stability for devices using

PEDOT:PSS or V2O5 as HTM have been compared and the results showed that V2O5

leads to more efficient devices.
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9. CONCLUSIONS AND FUTURE WORK

This work explored solution processed transition metal semiconductor oxides (ZnO,

TiO2 and V2O5) with focus on their characterization from the materials science point of

view as well as their application in next generation dye-sensitized and organic solar cells.

9.1 Conclusions

Electrodeposition - a simple and environmentally friendly growth method - was demon-

strated to be efficient to synthesize high-quality ZnO nanostructures/films with good

semiconducting properties. The possibility of tuning the semiconductor properties by

changing electrodeposition parameters has also been demonstrated. Furthermore, elec-

trodeposited zinc oxide thin films have been applied as working electrodes in efficient

DSSCs. As comparison, ZnO nanorods have also been deposited by hydrothermal synthe-

sis on TCO substrates and applied in efficient DSSCs. The semiconductor properties of

these thin films and the performance of the DSSCs for both types of ZnO thin films were

found to be similar which leads to a conclusion that these films are promising materials

to be applied in DSSCs.

Natural dyes were extracted from three plants, which can be found in northeast Brazil,

using simple and inexpensive methods and were successfully applied as sensitizers in

DSSCs. Such DSSCs were assembled with commercially available TiO2 as working elec-

trode. The characterization of these natural dyes revealed that their absorption is com-

patible with the optical band gap and HOMO-LUMO levels of anthocyanins. Moreover,

these dyes are suitable for use with the TiO2 working electrode and I−/I−3 redox mediator

electrolyte. The dye N. oleander presented better performance than the other considered

dyes, possibly due to its better interaction with the TiO2 working electrode.
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Vanadium oxide - V2O5 - was successfully applied in ITO-free OSCs and TPSCs.

In single junction devices, the OSCs fabricated with water-based V2O5 showed better

performance than devices fabricated with PEDOT:PSS as HTL. A comparison between

the two different preparations of V2O5 for HTL revealed that water-based V2O5 leads to

more efficient devices than ViPr-based V2O5. Water-based V2O5 was also considered as

the HTL in normal configuration devices, and OSCs based on V2O5 outperformed the

reference devices with PEDOT:PSS. Water-based V2O5 were also used as part of the

recombination layer in TPSCs, yielding PCE values as high as 1.11%. Finally, flexible

OSCs reached efficiencies that approach the efficiencies obtained for rigid glass-based, spin

coated devices.

The stability of organic solar cells was evaluated by means of the application of ISOS

standards ISOS-D-1, ISOS-L-1, and ISOS-O-1. The results revealed that efficiency drops

down mainly due to losses in JSC , which can be attributed mainly to damage of the P3HT

polymer due to high energy UV photons and to the migration of deleterious species to

the active layer. Two strategies were applied to improve the stability of these device:

the use of UV filter to eliminate the effect of the high energy photons and the use of

a protective reduced graphene oxide (GO) layer. These strategies were shown to be

effective at improving the stability of OSCs. The use of a UV filter extended the T80

time in 750 h, while the use of GO extended it about 300 h. The use of the combination

of both UV filter and GO layers leads to a large improvement in the long term stability

since at the end of the experiment the efficiency for these devices were still around T80.

During the application of the ISOS-O-1 standard a fair comparison between devices using

PEDOT:PSS and V2O5 was also performed and the results have shown a better stability

for the OSCs that used V2O5 as HTM. The T80 time for V2O5 was increased by a factor

of 10.

9.2 Future work

Future work on electrodeposited ZnO must be focused on the application of thin films

with another suitable dyes, as the dye used in this study was developed to be used with
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TiO2. For natural dyes, future studies must be focused on further purification of the

extracted dyes. As this work is the first to use water based V2O5 as HTM for ITO-free

plastic solar cells, there are a large amount of work to be done. Future work can be focused

on improving the quality of V2O5 films in order to enhance cells performance. Moreover,

use of highly conductive PEDOT:PSS on the back electrode should be avoided. In terms

of stability tests, other tests exploring other ISOS standards with control of temperature

and humidity can be applied to improve the understanding of the degradation of such

devices and consequently their stability.
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