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Zusammenfassung

Organische Halbleiter riicken immer mehr in den Blickpukt der Forschung aufgrund ihren
vielseitigen Mdoglichkeiten einer Anwendung in der Elektronik und Photovoltaik. Der
Hauptvorteil organischer Halbleiter ist die leichte Verarbeitbarkeit bei geringen
Temperaturen. Dadurch kdnnen sie sowohl in flexiblen als auch in gedrucken
Anwendungen verwendet werden. Die groBen Nachteile der organischen Halbleiter sind
die schlechte Luftstabilitdt und die geringe Ladungs-Transport-Mobilitat.

Diese Arbeit untersucht die Eigenschaften von vier Wasserstoffbriicken-bildende Diamino-
Anthrachinon-Farbstoffen in Solarzellen. Diese Farbstoffe besitzen eine ambipolare
Leitfahigkeit was bedeutet, dass sie in der Lage sind sowohl positive als auch negative
Ladungen zur gleichen Zeit zu transportieren. Diese Eigenschaft macht die Farbstoffe

perfekt fir den Einsatz in sogenannten Homojunction-Solarzellen.

Der erste Teil der Arbeit befasst sich mich der Charakterisierung der Farbstoffe, der
Bestimmung der Bandlicken und mit der Kalkulation des entsprechend hdchsten
besetzen Molekll Orbitals (HOMO) und des niedrigsten unbesetzten Molelll Orbitals
(LUMO). Dafir werden cyclovoltammetrische Messungen in Acetonitril und UV-Vis-
Spektroskopie in DUnnfilm und Acetonitril verwendet.

Im zweiten Teil der Arbeit werden die vier Diamino-Anthrachinon-Farbstoffe in Solarzellen
verbaut. Die Solarzellen werden dabei im Homojunction- und im Bulk-Heterojunction-
Aufbau gebaut. Beim Bau der Bulk-Heterojunction-Solarzellen werden 1-[3-
(Methoxycarbonyl)propyl]-1-phenyl-[6.6]Cs;  (PCBM[60]) als Akzeptor- und Poly(3-
hexylthiophen-2,5-diyl) (P3HT) als Donor-Material verwendet. Als Lochleitungs-Schicht dienen
Poly-3,4-ethylendioxythiophen: Poly(styrenesulfonate) (PEDOT:PSS) im normalen Aufbau
und Molybdanoxid im inversen Aufbau. AuBerdem wird Titanoxid als Elektronenleiter-
Schicht im inversen Aufbau verwendet. Die Solarzellen werden mit Strom-Spannung-
Messungen charakterisiert.

Der letzte Teil untersucht den Einfluss von selbst assemblierenden Monolagen (SAMs)
auf die Solarzellen-Parameter. Die SAMs bestehen aus para-substituierten Derivaten der
Benzoesaure und werden auf eine Titanoxid-Schicht aufgebracht. Die Beschichtung durch
die SAMs wird mittels Kontaktwinkel-Messungen bestimmt. Daftir werden H,O und CHal,
als analytische FlUssigkeiten verwendet. AuBerdem werden die Oberflachenenergien
ermittelt. Im Anschluss werden die SAM-beschichteten Titanoxid-Schichten in inversen

Solarzellen verbaut und mittels Strom-Spannung-Messungen charakterisiert.



Abstract

Organic semiconductors are in the focus of research due to the manifold possible
applications in photovoltaics and electronics. Their main advantage over inorganic
semiconductors is the easy processability and the low process temperature. This property
enables organic semiconductors to be used in flexible as well as in print applications.
However, organic semiconductors still suffer from low charge carrier mobility and little air

stability.

This thesis investigates the semi-conductive behaviour of four H-bonding diamino-
anthraquinone dyes in solar cell applications. These dyes are considered to be ambipolar,
making them suitable for homojunction solar cells as they are able to transport positive as
well as negative charge carriers at the same time.

The first part focuses on the characterization of dyes and the determination of their band
gaps and the corresponding highest occupied molecule orbital (HOMO) and lowest
unoccupied molecule orbital (LUMO) levels. Therefore, cyclovoltammetric measurements
in acetonitrile as well as UV-Vis spectroscopy in thin film and acetonitrile are performed.

The second part investigates on the diamino-anthraquinone dyes being introduced into
solar cells including homojunction and bulk-heterojunction setups. In bulk-heterojunctions,
the dyes are used along with [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM[60]) and
Poly(3-hexylthiophen-2,5-diyl) (P3HT). All experiments are carried out in normal
architecture, including Poly(3,4-ethylen dioxythiophen); Poly(styrenesulfonate) (PEDOT
:PSS) as hole transport layer, and inverse architecture, where titanium oxide is used as
electron transport and molybdenum oxide as hole transport layer. The solar cells are

characterized by current-voltage measurements.

The last part examines the influence of self assembling monolayers (SAMs), consisting of
five benzoic acids derivatives, on the solar cell parameters. The coating of SAMs onto
TiOx is measured with contact angle measurement and H,O and CH.l, as analytical
liquids. Additionally, the surface energy is calculated. Then the SAMs are introduced into

inverse architecture solar cells and characterized by current-voltage measurements.
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1 Introduction
Since life exists, there is the need for energy. The average energy needed to fuel a

human body and its function is around 100 W, but to make life comfortable, in the way we
do it nowadays, takes 30 times more energy [1]. Life, as we know it, is simply based on a
processed form of solar energy. Plants like algae and photo bacteria directly process
sunlight through photosynthesis into useful energy and are, therefore, the basis of all
following life forms. It took over millions of years that a life form other than those is able to
directly process sunlight: mankind. Since Alexandre Edmond Becquerel discovered that
the illumination of one of two electrodes of the same material in a battery leads to an
increased voltage (Becquerel effect) in 1839 [2], a lot of hard work and research led us to
the current state of the art. Today, photovoltaic (PV) is already a basis in energy
production and will become more and more important over the years in overcoming our

dependency on fossil fuels.

1.1 World Energy Production

The usage of fossil fuels changed our world drastically. The possibility to generate heat
and electricity on demand makes daily life very comfortable, but it comes for a very high
price. Climate change and pollution, generated by burning of fossil fuel, are one of the

most omnipresent topics when talking about energy and environment.
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Figure 1: World net energy production by fuel in trillion kWh, provided by the EIA [3]

Nowadays, society started rethinking about the use of fossil fuel and the generation of
anthropogenic greenhouse gases. Reducing carbon dioxide emissions and other
greenhouse gases has become an important goal for many countries all over the world.
Therefore, many initiatives try to promote and subsidise green energy sources in order to
replace the existing fossil fuel sources.



In 2013, the U.S. Energy Information Administration (EIA) has presented a world energy
outlook up to the year 2040 [3]. According to EIA, the world net energy generation will
increase from 20.2 ftrillion kWh in 2010 to 39 ftrillion kWh in 2040 (see Figure 1).
Considering the IEO2013 Reference case, one of the largest growths will be allocated in
the sector of renewable energies.

However, it is not only the EIA that works on future world energy trends: The IEA has
provided different scenarios for the future of renewable energy within their ETP 2014
analysis [4]. One of their scenarios is called 6DS meaning a raise of the mean
temperature of the earth by 6°C through the current trend of energy production and
consumption. That scenario leads to an increase in all sectors of energy production
including fossil fuels to cover the increasing demand. The other two scenarios are called
2DS and hi-REN scenario. Both have the goal not to exceed the 2°C global mean
temperature raise limit. This includes the raise in efficiency of the energy used and the
reduction of fossil fuel to a bare minimum. However, the hi-REN scenario tries to archive
the same energy level as 2DS but with 79% of the energy provided by renewable
resources. For the hi-REN scenario the IEA provides a roadmap of the future PV-
electricity generation and the total electricity generation (see Figure 2) [5].
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Figure 2: Roadmap of future PV-production according to the hi-REN scenario
provided by the |IEA [4]



1.2 Evolution of Photovoltaics

As already mentioned before, Alexandre Edmond Becquerel was the first to investigate on
the influence of light on the electrical properties of batteries. Although this was performed
in the mid 19" century, it still took more than 100 year to get to first solar cell as we know
it today. It was William B. Shockley who provided the first theoretical concept for solar
cells in his work “The Path to the Conception of the Junction Transistor” [6]. However, the
first workable boron-doped silicon solar cell was built by D.Chapin, C.Fuller and
G.Pearson at the Bell Laboratories in 1954 by bundling their cells into a panel [7].

The first real applications of solar cells were found in aeronautics and astronautics. During
the oil crisis in the 70’s, the urge to become independent from fossil fuel came along. That
marks the starting point to put more effort into this kind of technology.

Since this start, a lot of new PV technologies have emerged. Today, the predominant
technology is still silicon-based but other crystalline systems like cadmium telluride (CdTe)
[8] or copper indium gallium selenide (CIGS) [9] are commonly used too. Although Si-
based technologies hold a market share of 91% whereby multi-crystalline Si accounts for
56%, thin film technologies like CIGS and CT already account for 9% of the total energy
production [10].

Along all these well-established solar cell technologies, other branches like organic
photovoltaics (OPV) try to find their way into the market of energy production. The
estimated huge advantages of OPV are the highly reduced costs and their improved
process capability. Although OPV possibly will never replace inorganic or hybrid systems
in panels on rooftops und such, their main use can be found in intelligent textiles, roll to
roll processes and flexible photovoltaics where ‘conventional’ PV does not meet the

requirements needed like mechanic resilience for example.

Nevertheless, for the last six years a new technology has nearly overcome all other
technologies: perovskite based solar cells. Starting with an initial efficiency around 3.8% in
2009 [11], the perovskite technology has found itself with a certified photon conversion
efficiency of 20.1% in 2015 [12]. However, these very promising results still suffer from
disadvantages. Perovskite solar cells are extremely sensible to moist which leads to a
rapid degradation of the cell. Additionally, one of the main issues is lead on which the
system is built. There are some efforts to replace lead with tin, but those systems suffer
from severe efficiency losses [13].



As mentioned before, many technologies on photovoltaics have evolved and developed
over the years. The National Renewable Energy Laboratory (NREL) has put together all
technologies in one table to give an excellent overview on the evolution of photovoltaics
from 1975 until now. All results from 2005 to 2015 shown in Figure 3 below are found in

the work of M.A.Green et al. [14].
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Figure 3: Best Research-Cell Efficiencies provided by NREL [15]

According to M.A.Green et al., the best organic cells reach efficiencies around 9-11%
while thin-film technologies and perovskites are found between 20-23%. Crystalline Si-
systems reach efficiencies up to almost 28%. The record of 44% can only be reached by
triple-junction cells with concentrator array setting.



2 Basics

2.1 Light to Electricity

First of all, the general principle of the electricity generation in silicon-solar cells will be
explained for a better understanding. All electronic processes within a Si-solar cell can be
explained through the ‘band’- model. Si is a semiconductor, whose valence band (VB) is
filled with ‘bonded’ electrons, electrons which are not able to leave the core atom.
Regarding the conduction band, energy- rich electron can be found here, free to move
throughout the whole Si-lattice. These free electrons are considered to be delocalized.
The gap between the valence and the conduction band is called ‘bandgap’. This bandgap
is very dependent on material properties, as well as on temperature and the amount of
doping of the material used. If both, valence band and conduction band, are overlapping,
the material is considered to be an electric conductor like metals. Materials where
conduction band and valence band are far apart are electric insulators. Materials where
conduction band and valence band are very close together are considered
semiconductors. However, semiconductors are not neither good conductors nor good
insulators. Therefore, to control and manipulate the electric conductivity it is very
important to dope such materials [16,17].

To generate electricity from sunlight, photons of the energy of the band gap and above
have to be absorbed by the material. These photons promote electrons from the valence
band to the conduction band, leaving a positively charged ‘hole’ behind. This pair, the
positive hole and the negative electron, build up an exciton pair who are still bound
through coulombic forces. To split them apart, an electric field has to be applied. This is
achieved through an n-doped (electron rich) and a p-doped (electron poor) area. Through
the difference in electron density between these two areas an electric field occurs. If the
electric field is strong enough and the coulombic force between the exciton pair is weak
enough, they can be separated and each electron and hole moves to their electrode,
where they contribute to the electric circuit. This process is shown below in the Figure 4
[18].
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Figure 4: Exciton generation in a Si-solar cell

2.2 Organic Photovoltaics (OPV)

Organic molecules and polymers with a 1-conjugated aromatic backbone, including those
with hetero atoms, are capable of transporting holes and electrons like an inorganic
semiconductor. Additionally, they can absorb light easily. Therefore, these systems can be
used as semiconductors in opto-electronic systems like inorganic materials. Such organic

molecules are easy to modify making it easy to adjust functional properties [19].

In OPV it is very important to have molecules with overlapping r-orbitals in order to have
high electron mobility. As most of the used materials have a high permittivity and therefore
a high binding energy of the excitons, a second semiconductive material is commonly
introduced to facilitate the splitting of excitons. The concept of having using two or more
materials is called heterojunction [20]. In a heterojunction the excitons are generated
closed to the borders of these two materials. Through the difference in their energy levels,
the splitting of electrons and holes as well as their transport towards the corresponding
electrodes is increased. Figure 5 shows this process within a heterojunction. Materials
which support the transport of electrons are called ‘acceptor’, therefore, materials which
support the transport of holes are called ‘donor’. Regarding the energy levels, donors
have a higher highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) than the acceptor. If the difference of those energy levels is high
enough, excitons can be split apart [21].
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Figure 5: Schematic of exciton splitting in a heterojunction

As seen in Figure 5 photons with energy equal or larger than the band gap of acceptor or
donor generate an exciton. While the electrons move along the acceptor towards the
cathode, the generated holes move along the donor material up to the anode.

Over the course of time, two main types of architecture for heterojunctions have been
established. The bilayer-heterojunction consists of the donor and acceptor material on top
of each other in planar layers. Between those two materials an electric field is generated,
capable of splitting excitons. One of the main issues of this system is that the diffusion
length of the generated excitons is between 10 to 20 nm. However, to be able to move the
excitons to the interface area and to split them into charge carriers, the film thickness has
be around the same size as the diffusion length. Nevertheless, most polymers and organic
molecules need a film thickness of at least 100 nm to absorb enough light. Therefore, only
a small amount of excitons reach the interface before they recombine. [22-25]

A more efficiency system is the bulk-heterojunction. Here both materials, donor and
acceptor, are blend together into one layer and as a result, a large interface area between
donor and acceptor is generated. Therefore, it becomes very easy and likely for the
excitons to reach the interface area and get split into the corresponding charge carriers.
One of the issues about this kind of system is the problem of building ‘islands’ within the
system. Islands are either donor or acceptor areas which are fully surrounded by the
opposite material leading to an increased rate recombination due to a lack of possibility to



move the charges to the electrode. The following Figure 6 shows the schematic
architecture of both systems.

Electrode Electrode

ETL

HTL
Electrode Electrode

Figure 6: Left: schematic bilayer-heterojunction, Right: schematic bulk-heterojunction

To build organic solar cells, usually the active material is brought onto a transparent
conducting oxide (TCO) by spin coating or doctor blading onto a glass or transparent
polymer. This transparent oxide functions as the electrodes which faces the sun later on.
Due to the excellent electrical and optical properties as well as the easy processability of
indium-tin-oxide (ITO), it is used as TCO in most cases. However, as ITO is expensive
and a non-environmental friendly compound experiments on cheaper and earth abundant

aluminium-zinc-oxide (AZO) are carried out to replace ITO [26].

As seen in Figure 6, an electron transport layer (ETL) as well as an hole transport layer
(HTL) is commonly introduced. These layers do not only have the task to increase the
corresponding charge carrier extraction, they also prevent the opposite charge carrier
from passing through that layer leading to a recombination which decreases the efficiency.
Additionally they smooth the edges of the electrodes towards the active layer. That
reduces possibilities of current peaks along the edges which could lead to a spark that
damages the active layer and furthermore causes short circuits. Examples of electron
transport layers are mainly n-type oxides like TiO, or ZnO but also salts like LiF. These
oxides are easy to manufacture and are extremely stable towards temperature and light.
Additionally those oxides can influence the morphology of the active layer which can result
in higher efficiencis [27-29]. Examples of hole transport layers can be found in p-type
oxides like MoO; WO; and NiO or polymers like Poly(3,4-ethylen dioxythiophen);
Poly(styrenesulfonate) (PEDOT :PSS) as well as graphene compounds[30-32].



2.3 Cell architectures in OPV

As shown in the chapter before, heterojunctions can be built in two different ways but,
they can also be built in two different directions called either normal architecture or inverse
architecture.

2.3.1 Normal architecture
In normal architecture, ITO is used as anode and the metal electrode functions as

cathode. In some cases, the ETL can be neglected as the metal electrode is an ideal
electron collector. The schematic concept of a normal architecture solar cell is shown in
Figure 7 below:

Metal electrode €——

ETL €—

—3> Active layer
HTL < —_— |TO
Glass substrate €—

Figure 7: Scheme: normal architecture

2.3.2 Inverse architecture

In comparison to normal architecture, inverse architecture must use both, an ETL and a
HTL to function properly. Also, the electrical poles are switched. Therefore the metal
electrode functions as anode and the ITO functions as cathode. The scheme of inverse
architecture is shown in Figure 8 below:

Metal electrode €=

HTL €—

— Active layer

ETL €— —> [TO

Glass substrate  €—

Figure 8 Scheme: inverse architecture



2.4 Dye Sensitized Solar Cell (DSSC)

When talking about dyes and OPV, it is important to take DSSC into account. In 1991
Michael Gréatzel introduced the DSSC (today also called Gratzel cell), a solar cell system
with an initial conversion efficiency of 7.9% [33]. In comparison to OPV, where electricity
is generated through the separation of excitons, in DSSCs the light absorption and free

charge carrier transport are separated.

The original Gratzel cell consists of two planar glass electrodes. Both electrodes are
coated with an electrical conducting layer for example Fluorine doped Tin Oxide (FTO).
The layer thickness of these conducting layers is usually around 0.5 um. Then, a 10 um
thick TiO, nano-porous layer is applied on the anode. Through dipping of the TiO, layer
into a dye solution a monolayer of dye gets adsorbed on the TiO, surface. The dye is a
ruthenium-based molecular dye (molecular sensitizer [34]). On the other side, a thin film of
electrolyte containing Kl is applied on the catalyst, mostly a thin layer of platinum on top of
the FTO electrode. The two plates are then pulled together and sealed to prevent the Kl
electrolyte from leaking out of the cell construction. The following Figure 9 shows the

mechanism principle of the Gratzel cell.
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Figure 9: Function principle of a DSSC
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The principle of the DSSC can be summed up in following steps:

Light passes through the layers and gets absorbed by the dye. As a result
electrons get exited into a higher energy level.

- As the energy of the electrons is higher than the energy level of TiO,, electrons
move from the dye to the conducting band of TiO, leading to an oxidation of the
dye.

- At the same time, iodide is oxidized to triiodide and the resulting free electrons
reduce the oxidized dye back to into the ground state.

- Meanwhile the free electrons from TiO, move into the circuit. The move to the
anode where they reduce the triiodide back to lodide.

The advantages of this technology are their low-production cost in comparison to Si-based
PV systems. Additionally, only the transport of electrons through the system is of
importance. Still, it is possible for the electrons to recombine with the dye, but it is very
unlikely as the dye receives electrons from the electrolyte much faster. Also, it is possible
for the recombination to happen between TiO, and the dye, but the rate is slow too.
However, that means that it is very important for the catalyst to provide fast electron
transfer to the electrolyte [35].

Due to these kinetically properties, DSSCs are not only able to work with low-light but also
with diffuse light, making them very attractive for low light regions as well as for indoor
use. Additionally, the architecture of DSSCs is making them more stable towards
environmental stress. However, the DSSCs also have their disadvantages: The
electrolyte, for example, is very sensitive to temperature. Too high temperatures lead to
an expansion which could damage the sealing. On the other side, too low temperatures
can cause the electrolyte to stop working due to freezing. Also, the Ru-based sensitizers
as well as the Pt-based catalysts are still very expensive [36].

However, most of the inorganic-PV is integrated into heavy and environment-resistant
boxes to prevent them from any harm. The result is a raise of internal temperature, which
decreases the efficiency of the semiconductors. The light architecture of DSSCs enables
the modules to release more heat out of the cell, keeping the internal temperature lower.
This property is very beneficial for the efficiency of DSSCs.
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2.5 Hydrogen-bonding Dyes

As already mentioned before, dyes are already used for photovoltaics in DSSCs.
Recently, the group of Glowacki et al. has shown that H-bonding dyes like quinacridones
show high field-effect mobility, almost in the same range as pentacene. Additionally, they
found that photo induced charge generation in single-layer diodes is more than a hundred
times more efficient than in pentacene diode devices [37].
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Figure 10: H-bonding Quinacridone

H-bonding dyes build up a long-rang order network held together by H-bonds. This leads
to the advantage that intermolecular 11-11 interactions are beneficial to the free charge
carrier transport increasing the conductivity of the dye [38]. Materials, which can transport
electrons as well as holes, are called ambipolar. This property is very important as it is a
prerequisite to build a homojunction solar cell with those dyes. In addition, the long-range
order leads to lower exciton binding energies what makes them very suitable for further
OPV applications. Additionally, those dyes often have a high absorption coefficient which

is closely connected to high quantum efficiencies [39].

As they are already in use as pigments and dyes in other fields than OPV, as far as the
dye itself is concerned, the advantage over commonly used OPV active materials is, of
course, the cheap and easy synthesis in industrial scale. Also, they are light stable and

resistant to environmental and thermal stress [40].
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2.6 Solar Cell Parameters

To characterize solar cells, the current-voltage (I-V) characteristics are recorded under
illumination and under dark conditions. The standardized procedure to measure solar cells
is under illumination by light with an air mass 1.5 spectrum (AM 1.5, see Figure 11), which
represents the sun’s rays travelling through the earth atmosphere under an angle of 48.2°
due to the earth tilt [41]. To fit the same radiation intensity on the cell as on the earth’s
surface, the power input is set to 1000 W/mz2.
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Figure 11: AM 1.5 Spectrum according to NREL [42]
The efficiency of a solar cell is determined by four main parameters:

- Open Circuit Voltage (Voc)

The Voc is the voltage remaining at zero current. In OPV this parameter is mainly
determined by the difference of the donors HOMO level and the acceptors LUMO
level [43]

- Short Circuit Current (Isc)
Alike the Voc, the Isc is the current density at zero voltage. It strongly depends on
the charge carrier mobility and the charge density through photo induction and
therefore on the incoming light intensity. Additionally, the Isc is also influenced by
the morphology of each layer [44] and the size of the solar cell. For a better
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comparability, this work uses the short circuit current density (Jsc) where the Isc is
divided by the active cell area.

Maximum Power Point (MPP)
The electrical power is defined by the equation:

P=U~x*I Eq. 1
Regarding at the power characteristics in Figure 12, the point of maximum power
is determined by the voltage Vi, and the current |y

Fillfactor (FF)

Vinge * Impp Shows the maximum achievable power of the solar cell. The ratio of the
resulting rectangulars of Voc * Isc and Vi, * Inpp is called the fillfactor. This
fillfactor is a proof of quality for a solar cell.

Vmpp+Im
FF = pp pp

Eq. 2

Vocx*lsc

Power Conversion Efficiency (PCE, n)
This is actually the most crucial parameter as it shows the ratio between the
incoming power of the light and the power output.

__ Pout _ VocxIscxFF

Pin Pin

Eq. 2

| [A]/ P [W]

UVl

|mpp

5C

Figure 12: 1/V curve of a solar cell, red: under illumination, black: dark measurement
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2.7 Shockley-Queisser Limit

As mentioned before, HOMO and LUMO levels in solar cells are the key to separate
charges and to generate electricity. The gap between those two levels is called the band
gap and predetermines the maximum efficiency of the solar cell used.

In 1961, Shockley and Queisser proposed the limits of an ideal p-n junction diode when
illuminated by a black body at a temperature of 6000K. Through losses, including spectral
losses, blackbody radiation and radiative recombination, they found a maximum
conversion efficiency of 30% at a band gap of about 1eV [45]. In Figure 13, M.A. Green
shows that the Shockley-Queisser Limit for an isotropic photon converter at 300K. Here,
the maximum efficiency in AM 1.5 sunlight can reach up to 34% [47,48].

30
20

10+

0 1 2 3
Band Gap (eV)
Figure 13: Shockley Queisser Limit according to reference [48]

Maximum Efficiency (%)

However, those limits can be exceeded when different techniques for building solar cells
are applied. Using tandem cells, by building solar cells on top of each other in series
circuit, may extend the maximum up to 42 % for two cells, 49% for three cells and finally
up to 68% using an infinite amount of cells. Additionally, if using concentrated light, this
limit can be extended to 86% [46].

Another way of increasing photovoltaic efficiencies is the impurity photovoltaic (IPV) effect
where sub-bandgaps contribute to the absorption of photons smaller than the band gap.
A.S. Brown and M.A. Green showed in their calculation for such a device an impressing
efficiency of 77.2% [49].
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As already said before, radiative recombination is an important factor regarding the
maximum efficiency of a solar device. The following Figure 14 shows the losses of
efficiency depending on the external radiative efficiency (ERE). Looking at single junction
crystalline solar cells, EREs are found to be between 0.01 — 1 % and therefore, maximum
efficiencies between 22% and 28% are possible. However, organic solar cells depend on
the separation of the generated exitons whereas the recombination of free charge carriers
is a nearly non-radiative recombination (ERE~107%). Considering this, the maximum
efficiencies of organic solar cells is expected to be around 15% [50].
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Figure 14: Shockley Queisser Limits for different radiation recombination
characteristics of solar cells according to reference [45,51].

16



2.8 Self-Assembling Monolayers [SAMs] in OPV

SAMs consists of molecules with the ability to spontaneously build monolayers on suitable
surfaces. This behaviour is caused by the strong affinity of the head group of the molecule
to the surface. Usually, the SAM building characteristic belongs to surfactant molecules,
but also molecules from other groups like carboxylic acids, phosphonic acids, thiols and
trichloro-silanes can form SAMs on appropriate surfaces [57-62].

There are various ways to prepare SAMs on surfaces: Common ways of preparation are
either dipping the surface into a solution containing the SAM molecules or dropping a
solution onto the surface and spread it via spin coating. Further methods are organic
molecular beam epitaxy and gas phase deposition [63, 64].

However, SAMs are excellently suitable for modifying surface properties. In OPV, SAMs
can directly manipulate electrodes as well as intermediate layers like ZnO or TiO,.
Through the introduction of a dipole moment, the workfunction of the corresponding layer
can be either increased or decreased [65]. Figure 15 shows, how a SAM influence the

dipole.
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Figure 15: Influence of the dipole moment on the workfunction
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To introduce either a negative or a positive dipole moment, the molecules have to have
either an electron drawing or an electron pushing group, depending on the corresponding

surface.
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Figure 16: Difference in net dipole moment, X: electron pushing, Y: electron drawing

As seen in Figure 16, the effect of positive net dipole moment for organic layers results in
the opposite effect for metal contacts. A net dipole moment towards the metal contact
results in an ohmic contact which leads to an increase of the Voc. A net dipole away from
the metal contact leads to a tuning of the conductive band of either ZnO or TiO,, but
increases the effect of a Schottky barrier, which results in a decrease of the Voc. In this
work, SAMs will only applied between TiO, and the active organic layer, thus electron
drawing SAMs should lead to an increase of the solar cell performance.

Furthermore, Hau et al. showed not only that SAM enhanced TiO, surfaces in inverted
solar cells led to higher performances, they also led depending on the functionality of the
SAM to an improvement of the contact resistance as well as the charge transfer.
Additionally the overlayer distribution of phases, the morphology and the crystalline order
were improved [66].
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2.9 Aim of this thesis

Photovoltaic applications are now on the market since nearly 30 years; however, the
energy input for the production of classical silicon based solar cells is quite high, which
gives rise to the research on cheaper alternatives. One of the best candidates to archive
low-cost production prices is OPV. Although OPV bulk-heterojunctions will never beat the
efficiency of crystalline PV-systems due to the Shockley-Queisser limit as shown before,
the price for production and materials can be lowered dramatically. That could lead to a
lower $/W, price than already available PV-modules, making them attractive for
commercial use. Still, the prices for OPV are very high, as the best results were archived
with high-tech polymers and molecules like PCBM [60] and P3HT. However, a solution
can possibly found in ambipolar dyes which are not only potent for electrochemical
reasons but also they are easy to synthesise in industrial scale. Therefore, this work
focuses on the following four H-bridging diammino-anthraquinone dyes seen in
Figure 17-20:

O HN” “CHs O HN™ ""CH,
O HN.___CH, O HN.__~__CHs

Figure 17: Structure of Sudan Blue | (SB 1)  Figure 18: Structure of Sudan Blue Il (SB Il)
[1,4-Bis(ethylamino)-9,10-anthraquinone] [1,4-bis(butylamino)-9,10-anthraquinone]

O HN

Figure 19: Structure of Oil Blue N (OBN) Figure 20: Structure of Solvent Green 3 (SG 3)
[1,4-bis(pentylamino)-9,10-anthraquinone]  [1,4-bis[(4-methylphenyl)amino]-9,10-

anthraquinone]
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The first part of this thesis focuses on the characterization of these four diammino-
anthraquinone dyes. For the determination of the band gap cyclic voltammetry (CV) as
well as UV-Vis measurements will be used. Additionally, layer thicknesses of the active
layer will be determined by profilometry measurements and analysed through optical
microscopy. For the characterization of SAMs, contact angle measurements using H,O
and CHoal, will be performed. The following Figures 21 — 23 show the benzoic acids used
for SAM preparation as well as the acceptor material PCBM[60] and donor material P3HT.

H : J /E %
O/E OH O/E OH O/E OH O/ OH 0/ OH

BA FBA MBA CBA tBBA

Figure 21: Benzoic acids used as self-assembling molecules

CH2(CHz)4CHs

/ A\
S

n

Figure 22: Structure of PCBM[60] Figure 23: Structure of P3HT
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The aim of the second part of this thesis is to investigate the ambipolar behaviour of those
diammino-anthraquinone dyes through integration into a bulk-heterojunction solar cell as
well as into homojunction solar cells. If the dyes work in homojunction architecture, it can
be assumed that they exhibit ambipolar behaviour. In bulk-heterojunction they will be used
as donor material in combination with the acceptor material [6,6]-phenyl-Cs;-butyric acid
methyl ester (PCBM[60]) and they will be tested in acceptor position together with Poly(3-
hexylthiophen-2,5-diyl) (P3HT) as donor. All solar cells will be built in normal as well as in
inverse architecture where TiO, will be used as ETL. In addition, the influence of SAMs on
the |-V characteristics of the solar cells is investigated, consisting of benzoic acid and
para-substituted derivatives of benzoic acids chemically bound to TiOx.
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3 Results and Discussion

3.1 Characterization of Dyes

All dyes are characterized through UV-Vis and cyclic voltammetry (CV) in order to receive
the corresponding band gaps. Through these band gaps the HOMO and LUMO levels can
be calculated.

3.1.1  UV-VIS-spectroscopy
UV-Vis measurements have been performed in two different media: First all dyes are

measured in solution. As acetonitrile is used as solvent for CV measurements the same
solvent is used for UV-Vis measurements. The second medium is in thin film where any
influences of the solvent are excluded. However, through the forming of crystals other
effects might appear.
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Figure 24: UV-Vis spectra of the dyes in ACN

As seen in Figure 24, the spectra of all dyes lie very close together. The two absorption
maxima are found around 590 and 640 nm. Additionally all dyes slightly absorb in the UV-
range due to the aromatic ground structure. Only SG 3 shows an increased absorption at
400 nm due to the benzylic groups which form the side chains. These values fit to the
values found by Marzec for similar anthraquinone dyes measured in chloroform [69].
Additionally, Marzec showed a high absorption for these dyes in the range of 230 nm.
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Figure 25: UV-Vis spectra of the dyes in thin film

Interestingly, the spectra gained from thin films with thicknesses in the range of 80 to 100
nm are strongly shifted towards higher wavelengths. This includes the absence of H-
bonds in solution but a presence of H-bonds in thin films. The first maximum is found
around 630 nm and the second maximum is found at 690 nm for SB Il and OBN and 720
nm for SG 3. Only SB | shows a hypsochromic shift and a broad absorption over the
whole spectrum. Additionally, in comparison to the other dyes, SB | just shows one
absorption peak at 570 nm and a light shoulder at 680 nm. However, the absorption
maximum of SB | is found at the lowest wavelength while the absorption maximum of SG
3 is found at the highest wavelength similar to the absorption behaviour in solution.
Therefore, the fact that all dyes nearly overlap in solution but differ more in bulk, the
crystal structure as well as the capability to build hydrogen bonds must be significantly

different for each dye.
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3.1.2 Determination of the optical band gap
To determine the optical band gap of the dyes the Tauc Plot is used [52]. For the

absorption coefficient a, a direct relationship to the energy of photons h * v is stated in the

equation below:

A
a=m*(h*v—Eg)" Eq.1

in which A is a constant and n an exponential factor between 0.5 and 2, depending on the
type of transition [53]. In this case the type of transition is a direct transition and therefore

n has to be 0.5. Thus, following equation applies:

A
a=h*v*,/h*v—Eg Eq. 2

When resolved to
(@*xh=*xv)> =A%+ (h*v—Eg) Eq.3

a linear connection between (a * h * v)* and h = v can be found and therefore be plotted.
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Figure 26: Optical band gap from dyes in ACN; normalized Tauc-Plot

The intersection of the linear part of (a * h xv)? with the x-axis results in the band gap
energy representing the optical band gap. Figure 26 shows that the band gaps of SB I, SB
['and OB N lay very close together at 1.84, 1.85 and 1.86 eV, indicating that a longer side
chain leads to a decreasing band gap. Hence, SG 3 with its benzyl-groups has the lowest
band gap of 1.78 eV.
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Figure 27: Optical band gap from dyes in thin film; normalized Tauc-Plot

As expected, the band gap in thin film is significantly lower in thin films than in solution.
The only surprising value is found for SB | as it lies between those of SB Il and OBN.
However, the band gaps of the dyes used in thin films can be found at 1.63 for SG 3, 1.66
for SB I, 1.67 for SB | and 1.69 eV for OBN.
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3.1.3 CV measurements
The CV measurements are used to determine the reduction potential E,*° and the

oxidation potential E,**. Also they show the amount of electrons needed for a red/ox
reaction and whether the reaction is reversible or irreversible. Figure 28 shows the
scheme to determine these properties.

- Epox

| [A]

Figure 28: Scheme of a CV measurement

AE
To find the numbers of electrons (n) needed for the reaction Tp ~59mV Eq.4
on
A reaction can be considered reversible when Ifed ~ 1 Eq.5
P

Intersecting the linear part of the first peak of either reduction or oxidation with the x-axis
leads to the onset of E,.¢*" and E,,*". Both parameters are needed to further determine the
HOMO and LUMO distribution of the dyes used.
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Figure 29: CV of SB |
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CV-measurements in Figure 29 show two fully reversible reactions for the oxidation of
SB | at 0.33 and 0.82 V. The onset E,,*" is found at 0.22 V. The reversible reduction takes
place at -1.49 V with an onset E,.*" of -1.37 V. All reactions are one-electron reactions.
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Figure 30: CV of SB Il
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Similar to SB | CV-measurements in Figure 30 show two fully reversible reactions for the
oxidation of SB Il at 0.32 and 0.81 V. The onset E.,°" is found at 0.21 V. The reversible
reduction is found at -1.50 V with an onset E,.¢°" of -1.38 V. All reactions are one-electron

reactions.
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Figure 31: CV of OBN

Like the other dyes before, Figure 31 shows two reversible one-electron reactions for
oxidation too at 0.36 and 0.81 V with an onset E,*" at 0.22 V. The reduction appears at -

1.50 V with an onset E,°" at -1.37 V and also is a one-electron reaction.
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Figure 32: CV of SG 3

Unlike the other dyes, Figure 32 shows two reversible reactions for reduction at -1.3 and —
1.82 V and an onset E," of -1.19. This does not exclude the other dyes from having a
second reduction peak, but they could not be found within the stability window of the
solvent used. E," can be found at 0.37 V and oxidation peaks at 0.49 and 0.82 V. All

reactions are one-electron reactions.

Due to the similarity of the chemical structure and the red/ox potentials of the dyes, it is
assumed that during oxidation the two amino-groups are oxidized. Under reductive
conditions, the oxygen of the two keto-groups will be reduced.
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3.2 HOMO and LUMO from CV and UV-Vis
To determine the HOMO and LUMO from those anthraquinone dyes, the method of

Veldmann et al. and Beverina et al. is used [54,55] where E;, of Ferrocene is used for the
purpose of correction. Therefore, the following equation is used:

1
Enomo = 5 (E§Y — Eg"") — Eox — (5.23 + Ey)») Eq. 4

1
Eumo = 5 (E§Y = Eg7") = Ereq — (5:23 + Ey)5) Eq.5

The following table sums up all gathered results from CV and UV-Vis-spectrum
measurements in thin film (TF) and in solution (sol) as well as the results from HOMO and
LUMO calculations.

Dye Eyz  Eo"  Eed™ E&  ET™ ES™ HOMO LUMO
[v] vl [v] [v] [v] vl [ev] [ev]

Sudan Blue 1 0,08 0,22 -1,37 1,59 1,67 1,84 -5,57  -3,98
Sudan Blue 2 0,08 0,21 -1,38 1,59 1,66 1,85 -5,56  -3,97
Oil Blue N 0,08 0,22 -1,37 1,59 1,69 1,86 -5,58  -3,99
Solvent Green3 0,06 0,37 -1,19 1,56 1,64 1,78 -5,70 -4,14

Table 1 Electrochemical characterisazion of the dyes used

Sudan Blue 1 Sudan Blue 2 Oil Blue N Solvent Green 3
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Figure 33: Calculated HOMO and LUMO levels of the dyes used

Comparing the band gap of SB 1 and SG 3 to the results gained by Kim et al. [70], the
band gaps are found to be 0,2 - 0.3 lower than those of Kim et al. . The difference of the
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band gaps can be explained through the use of a glassy carbon working electrode instead
of a platinum disc electrode as well as the use of a different conduction salt. Additionally a
different approach for the calculation of the HOMO and LUMO levels is used. A
comparison can be made between SG 3 and the CV results from Solvent Blue used by
Marzec, which is a SG 3 derivative with a pentyl group instead of a methyl side group.
These results show similar oxidation and reduction peaks around 0.59 and -1.17 eV. The
difference in potential is caused by the use of a different solvent [69]. The fact that EgCV <
E."°* is caused by the higher permittivity in solution than in thin films [54]. Also, E;*°" is
0.2 eV higher than E,/7°* which can be explained through a solvation effect and its
influence on the intermolecular H-bonds. In CV, electrons are either added or removed
directly to or from the according energy level. In optical measurements, electrons are
promoted from the HOMO to the LUMO level. As n-r* transitions are very unlikely due to
their forbidden nature, the optical transition in solution is a - " transition, which does not
confer to the direct transition from the HOMO to the LUMO level [72]. Therefore, the band
gap measured in solution is not connected to the band gap in thin film as the difference is
probably caused by the H-bonds which do not occur in solution but in thin film. However,
Veldmann et al. show that the max. Voc attainable is the lowest optical band gap E,*
minus 0.6V. Therefore, the maximum Voc is predicted to be around 1 V [54].
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3.3 Solar Cell Production
This chapter shows the materials and architecture used for solar cell production.

3.3.1 Normal architecture
The schematic concept of a normal architecture solar cell is shown in Figure 31 below:
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—2

Glass substrate € —

Figure 34 Scheme: normal architecture

Including the HOMO and LUMO levels gained by CV and optical experiments, the
distribution of the HOMO and LUMO levels throughout the cells architecture are shown
below:
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Figure 35: Energy levels in normal architecture
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3.3.2 Inverse architecture
In comparison to normal architecture, inverse architecture offers an additional TiOx layer

covering the ITO layer. The scheme of inverse architecture is shown in the figure below:
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Figure 36 Scheme: inverse architecture

As it is already shown for normal architecture, the HOMO and LUMO level distribution for
inverse architecture is shown in Figure 34 below:
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Figure 37: Energy levels in inverse architecture

When looking at the energy levels of the dyes compared to P3HT and PCBM shown in
Figure 36 and 37, the dyes are expected to work better with P3HT than with PCBM.
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3.4 H-bridging Dyes in OPV

This chapter focuses on the integration of dyes in solar cells. First, each dye is built into a
homojunction solar cell. Then the dyes are introduced into a bulk-heterojunction system
as donor material along with PCBM[60] and as acceptor material along with P3HT. All
setups used are found in the experimental section.

3.4.1 Sudan Blue I [1,4-Bis(ethylamino)-9,10-anthraquinone]
Throughout the variety of setups, different film thicknesses from 50 to 200 nm and no

functioning homojunction solar cell were achieved. The reason for the short circuited solar
cell can be easily found in Figure 40: SB | forms crystals rods in the range of 10 — 25 um.
As they are loosely packed, they allow the current to bypass the crystals which leads to
short circuits.

Figure 38: Light-microscopy of an inverse Sudan Blue | homojunction solar cell

When building bulk-heterojunctions, no functioning inverse PCBM [60] solar cell was
achieved. The following Figures 39 and 40 show the J/U-curves as well as the overall
performances of the SB | Bulk-heterojunctions.
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Figure 39: J/U-curves of SB | setups
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As shown in Figure 38, inverse P3HT enhanced SB | cells exhibit highest efficiencies and
current densities over all setups used, while having slightly reduced fillfactor and highly
reduced voltage. Besides the strong scattering of the efficiencies, the average value
circles around 1.5 x 10 %. Cells built in inverse-architecture with PCBM only resulted in
short-circuit. Still, SB | works as donor as well as acceptor in the same range of efficiency.
However, Figure 37 shows the I-V curve of an average inverse SB | / P3HT solar cell. All
attempts to build SAM-enhanced Sudan Blue | cells failed due to bad coating of the dye
which only resulted in short circuits.

3.4.2 Sudan Blue Il [1,4-bis(butylamino)-9,10-anthraquinone]
Like for Sudan Blue |, all attempts to build a functioning homojunction solar cell resulted in

short-circuited solar cells. The optical microscopy in Figure 41 shows two different areas
for SB Il. Half of the covered are consist of a smooth oil-like phase (light blue areas), the
other half builds a poly crystalline network. As the optical structure of OBN will show, the
crystalline phase of SB Il might be responsible for the short circuits.

Figure 41 Light-microscopy of an inverse Sudan Blue Il homojunction solar cell

Figure 42 and 43 show the J/U-curves and the solar cell parametes of the SB Il Bulk-

heterojunctions.
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Figure 42: J/U-curves of SB Il setups
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In comparison to Sudan Blue |, the best results for Sudan Blue Il shown in Figure 41 were
archived with inverse-architecture and PCBM[60] showing an average value of 8 x 10° %.
Although fillfactor and Voc for PCBM[60] are lower than for inverse-architecture with
P3HT, the Jsc is significantly higher than in all other setups, resulting in higher
efficiencies. However, cells built in inverse architecture show better overall performances
und show that SB Il can work as donor as well as acceptor. The performance of an
average inverse SB Il / PCBM solar cell is shown in Figure 41. All attempts to build SAM-
enhanced Sudan Blue Il cells failed due to bad coating of the dye making it impossible to
finish the cells properly.

3.4.3 Oil Blue N [1,4-Bis(pentylamino)-9,10-anthraquinone]
OBN is the first dye to successfully function properly in homojunction setup by forming a

homogeneous layer. Regarding the crystal structure of OBN seen in Figure 44 it can be
said, that SB Il already shows the transition to similar crystallization behaviour as OBN
when building large areas of a smooth oil-like phase meaning the absence of crystal

boundaries. Still, the areas in Oil Blue N are in the range of 200 um and more.

Figure 44: Light-microscopy of an inverse Oil Blue N homojunction solar cell

In comparison to SB | and SB II, the homojunction can be directly compared to the Bulk-
heterojunction. Figure 45 and 46 show the J/U-curves and the solar cell parametes of the
OBN homojunction and Bulk-heterojunctions.
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Although a homojunction setup worked for OBN, it suffers of a worse current density
which leads to a very poor efficiency. Figure 37 clearly shows that P3HT enhanced OBN
solar cells have the highest Voc and Jsc in comparison to all other setups. Additionally,
the inverse architecture archive better results than normal architecture cells. Thus, the
highest efficiencies are found around 3.5 x 10 %. However, comparing the Voc of blank
OBN with normal architecture bulk-heterojunction shows that the main issue for building
solar cells is the electron mobility of the active layer which corresponds to the current
gained. Therefore, an average solar cell of the best performing setup is shown in Figure
44. Still, SAM-enhanced OBN cells only worked for homojunction solar cells described in
the following chapter.

3.4.4 Solvent Green 3 [1,4-bis[(4-methylphenyl)amino]-9,10- anthraquinone]
From all dyes used, SG 3 is the easiest dye to process in terms of solar cell production.

Additionally, most of the cells worked without short circuits. Compared to the other three
dyes, the reason for the ‘high performance’ of SG 3 might lie in the crystalline structure.
SG 3 forms a densely packed multi-crystalline way, including small grains of 10 um and
crystal areas of 20 um shown in Figure 47.

Figure 47: Light-microscopy of an inverse Solvent Green 3 homojunction solar cell

Figure 48 and 49 show the J/U-curves and the solar cell parametes of the SG 3
homojunction and Bulk-heterojunctions.
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Figure 49: Solar cell parameters of SG 3

In comparison to all other dyes presented before, SG 3 shows a clear trend towards
working as a donor regarding the setup given. Still, it works for both, PCBM and P3HT,
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indicating that SG 3 has ambipolar properties, but it receives higher voltages and currents
along with PCBM. Efficiencies received with PCBM are found in the range of 6 x 10 %.
An average regular SG 3 / PCBM[60] solar cell is shown in Figure 47. Additionally, the
blank homojunction shows quite reasonable photovoltaic characteristics being in the same
range as the Voc and Jsc of the bulk-heterojunction setups. Building SAM-enhanced SG 3
cells only successfully worked with PCBM and the results are given in the next chapter.

3.4.5 All Blue
When looking at the crystal structure of SG 3 and regarding the fact that SG 3 gives the

best results for the homojunction solar cell an attempt is made to receive an even smaller
crystal structure to increase the performance. Therefore a solution is formed from all dyes
used before by mixing them up 1:1:1:1, named for this purpose “All Blue”. Figure 50
shows a smaller a tightly packed crystal structure for All Blue. The grains as well as the
rods are about 5 pm wide.

Figure 50 Light-microscopy of an inverse All Blue homojunction solar cell

As the overall results of the dyes used prefer inverse architecture over the normal
architecture, only inverse type solar cells are built. Figure 51 and 52 show the J/U-curves
and the solar cell parametes of the All Blue homojunction and Bulk-heterojunctions.
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Figure 51: J/U-curves of All Blue setups
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Regarding the results received from All Blue, the highest efficiency of 6.5 x 10 % does
not surpass the efficiencies of the SB || / PCBM or those of SB II/P3HT. Also, the blank
homojunction leads to a lower efficiency than the SG 3 homojunction. However, as the
best results are achieved with inverse PCBM[60] it can be derived that SB Il played the
major role in terms of efficiency.

3.5 Overall comparison

In this section, the most efficient setup from each dye, as well as All Blue, are compared
with each other. The following Figure 53 shows a clear overview over the photovoltaic
properties of these setups made during the course of these experiments.
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Figure 53: Overall comparison

First of all it can be seen, that three of five of the best setups are made of dye in
combination with PCBM. These setups show an up to three times higher Voc and an up to
two times higher Jsc than setups with P3HT. However, four out of five setups are built in
inverse architecture. Comparing the architectures it can be said that inverse architecture
leads to better currents while regular architecture gives a higher voltage.
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The overall most efficient setup is SB Il in combination with PCBM in inverse architecture.
Although the Voc of SB Il is still below the Voc of SG 3, the received Jsc for SB Il is nearly
double as high as those from all other dyes except for All Blue. As a result, SB Il shows
the best efficiency of 8 x 10 %. Additionally it can be seen that all setups lead to a similar
fillfactor in the range of 25 to 30%. Regarding the standard deviation of all parameters the
deviation is quite low for all setups pointing out that the process used to build the solar
cells leads to a homogeneous layer throughout the doctor blading step.

However, to be able to evaluate the results received blanks from sole PCBM and P3HT
are built in inverse and normal architecture. Unfortunately, only cells built with P3HT
worked properly. Therefore, the following Figure 54 compares the best P3HT setup of all
dyes used with a plain P3HT solar cell in regular and inverse architecture.
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Figure 54: Comparison of solar cell parameters of SB 2 / P3HT and P3HT only

As the best result in combination with P3HT is achieved with SB 2, this dye is used for
reasons of comparison. It can be clearly seen in Figure 54 that PSHT alone in inverse
architecture leads to higher efficiencies than the best dye in combination with P3HT. This
leaves the question what leads to a higher efficiency of P3HT and what leads to a
decrease in efficiency when combined with a dye. Regarding the difference of Jsc of the
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setups shown, it becomes clear that the sole P3HT in inverse architecture benefits from
the high current density which means high electron mobility. Although the Voc is far higher
for the dye, the current density is severely reduced including a lowered efficiency.

As already mentioned before, plain PCBM[60] cells did not function, however, they worked
in combination with dyes. PCBM[60] slightly absorbs light leading to a photovoltaic
current, but not as much as P3HT does. Therefore, the dye still participates in the
electricity generation what can be seen in the results gained by SB Il in combination with
PCBM [60]. In contrary to the expected acceptor behaviour deducted from the HOMO-
LUMO calculations, the best results are achieved in combination with PCBM, suggesting
increased donor properties. This coincides with the initial assumption that all dyes used
show ambipolar behaviour.

However, it can be said that the introduction of diammino-anthraquinone dyes into a bulk-
heterojunction system does not lead to an improved system due to the lack in electron
mobility but still, a functioning solar cell can be built. Additionally, these dyes are able to
generate photovoltaic current in homojunction solar cells although the efficiencies gained

can be neglected in comparison to common photovoltaic technologies.
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3.6 SAM-enhanced Solar Cells

In this section, SAMs are introduced onto the TiOx layer to modify the electric properties
of inverse solar cells. First, five different benzoic acid derivatives are coated onto the TiOx
layer and measured via contact angle measurements. Additionally the surface energy will
be calculated. In the second step, the SAM coated TiOx layers are used for solar cel
production and afterwards compared to the non-SAM coated solar cell.

3.6.1 Contact Angle Measurements
Contact angle measurements are used to give a qualitative statement on the wetting

properties of a liquid on a surface. Generally it can be said that a lower contact angle
means better wettability while a wider angle means lower wettability. Here, the contact
angle © is closely connected to the surface energy 6 of the corresponding interfaces as
given in Equation 4 according to Young and seen in Figure 55 [67]. However, the contact
angle is not only dependent on the surface energy but also on the morphology of the
surface. A common effect of the morphology of the surface on the contact angle can be

seen in the lotus effect [68].
(0] -0 |
— &8s s
coOSO =—— Eq.4
° I
g

Figure 55: Contact angle measurments

To show the quality of the SAM-coating, two different analytical liquids, H.O and Mel, are
used to determine their corresponding contact angle. The method static contact angle
measurement is used where a sessile of liquid is dropped on the surface and a picture is
immediately taken. As mentioned in the experimental section, two approaches are used
to prepare the SAM-layers, however, using approach #1 only gave vales around 40-50°
for all SAMs and blanks used, meaning that the surface is not sufficiently covered by the
SAM-molecules. Therefore, only results from approach #2 are presented.
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3.6.2 H,0 measurements
In order to determine a reliable mean of contact angles, all measurements are carried out

10 times per substrate and using three different substrates. The following Figure 56 shows
the angles received with five different benzoic acids as well as a blank for the purpose of

comparability.
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Figure 56: Comparison of the H,O angle of different benzoic acids on TiOx

All results are shown in Table 2. Regarding the vales given, all benzoic acids lead to a
more hydrophobic surface. When comparing to the values from Six[56], it is noticed that
tBBA leads to a higher contact angle than FBA which is supposed to be the most
hydrophobic benzoic acid used. Therefore, the difference might be related to the surface

topography.
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3.6.3 CH,l, measurements
The measurements with CH.l, are carried out in the same way as for H,O. The results are

shown in Figure 57 below.
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Figure 57: Comparison of the methyliodide angle of different benzoic acids on TiOx
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All results are found in Table 2. The contact angles of CH.l, are far lower than those of

H,O, supporting the assumption of an increase in hydrophobicity of the SAM-enhanced

TiOx-layers. Still, as seen in the results of H,O, the contact angle of all SAMs is higher

than the angle of blank TiOx. This indeed indicates a strong impact of the surface

topology on the contact angle.

© H,0 © CH,l, Free Surface Energy 6 6" 6.
[°] % [°] % [mN/m] [mN/m]  [mN/m]
TiOx 41,5 3,8 20,6 2,1 60,75 35,64 25,11
BA 68,7 7,4 32,9 2,7 45,63 36,71 8,92
FBA 78,1 1,5 34,1 3,9 42,95 38,60 4,35
tBBA 85,4 3,5 46,9 4,1 36,21 33,18 3,03
CBA 67,1 2 30,3 3,9 46,99 37,54 9,45
MBA 70,7 3,4 25,8 4,1 47,33 40,44 6,89

Table 2 Contact angles and Surface Energies
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As two different liquids, a polar and an apolar liquid, with known surface energies are
used for contact angle measurements, the free surface energy of the SAM-coated TiOx
can be calculated. Therefore, the method after Fowkes is used [71]:

og = 0s+ 0, — 2(J/oP xaP +/af x aT) Eq.5

6" and 6,° describe the disperse parts of the surface energy of the liquid and the solid
whereas 6" and 6, describe the polar parts of the surface energy. The following Figure
58 shows the impact of the used SAMs on the surface energy of the TiOx layer.
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Figure 58: Surface Energy of SAM-coated TiOx

However, Figure 58 shows that the introduction of SAMs decreases the overall surface
energy. The lowest surface energy is found with tBBA-SAM where the energy is reduced
from 61 to 36 mN/m. This reduction is mainly caused by the reduction of the polar parts.
The disperse parts only change slightly.

Although introducing a SAM-layer is supposed to modify the electric properties of the solar
cell, it still causes a severe problem when assembling the solar cell. As the wettability
changes too, creating a homogenious layer has become very difficult. Therefore, only
results are presented which fulfil the requirements of being reproducible. For both,
homojunction and bulk-heterojunction, only one experimental setup each succeeded: an
OBN homojunction and a SG 3 / PCBM[60] bulk heterojunction, in particular.
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3.6.4 SAM-enhanced homojunction
Throughout the homojunction experiments, OBN always showed the least efficient cells.

However, they were the most reproducible but still quite inhomogeneous cells. Any cells
using BA as SAM were all short-circuited.
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Figure 59: Solar cell parameters of SAM enhanced OBN

This experiment shows that introducing SAMs influence the electric properties of the solar
cells. As seen in Figure 58 three of five SAMs raised the efficiency, especially CBA raises
the efficiency up to three times higher than without any SAM. Comparing Voc and Jsc it
becomes clear that this increase in efficiency derives from an increased Jsc although Voc
has been slightly decreased. This can be seen as an acceptable trade-off, as the current
is the limiting factor regarding the efficiency of solar cells. However, these cells are very
inhomogeneous what can be seen in the standard-deviation given in Figure 58.



3.6.5 SAM-enhanced bulk-heterojunction
For the purpose of bulk-heterojunction, only SG 3/PCBM solar cells could be reproducibly

built. In comparison to the OBN-based cells, SAM-enhanced cells built with SG 3/PCBM

are more homogeneous and therefore show less deviation on all properties.

[ sG3 + PCBM [ SG3 + PCBM

0,005 : 30 |

0,004

o
[=]
=3
@

Efficency [%)]
o
8
5

0,001

0,000 -

Blank BA CBA FBA MBA tBBA Blank BA CBA FBA MBA tBBA

SAM SAM
B sG3 + PCBM B SG3 + PCBM

o
o
&

054

=3

o

o
1

044

o

(=3

=
1

Voc [V]
Jsc [mA/cm?]
o
8

024

o

o
Ny
|

0,1

e
=
|

0,0

e
o
=]

Blank BA CBA FBA MBA tBBA Blank BA CBA FBA MBA tBBA
SAM SAM

Figure 60: Solar cell parameters of SAM enhanced SG 3 with PCBM

Although CBA, FBA and MBA increased the OBN-based solar cell, these SAMs strongly
decrease the properties of the SG 3/PCBM cells. Only BA-enhanced solar cells lead to an
increase of efficiency over the non-enhanced SG 3/PCBM cell. As already seen for OBN,
the trade-off of increasing Jsc and decreasing Voc leads to an improved efficiency.

According to Yip et al., electron drawing groups lead to an ohmic contact between the
organic and the TiOx layer [65]. This can be verified by the SAM-enhanced OBN
homojunction where all three electron drawing benzoic acids lead to higher currents. This
still leads to the question what lead to the increase of current with BA in the SG 3 bulk-
heterojunction. Hau et al. described in his work that morphology and crystalline order also
play a role on the solar cell performance [66]. Therefore, it is assumed that the improved
current with BA derives from PCBM[60] where the aromatic side group of PCBM[60]
aligns with BA. Hence it is not the change in dipole moment which leads to the

improvement of the current but the interaction between these two aromatic groups.
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4 Experimental
The following table shows all chemicals and solvents used for the experiments. None of

those chemicals has received further treatment or purification.

Chemicals Purity grade Supplier

Acetone > 99% Sigmar Aldrich
Methanol 99% Sigmar Aldrich
Chloroform > 99.9% Sigmar Aldrich
Isopropanol 99% Sigmar Aldrich
Chlorobenzene = 99% Sigmar Aldrich

BA 99% Fluka

CBA 99% Sigmar Aldrich

FBA 98% Sigmar Aldrich

MBA 99% Sigmar Aldrich

tBBA 99% Sigmar Aldrich
P3HT RR Rieke

PCBM [60] 99.5 % Solenne

SB | 2x crystallized Joanneum Research
SB I 2x crystallized Joanneum Research
OBN 2x crystallized Joanneum Research
SG 3 95% Sigmar Aldrich
TBAP 99% Sigmar Aldrich

4.1 UV-Vis measurements

All UV-Vis spectra are taken with a Perkin Elmer Lambda 35 in the range from 350 to
1000 nm. For the measurement, a 10 g/L solution of dye in chloroform has been doctor
bladed onto a supersonic cleaned and oxygen etched glass substrate at a speed of 5
mm/s and at 60°C. In order to minimize light scattering effects by using the glass-dye
transition instead of the air-dye transition, the glass substrate is facing the light beam
rather than the processed dye site.

4.2 CV measurements

For all CV measurements a three-electrode design is used where the working electrode
(WE) is a platinum disc electrode and counter electrode (CE) is made of a platinum wire
grid. As reference electrode an Ag/AgBF, in ACN is used. The measurements are
performed in a 0.1M tetrabutylammonium perchlorate (tBAP) solution in ACN whereas
tBAP functions as conducting salt and a dye concentration of 2 mmol. Ferrocene is added

after the measurements as internal standard,
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4.3 Solar cell preparation

In order to find the optimal setup for the solar cell constructions some parameters are

varied:

e Cyclohexane, chlorobenzene, tetrahydrofurane and acetone are used as solvents.
e The doctor blading are carried out at either 40 or 60°C.
e Concentrations used are 5, 10, 15, 20 and 30 mg/mL

e Doctor blading speeds used are 5, 7.5, 10, 12.5 and 15 mm/s
The following chapters represent the best working setup.

4.3.1 Normal architecture
Substrate preparation:

First, the plastic foil on top of the ITO-substrate is removed and all particles are removed
via a tissue paper. All ITOs are the cleaned in an isopropanol bath and supersonic
treatment (VWR ultrasonic cleaner) for 30 min. The substrates are then dried in a nitrogen

stream.
PEDOT:PSS-layer preparation:

Prior the preparation, the substrates undergo oxygen plasma etching for three minutes
with an O, flow of 10 sccm (Diener Electronics). 1 mL of PEDOT:PSS is applied on the
substrate via syringe and then spin coated (30s, 2500rpm, 300 rpm/s)

Homojunction active-layer preparation:

A 30 mg/ml solution of dye in CHCI; is prepared. 30 uL of the solution are taken and
applied via doctor blading at 60°C and 7.5 mm/s.

Donor-enhanced bulk-heterojunction preparation:

At first a 20 mg/mL solution of P3HT in CHCI; is prepared and stirred for at least 1h.
Additionally a 20 mg/mL solution of dye in CHCI; is prepared. To prepare the final
solution, 80 L of both solutions are mixed together in a 4 mL vial and mixed through fast
drawing and withdrawing of the solution through a pipette for several times. Afterwards
30uL are used for doctor blading at 60°.
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Acceptor-enhanced bulk-heterojunction preparation:

At first a 10 mg/mL solution of PCBM[60] in CHClI; is prepared and stirred for at least 1h.
Additionally a 20 mg/mL solution of dye in CHCI; is prepared. To prepare the final
solution, 80 pL of both solutions are brought together in a 4 mL vial and mixed through
fast drawing and withdrawing of the solution through a pipette for several times.
Afterwards 30uL are used for doctor blading at 60°C.

Metal Electrode deposition:

100nm of the aluminium metal contact are applied via physical vapor deposition (PVD) at
1x10™° mbar in a thermal evaporation chamber (MBraun LABmaster glove box system)

4.3.2 Inverse architecture
The substrate preparation as well as the active layer preparation is performed in the same

way as for normal architecture.
TiO-Layer preparation:

Prior to the preparation, the substrates undergo oxygen plasma etching for three minutes
with an O2 flow of 10 sccm. When activated, the method used by Fradler [71] for the
preparation of TiO,-layers is used: 30uL of a 0.1M solution of titanium propoxid-bis-
acetylacetonate is used for doctor blading (25 mm/s , 40°C, 100 um) under ambient
conditions. After annealing the precursor at 400°C for 15 min, a layer of TiO, has formed.

Metal electrode and MoOj; deposition:

15 nm of MoO; have been used for this experimental setup and 100nm of the aluminium
metal contact. Both are applied via physical vapour deposition (PVD) at 1x10° mbar in a
thermal evaporation chamber.

4.4 |-V-Characterization

I-V-characteristics:

To determine the electrical properties of the produced solar cells, I-V-characteristics are
recorded. First, temperature and light intensity are measured through a photodiode on the
measuring device. Then, the intensity is set to 100 mW/cm? whereas the solar spectrum is
simulated by an AM 1.5 Dedolight lamp. In addition to every illuminated measurement, a
dark measurement is taken too by covering up the measuring device. The effective area
of 0.09 cm? of each solar cell is guaranteed by using a defined shadow mask.
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Measurements are performed by a Keithley control unit. The control unit is run by a
LabView program written by Lukas Troy. All characteristics are taken from -0.2to +1 V.

Layer Thickness:

All layer thicknesses and roughnesses are recorded by a Bruker DektakXT Profilometer.
To prepare the measurements, three areas are cut using a scalpel to remove the layer of
interest. The difference of height between the remaining substrate and the active layer is
measured by the profilometer needle. Each measurement is taken three times.

4.5 SAM-enhanced Solar cells

The following Figure shows the experimental setup for a SAM-enhanced solar cell:

Al - electrode €—

MoO, €——
Dye/Polymere €——
—> SAM

TiOx €—
Glass substrate €—

Imo

Figure 61 Scheme: inverse architecture including a SAM-layer

SAM preparation

The substrates are activated via oxygen plasma etching before the actual SAM
preparation. For this preparation, two approaches have been used: Approach #1 and #2
use a two-step spincoating process according to Six[56]. For approach #1 and #2 , 0.5 mL
of a 1 mg/mL solution of the benzoic acid or it derivatives in Methanol (apporach #1) or
Acetone (approach #2 ) is applied on the TiOx layer and then spin coated (60 s, 300
rom/s, 4000 rpm). To wash off the non-chemisorbed residue, 0.5 mL of pure Methanol
(apporach #1) or pure Acetone (approach #2) is dropped on the substrate and then spin
coated (30s, 300 rpm/s, 2500 rpm).
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5 Summary and Outlook

Organic semiconductors have become more and more important in photovoltaics and
electronics. Their main advantage over inorganic semiconductors is the easy
processability and the low process temperature. This property enables organic
semiconductors to be used in flexible as well as in print applications. However, organic
semiconductors still suffer from low charge carrier mobility and little air stability.

This thesis investigates the semi-conductive behaviour of four H-bonding diamino-
anthraquinone dyes in solar cell applications. These dyes are considered to be ambipolar,
making them suitable for homojunction solar cells as they are able to transport positive as

well as negative charge carriers at the same time.

First, the dyes are electrochemically analysed via CV and UV-Vis measurements to give
the HOMO and LUMO levels of the diamino-anthraquinone dyes. CV measurements show
one-electron reversible oxidations and reductions reactions for all dyes. The difference
between the optical band gap in solution and in thin film is about 0.2 eV. Other
experiments described in different papers show little dependence of the absorption
maxima on the solvent. It is assumed, that the transition seen in solution is a
- which does not represent the HOMO-LUMO transition. Derived from these results,
the crystal structure as well as the capability to build H-bonds in thin films have a strong
impact on the band gap of these dyes. The levels of the four dyes range from -3.98 to
-4.14 eV for HOMO and -5.57 to -5.70 for LUMO. Therefore, the dyes are expected to
work better in acceptor-position along with P3HT than in donor position along with PCBM
in bulk-heterojunctions.

The second part investigates the incorporation of the dyes into solar cells. Therefore,
homojunction solar cells are built, but functioning homojunctions are only achieved with
OBN and SG 3. They show very poor efficiencies around 10 % for OBN and 10° % for
SG 3 and also the Voc of 0.15 V is far beneath the predicted maximum Voc of 1 V. This
indicates that these dyes are not suitable for homojunction applications.

The dyes are also used in bulk-heterojunctions together with PCBM[60] and P3HT. The
best efficiencies reached are 9*10° % and the best Voc reached is 0.6 V. Nevertheless,
the efficiency results are not very promising in comparison to 5 % in a bulk heterojunction
consisting of PCBM[60] and P3HT due to a lack in the current density. However, the Voc
is almost the same for the dye bulk-heterojunction as it is for PCBM/P3HT.
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At last SAMs are introduced into the solar cell system by coating the TiOx layer with five
different benzoic acid derivatives. The SAMs are characterized by contact angle
measurements which indicate that the morphology of TiOx/SAM overules the
hydrophobicity. However, the introduction of SAMs onto TiOx drastically reduced the
processability of the solar cell as the SAM prevents the active layer from homogeneously
coating. Still, two setups successfully lead to functioning solar cells. For an OBN
homojunction, CBA and FBA lead to higher efficiencies as they increase the Jsc by a
factor of 10. In the SG 3/PCBM setup, only BA slightly increases the efficiency up to 5*10°
through increasing the JSC while reducing the Voc.

Concluding can be said that many setups have already been tested and resulted in very
poor efficiencies. However, other classes of H-bonding dyes or donor/acceptor
combinations might lead to better results. Still, research on these diamino-anthraquinone
dyes in OLED and transistor applications should be conducted.
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6 Appendix

6.1 Abbreviations

ACN Acetonitrile

AM Air Mass

BA Benzoic Acid

CBA 4-Cyano Benzoic Acid

ETL Electron Transport Layer

EIA U.S. Energy Information Administration
FBA 4-Fluoro Benzoic Acid

FF Fillfactor

HOMO Highest Occupied Molecular Orbital
HTL Hole Transport Layer

IEA International Energy Association

ITO Indium-Tin-Oxide

v Current-Voltage

Jsc Short Circuit Current Density

LUMO Lowest Unoccupied Molecular Orbital
MBA 4-Methoxy Benzoic Acid

MeOH Methanol

OBN Oil Blue N (Solvent Blue 14)

OPV Organic Photovoltaic

P3HT Poly-(3-Hexyl Thiophene)

PCBM[60] [6,6]-phenyl-Ce:-butyric acid methyl ester

PEDOT:PSS Poly(3,4-ethylen dioxythiophen), Poly(styrenesulfonate)

PV Photo Voltaic
SAM Self Assembling Monolayer
SB | Sudan Blue 1 (Disperse Violet 14)

SBI Sudan Blue 2 (Oil Blue 35)



SG 3
tBAP
tBBA

Voc

Solvent Green 3 (D & C Green No. 6)
Tetra-Butyl Ammonium Perchlorate
4-tert-Butyl Benzoic Acid

Open Circuit Voltage
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