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Abstract
A biomimetic self-assembling dye, which forms aggregates that mimic the natural light-harvesting system of
special photosynthetic active bacteria, has been investigated towards its applicability to solar cells. This fully
synthetic dye, self-assembles to orderly structured nano- to micrometer sized rod-shaped aggregates, which
might improve solar cells based on conventional organic dyes. In order to use the full potential of the dye
aggregates, the self-assembly needed to be controlled and a suitable solar cell concept for their
implementation developed. In the first part of this thesis it has been investigated how the self-assembly can
be controlled in order to achieve dye aggregates with a high internal order and size-confinement at least in
one dimension. This dimension should not exceed the exciton diffusion length, what is the maximum path
length, an excited state, which originates by the absorption of light, can travel within an aggregate. In the
second part of this thesis the findings from the first part have been applied to construct and test first solar cell
prototypes with such controlled dye aggregates.
In contrast to the chlorophylls of plants, the self-assembling bacteriochlorophylls of green sulfur bacteria,
which served as model for our dye, do not require proteins for the assembly of functional light-harvesting
systems. This allows to mimic the light-harvesting system fully synthetically in large scale in order to realize
low-cost, light-weight and environmentally friendly solar cells. As nature gives the proof of principle in
practice for the functionality of such dye aggregates, this work has been carried out in order to investigate the
transferability of this concept to technology.
Various methods have been investigated in order to decrease the size of the aggregates while maintaining as
far as possible their highly ordered internal structure. These included the steric hindering of the selfassembly within voids of different porous TiO 2 layers and on zinc oxide nanorod substrates, the kinetic
growth-hindering at low temperatures and a size-selective deposition by dielectrophoretic forces. Other
investigated techniques to deposit the aggregates were spin-coating, spraying, precipitation and a two-step
process, where at first an amorphous layer was deposited suppressing the self-assembly in order to initiate
afterwards a reorganization to the desired aggregates. The degree of success was monitored mainly by
absorption spectroscopy in combination with scanning electron microscopy (SEM). Whereas the absorption
spectroscopy gave a value of the average degree of the aggregates' internal order, the SEM allowed an
assessment of the aggregates' dispersity, i.e. the fraction and distribution of different morphologies, sizes and
their alignment on the substrate.
Finally, these aggregates have been implemented into solar cells, designed to combine the advantages of
hybrid solar cells and solid-state dye-sensitized solar cells (ss-DSSCs). We call them: dye aggregate solar
cells (DASCs). They were constructed on flat and different porous TiO 2 structures, which were sensitized by
the dye aggregates for visible light with supplement for the hole transport by the transparent organic hole
transport material spiro-MeOTAD. The performance of the DASCs was compared with that of ss-DSSCs
based on the common ruthenium dye N719, which is often used as reference. Additional investigations have
been done using the atomic layer deposition (ALD) technique to apply dense hole-blocking TiO 2 layers onto
the transparent conductive substrates with a fluorine doped tin oxide (FTO) layer. As application method for
the gold counter electrode the sputtering technique was employed for these solar cells as alternative to the
conventional evaporation technique. The development of a special contacting device allowed miniaturized
solar cells to be contacted without the need for pre-structuring the commercial FTO-layers.

Zusammenfassung
Ein dem Vorbild der Natur nachempfundener selbstassemblierender Farbstoff, der Aggregate bildet, die das
natürliche Lichtsammelsystem spezieller photosynthesebetreibender Bakterien nachahmen, wurde
hinsichtlich seiner Anwendbarkeit für Solarzellen untersucht. Dieser vollsynthetische Farbstoff assembliert
zu geordnet aufgebauten nano- bis mikrometergroßen stäbchenförmigen Aggregaten, die möglicherweise
Solarzellen auf Basis konventioneller organischer Farbstoffe verbessern können. Um das volle Potential der
Farbstoffaggregate nutzen zu können musste die Selbstassemblierung kontrolliert und ein geeignetes
Solarzellenkonzept für ihre Implementierung entwickelt werden. Im ersten Teil dieser Doktorarbeit wurde
untersucht, wie die Selbstassemblierung kontrolliert werden kann um hochgeordnet aufgebaute Aggregate zu
erhalten, deren Ausdehnung in mindestens einer Dimension begrenzt ist. Diese sollte die
Exzitonendiffusionslänge nicht überschreiten, also die maximale Wegstrecke, die ein durch Lichtabsorption
angeregter Zustand im Aggregat zurücklegen kann. Im zweiten Teil dieser Arbeit wurden die Erkenntnisse
aus dem ersten Teil umgesetzt um erste Solarzellen-Prototypen mit diesen Farbstoffaggregaten herzustellen
und zu testen.
Im Gegensatz zum pflanzlichen Chlorophyll erfordert das selbstassemblierende Bakteriochlorophyll (BChl),
das unserem Farbstoff als Vorbild diente, keine Proteine für den Aufbau der funktionellen Aggregate zur
Lichtsammlung. Das ermöglicht eine vollsynthetische Nachahmung der Farbstoffaggregate im industriellen
Maßstab, um kostengünstige, leichte und umweltfreundliche Solarzellen herzustellen. Da die Natur bereits
den Nachweis für die Funktionalität solcher Farbstoffaggregate in der Praxis erbringt, wurde in dieser Arbeit
die Übertragbarkeit dieses Konzepts auf die Technik untersucht.
Verschiedene Methoden wurden erprobt, um die Größe der Aggregate zu verringern, während ihre
hochgeordnete interne Struktur möglichst erhalten bleiben sollte. Diese umfassten die sterische Hinderung
der Selbstassemblierung innerhalb der Hohlräume verschieden poröser TiO 2-Schichten und auf Substraten
mit Zinkoxid-Nanostäbchen, die kinetische Wachstumshinderung bei tiefen Temperaturen sowie ihre
größenselektive Deposition durch dielektrophoretische Kräfte. Andere untersuchte Methoden zur Deposition
der Aggregate waren die Rotationsbeschichtung, das Sprühverfahren, die Fällung, sowie ein zweistufiger
Prozess, bei dem zuerst eine amorphe Farbstoffschicht bei unterdrückter Selbstassemblierung aufgetragen
wurde um anschließend eine Reorganisation zu den gewünschten Aggregaten zu initiieren. Der Erfolgsgrad
wurde hauptsächlich mittels Absorptionsspektroskopie und Rasterelektronenmikroskopie (REM) untersucht.
Während die Absorptionsspektroskopie einen Mittelwert der internen Ordnung der Aggregate lieferte, konnte
mittels REM die Dispersität, d.h. der Anteil verschiedener Morphologien, die Größenverteilung, sowie die
Anordnung der Aggregate auf dem Substrat beurteilt werden.
Schließlich wurden die Aggregate in Solarzellen integriert, die dazu konzipiert waren die Vorteile von
hybriden Solarzellen mit denen von festen farbstoffsensibilisierten Solarzellen (ss-DSSCs) zu vereinen. Wir
nennen sie: Farbstoffaggregatsolarzellen (DASCs). Sie wurden auf flachen und unterschiedlich porösen
TiO2-Strukturen hergestellt, die von den Farbstoffaggregaten für das sichtbare Licht sensibilisiert wurden,
mit zusätzlicher Unterstützung des Lochtransports durch das transparente organische Lochleitermaterial
spiro-MeOTAD. Die Leistung der DASCs wurde mit der von ss-DSSCs verglichen, die auf dem häufig für
Referenzzwecke genutzten Ruthenium-Farbstoff N719 basierten. Weiterhin wurde die Atomlagenabscheidung (ALD) als Beschichtungsmethode für die Auftragung der dichten TiO 2 Lochbarriere-Schicht auf
den transparenten leitfähigen Substraten mit Fluor-dotierter Zinnoxidschicht (FTO), untersucht. Zur
Auftragung der Gegenelektrode aus Gold wurde die Kathodenzerstäubung als Alternative zur
herkömmlichen Aufdampfmethode getestet. Die Entwicklung einer speziellen Kontaktierungsvorrichtung für
miniaturisierte Solarzellen machte eine Vorstrukturierung der kommerziellen FTO-Schichten überflüssig.

Introduction
The solar cell architecture takes advantage of a combination of hybrid solar cells and solid-state dye
sensitized solar cells (ss-DSSCs), also called solid-state dye solar cells (SDSCs). Hybrid solar cells are based
on a junction between an inorganic and an organic semiconductor, whereas the latter one is typically
supposed to absorb the light, due to its higher absorption coefficient. This organic semiconductor has the
additional duty to transport the light excitation energy in form of an electron hole pair (exciton) to the
inorganic semiconductor, inject there an excited electron and transport the hole to the opposite side of the
cell. Therefore, it ideally should have a high absorption coefficient and a high mobility and lifetime for the
excitons and holes. As such organic all-rounders are rare and have not reached high efficiencies, yet, the ssDSSC pursues an other strategy: the separation of the functions onto different materials. Whereas the
inorganic semiconductor keeps its function for transporting the electrons, the dye in DSSCs has no ability to
transport excitons and holes. This is taken over by an additional organic material, the so called: hole
transport material (HTM). However, this is the other extreme, because the dye has no ability to transport
excitons or charges. Consequently it needs a large area which controls its assembly to a monolayer by
chemisorption in order to allow the contact of each dye molecule from two sides by different materials. This
area is typically provided by a mesoporous TiO 2 layer, which is covered by the dye monolayer and infiltrated
by the HTM. Any aggregate formation of these dyes needs to be prevented and ideally also the random
contacts between the dye molecules within the monolayer, because this leads to a fast quenching of the
excitons. For an efficient exciton transport the dyes need to be orderly assembled, which can be achieved by
a sophisticated functionalization for self-assembly. How to achieve this could be learned from natural early
life forms, like bacteria, which made much more use of self-assembly compared to higher developed
organisms like plants, which mostly employ proteins to assemble functional structures. Luckily some of
these archaic species, like the photosynthetic active green sulfur bacteria, sustained their position in
inhospitable niche regions, like near hot volcanic springs or in regions with the lowest light intensities on
earth. Their light-harvesting system, also called antenna system, demonstrates the potential of self-assembly
to form highly ordered dye aggregates, which allow for an efficient exciton transport, and thus an efficient
energy conversion in a smaller volume than needed for dye monolayers. Transferring this principle of selfassembly to artificial dyes might pave the way to improve conventional solar cells.
Light absorption is the first step of solar energy conversion. As the energy of solar radiation, i.e. the product
of the number of photons and their energy, is maximal in the visible wavelengths range, all efficient solar
cells absorb in this spectral region and thus are colored. Beside the intrinsically colored semiconductors, like
silicon or the compound semiconductors for thin film solar cells, it is also possible to use optically
transparent inorganic or organic semiconductors to construct solar cells by staining them with dyes. These so
called dye sensitized solar cells (DSSCs) are typically based on the high bandgap semiconductor TiO 2, which
is stained by a monolayer of an organic dye. The dye sensitizes the TiO 2 for visible light, whereas otherwise
the TiO2 would be only able to absorb and convert ultraviolet light to electricity. As organic dyes reach
higher extinction coefficients as inorganic ones and are potentially cheap in manufacture, they are preferred
candidates for low cost solar cells. Their current disadvantage of a reduced lifetime, reaching a couple of
years, does not make them attractive for mass energy production, yet, but they have good chances to capture
the market in niche applications like low cost solar cells for consumer electronics. There the lifetime of the
solar cell is of less importance, because such electronics, like mobile phones or notebooks, are not intended
for a many years long use, anyway. Additionally, such solar cells may also be replaced together with the
battery, which is also accepted to have a life time limited to a couple of years. Furthermore the energy
needed to manufacture solar cells based on organic dyes is much smaller than that needed for conventional
inorganic solar cells. During the short lifetime of consumer electronics and in the weak light illumination
conditions conventional solar cells might not be able to pay back the energy, which was used for their
manufacturing. Thus, solar cells based on organic dyes are potentially better suited for consumer electronics
and inorganic solar cells for roof-top applications.
Most conventional organic dyes can be applied to solar cells only in form of a monolayer, because their
aggregates or multilayers do not reach a degree of ordering, necessary for an efficient energy transport over
several dye molecules. To accommodate enough dye in form of a monolayer to absorb the full sunlight
intensity, a large surface area is required. A high ratio of surface area to volume can be achieved with a very

fine porous network like the mesoporous TiO 2 used in DSSCs. As liquid electrolytes easily penetrate all
pores and form a beneficial barrier preventing recombination at the interface to the TiO 2, such DSSCs
achieve the highest efficiencies of all solar cells with organic components. However, the liquid electrolyte
has certain disadvantages, like complicating the cell assembly and decreasing its long-term stability, due to
sealing and leakage problems. Additionally, these solar cells need to be rigid, what increases their weight.
Hence, the research effort to find solid-state alternatives for this electrolyte steadily increased within the last
decade. However, not many solid hole transport materials (HTMs) exist, which could infiltrate the small
mesopores. Additionally, the recombination rate between the HTM and the TiO 2 is around hundred times
higher than with the liquid electrolyte. It was concluded therefore, that a more coarse-porous TiO 2 structure
would help to solve these problems, as it increases the pore size on one hand to facilitate the HTM
infiltration and decreases the recombination affected surface/interface area on the other hand. This would be
only possible in combination with dye multilayers instead of monolayers to accommodate enough dye on a
smaller surface area. However, dye aggregates are only able to transport their excitation energy efficiently in
form of excitons, when they are highly regular arranged next to another. As only very few dyes have been
developed, which are able to self-assemble to such structures, Silviu Balaban et al. examined the possibility
to adopt the natural self-assembly principle to artificial dyes [1].
In this thesis a biomimetic self-assembling dye, based on a zinc porphyrin, was investigated towards its
suitability and applicability for solar cells. Previous investigations on this porphyrin showed the possibility
to control the aggregate morphology and size to a certain degree within porous substrates by a two step
process [2, 3]. Thereby, the porphyrin was first infiltrated from a solution in tetrahydrofuran (THF) into a
mesoporous TiO2 layer containing additional macropores. The prevented self-assembly in this solvent
allowed for an efficient infiltration, but led to the formation of amorphous aggregates. As this would not
allow for efficient solar cells, a post-treatment in anhydrous n-heptane has been developed for a
reorganization of the aggregates to the desired well-defined aggregates.
The aim of the present thesis was to better control the aggregate morphology and size in order to achieve a
narrow distribution of these aggregate structures, and hence optoelectronic properties, and their micro- and
macroscopic homogeneous implementation into solar cells. This thesis is therefore divided into two parts: the
first one deals mainly with investigations on how the self-assembly could be controlled in order to achieve a
homogeneous aggregate deposition with suitable optoelectronic properties. The second part is about the
conception and construction of solar cell prototypes and their characterization.
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Part 1:

Biomimetic Light-Harvesting

1.1 Theory and Literature Survey

1.1.1 Terms and definitions
Aggregate, self-assembly, crystal: Aggregate is a generic term for solids regardless of their structure, which
can range from a completely disordered (amorphous) one up to a highly regular ordered crystal. With the
term self-assembly commonly a degree of spontaneous ordering is meant, which has a sophisticated growth
mechanism or error correction mechanism during the crystal growth, which is often encountered in primitive
natural organisms [4]. This may combine a fast growth rate with a low density of defects, due to an error
correction mechanism, which effectively inhibits the further growth onto a misplaced unit. Self-assemblies
combine more or less crystal properties, like a high degree of order, but typically with a less extended longrange order, with additional properties such as an increased mechanical flexibility or tolerance for changes of
the environmental conditions during the growth process, like the temperature.
Chromophore, pigment, dye: A chromophore (Greek: color-bearer) is originally the part of a molecule
responsible for the color, but this term is commonly also used in a broader sense for relatively small entire
molecules, like chlorophylls. These molecules may also be called pigments, though this term originally
meant insoluble aggregates or particles. Dyes in the original sense are soluble chromophores with a specific
functionality mostly for chemisorption onto certain materials, but this term is also used in analogy to
chromophores.
Exciton: An exciton is an electron-hole pair, which originates typically by the absorption of light in organic
materials. Whereas in inorganic semiconductors the excited electron is weakly bound to its remaining hole
and dissociates very fast into separated charges, the binding energy of excitons in organics is much higher,
typically between 0.5 and 1eV [5]. Thus, excitons in organics normally dissociate only at suited interfaces to
other materials, so called hetero-junctions. Excitons can move between chromophores by the so-called
Förster resonance energy transfer (FRET) or the Dexter energy transfer mechanism.
Mesopore: Mesopores are pores of an intermediate size between 2 nm and 50 nm. Smaller pores are called
micropores and larger ones macropores [6]. This historic naming might be confusing as micropores might be
associated with micrometer sized pores, what is not the case by this definition. The term nanopore is also
used sometimes, instead of mesopore.

1.1.2 Natural Light-Harvesting
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1.1.2 Natural Light-Harvesting
The reaction centers, where charge separation for chemical energy storage occurs, are almost identical for all
photosynthetic organisms. This fact hints at the same ancestor [1]. In contrast, the light-harvesting systems or
antenna systems can have very different architectures from species to species as they are adapted to specific
habitats and illumination conditions. The antenna systems of plants for example are complicated
chromophore-protein complexes, whereas those of green sulfur bacteria consist of self-assembled
chromophores. However, the basic principle is the same for all antenna systems: the exciton coupling. It
ensures within precisely arranged chromophores an efficient exciton transport within the antenna system
towards the reaction center. Therefore, only one reaction center is needed to convert the absorbed light
energy of many chromophores, what results in a very economic light-harvesting strategy. Additionally, the
wavelength range, which can be absorbed by single chromophores, increases due to the exciton coupling of
the well arranged chromophores, what allows to achieve higher energy conversion efficiencies. [7]
If the dye molecules are not highly regular oriented next to each other, the exciton transfer between them is
very inefficient and they get quenched very fast. As artificial proteins, which maintain the arrangement of
plant chlorophylls for the excitonic coupling, can not be synthesized in a large scale, it is worth taking a look
on nature to study how earlier lifeforms achieve similar orderly structures without the help of proteins. Green
sulfur bacteria for instance, contain the self-assembling bacteriochlorophylls (BChls) c, d or e (Fig. 4). They
are supposed to self-assemble to the largest and most efficient light-harvesting antennae found in nature [8].
Each antenna system forms the center of an organelle, which is called chlorosome (Greek: green sac). It
contains a so-called baseplate, through which the excitons are transferred to the reaction center. The
chlorosomes reach dimensions of roughly: 150 x 50 x 20 nm, which vary between the species as they are
adapted to different illumination conditions.
Green sulfur bacteria live in waters with a very low oxygen content and in the presence of hydrogen sulfide,
which they use for photosynthetic cleavage instead of water. They are found in hot springs close to the water
surface (Chlorobaculum Tepidum [9]) as well as about 100 m under the water surface in the Black Sea at
minute light intensities [10]. They have been found even in the deep-sea near hydrothermal vents (black
smokers) in depths below 2000 m. This was the first observation that natural photosynthesis is also possible
in the complete absence of sunlight, just with the near infrared thermal radiation of up to 370°C hot springs
[11].
Although the internal structure of these antenna systems could not have been completely resolved, recent
TEM images from Ganapathy and Oostergetel et al. [8, 12] revealed new insights into the chlorosomes (Fig.
1), which led to a new structural model.

1.1.2 Natural Light-Harvesting
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Chlorosome:
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500 nm

Fig. 1: TEM images of two green sulfur bacteria and isolated chlorosomes
A) TEM image from Wahlund et al. [9] showing two green sulfur bacteria from the species
Chlorobaculum tepidum (earlier known as Chlorobium tepidum). The chlorosomes (one is indicated by the
arrow) are located all around the inner side of the cell wall.
B) TEM image from Ganapathy et al. [8] of a chlorosome cross section perpendicular to its long axis
bearing a tubular structured antenna system inside.
C) TEM image from Oostergetel et al. [12], showing one chlorosome of the same species in its full length.
Striations are visible all along the long axes

The striations all along the chromosomes in the TEM images from Ganapathy et al. have been investigated
earlier by Pšenčík et al., who proposed, also based on X-ray measurements, a lamellar model of the BChl c
self-assemblies [13] with a stack distance of 2.09 nm. The observation, that the striations do not disappear
upon tilting, together with the results of small angle X-ray scattering (SAXS) measurements, which showed
that the long range order is only 6-8 nm, were interpreted, that the lamellas may be bended within the
chlorosome.
Ganapathy and Oostergetel et al. [8, 12] could later derive a new tubular model of the antenna structure
from TEM investigations of chlorosome cross sections. Both models can be seen in the schematic from
Pšenčík et al. and Oostergetel et al. in Fig. 2.
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Fig. 2: Chlorosomal aggregate structure
a) Lamellar model of the BChl c aggregate structure within a chlorosome envelope after Pšenčík et al.
[13], b) Tubular model after Oostergetel et al. [12]
Li et al. [14] illustrates in a detailed schematic of the chlorosome in its envelope an earlier proposed model
from Rossum and Steensgaard et al. [15, 16] of the BChl c assemblies in form of rod-shaped bilayer tubes in
comparison with the lamellar model from Pšenčík et al. (Fig. 3).

Fig. 3: Schematic of a chlorosome with two BChl c aggregate models
This drawing from Li et al. [14] illustrates the components of a chlorosome within its envelope and some
of their functions. Two models of the aggregate structure of bacteriochlorophyll c (BChl c) are shown in
green: the tubular model on the left hand side and the lamellar one on the right hand side. Proteins, denoted
by single letters, are embedded within the envelope of the chlorosome. The excitons diffuse through the
rod-shaped or lamellar BChl aggregate towards the BChl a within the baseplate (A). As the absorption
spectrum of BChl a is red-shifted compared to BChl c it acts as a trap for excitons, which then diffuse
further to the reaction center (yellow). Oxygen acts as a quencher for the excitons, thus it is shunned by the
bacterium. Different concentrations of carotenoids, depending on the bacterium species and the habitat,
supplement the light absorption in the green spectral range.
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Although much effort was put into the structural analysis of BChl c assemblies, its structure could not be
completely resolved, due to the lack of long range order. For single-crystal analysis by X-ray diffraction
(XRD) these aggregates are too small and electron diffraction is not possible due to an insufficient resistance
against beam damage.

1.1.3 Biomimetic Self-Assembly
Balaban et al. developed the first fully synthetic self-assembling mimics of bacteriochlorophyll c [17]. Up to
that time only semisynthetic derivatives of chlorophyll a could be programed to self-assemble. The full
synthetic molecules benefit from relatively inexpensive starting materials available on the market, like the
10,20-bis-(3,5-di-tert-butylphenyl) copper porphyrin [17, 18]. They are shown together with their natural
counterparts in Fig. 4. These molecules were designed to combine the self-assembling characteristics of the
BChls with the robustness of artificial zinc porphyrins. The self-assembling bacteriochlorophylls are actually
not porphyrins, but so-called chlorins, which are defined to have one of the four pyrrole rings reduced (single
bond instead of a double bond between the carbon atoms 17 and 18). Porphyrins instead have a fully
conjugated and aromatic π-electron system and thus are very stable. Their stability could be increased by
substitution of the central atom magnesium by zinc, which now resists stronger acids. Also in nature BChls
with Zn instead of Mg have been found in very acidic (pH 3.5) habitats, where Mg-porphyrins or Mgchlorins would decompose to their free bases [19].

a)

b)

P2

Fig. 4: Natural self-assembling bacteriochlorophylls and Balaban's artificial mimics
This graphic from Balaban et al. [20] shows the known self-assembling bacteriochlorophylls (BChl) c, d
and e (left) in comparison to six of his artificial self-assembling mimics (right). The hydrophyilic parts R
and R' in the BChl mimics, which are very important for the self-assembly, have been varied in their type
(CH(OH)-CH3=hydroxyethyl, CH2OH=hydroxymethyl, COCH3=acetyl, COH=carbonyl) and their position
on the porphyrin macrocycle with commonly numbered carbon atoms from 1 to 20. The biomimetic
porphyrin no. 2, here called: P2, has been investigated in this thesis. The central atom magnesium of the
BChls was substituted by zinc to increase the stability. The two tert-butylphenyl groups at the carbon
atoms 10 and 20 additionally support the self-assembly and increase the solubility in organic solvents.
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Self-assembly is a process in which molecular units form ordered structures based on non-covalent
interactions. Argia et al. shows in a comprehensive review many different strategies and mechanisms of selfassembly [21].
The structure of the self-assembled aggregates of the BChl mimics in Fig. 4 is mainly determined by the type
and position of the functional groups, which are attached to the numbered carbon atoms of the porphyrin
macrocycle. The same position of the 3-hydroxyethyl group was maintained while the 13 1 keto group in the
isocyclic ring was replaced by a 13-acetyl group.
The porphyrin no. 2, called: P2, has been investigated in this thesis towards its suitability for solar cell
applications. It forms rod-shaped aggregates as shown in Fig. 5a. Porphyrin no. 3, in which, contrary to P2,
the hydroxyethyl group at position 3 is substituted by a hydroxymethyl group at position 5, shows a
completely different aggregate structure (Fig. 5b) [3]: small flakes, which agglomerate to flower-like
structures. Also the small change of the hydroxyl group (OH) of P2 into a carbonyl (C=O) one, resulting in a
second acetyl group [COCH3] can have a big effect on the self-assembly (Fig. 5c). These aggregates of P2diacetyl have a significantly lower aspect ratio and grow much larger than those of P2, large enough for a
single-crystal X-ray diffraction analysis, which allowed to resolve their structure [22].

a

b

Fig. 5: SEM micrographs of P2, P2-diacetyl and Por. No. 3
a) P2 aggregates deposited by drop-casting from a 2.1 mM solution
in anhydrous dichloromethane (DCM) onto a silicon wafer.

c

b) Aggregates of porphyrin no. 3 from Fig. 4 on a mesoporous TiO2
surface after dip-coating from its anhydrous DCM solution,
containing also n-heptane, which did not influence the structure.
Difference to P2: hydroxyethyl group replaced by hydroxymethyl
group and moved from position 3 to 5 in the porphyrin macrocycle.
c) P2-diacetyl aggregates after drop-casting a fresh solution in
anhydrous DCM onto a rough SnO2:F substrate. The size distribution of the cubic-shaped aggregates
ranged from ca. 1 µm to ca. 15 µm.
The contribution of the hydrophobic groups to the self-assembly was studied by Hasobe et al. by enabling
similar porphyrins, but without the oxygen groups and the metal in the center, also to self-assemble by the
assistance of ultrasound. Similar results have been obtained also using bare phenyl groups on both opposed
sides of the porphyrins (without the tert-butyl groups). However, without the treatment in ultrasound, no
aggregate formation could be observed [23].
This shows, that for self-assembly of the synthetic mimics, and most probably also of the natural BChl
models, hydrophilic and hydrophobic, or in general solvophilic and solvophobic, interactions play an
important role. Whereas the (latent) solubilizing hydrophobic side groups are useful for microcrystallization
on the mesoscopic level, they are sometimes detrimental for macroscopic or long-range ordering [24].
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However, a long-range order is not always desired as this facilitates the aggregate growth to dimensions,
which exceed the exciton diffusion length. On the other hand, when the aggregate's size is too small, this
might indicate a highly disturbed internal structure, and inefficient transport of excitons may be the
consequence. Thus, an intermediate aggregate size seems to be most promising as it is a compromise
between a low defect concentration and a hampered aggregate growth. A tubular structure seems to be a good
possibility to combine a low disturbed structure with a limited aggregate size, anyway. When the aggregate
grows in a circle its size will be limited by closure of the circle. The growth within the long axis of the tubes
however, is allowed to exceed the exciton diffusion length as the excitons have a short distance towards the
interface in the radial directions, anyway. Thus, tubules may be the ideal architecture for self-assembling
antenna systems.
P2 has been chosen for the investigations in this thesis, because it forms elongated aggregates with a high
aspect ratio, a high degree of order, which is combined with a shorter pathway for excitons within radial
directions (Fig. 5a). The same recognition groups (hydroxyethyl and acetyl) were appended in similar
positions (3, 13, respectively) as in the natural BChls.
P2 self-assembles to rod-like aggregates of a broad polydisperse distribution in size with a mean length of
1-3 µm and a mean diameter of 100-300 nm (Fig. 5a). The mean aggregate size is roughly ten times larger as
the natural antenna system, which is confined within the chlorosomal envelope. Finding ways to confine the
aggregate diameter towards the exciton diffusion length, which is supposedly within the range of the
chlorosomal thickness, around 20 nm, was also the aim of this work.

1.1.3.1 Structure of the Self-Assemblies
Similar to the self-assembling bacteriochlorophylls the structure of P2 aggregates could not be resolved
completely until now, because the aggregates did not grow large enough for a single crystal analysis, e. g. by
synchrotron-XRD. P2-diacetyl instead, which forms larger aggregates, as could be seen in Fig. 5, did form a
crystal sufficiently large for a single crystal structure analysis by synchrotron-XRD as reported by Jochum et
al. [22]. With this structure and additional Fourier transform infrared spectroscopy measurements (FTIR) it
could be shown, that these molecules form stacks dominated by hydrophobic interactions (Fig. 6). The
electrostatic interaction between the carbonyl groups and the zinc atoms is rather small as the acetyl groups
do not turn significantly out of the conjugation plane, which they have in common with the porphyrin
macrocycle.
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Fig. 6: Model of the P2-diacetyl crystal structure
This model structure of P2-diacetyl-aggregates from Jochum et al. [22] has been determined by single
crystal XRD.
By comparison of the coupling strength between the carbonyl groups and the zinc atoms, measured by FTIR
in various porphyrins, including P2 and self-assembling BChls, it could be concluded that contrary to
previous assumptions no hydrogen bonds exist between the porphyrin stacks [22]. The old and the new
model of the basic aggregate structure of self-assembling BChls and their artificial mimics is shown in Fig.
7.

a

b

Fig. 7: Old and new model of BChl self-assemblies
These schemes from Jochum et al. [22] show the previously assumed structure of bacteriochlorophyll
(BChl) self-assemblies (a) and the new proposed structure model (b), which is also representative for the
artificial mimics, like P2 aggregates. This structure was proposed by these authors as a conclusion from the
resolved aggregate structure of P2-diacetyl in combination with additional FTIR studies.
In the new structural model for BChl self-assemblies (Fig. 7b) the Mg atoms in the porphyrin centers are
assumed to be strongly coordinated by a hydroxyl group from one neighboring molecule and weakly
coordinated by a carbonyl group from another neighbor in the stack resulting in a 5 ½ coordination. This new
structure without hydrogen bonds was also assumed for the P2 aggregates. It allows also for a high
mechanical flexibility [25], which has often been observed for the P2 aggregates.
Due to the encountered electron beam damage this structural model for the BChls could not be verified by
electron diffraction, yet.
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1.1.4 Main Characterization Methods

This chapter will give a short introduction into the main characterization methods, UV-Vis-NIR absorption
spectroscopy and scanning electron microscopy (SEM).

1.1.4.1 Absorption Spectroscopy
The absorption was investigated within the wavelength range from the ultraviolet over the visible up to the
near infrared part of the electromagnetic spectrum. The absorption spectrum at the longest wavelength of
organic chromophores or chromophore aggregates originates by the electronic transition between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The whole
spectrum is a superposition of electron excitations also from ground energy levels beneath the HOMO
(HOMO-1, -2,...) and to excited energy levels above the LUMO (LUMO+1, +2,...) or into higher vibronic
levels of the electronic states. Due to additional vibronic modes within liquids and solids the absorbance
maxima are broadened, compared to molecules in the gas phase.
The absorption spectrum is commonly given as absorbance over wavelength. Whereas the direct unit of
measure is the transmittance, which is the ratio of incident to transmitted spectral radiant power (intensity).
The relation between absorbance, transmittance and the quantity of the absorber is given by the BeerLambert law:
Beer-Lambert law: A10=⋅c⋅l=−log 10 T  with: T =

I
−⋅c⋅l
or in the form: I =I 0⋅10
I0

where A10 is the decadic absorbance, ε the decadic molar absorption coefficient, c the molar concentration, l
the path length of the cuvette measured in cm, I the transmitted and I0 the incident spectral radiant power,
and the ratio is the transmittance T
In the case of solid samples (instead of liquids) ε·c is replaced by the absorption coefficient α. l does then
mean the thickness of the absorbing layer instead of the path-length of the cuvette. Although the natural
logarithmic form of the Beer-Lambert law is commonly used for solid samples, throughout this work only
the decadic form was used in order to avoid confusion.
The term absorbance (A) is only valid, when no “light” scattering or luminescence contributed to the
absorption spectrum. Otherwise this term is to be replaced by the attenuance (D) and ε (α) will be called
(molar) attenuation coefficient in this case [26].
The following devices were used for the absorption spectroscopy:
UV-Vis-NIR absorption spectrometer:
Integrating sphere:

1.1.4.1.1

cary 500 Scan from Varian
DRA-CA-5500 with 15 cm Ø

Light Scattering Samples

Absorption spectroscopy of light scattering samples, like turbid dispersions and rough or porous solids, is in
general more difficult to interpret as non-scattering solid or liquid samples, even when measured within an
integrating sphere.
The integrating sphere can be described as a collector of the scattered light, which otherwise would escape
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the detector and thus would be interpreted as absorbed fraction. Measurements on scattering samples were
performed within the center of an integrating sphere to collect the transmitted and reflected part of the
incident monochromatic light simultaneously. The detector, attached to the integrating sphere, measured that
intensity after multiple scattering within the sphere.
In contrast to non-scattering samples multiple reflections occur also within the sample causing an uncertainty
in the effective path-length for the incident beam. Thus, a quantification of the absorber is not possible. For
this purpose one needs to dissolve the absorber completely and perform a measurement in a non-scattering
environment. Alternatively, one could embed or disperse the scattering sample, e.g. particles, within a
transparent matrix with the same refractive index to eliminate the scattering.
Additionally, large dye aggregates on a substrate or within dispersions can show lower absorbance as
smaller ones with the same molar concentration, because some inner dye molecules within larger aggregates
may not be reached by the incident light. Such inner dye molecules do not participate in the absorption
process and simulate a lower absorption coefficient for the whole system.
The morphology of the system does not only affect the quantitative absorption, but also the qualitative
absorption spectrum, in the case of aggregates e.g. this is caused by exciton coupling of adjacent
chromophores and depends on the mutual orientation. Therefore, amorphous and crystalline aggregates show
different absorption spectra.

1.1.4.1.2

Porphyrins

The absorption spectra of zinc porphyrin monomers show a characteristic sharp and intense band in the blue
part of the spectrum, the so-called Soret band, and typically two smaller bands in the red part, called Q bands
(Fig. 8a). The origin of the corresponding transitions is described by the so-called four-orbital model of
Gouterman [27]. These orbitals are the two highest occupied molecular orbitals (HOMO), called b1 and b2
and the two lowest unoccupied molecular orbitals (LUMO) c1 and c2. Due to the lower energy level of b1,
which is a π-orbital of the symmetry a2u (π), the corresponding energy level is assigned to HOMO-1 and the
π-orbital b2 with the symmetry a 1u (π), is the HOMO [28, 29]. In metalloporphyrins c1 and c2, which both
have the symmetry eg (π*) are degenerate, i.e. of the same energy. The degeneracy arises from the
equivalence of the classical dipoles in the perpendicular directions x and y within the D 4h symmetrical
porphyrin plane [27]. The Soret (B) band transition occurs from the HOMO-1 to the LUMO, whereas the Q
band originates from the transition between the HOMO and the LUMO. The corresponding two pairs of
degenerate transitions with perpendicular polarization are called (B x, By) and (Qx, Qy). Their transition dipole
moments are polarized (oriented) within the porphyrin plane like shown in Fig. 8b, where x' and y' indicate a
second coordinate system.
Besides the excitation between the lowest vibrational levels of the two electronic states, denoted by (0,0)
[30] also excitations into higher vibrational states of the LUMO can occur. As the Q x transition couples
strongly vibronically with the Soret band transition it has a higher intensity for the transition into the first
excited vibrational state of the LUMO, than Q y. It is therefore denoted also by Q (1,0). This gain in intensity
is also called vibronic borrowing [31, 32]. Qy instead, does not borrow much intensity from the Soret band
and corresponds predominantly to the transition into the vibrational ground state of the LUMO and is
therefore denoted also by Q (0,0). It might be confusing that different notations are used in literature to
denote the same transition, e. g. for Q (1,0) [32, 33] also the following notations can be found: Q (0,1) [34],
Q (0-1) [27] or Q (1-0) [35]. Fig. 8a shows a typical absorption spectrum of metalloporphyrins.
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Fig. 8: Absorption spectrum of P2 monomers
a) This absorption spectrum of the zinc porphyrin P2, dissolved in tetrahydrofuran, represents a typical
absorption spectrum of metalloporphyrins. Whereas the numbers in brackets denote the vibrational states
of the LUMO and the HOMO, respectively, the relative orientations (polarizations) of the corresponding
transition dipole moments are shown in (b), with x' and y' indicating a second coordinate system.

1.1.4.1.3

Exciton Coupling Theory

The absorption spectrum of aggregates differs from that of monomers, due to the exciton coupling between
neighboring chromophores, depending on their orientation next to each other. This leads to a shift of the
absorption spectrum, compared to that of isolated chromophores, either towards higher energies (blue-shift),
or towards lower energies (red-shift). The corresponding aggregate types are called H-aggregates, and Jaggregates, respectively. H-aggregates are named after the term: hypsochromic, which means: shifted
towards higher energies, and J-aggregates after E.E. Jelly, one of the first workers, who investigated the redshift, which is also called bathochromic shift. Both shifts may occur also simultaneously, as the molecules
couple to several others within three dimensional aggregates. As amorphous aggregates do not have a
defined structure their absorption spectrum does not show any characteristic shift, but is simply broadened.
Absorption spectra of isolated monomers within perfect solutions may also be shifted slightly depending on
the polarity of the solvent molecules. Thereby the whole spectrum is shifted in contrast to the case of well
defined aggregates where the shift is band-specific [36].
The shift of the absorption spectrum results from the splitting of the excited state (LUMO), caused by
Coulomb interactions of adjacent molecules, and from the selection rule of the transition dipole moments,
like shown in the illustration from Satake et al. in Fig. 9.
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Fig. 9: Illustrated explanation of the red- and blue-shift of aggregates
These cartoons from Satake et al. [38] illustrate how the arrangement of two planar identical molecules
(disks) to a dimer and thus the arrangement of their dipole moments (arrows) influences the excited state
energy splitting and selection rules, which correspond to a red or blue shifted absorption spectrum. The
thick horizontal arrows indicate a momentum view of the transition dipole moments. The thin solid
vertical arrows indicate the allowed transitions from the ground states G (HOMO) to the excited states,
whereas broken lines correspond to forbidden transitions. The energy splitting of the slipped cofacial case
is shown in Fig. 10.
The transition dipole moment (arrow) within a planar dye molecule, like a porphyrin, interacts with the
transition dipole moment of an adjacent molecule due to Coulomb interactions, leading to a splitting of the
excited energy state E (LUMO) of a monomer into a higher (E'') and a lower (E') energetic state of the dimer.
In the case of a pure face-to-face orientation of both molecules the parallel orientation of both transition
dipole moments result in a higher energy and the antiparallel dipole moment orientation in a lower one. This
can be explained by an electrostatic repulsion of the transition dipole moments in the former and attraction in
the latter case [37]. For the head-to-tail orientation of the dye molecules their transitions dipole moments
interact in the opposite way because here the parallel orientation of the transition dipoles interact attractively
and the antiparallel orientation repulsively. As the transition to an energy state with antiparallel transition
dipole moments is not allowed, as they would cancel out each other, only the transition to the energy level
with parallel oriented transition dipole moments will occur, what leads to the blue- or red-shift in the
absorption spectrum depending on the molecular orientation. The slipped cofacial arrangement is a mixture
of both, which may cancel out the energy splitting. In principle a certain orientation or stacking may be
extended to many more molecules, forming so-called H- or J-aggregates, assigning the blue- or red-shift in
the absorption spectrum, respectively.
The pure face-to-face and head-to-tail orientations are two extrema in the stacking possibility of the
molecules with the maximum splitting energy ΔE between E' and E''. In intermediate positions, by cofacially
slipping of the molecules from one extrema to the other, E' continuously goes over to E'' and vice versa,
through an orientation with no energy splitting. ΔE can be calculated by the following formula [38]:

Δ E=

2|M 1 M 2|κ
r

3

with

 2=1−3⋅cos 2 2
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where M1 and M2 are the transition dipole moments of both molecules, which are the same in the case of
identical molecules, r is the center-to-center distance between both molecules, κ the orientation factor and θ
is the angle between both molecules (transition dipole moments) like shown in Fig. 10.

a

b

Fig. 10: Dependency of the energy state splitting on the slipped cofacial molecular
arrangement
These figures from Satake et al. [38] illustrate the dependence of the excited state splitting ΔE , expressed
by the orientation factor κ, (b), on the change in the slipped cofacial arrangement, expressed by the angle
Θ (a). The arrows represent the orientation of the transition dipole moments of two molecules in a dimer
with r as the center-to-center distance between them. While the molecules slip cofacially from the face-toface orientation into the heat-to-tail one, the blue-shift goes over into a red-shift at Θ =54.7° , the point at
which the excitation energy state is not split.

The curve in Fig. 10b shows the orientation factor κ over the angle θ, which indicates the arrangement of
both molecules in the dimer, starting from the face-to-face arrangement at θ = 90° and ending at the head-totail arrangement at θ = 0°. With slipping the molecules from the face-to-face arrangement into the head-totail one, the blue-shift continuously decreases and turns at θ = 54.7° into the red-shift, which increases
steadily to reach the maximal red-shift at the pure head-to-tail arrangement.
The shift of the absorption bands is not necessarily an indication for a change in the arrangement of the dye
molecules. In small aggregates beside the band intensity also its shift is dependent to the number of the
chromophores. Osuka, Kim and their coworkers [39, 32] determined experimentally on covalently bound
porphyrins, arranged in chains with the pure head-to-tail orientation, the dependence between the energy
splitting ΔE0 and the number N of chromophores to:
ΔE0 =cos[π/(N+1)]
Hence, the red-shift of pure head-to-tail arranged porphyrin chains starts with a dimer already at 50% of the
maximum shift, increasing fast at the beginning reaching 90% in a chain of 6 chromophores and with 99%
almost the maximum at 22 chromophores.
In contrast to non-covalently bound aggregates, these structures are possible to be obtained monodisperse as
they can be separated e.g. by chromatography. Porphyrin aggregates, instead are relatively weakly bound
molecules, which are in a dynamic equilibrium with the solvent, thus can not be separated to a monodisperse
size distribution. Additionally, the arrangement within chains is only one dimensional avoiding any exciton
coupling within other dimensions, which is the case in three dimensional aggregates. Therefore, these model
structures of Aratani et al. are well suited for investigations of the exciton coupling effects [ 40, 39]. Fig. 11
shows schematically the arrangement of the linked zinc porphyrins and the resulting band splitting diagram.
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These porphyrins are covalently bound in the so-called meso position of the porphyrin macrocycle, which is
in the center of each of the four sides, thus in the direction of the transition dipole moment of the B (Soret)
band, here: Bx. The porphyrins are additionally rotated by 90° around this axis, which excludes any
contribution of the otherwise blue-shifting face-to-face orientation of the B y component.

Fig. 11: Scheme explaining the origin of the red-shift in meso-linked zinc porphyrins
This scheme from Aratani et al. [40, slightly modified] illustrates how the transition dipole moments of the
B band (Soret band) interact with each other in the shown arrangement of covalently linked zinc
porphyrins. Only the transition dipole moments along the x-axis can interact with the neighboring ones in
the head-to-tail orientation whereas the orthogonal oriented parts in the y and z direction stay unperturbed.
Thus, the B band will only partly red-shift within this arrangement.

As this one-dimensional model system allows only the excitonic coupling within this one dimension (x) only
the Bx part of the Soret band shifts to the red part of the spectrum, while for B y and Bz the monomeric
position of the LUMO does not split. The corresponding absorption spectroscopy results from Kim et al.
show also the dependency of the red-shift on higher numbers of meso-linked porphyrins Fig. 12.
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Fig. 12: Absorption spectra of meso-meso-linked zinc porphyrin chains
Aratani et al. [32] show in these graphs the dependency of the red-shift of the absorption spectrum on the
number Z(N) of covalently bound zinc porphyrins. The porphyrins are linked in the so-called mesoposition of the porphyrin macrocycle and orient orthogonally to each other. By increasing the number of
linked porphyrins from 1 to 128 within the chains, predominantly one part of the Soret band shifts to the
red-part of the spectrum. The Q band also makes a minor red-shift, but with a considerable increase in
intensity. Note also the increase in the ultraviolet region and the broadening of the B bands.
Fig. 12 shows that the linkage of two molecules already leads to a significant red-shift and broadening of the
absorption spectrum, what is very favorable for solar cell applications. This experiment tells us also that the
desired red-shift and broadening is almost complete after coupling of a few molecules, as can be seen in the
here found correlation factor: cos[π/(N+1)]. The broadening of the B band indicates a heterogeneous
distribution of the dihedral angle at the linkage between the porphyrins, which allows also a partly excitonic
coupling of the By (Bz) component. The angle of 90° was predicted by semi-empirical Austin Model 1 (AM1)
calculations as the most stable conformation and was confirmed by X-ray crystal structure analysis. [39]
The dominant Q (1,0) band, originally around 18500 cm-1, only slightly shifted bathochromically but
therefore its intensity increased significantly with increase of the chain length. This was attributed by Kim et
al. to an increased vibronic coupling with the B band due to the lower energy distance to the red-shifted B
band [39]. The red-shift of the Q bands can be explained by the fact, that their transition dipole moments
have also a component within the x-direction because they are tilted only by 45° relative to the x-axis. Hence
both Q bands (Qx' and Qy') couple partly in the head-to-tail way, splitting their LUMO and leading to a partly
red-shift. This is in agreement with the fluorescence anisotropy measurements of Kim et al., which led to the
conclusion that the polarization of the red-shifted Q bands is the same as that of the red-shifted B band [39].
This example showed, that exciton coupling in zinc porphyrins, even with a low number of involved
chromophores, leads to a significant red-shift and broadening of the absorption spectrum. This may be
regarded as a bonus for solar cells as they would already benefit from the exciton transport property of such
systems due to the possibility to reduce the crucial interface area in dye sensitized solar cells (DSSCs).
Thus, these so-called supramolecules have very favorable optoelectronic properties for solar cells. However,
their aggregation may be problematic, as large molecules tend to aggregate to amorphous solids. It is
important, that the well-defined structure within the supramolecules is not disturbed by the formation of
disordered aggregates, which would increase the exciton quenching rate at the interfaces between these
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supramolecules. Additionally, the synthesis of such supramolecules is difficult, as they tend to loose
solubility with increasing size. Also low yields, difficulties in separation and demanding characterizations
hamper the progress exploring such molecules on larger scales [32].
Self-assembling chromophores, however, have the advantage of an easier synthesis, a higher solubility and a
controlled self-assembly to well defined aggregates preserving their functionality also in the solid-state.
Additionally, self-assembling chromophores may be infiltrated more easily into porous structures, like in
DSSCs, compared to long chains of covalently bound chromophores.
It can be concluded that beside the well understood red-shift of parts of the absorption spectrum, some
effects still remain partly unpredictable, like the band broadening and changes in their intensities.
Nevertheless, the covalently bound macromolecules are a very good model system, due to their onedimensional exciton coupling in the pure head-to-tail fashion and a precisely controlled number of
chromophores. Compared to this relatively simple model it can be imagined, that it the exciton coupling
effects on the absorption spectrum become far more complicated to analyze in the case of three dimensional
aggregates.

1.1.4.2 Scanning Electron Microscopy (SEM)
This chapter gives a short introduction into the scanning electron microscopy (SEM) technique and an
overview about the typical morphology of P2 aggregates. Beside the optical indications that P2 selfassembles to an ordered J-aggregate structure also the morphological investigations by the SEM could affirm
the well-defined structures by visualizing their regular shapes. As the SEM was a major tool for investigation
of the P2 J-aggregates, this technique will be described in more detail.
The used scanning electron microscope was a LEO 1530 Gemini from Zeiss. It was equipped with two
detectors for secondary electrons (SE), the so called in-lens detector, which acquires only slow secondary
electrons and the SE2 detector, also called lateral detector or Everhart-Thornley (ET) detector [41], for faster
ones, which escape also from regions deeper under the surface.
This SEM allows to focus the primary electron beam onto a spot with the diameter of around 2 nm,
depending, on the aperture size and the accelerating voltage. The primary electrons (PE) penetrate the sample
to a depth, up to a few µm, dependent mainly to the accelerating voltage of the electron beam, the density of
the sample and the atomic numbers of its composition. Many secondary electrons (SE) can be hit out of the
sample's atoms by one PE impact, but only those SEs, which got hit out close to the surface, can escape to
the vacuum and be detected. As most SEs have kinetic energies below 50 eV their mean escape depth is in
the order of a few nanometers. Compared to metals, materials of lower electron density, like ceramics or
organics have a larger escape depth, which depends also on the material's structure. Thus, P2 aggregates with
a highly ordered internal structure appear more transparent for SEs than amorphous ones, especially when
looking for low-energy SEs, which are detected by the in-lens detector.
Three different types of secondary electrons (SE1-3) are distinguished [42, 43]:
–

SE1 electrons originate by collisions with primary electrons (PE). Their detection generates the
highest lateral resolution.

–

SE2 electrons originate by collisions with backscattered electrons (BSE). Their topographical
information is of a lower resolution, but their contrast generation offers additional information.

–

SE3 electrons originate by collisions of the BSEs with the gun or the chamber wall. They generate
the background noise

The detected signal is always a mixture of different secondary electron types, mainly SE1 and SE2. The inlens detector allows for a higher resolution then the SE2 detector, because it gathers a higher fraction of the
SE1 electrons compared to the SE2 detector. As it is located within the final lens of the electron gun, it is
much closer to the specimen compared to the SE2 detector. Due to the resulting increase of the signlal-to-
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noise ratio it is possible to lower the accelerating voltage of the PE, what increases the ratio of SE1 to SE2
[41]. As the in-lens detector gathers those filtered SEs with lower energy it is more surface sensitive than the
SE2 detector. The SE2 detector attracts with higher positive potential (some hundred eV) also faster SEs with
a higher escape depth and offers therefore a more semitransparent appearance of the specimen. Additionally,
it generates, due to its lateral location at one side of the chamber, also a shadow contrast, which gives the
sample a more three dimensional impression.
Beside the detectors SE2 and in-lens the following parameters are used to adjust the desired ratio of different
contrast types, what affect also the resolution:
–

accelerating voltage for the electrons, also called extra-high tension (EHT)

–

working distance (WD), which is the distance between the final condenser lens and the specimen

–

aperture size (aperture), controls the beam current

A high EHT normally decreases the spherical aberration and thus the resolution, but it increases also the
penetration depth and this may also decrease again the resolution. A smaller working distance reduces the
spot size due to minimizing the spherical aberration and thus increases the resolution, but this decreases also
the field of depth, due to the bigger focusing angle. A smaller aperture size reduces the beam current and thus
also the spot size, what increases the resolution, but makes the image more noisy.
A comparison of the material contrast generation by the two detectors is shown in Fig. 13, where the same
area has been recorded with both, the in-lens (a) and the SE2 (b) detector. The sample was a 0.1 mm thick
quartz substrate with 110 nm thick and and 1.8 µm wide vertically aligned gold electrodes in a distance of
also 1.8 µm. On this substrate a drop of an anhydrous P2-dichloromethane solution was dried under an
applied electrical field. This technique induced a partial separation of the aggregates by size, what will be
described in more detail in the chapter 1.2.9 (page 73). The P2 aggregates appear dark in the micrograph of
the in-lens detector. In the SE2 detector micrograph, instead the small aggregates are difficult to recognize,
but therefore the material contrast between gold and quartz is more pronounced. The bigger aggregates
instead, appear with a higher plasticity and three dimensional impression in the SE2 micrograph.

a

b

Fig. 13: SEM micrographs showing the contrast difference of the in-lens and SE2 detector
Both micrographs show exact the same area of P2 aggregates on a 0.1 mm thick quartz substrate with
vertical stripes of a 110 nm thick gold layer, but recorded with different detectors, the in-lens (a) and the
SE2 detector (b). EHT: 5 kV, WD: 5 mm, aperture: 30 µm. The gold structure was prepared by standard
photolithography and the aggregates were deposited by dielectrophoretic controlled drop casting of a P2dichloromethane solution.
The dark spot in the middle of the in-lens micrograph (Fig. 13a) is caused by the deposition of a thin organic
contamination layer, which appeared during focusing in this area, prior to the image recording. This effect
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occurs when volatile organic molecules in the gas phase of the limited vacuum polymerize onto the sample's
surface after being radicalized by the electron beam. The strong contrast between the thin contamination
layer and the rest of the surface demonstrates the high sensitivity of the in-lens detection for such thin
organic layers, which are supposed to be not thicker, than a few nm. Note that the dark spot is not noticeable
in the SE2 micrograph (b) although it has been recorded after the in-lens micrograph. This high surface
sensitivity is not possible with the SE2 detector, which records faster secondary electrons, which originate
from deeper regions, enhancing the material contrast of thicker layers, like between the gold stripes (bright)
and the quartz substrate (dark). Note also the higher plasticity in the SE2 micrograph, giving a better three
dimensional impression, whereas the in-lens micrograph gives a higher lateral resolution and material
contrast of thin films. Both detector signals can also be mixed during the image recording to benefit from the
advantages of both detectors within one micrograph.
Although the exposed quartz substrate between the grounded gold electrodes is highly insulating the distance
to the electrodes was small enough to discharge the quartz surface during the SEM investigation. Hence, no
charging effects could be observed here, in contrast to quartz areas, which were a few µm further apart from
any grounded electrodes.
The depth sensitivity of both detector signals is demonstrated in Fig. 14, where a mesoporous, several µm
thick, TiO2 layer, equipped with additional homogeneously dispersed macropores of 1 µm diameter, was
imaged by the in-lens (a) and the SE2 detector (b) at an acceleration voltage of 20 kV. Whereas the in-lens
micrograph shows only the open macropores at the surface, in the SE2 micrograph also the inner macropores
beneath the surface appear as dark spots.

a

b

Fig. 14: SEM micrographs showing the depth effect of both detectors (in-lens, SE2)
The same area of a mesoporous TiO2 layer with homogeneously distributed 1 µm sized macropores imaged
by the in-lens (a) and the SE2 detector (b). The SE2 detector reveals also the presence and distribution of
inner macropores beneath the surface. EHT: 20 kV, WD: 11 mm, aperture: 30 µm
Such meso- and macroporous structures have been used to confine the P2 aggregate size, which will be
shown in more detail in chapter 1.2.7.2 .
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1.2 Controlling the Self-Assembly of Zinc Porphyrin P2
The investigations on the self-assembling P2 are described in this chapter. Different experimental methods
were used to determine its optical and electronic properties, which depend on the aggregate morphology,
such as the aggregate structure and size. Absorption spectroscopy in combination with scanning electron
microscopy (SEM) was used in order to determine if there is a correlation between the optical and
morphological properties of the aggregates. Such a correlation would be useful later on to quickly infer the
average or dominating structure of the aggregates on a larger area and of hidden or embedded aggregates,
which are not accessible by the SEM technique. Other properties, which are relevant for solar cell
applications, like the aggregate's thermal stability, photoconductivity as well as the possibility to control the
aggregate's morphology by different deposition techniques, like spin-coating, spraying and dielectrophoresis
were also investigated.

1.2.1 Structure of the Molecule
The size and structure of the zinc porphyrin P2, has been computed by the semi-empirical parametric method
3 (PM3) with the Hyperchem program package, version 7.0 HyperCube, Gainesville, Florida (Fig. 15). The
full chemical name of P2 is: 3-(1-hydroxyethyl)-13-acetyl-10,20-bis-(3,5-di-tert-butylphenyl) porphyrinato
zinc.
The numbers, which are not in brackets, denote the carbon atoms of the porphyrin macrocycle,
conventionally numbered clockwise from 1 to 20. The oxygen containing functional groups for selfassembly are bound at the atoms number 3 and 13. The two 3,5-tert-butylphenyl groups, bound to the atoms
10 and 20 of the porphyrin macrocycle, increase the solubility and probably also support the self-assembly.
a)

b)

1.0 nm

0.7 nm

Fig. 15: Molecular structure of P2

1.6 nm

The chemical structure of P2 (a) has been computed with Hyperchem to determine its shape and dimensions
(b). The dotted spheres correspond roughly to the atomic sizes of C: black, H: cyan, N: blue, O: red, Zn:
green given by the Van der Waals radii.
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The porphyrin macrocycle of P2 is planar with the dimensions of approx. 0.7 x 0.7 nm (between opposing
carbon atoms). The distance between the first carbon atoms of the oxygen groups is approx. 1.0 nm, and
between the farthest carbon atoms of the phenyl rings (not the tert-butyl groups) approx. 1.6 nm. The phenyl
groups are tilted by. ca. 70° relative to the porphyrin plane and the distance between the central carbon atoms
of their tert-butyl groups is ca. 0.5 nm.
Upon self-assembly (aggregation) the oxygen groups and the tert-butylphenyl groups may slightly rotate out
of these thermodynamic most stable positions in monomers, but this will not affect the assigned distances.
The molar mass of P2 is: 836.4 g/mol

1.2.2 Synthesis
P2 has been synthesized by Balaban et al. starting from the fully synthetic compound: 10,20-bis-(3,5-di-tertbutylphenyl) copper porphyrin [17, 18] in four steps: 1) formation of P2-diacetyl copper porphyrin with a
yield of 17 % by a reaction with acetic anhydride (Ac 2O) catalyzed by tin tetrachloride (SnCl 4) in carbon
disulfide (CS2), as reaction medium, a typical Friedel-Crafts solvent, 2) demetalation with trifluoracetic acid
(TFA) + sulfuric acid (H2SO4) with a yield of 85 %, 3) reduction of one acetyl group to a hydroxyethyl group
(monoreduction) to form the free base of P2 with a yield of 51 % by sodium borohydride (NaBH 4) in
methanol and DCM and 4) metallation with zinc by Zn(OAc) 2 in methanol and chloroform with a yield of
96 %.
The final purification step of P2 was the precipitation from a concentrated (a few tens mM)
solution/dispersion in anhydrous DCM by mixing it with a major amount of anhydrous n-heptane, followed
by centrifugation. After decanting the n-heptane with the residue of DCM the precipitated aggregates have
been dried at a vacuum of about 0.1 mbar for several hours. The P2 stock was stored within a freezer at
-20°C, although these aggregates have been found to be very stable also at room temperature for several
years.

1.2.3 Optical Properties
In this section the optical properties of P2 monomers and aggregates have been investigated by absorption
spectroscopy and fluorescence spectroscopy.

1.2.3.1 Absorption Spectroscopy
P2 was found to be the best soluble within tetrahydrofuran (THF), a solvent which combines polar and
nonpolar characteristics. P2 is insoluble in pure polar and nonpolar solvents, like water or n-heptane
respectively, dissolves however, well in nonpolar solvents, which contain a small amount of a polar
component like water, methanol or THF. Other than DCM these polar compounds coordinate the porphyrin's
central atom zinc [44] and thus hinder the self-assembly. The dissolution of the aggregates already starts
upon the exposure of the solution to air, as this contains humidity, which dissolves also partly within nheptane. Thus, to facilitate the self-assembly and avoid monomers the used solvents and glass ware were
dried prior to use. Glass vessels and pipettes were dried in the drying oven at about 110°C and the solvents
DCM and n-heptane were refluxed over calcium hydride (CaH 2) and molten sodium, respectively, to remove
the water impurities of the commercially available solvents. Forcing aggregation from monomeric solutions,
i. e. with hindered self-assembly, by drying-out the solvent, leads to the formation of amorphous aggregates,
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which show a broadened monomeric absorption spectrum. J-aggregates instead grow within anhydrous
dichloromethane (DCM, CH2Cl2) either onto exposed solid surfaces, like the walls of the vessel, or
precipitate and settle to the bottom within hours or days, most probably depending on the remaining water
content, which is difficult to keep out completely. By the addition of anhydrous n-heptane the precipitation of
J-aggregates can be accelerated up to seconds, depending on the ratio of n-heptane : DCM. In small vessels
the J-aggregates tend to grow onto the vessel walls, whereas in bigger ones they rather precipitate and settle
to the bottom, because of the larger volume to wall surface ratio, but this depends also on the cuvette
material (glass or quartz) and its content of adsorbed water.
In order to determine the exact band positions some absorption spectra of P2 have been also fitted by the
following Gaussian function:
2

−2
A
y= y 0+
e
w √ π/2

( x− x C)
w

2

where y0 is the baseline, A is the area, w the full width at half maximum (FWHD) and xC the center position
of each band (peak).
Typical absorption spectra are plotted over wavelength, but for the fitting they needed to be plotted over a
linear energy scale. In order to keep the absorbed spectral energy density constant, corresponding to the area
under the graph, the Absorbance needed to be corrected for a linear energy scale by multiplication with the
following conversion factor:

A( E )= A( λ )⋅

λ 2 derived from:
h⋅c

∫ A( E)⋅dE=∫ A( λ )⋅d λ

→

−1

( )

A( E)= A( λ )⋅

dE
dλ

where A(E) is the absorbance over a linear energy scale, A(λ) the absorbance measured over a linear
wavelength scale, λ the wavelength, h the Planck's constant and c the speed of light.
All fittings were performed automatically by the software Origin 6.1, after defining the expected number of
peaks. The center positions (xc) of the fitted absorption bands, listed next to each fit, can be easily converted
into wavelengths by the following reciprocal conversion factor:
−1

1239.84nm≈1240nm ̂= (1eV)
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Fig. 16: Absorption
spectrum of P2 monomers
in THF with fitting
a) Typical absorption spectrum
of P2 monomers in a solution of
anhydrous tetrahydrofuran
(THF) (dark line) with a fit (red)
consisting of 9 Gaussian peaks
(green). The inset shows the full
spectrum. All fitting parameters
were free for the automatic
fitting algorithm with Origin
6.1. The center positions of the
three main bands (xc1, 3 and 5)
were converted also into nm and
assigned in the graph.

In pure THF P2 dissolves completely to monomers, as the self-assembly is hindered due to the coordination
of the central atom zinc by the ethereal oxygen atom of THF. P2 solutions in THF appear pink to the eye and
are clear, as they do not contain light scattering aggregates. Thus, for these absorption measurements no
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integrating sphere was needed.
The fit matches well the spectrum within the range of the main Q and B bands. The Soret band of P2
monomers in THF lies at 432 nm (2.871 eV), the Q bands Qx(1,0) and Qy(0,0) at 560 nm (2.214 eV) and
600 nm (2.066 eV), respectively. Additional information including the other bands, their areas and FWHM
values are summarized in Fig. 16. The blue-shifted shoulder of the Soret band at 415 nm (2.988 eV) is
supposed to be the vibronic transition B(1,0). Vibronic interactions are also responsible for the broad
absorption within the ultraviolet (UV) wavelength range of porphyrins. Due to this broad absorption an
uncertainty about the number of bands and their positions remains within this region. The band around 4.0
eV (310 nm) is supposed to have its origin in the aromatic phenyl rings, which are not conjugated together
with the aromatic system of the porphyrin, due to their tilt of about 70° relative to the porphyrin plane.
In contrast to pure solutions of P2 monomers within THF, P2 aggregates appear not pink but green to the eye
as dry deposits and in dispersions. In commercial n-heptane, which contained a small amount of water,
assigned to ≤ 0.01%, P2 could be dispersed by the application of ultrasound. After drying-out the solvent the
following absorption spectrum of the cuvette walls was recorded of the macroscopically homogenous green
film on the cuvette walls, as shown in Fig. 17. The fit gives again an estimate of the corresponding
absorption bands.
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Fig. 17: Absorption spectrum of dried P2 J-aggregates with fitting
P2 J-aggregates were deposited from a dispersion in commercial n-heptane onto the walls of a quartz
cuvette, by letting the solvent dry-out completely. The fitting was done with Origin 6.1, while all
parameters were free to vary, The fitting parameters (xc: band center position in eV, w: FWHD in eV, A:
area in eV ·Abs) for the eight bands, which have been found to fit the best for this spectrum, are listed on
the right hand side.
Due to the red-shifted Soret band, visible as shoulder around 485 nm (2.554 eV) and the red-shifted Q bands
at 585 nm (2.119 eV) and 633 nm (1.958 eV), the absorption spectrum comprises a much broader range of
wavelengths compared to the monomeric one. A part of the Soret band remained obviously not red-shifted,
but broadened around 433 nm (2.86 eV). It may be subdivided also into B(1,0) and B(0,0), but such details
can not be resolved within this broad spectrum. The shoulder around 425 nm (2.92 eV) is supposedly not a
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blue-shifted part of the Soret band, but rather a red-shifted band, which appeared within the monomeric
spectrum around 3.34 eV. Disregarding the shift induced by the solvent effect of THF in the monomeric
spectrum, which is in the range of a few tens of meV, the red-shift of the Soret band was about 0.32 eV and
that of both Q bands about 0.1 eV, compared to the monomeric bands in THF. The band around 4.75 eV
might be blue-shifted, but this region was difficult to fit. This band is assumed to belong to the phenyl rings,
which are tilted by about 70° relative to the porphyrin plane, hence couple, if at all, differently compared to
the head-to-tail coupling of the porphyrin's transition dipole moments. In P2 J-aggregates the Q band with
the lower energy (QY, J) has a higher intensity than the higher energetic Q band (Q X, J), in contrast to the
monomeric spectrum where QX has a higher intensity than QY. Despite the obviously good Gaussian fit, it
should be kept in mind that due to the broad absorption around the Soret band it is difficult to determine the
exact number of superposing bands and their exact positions.
Fig. 18 compares the absorption spectra of P2 within different solvents on a conventional linear wavelength
scale.
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Fig. 18: Absorption spectra of P2 within different solvents and as dry deposits on quartz
The previous absorption spectra shown in Fig. 16 and 17 of P2 within anhydrous THF and as dry deposits
on quartz are here plotted against the linear wavelength scale (red and green, respectively) in comparison
with the absorption spectra of P2 dissolved / dispersed within commercial n-heptane (dark) and anhydrous
DCM (blue). In anhydrous DCM. The red-shifted bands of J-aggregates are labeled with the index J. The
absorption spectra of all samples, except that of the solution in THF, were measured within an integrating
sphere.

The absorption spectrum of P2 within anhydrous DCM resembles a combination of both spectra, that of
monomers and of J-aggregates. The dispersed aggregates are supposed to be in a dynamic equilibrium with
the monomers and the ratio between the band intensities of monomers and J-aggregates is very sensitive to
the temperature, the concentrations of P2 and solvent impurities, like water or n-heptane [45].
Beside the band-shift due to the exciton coupling, the solvent does also affect slightly the band positions
within a few nanometers due to the solvation effect of polar compounds which coordinate the central zinc
atom. Thus, THF induces a small red-shift to all porphyrin bands, like the Soret and the Q-bands. The band at
approx. 4.0 eV instead, is obviously not affected by this red-shift, compared to the other solvents. This is in
agreement with the assumption that this band does not correspond to the conjugated system of the porphyrin,
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but to that of the phenyl rings, which are non-polar, thus not coordinated by polar compounds.
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Fig. 19: Absorption spectrum of P2 in anhydrous DCM with fitting
This graph shows the fitting of the same absorption spectrum of P2 in anhydrous DCM, which was shown
in Fig. 18 on the linear wavelength scale, again after converting the spectrum to a linear energy scale.

The corresponding absorption band maxima are summarized in the following table:
Solvent

B

BJ

QX

QX,J / QY

QY,J

n-heptane

425 (433)

(485)

550 (547)

584 (585)

633 (634)

no solvent

429 (433)

(485)

(546)

580 (585)

631 (633)

DCM

427 (428)

(473)

553 (555)

589 (592)

632 (633)

THF

432 (432)

―

559 (560)

598 (600)

―

Table 1: Absorption bands of P2 in different solvents
Absorption band maxima in nm, estimated from the original spectra on a linear wavelength scale, together
with the fitted values in brackets, which were back converted to the nm unit, J: J-aggregates
The small hump at the monomeric Soret band position of the P2 dispersion within the commercial n-heptane
indicates a small amount of monomers, probably caused by the water impurity. That this band at the
monomeric Soret band position belongs to separated monomers, and not to a change in the aggregate
structure, could be shown in the following experiment in Fig. 20. There the J-aggregate growth has been
induced onto the cuvette walls by injecting a concentrated anhydrous P2-DCM solution into a major amount
of anhydrous n-heptane. Due to the adsorption of the J-aggregates onto the cuvette walls, the aggregates
could be separated completely from the dissolved monomers which were present within the liquid phase.
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Fig. 20: Absorption spectra of
coexisting P2 monomers and Jaggregates within DCM + n-heptane
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a) 20µl of a 2.1 mM solution of P2 in
20
20
anhydrous DCM were injected into a quartz
15
15
cuvette (4 mm path) containing 1 ml
anhydrous n-heptane (the n-heptane to
10
10
DCM ratio was 50:1). Ca. 1 min after
5
5
mixing the solvents the absorption
0
0
spectrum was recorded within an
2.0
2.5
3.0
3.5
4.0
integrating sphere (dark). A second
Energy E / eV
measurement after 5 min revealed almost
no change (green), thus the precipitation
was completed within one minute, already before the first measurement. The liquid phase from this cuvette
was exchanged by pure anhydrous n-heptane to measure the absorption of the deposits on the cuvette walls
(blue). The absorption spectrum of the liquid phase was recorded within a clean cuvette (magenta), and
revealed the presence of only P2 monomers. A calculated spectrum summarizing the last two spectra
proved that no qualitative change occurred to the P2 J-aggregate spectrum by exchanging the solvent.(red).
Small differences in intensities can be attributed to a slightly different cuvette positioning within the
integrating sphere.
b) Fit of the green trace in a (after conversion to a linear energy scale). All parameters were free to vary
for the fitting with Origin 6.1. The bands highlighted in magenta, were found to have similar shapes as
those measured within the liquid phase. c) Fit of the J-aggregate deposits solvated with pure n-heptane (a,
blue) proving, that almost no monomeric residue remained (magenta). All parameters were free to vary for
this fitting, too.

By adding anhydrous n-heptane to an anhydrous P2-DCM solution (dispersion) within a quartz cuvette (nheptane : DCM ratio = 50 : 1) the precipitation of P2 J-aggregates occurred predominantly onto the quartz
cuvette walls, resulting in a macroscopically homogeneous film of J-aggregates. The liquid phase was then
poured out into a second cuvette. The cuvette was then filled with pure anhydrous n-heptane and the
absorption measurement (Fig. 20a) showed no significant difference to the absorption spectrum of the dry Jaggregates, measured before the solvation by n-heptane (not shown). In these spectra the hump at the
monomeric Soret band position was much smaller compared to that one, where the DCM from the
precipitation was still inside. This DCM - n-heptane mixture was measured after the precipitation separately
within a clean cuvette and showed only the missing Soret band fraction, hence revealing the presence of only
monomers. A calculated spectrum, obtained by summarization of these two spectra (monomers within the
liquid phase and J-aggregates within the stained cuvette solvated by pure n-heptane), was qualitatively
identical to the spectrum of both phases together within the cuvette where the precipitation was induced. This
proved that the narrow monomeric band neither arises from monomers attached to the J-aggregates, nor from
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a change of the aggregates' structure. The finding of two similar bands in the fit (Fig. 20b, magenta) proves
the quality of the fitting algorithm and shows that also a not shifted Soret band remains within the
aggregates, which is broader than that of the monomeric Soret bands. This broadened not red-shifted Soret
band within J-aggregates has also been found in the fit of the absorbance of the separated J-aggregate
fraction (deposits on the cuvette walls) (Fig. 20c), where the monomeric Soret band residue (magenta)
vanished almost completely. In spite of the good fit results, it has to be kept in mind, that the broad
absorption around the Soret band is difficult to fit precisely and may be composed also of more bands than
assumed in this model.
The following absorption spectra show the dissolution kinetics of these J-aggregate deposits of Fig. 20c after
filling the cuvette again with anhydrous DCM. Within minutes to hours, the not shifted Soret and Q bands
rose at 426 and 560 nm, respectively, while the red-shifted bands (Soret band shoulder around 470 nm and Q
band at 532 nm) decreased (Fig. 21). This dissolution may also be an autocatalytic process like it has been
encountered for the self-assembly of BChl c [46].
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Fig. 21: Absorption spectra monitoring the dissolution of P2 J-aggregates in DCM
The same cuvette, with the P2 J-aggregates on the walls (dark) solvated in pure (anhydrous) n-heptane as
shown in Fig. 20a, c, was filled with anhydrous DCM and shook gently. This initiated a dissociation
process of the J-aggregates to monomers leading to a steady rise of the Soret band at 426 nm and of the
monomeric Q band at 551 nm, whereas the red-shifted Soret and Q band around 470 nm and at 632 nm,
respectively, decreased at the same time during 70 min (blue – red). The inset shows a magnification.

1.2.3.2 Fluorescence Spectroscopy
The distinction between P2 monomers and J-aggregates is also possible by fluorescence spectroscopy. In
solutions/dispersions, containing monomers and aggregates, both species can be selectively excited within
their specific absorption bands. As could be seen in the previous experiment in Fig. 20a and b, within the
solvent mixture of anhydrous n-heptane and a small amount of anhydrous DCM, P2 is not only present as Jaggregates, but also partly resides dissolved as monomers. Such a solution/dispersion has been used to
selectively excite monomers and J-aggregates at 420 nm and 480 nm, respectively. After recording the
absorption and fluorescence spectra a few drops of methanol were added to this solution in order to
disassemble the aggregates to monomers. Then the fluorescence measurements have been repeated. The
results are shown in Fig. 22.
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Fig. 22: Fluorescence spectra of P2 within n-heptane with and without methanol
A dispersion of P2 within anhydrous DCM has been injected into a cuvette with anhydrous n-heptane to
induce precipitation of P2 J-aggregates. After recording the absorption (a, dark) and fluorescence spectra
(b, dark and red) 2-3 drops of methanol were added into the cuvette followed by a gently shake and repeat
of the measurements (blue, green). The inset shows a magnification of the bottom part of the fluorescence
spectrum. The tail of the absorption spectrum of the aggregate dispersion (a, dark) is an artifact caused by
light scattering at the J-aggregates, because no integrating sphere was used here.
The typical J-aggregate absorption spectrum changed almost to a pure monomeric one upon the addition of
methanol (Fig. 22a). The slight red-shift of this monomeric absorption spectrum, which is even enhanced in
the fluorescence spectrum, is caused by a complexation of the porphyrin's central zinc atom by methanol.
Upon the excitation at the J-aggregate's absorption band at 480 nm the fluorescence intensity was
significantly lower, than that measured upon excitation of the monomers at 420 nm. Within the
predominantly monomeric solution, containing methanol, there is no significant qualitative difference in the
fluorescence spectra at both excitation wavelength (Fig. 22b, blue, green). Without the methanol instead,
both fluorescence spectra differ also qualitatively from each other (dark, red). There the main fluorescence
band of the monomers at 592 nm almost disappeared and the band around 713 nm, which was a small
shoulder upon excitation of the monomers, developed to a distinct band upon excitation within the
aggregate's absorption band. Thus, we assume, that these two fluorescence bands, at approx. 647 and
713 nm, origin from the J-aggregates and the bands at 592 and 647 nm origin from the monomers' decay.
The shoulder of the monomer's fluorescence at 713 nm may be caused by an energy transfer from the
monomers to the J-aggregates. Another possibility would be a decay from the monomeric LUMO into the
second excited vibrational level of the monomeric HOMO, whereas the band at 647 nm is supposed to be the
decay into the first excited vibrational level and the band at 592 nm is the decay into the ground state of the
monomeric HOMO. The almost disappearing of the monomeric band at 592 nm upon excitation of the
aggregates at 480 nm and the development of the fluorescence band at approx. 713 nm can be explained by a
red-shift of both (or the possible three) monomeric bands by 0.18 eV each. The possible third monomeric
band can not be resolved in the red-shifted J-aggregate spectrum, due to the low intensity level. This obvious
red-shift in the fluorescence spectrum asserts, that the J-aggregates have been indeed selectively excited and
that they fluoresce in the solid-state, what is a good indication for a long-lived excited state.
Time resolved fluorescence measurements have been done by cooperation with Jędrzej Szmydkowski (group
of Heinz Kalt, KIT) in order to investigate the lifetime of the excited states, which may allow to estimate the
exciton diffusion time within the aggregates. A similar solution/dispersion of P2 as in the previous
experiment has been prepared within n-heptane to selectively excite the monomers and J-aggregates by
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different wavelengths. The precipitation of J-aggregates has been induced by injecting a small amount of an
anhydrous P2-DCM solution into a major amount of n-heptane with a very low water content (≤ 0.005 %).
The monomers were excited by a pulsed laser at 430 nm and aside the monomeric absorption band the Jaggregates were excited at 447 nm. The time- and wavelength-resolved measurements are shown in Fig. 23.
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Fig. 23: Wavelength- and time-resolved fluorescence of P2 monomers and J-aggregates
P2 was dissolved within anhydrous DCM and injected into commercial dry n-heptane (≤ 0.005 % water) to
induce the precipitation of J-aggregates. After the pulsed excitation with a laser at 430 nm (red) and at 447
nm (green) the decay of the fluorescence signal was measured wavelength- (a) and time-resolved (b) by a
CCD detector. The time-resolved fluorescence measurements of the fluorescence band denoted with “A”,
which originated from an excitation at 430 nm (a, red), showed a monoexponential decay, where the mean
lifetime could be fitted to 2.5 ns (b, dark). The decay of the fluorescence band “D” (green) could be fitted
by a biexponential function, corresponding to two mean lifetimes of 2.0 ns and 40 ps (blue).
The excitation within the Soret band of monomers at 430 nm gave a fluorescence spectrum with three bands,
labeled as A, B and C (Fig. 23a: red). Band A and C are expected to be the two main fluorescence bands of
P2 monomers, whereas the band B most probably originates from the complexation of P2 monomers with
water, because a similar red-shift was caused by the monomer-methanol complex known from Fig. 22b. The
excitation wavelength of 447 nm was intended to excite only the J-aggregates, but the biexponential
fluorescence decay in the time-resolved measurement suggests the excitation of two different species ( Fig.
23b). Whereas the excitation of monomers at 430 nm led to a monoexponential decay of the fluorescence
band A (Fig. 23b: red, black), the decay of the fluorescence at the wavelength D, after excitation at 447 nm,
implies the existence of two excited state lifetimes, affirmed by the good fitting with a biexponential function
(blue). As the fluorescence band A was only present after excitation within the monomer's absorption band,
the fitted mean lifetime of 2.5 ns is expected to originate from the monomers. The fluorescence band D of
the excited J-aggregates instead, has an overlap with the fluorescence band C, which occurred by exciting the
monomers. Thus, the two decay times at the wavelength D of 2.0 nm and 40 ps are supposed to correspond
to the fluorescence of monomers and J-aggregates, respectively. The question that arises here is how could
the monomers got excited at 447 nm, too, when the experiment in Fig. 20a and b showed, that the absorbance
of the residual monomers in solvent mixtures of n-heptane and DCM is almost zero at this wavelength. The
answer may give the unexpected band B, which is at a similar wavelength as the monomer-methanol
complex of the previous experiment and may be attributed to a similar complex with water, which was
contained to a small amount (≤ 0.005 %) within the commercial n-heptane. The wavelength for exciting the
aggregates could not have been set to higher values as 447 nm, because this was the limit of the used optical
parametric oscillator (OPO), which tuned the laser wavelength. At this wavelength a red-shifted monomer
complex with water, could be excited beside the J-aggregates, too. Thus, the longer excited state lifetime of
2.0 ns supposedly corresponds to the decay of the monomer-water complex, whereas the shorter lifetime of
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40 ps is attributed to the lifetime of the J-aggregates.
The fluorescence of a similar solution/dispersion of P2, aggregated from an anhydrous DCM
solution/dispersion in commercial n-heptane (≤ 0.005 %), has been been measured wavelength-resolved
freshly after preparation and after 4 days storage at room temperature (Fig. 24).

b)

1.5

Intensity / a.u.

C
A B

1.0

Ex.: 440 nm
Ex.: 450 nm
Ex.: 480 nm
Ex.: 440 nm after 4 days
Ex.: 480 nm after 4 days
D

0.5

After 4 days

30
A

25
Intensity / a.u.

a)

20
C

15

B

10

Ex.: 428 nm
Ex.: 430 nm
Ex.: 432 nm
Ex.: 434 nm
Ex.: 436 nm
Ex.: 438 nm
Ex.: 440 nm
Ex.: 480 nm

5
0.0

600

650

700

Wavelength / nm

750

800

0
550

D

600

650

700

750

Wavelength / nm

Fig. 24: Fluorescence spectra of P2 within commercial n-heptane as prepared and after 4
days
An anhydrous P2-DCM solution was injected into a cuvette with a major amount of commercial n-heptane
to induce the precipitation of J-aggregates. The fluorescence of this solution/dispersion was measured
immediately after preparation (a: dark, red, green) and after four days storage within the sealed cuvette
(blue, magenta). The two last spectra (blue, magenta) are also shown in b) together with a series of
fluorescence spectra measured at different excitation wavelengths of this four days old solution. The
curves in a) are very noisy, due to the low intensity and a very fast scan rate of 10 nm/s of the emission
wavelengths. In addition the resolution was limited by the slit bandwidth to 5 nm for the excitation and the
emission wavelength.
At the excitation wavelength of 440 nm all four bands (A-D) are present within the fluorescence spectrum
(Fig. 24a, dark). At the excitation wavelength of 450 nm the monomeric band A, as well as the band B of the
supposed monomer-water complex, decreased significantly and didn't decrease further at the excitation
wavelength of J-aggregates at 480 nm (red, green). After storage of the sealed cuvette for four days at room
temperature the fluorescence band of the aggregate (D) vanished almost completely and only the monomeric
bands (A, B, C) remained at the excitation wavelength of 440 nm (blue). The additional vanishing of the
monomeric fluorescence bands at the excitation wavelength of 480 nm proves that at this wavelength no
monomers can be excited, just exclusively the J-aggregates.
Although the absorption spectrum of this solution/dispersion shows the presence of monomers and Jaggregates (not shown here) the latter lost their ability to fluoresce almost completely within this liquid. As
the chemical stability of P2 within J-aggregates is very high, what will be shown later, this absence of
fluorescence may be due to a change in aggregate morphology. A possible change at this conditions and
within this period of time may be the growth of small dispersed J-aggregates to bigger ones or the disordered
agglomeration of small aggregates to larger clusters which settled onto the cuvette walls. This can mean, that
the trap density, at which excitons quench, increases with the growth of the aggregates or the agglomerates.
Fig. 24b shows the three dimensional fluorescence spectrum of the four days old solution in its original
sealed cuvette. The decrease of the band A and the evolution of the band B can be seen in the smaller
topographic view (top right corner) at higher excitation wavelengths. This measurement is an excerpt from a
three dimensional (3D) fluorescence spectrum of this solution, which is shown in Fig. 25.
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Fig. 25: 3D fluorescence spectrum of P2 monomers within commercial n-heptane
P2 was dissolved/dispersed within anhydrous DCM and given into a major amount of commercial nheptane (water content ≤0.005 %). After a 4 days sealed storage this 3D fluorescence spectrum was
recorded. This spectrum, which shows mainly the fluorescence of P2 monomers, is shown in two different
styles: the contour plot (left-hand side) and the topographic view from two sides with the fluorescence
intensity on the vertical scale. The line within the contour plot from the bottom to the top right corner is an
artifact of the spectrometer.

1.2.4 Processing and Morphology of the Aggregates
In this section the morphology and structure of P2 aggregates, deposited from DCM dispersions, has been
investigated by SEM, TEM and XRD.

1.2.4.1 Drop-casting from Dichloromethane (DCM)
DCM is an often used solvent for self-assembling porphyrins, because it has a high potential to dissolve or
disperse them without affecting their self-assembly. P2 J-aggregates can be obtained with well-defined facets
and a low content of an amorphous phase directly from anhydrous DCM solutions/dispersions or by the
precipitation from mixtures of DCM and n-heptane. Drop-casting is an efficient way to coat a substrate with
such aggregates simply by letting dry one or more drops of this dispersion on a substrate. For the naked eye
such coatings look not very homogenous, compared to those prepared by spin-coating for instance, on a
microscopic scale however, the deposits look very similar.
Fig. 26 shows typical P2 aggregates after drop-casting from a 2.1 mM anhydrous DCM dispersion onto a
silicon wafer. The resulting rod-like aggregates have a wide size-distribution, where only a small fraction of
aggregates is thin enough to not exceed significantly the exciton diffusion length, which is assumed to be in
the order of a few tens of nm.
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Fig. 26: SEM micrographs of P2 aggregates on silicon deposited by drop-casting from DCM
P2 has been dissolved within anhydrous DCM (CH2Cl2) to a concentration of 2.1 mM by sonicating it for
5 min and keeping the dispersion sealed for a few hours in the dark. A drop of this dispersion has been
dried onto a smooth silicon wafer under ambient conditions. In-lens, EHT: 10 kV, WD: 4 mm, aperture:
30 µm
The overview in a with its magnification in b shows a typical P2 aggregate distribution, where some larger
aggregates can be seen to be highly transparent for electrons. The tiny aggregate magnified in e reaches
already a width of 40 nm, while its internal structure is apparently highly ordered, as can be assumed from
the high aspect ratio of 7.5 and the straight facets, which are almost like in a conventional crystal.
The micrograph in d shows a magnification of a dark spot, of which only two were visible in the overview a.
These are agglomerates of very small aggregates, which did not have such regular shapes and such aspect
ratios like the above described aggregate. They might have a more disordered internal structure, but are not
amorphous as can by seen on their distinct facets.

1.2.4.2 Precipitation from DCM – n-heptane mixtures
Similar P2 J-aggregates can be obtained also by precipitation from a concentrated P2 dispersion within
anhydrous DCM when added into a larger amount of anhydrous n-heptane (n-C7), in which a substrate was
placed for the coverage with P2 aggregates. By this technique the aggregates grow also on the substrate
surface which is directed downwards when the liquid phase has enough access to this surface, e.g. when its
not sticking tightly to the bottom of the vessel. The results of J-aggregates processed by this precipitation
technique is shown in Fig. 27.
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Fig. 27: SEM micrographs of P2 aggregates on silicon deposited by precipitation in n-C7
20 µl of the same 2.1 mM dispersion of P2 within anhydrous DCM as in Fig. 26 were injected into 1 ml of
anhydrous n-heptane (n-C7) containing an additional amount of 30 µl of anhydrous DCM. The aggregates
precipitated completely within seconds and macroscopic homogeneous onto all walls of the vessel and the
inside placed silicon wafer. In-lens, EHT: 10 kV, WD: 4 mm, aperture: 30 µm
The P2 aggregates and their distribution differed not much from the morphology obtained by the dropcasting technique directly from anhydrous DCM (Fig. 26). The precipitation technique in n-heptane led to a
macroscopically more homogeneous distribution of the aggregates over the whole substrate without
significant macroscopic concentration gradients nor drying rings, in contrast to the drop-casting technique.
This technique is also less sensitive to impurities within the solvent, because the n-heptane is not allowed to
dry completely onto the substrate, thus more impurities and monomers can stay within the remaining solvent.
By the drop-casting technique also amorphous residues can be deposited on the substrate if the solvent was
not pure enough. The microscopic morphology and size-distribution of the aggregates is similar for both
deposition techniques. There might be a slight tendency that the rod-shaped aggregates, which were
deposited by the precipitation technique, agglomerated slightly more, as can be seen in Fig. 27b.

1.2.4.3 Testing other Solvents: Dichlorobenzene and Diethyl Ether
As reported by Takahasi et al. [44] 1,2-dichlorobenzene, also called ortho-DCB or o-DCB, does also not
coordinate the central zinc atom of zinc porphyrins, similar to DCM, in contrast to e.g. alcohols. As o-DCB
has a much higher boiling point of 180°C, compared to that of DCM, being 40°C, the self-assembly at
elevated temperatures may differ from that at room temperature from DCM. We investigated the resulting
aggregates deposited by evaporating some drops of P2 dispersed within commercial o-DCB at 110°C (Fig.
28).
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Fig. 28: SEM micrographs of P2 J-aggregates from a o-DCB dispersion
A 0.1 mM dispersion of P2 in 1,2-dichlorobenzene (o-DCB) was drop-cast onto an FTO substrate. The
solvent was evaporated in a drying oven at ca. 110°C. In-lens, EHT: 5 kV, WD: 5 mm, aperture: 20 µm

The SEM micrographs revealed quite similar rod-shaped structures as known from DCM dispersions. The
absorption spectrum of P2 dispersed within o-DCB, shown in Fig. 29, was also very similar to that in DCM,
revealing a major fraction of J-aggregates. To this dispersion also a small amount of THF was added in order
to see if it is possible to evaporate the THF, which has a boiling point of 66°C, from the mixture with o-DCB,
what might be indicated by a recovery of the self-assembly of P2.
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Fig. 29: Absorption spectra of P2 in o-DCB and with a trace of DCM and THF
a) Into a 0.1 mM dispersion of P2 within commercial dichlorobenzene (o-DCB) 50 µl anhydrous
dichloromethane (DCM) were added (≈ 11 Vol-%) and afterwards 50 µl anhydrous THF. Whereas the
DCM did not change the absorption spectrum significantly, the addition of THF led to a disassembly of the
P2 J-aggregates within about 40 min. b) The solution was then heated up to 120°C until the first bubbles
arose and was kept at this temperature for about 5 min.
After the addition of anhydrous DCM to the P2-o-DCB dispersion the absorption spectrum did not change
significantly and still indicated mainly the presence of J-aggregates by the red-shifted Soret band (shoulder)
and the red-shifted Q bands like that at 632 nm. After addition of THF, the J-aggregates disassembled almost
completely within 40 min, what could be seen by the vanishing of the red-shifted Soret band and Q bands
while the monomeric bands rose. The Soret band maximum slightly shifted from 432 to 435 nm due to the
common solvent effect of the polar THF. The solution was has been annealed until it large bubbles started to
rise at about 120°C. After a few seconds the boiling stopped and the temperature was maintained for 5 more
minutes. The following absorption measurement of this solution showed almost no qualitative change
compared to the former one containing THF in the o-DCB solution. The Soret band shifted partly back to
434 nm and the Q bands also by about 1-3 nm, showing that the THF was only partly removed again. The
deposits from this annealed P2-THF-o-DCB solution were amorphous.
Also the deposition from the solvent diethyl ether was tested, which has a very similar molecular structure as
THF, but is known to have very different properties, due to its acyclic conformation shielding the lone pairs
of the oxygen [47]. The used commercial diethyl ether contained 0.2 % water and therefore has been distilled
once to reduce the water content. The absorption spectrum of the P2 within diethyl ether was very similar to
that within anhydrous DCM and o-DCB, revealing also predominantly J-aggregates. The aggregates have
been drop-cast from this dispersion onto a mesoporous TiO 2 layer, which contained additional macropores.
The J-aggregate morphology and size-distribution was also very similar to that obtained from anhydrous
DCM dispersions, as can be seen in Fig. 30.
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Fig. 30: SEM micrograph of P2 aggregates
drop-cast from diethyl ether
P2 has been dispersed within commercial diethyl
ether from Merck (0.2 % water), which was distilled
once, within an ultrasonic bath and then drop-cast
onto a mesoporous TiO2 layer containing additional
1µm-sized macropores. The solvent has been
evaporated at 110°C in air. In-lens, EHT: 5 kV, WD:
13 mm, aperture: 30 µm.

1.2.5 Structure of P2 J-Aggregates
When the size or long-range order of crystals or well-structured aggregates is too short for single crystal
analysis by X-ray diffraction, it might still be possible to determine their structure using electron diffraction
within a TEM. It requires however, that the investigated aggregate resists the electron beam without
structural damage. As the aggregates have a preferred orientation on the substrate it is necessary to record a
series of electron diffraction patterns of a single aggregate at different angles, which it does not resist.
The aggregates have been directly deposited from a drop of an anhydrous P2-DCM dispersion onto a copper
grid spanned by a thin amorphous carbon layer.
The TEM images revealed well-defined lattice fringes within the P2 aggregates as can be seen in Fig. 31.
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Fig. 31: TEM images of P2 aggregates with visible lattice fringes
P2 aggregates have been deposited from an anhydrous DCM dispersion onto an amorphous carbon layer.
The accelerating voltage was 200 kV. The insets show the fast Fourier transforms (FFT) of the
corresponding images.
In a) the spacing in the projection of the lattice planes was 1.6 nm. In b) the spacing in the projection of the
lattice planes appeared from 1.6 nm in the bottom right corner to 1.8 nm in the top left corner. This gradient
may indicate a twist in the aggregate. Unfortunately, these aggregates did not resist long enough the high
energy of the electron beam, which had an accelerating voltage of 200 kV, to record a sufficient number of
diffraction patterns at different angles, to derive a structural model. A lower accelerating voltage does not
necessarily increase the stability during the TEM investigations and has the disadvantage of a lower
resolution. The lattice fringes all along the aggregate's long axis prove a highly regular ordering of the
aggregates, anyway. This pattern is very similar to that, which has been reported for BChl-chlorosomes [13]
and also for other BChl mimics like the porphyrin no. 6 from Fig. 4 [1,20,48].
The fast Fourier transforms of the lattice fringes reveal only reflexes in the inner circle showing, that the
fine-structure of the aggregates was already damaged by the electron beam and only the largest lattice
distance could be recorded. It has to be kept in mind, that the measured distances of the lattice fringes are
only projections of the lattice planes, which can have a larger distance than 1.8 nm, what would be visible
only in the right angle.
The structure of P2 aggregates has also been investigated by X-ray diffraction (XRD). Therefore, P2 was
deposited by drop-casting from a dispersion in anhydrous DCM onto different substrates, which have been
investigated by XRD. Also the dry P2-powder has been measured without the treatment in any solvents. The
diffraction peaks have been converted by the Bragg equation into distances of the periodic lattice planes:
Bragg equation:

n =2 d sin  with: λCu-Kα (1 &2): 0.154 nm
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Fig. 32: XRD of P2 aggregates drop-cast from DCM and as dry powder
X-ray diffraction (XRD) patterns have been measured of P2 aggregates, which have been deposited by
drop-casting of an anhydrous DCM dispersion onto fluorine-doped tin oxide (FTO, dark trace) and
aluminum (Al, red trace). The diffraction pattern of the dry P2 powder from our stock has been measured
on a silicon wafer (green trace).
Diffractometer: D8, Bragg-Brentano geometry, 40 kV acceleration voltage, 40 mA current, 0.02°
increment, scan speed 6, Göbel mirror and parallel plate collimator, Filter: Cu K β
The first peak of the P2 powder on Si appeared at 4.30° of 2Θ, what corresponds to a distance of the lattice
planes of 2.05 nm. This is in accordance to the value reported by Balaban et al. in 2005, which was 2.1 ±
0.05 nm [20]. Whereas the second peak at 8.60° (1.03 nm) may be a second order diffraction of the first one,
the third peak at 12.95° would correspond to an additional lattice periodicity of 0.68 nm, what is twice the
usual π-π interaction distance of 0.34 nm. The diffraction patterns obtained for P2, which has been deposited
by drop-casting from an anhydrous DCM dispersion onto an FTO and Al substrate, were less broad and
slightly shifted to higher 2Θ-angles. They correspond to lattice distances of 2.01 nm, 1.01 nm and 0.68 nm.
The powder from the stock was obtained by precipitating the aggregates from an anhydrous DCM dispersion
in anhydrous n-heptane during centrifugation of the aggregates. Afterwards they have been dried in vacuum
within the centrifuge glass and collected by scratching them off from the glass. This mechanical stress may
have perturbed the structure of the aggregates causing the broadened peaks of the dry P2 powder. These
defects may have healed out by the additional dissolution/dispersion within DCM for the deposition by dropcasting. A similar lattice periodicity of 2.09 nm Pšenčík et al. has also been observed in the natural BChl- caggregates by measuring the XRD of chlorosomes [13].
By the XRD-measurements of P2 spin-coated from THF solutions no diffraction peaks could be detected.
Not even when P2 was infiltrated from a THF solution into mesoporous TiO 2 layers, containing additional
1 µm sized macropores, followed by annealing these samples within anhydrous n-heptane. This confirms the
absorption measurements, which showed that the mean aggregate structure of P2 deposits, infiltrated with
THF and post-annealed in n-heptane, remained amorphous also when additional macropores were present
within such layers. Hence, the apparently well ordered rod-shaped aggregates, which have been seen by
SEM within some macropores belonged to a minor fraction of the aggregates. The average aggregate
structure instead, which has been measured by absorption spectroscopy and XRD was amorphous. These
aggregates probably stick within the mesopores and were not capable of being differentiated by SEMinvestigations.
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1.2.6 Thermal Stability
To determine if P2 is processable via evaporation or sublimation or if it decomposes in advance, a
thermogravimetric analysis (TGA) with in situ quadrupole mass spectrometry (MS) of the gas phase was
performed. The TGA is an analytical method to measure the change of the mass of a sample against the time
and the applied temperature. The system used was equipped with a quadrupole mass spectrometer in order to
analyze in situ the composition of the gas released by the sample.
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Fig. 33: Thermogravimetry with mass spectrometry of P2 aggregates
The left axis shows the mass reduction of the P2 (J-aggregates) sample (100 % = 2.128 mg) which
occurred during the thermogravimetry measurement and the right axis shows the ion current of the
simultaneously performed mass spectrometry in the evacuated chamber with 5 · 10-6 mbar. A hold point for
1 h was set at 35°C to desorb water (phase I) and afterwards the heating rate was increased to reach its
maximum of 4.8 K/min after 40 min at ca. 105°C (II), which was then kept constant up to 520°C (III).
In a first TGA-MS measurement of P2 (2.593 mg) several ions have been automatically detected, most of
them only at elevated temperatures above 350°C. In a second run another batch of P2 (2.128 mg) was
measured, tracking the signals of the previously detected ions, from the beginning on. In the second run also
a hold point was set at 35°C in vacuum for 1 h in order to desorb water, which was detected in a higher
quantity in the first run. The heating rate was increased then over 40 min reaching 4.8 K/min and was kept
constant for the remaining temperature range between 105°C and 520°C. Thus, the curves can be divided
into three sections: section I was the heating range from 25°C and holding at 35 °C, section II was the
increasing heating rate up to 105°C and section III was the constant heating rate at 4.8 K/min. In the first
section indeed the water concentration showed the most pronounced increase from the beginning at 25°C,
identified by the unified atomic mass unit (u) of 18. In section II only the u values, which could be attributed
to the atmospheric gases: 14 and 28 (N 22+ and N2+) and 32 (O2+), as well as 40 (Ar +), which was purged
between the sample loadings, remained constant whereas the others increased significantly. Thus, only the
gases which increased within this phase are supposed to have been emitted by the sample. These were: 18
(H2O), 2 (H2), 44 (maybe CO2 or acetaldehyde), 57 (maybe a 1:1 mixture of isobutylene and isobutane), 78
(maybe benzene) and with a very slight increase an unassigned compound with 64 u. As their release was
mainly limited to the ramping section II and did not lead to a significant decrease in the P2 bulk mass, it was
supposed to indicate rather a desorption process of adsorbates or earlier damaged P2 molecules than the
activation of a decomposition. Only two compounds did not reach a plateau in section III. These were those
with the masses 44 and 78 u. Although these compounds, supposedly CO 2 or acetaldehyde and benzene may
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be decomposition products of P2, it is assumed, that they already existed within the aggregates, because their
emission started from the beginning of the measurement and not after a distinct temperature threshold. Their
continuing emission in the third section, in contrast to the other expected adsorbates, may be explained by a
slower desorption or diffusion rate out of the aggregates rather than by an activated decomposition. The first
significant temperature activated change was the short water release at about 150 °C. This may be related to
a decomplexation of a zinc-water complex at the surface of the aggregates, which therefore was not diffusion
controlled and thus resulted in the very sharp peak. The next significant change arose at 220°C, where the
molecular mass, assigned to a mixture of isobutene and isobutane, got released peaking at about 250°C. This
is supposed to be the beginning of the decomposition by a release of the tert-butyl group.
The maximum detectable unified atomic mass unit was 250 u, because the system was not calibrated for
heavier ions. Thus, it wasn’t possible to detect whole molecules of P2 with 836 u. It is therefore not clear if
P2 evaporated or if it decomposed entirely at lower temperatures. An indication for a decomposition was the
rising of the ion mass 174 u, which had a similar curve progression at higher temperatures as 57 u and was
correlated to a steep decrease of the P2 bulk mass. Additionally, the oxygen content decreased significant
correlated to the bulk mass decrease and a significant fraction of the initial mass remained at 520°C (9 %),
which was supposed to be ZnO. That let us conclude, that P2 decomposed and did not evaporate completely.
It can be concluded that P2 is stable up to about 220°C.
Another evidence for the stability of dry P2 aggregates even up to 240°C was made by heating it for 3 min
up to this temperature in a thin tube of approx. 1 mm diameter (open to air) and measuring afterwards its
absorption spectrum. For this purpose it has been dissolved within commercial DCM and the spectra,
measured of different concentrations, showed no qualitative difference compared to the reference solution of
untreated P2 (Fig. 34).
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Fig. 34: Absorption spectra of P2 aggregates after a heating treatment up to 240°C
A dry powder of P2 aggregates (J-aggregates) has been heated up to 240°C (3 min between 230 and
240°C) within air and dissolved afterwards in commercial DCM (pro. anal.), (black lines). It is compared
with a not heat treated reference solution of a roughly similar concentration (gray lines).
The inset shows the absorption spectra of higher concentrated solutions of the heated P2 and the untreated
reference. Note that the absorption band at 635 nm is more intense at higher concentrations and that the
spectra look slightly different compared to those measured in anhydrous DCM. The higher concentration
leads to the formation of a higher fraction of J-aggregates, noticeable as increase of the band at 635 nm. The
heat treatment was performed within the temperature controlled melting point analyzer melting point
apparatus SMP3 from Stuart Scientific. After a fast heating up to 230°C the final heating period from 230°C
to 240°C took about 3 min and no melting was observable.
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The high thermal stability of the P2 aggregates was quite unexpected, as the 3-hydroxyethyl group could
easily dehydrate thermally to a vinyl group as encountered in Chl a. This enhanced stability originates
probably from the coordination of the zinc atom by the hydroxy group.
The morphology of P2 aggregates does also not change significantly upon annealing at 200°C for 15 min in
air, as could be seen in the SEM micrographs of a J-aggregate before and after the annealing (Fig. 35).

a

b

Fig. 35: SEM micrographs of a P2 aggregate before and after annealing at 200°C
a) P2 aggregate before annealing, as deposited by spin-coating from an anhydrous DCM dispersion onto
an FTO-substrate (SnO2:F).
b) The same P2 aggregate after annealing the substrate at 200°C for 15 min in air.
The substrate was slightly rotated after the second mounting into the SEM, but the aggregate did not
diffuse significantly over the surface. In-lens, EHT: 20 kV, WD: 12 mm, aperture: 30 µm
A similar annealing, but within N 2, was done in cooperation with T. Savenije and A. Huijser in Delft, which
could improve the photosensitization of TiO 2 by P2 aggregates [49]. This treatment may have increased the
adhesion to the TiO2, which has been investigated afterwards by SEM (Fig. 36).
Even though P2 is supposed to stick to TiO2 surfaces by physisorption only, its J-aggregates appeared to have
been relatively strong bound to such surfaces after the thermal treatment. The aggregates have been
deposited by spin-coating from an anhydrous DCM dispersion in order to measure the so-called incident
photon to charge separation efficiency (IPCSE). This value is the fraction of incident photons, which lead to
an electron injection from the aggregates into the TiO 2 conduction band upon the irradiation with pulsed
monochromatic light. The IPCSE increased by a factor of 3-4 after annealing the aggregates on the TiO 2
surface at 200°C for 15 min. One reason for this may be the formation of a better contact between the
aggregates and the TiO2 surface upon annealing. This contact area has been investigated by SEM after
scratching off some of the aggregates. Prior to the scratching the surface was sputtered with a 6 nm thick Ptfilm to avoid charging effects on the only 100 nm thin TiO2 layer on the quartz substrate.
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Fig. 36: SEM micrographs of P2 aggregates partly scratched off from TiO2
P2 was spin-coated from anhydrous DCM onto a dense TiO2 layer within an N2-glovebox, and tempered at
200°C for 15 min followed by a sputtering of the surface with 6 nm platinum. The surface has then been
partly scratched, removing also some aggregates at the borderline (a). The remaining porphyrin parts on
the TiO2 surface indicate a good contact to the substrate b-d. The dark shadow in d around the residue of
the partly removed aggregate, most pronounced on the right side of this residue, is most probably caused
by shadowing the Pt sputtering by the aggregate. In-lens, EHT 20 kV, WD: 13 mm, aperture: 20 µm
As can be seen most pronounced in Fig. 36d there is obviously some residue of the P2 aggregate sticking to
the TiO2 beneath the removed part of the aggregate. This part is thicker as the Pt-coating and thus is
supposed to be a part of the P2 aggregate. The dark shadow around this residue, mainly on the right side of
it, was probably caused by a shadowing effect of the aggregates during the Pt-sputtering. This shadow
shows, that the contact area of this aggregate was not “glued” by the Pt layer. The residue, which could be
seen under almost all removed P2 aggregates shows that the adhesion of P2 to the TiO 2 substrate was even
stronger than the cohesion between the P2 molecules within the aggregate. Such a strong bonding to the
substrate explains also, why many aggregates broke perpendicular to the long axes and did not get removed
in one piece. We can conclude, that a good contact on TiO 2, can be achieved with the P2 aggregates without
specific binding groups for chemisorption.

1.2.7 Control of the Aggregate Morphology
The morphology of P2 aggregates has been investigated mainly by the scanning electron microscopy
technique (SEM). We pursued to find a correlation between the aggregate morphology and the corresponding
absorption spectra in order to have the possibility to estimate also the mean aggregate morphology on
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samples, which are not suitable to be investigated by SEM, e. g. when the aggregates are embedded into
another matrix. Absorption spectroscopy gives an average information about the mean aggregate structure,
but it does not allow to estimate the aggregate size above a few nanometers. Therefore, the SEM technique
complements the absorption spectroscopy very well, because it offers the possibility to characterize not only
the average, but also the distribution of different morphologies beyond the size of a few nm. To find a
correlation between the aggregate morphology and the absorption spectra it was necessary to control the
morphology to achieve a narrow distribution of different aggregate morphologies. Therefor, different
processing techniques have been employed to deposit aggregates as monodisperse as possible.
Another goal of this work was to achieve a more homogeneous, in the ideal case monodisperse, distribution
of well-structured aggregates, which do not significantly exceed the exciton diffusion length at least in one
dimension. That means that the typically obtained self-assemblies, from all investigated solutions so far,
which do not hinder the self-assembly completely, need to be significantly reduced in size, while maintaining
their ordered self-assembled structure to make them applicable within solar cells.
The first attempt we made to reduce the P2 aggregate size was to disrupt the dispersed aggregates within
DCM by high-power ultrasonication with a titanium sonotrode. While increasing the sonication power the
absorption spectrum of the cooled P2-DCM dispersion showed no change until the decomposition of the
solvent occurred. The DCM released HCl which in turn decomposed the P2 by demetallation of the
porphyrin, i.e. dechelating the zinc atom. Mhuircheartaigh et al. observed similar effects with other
chlorinated solvents, like chloroform, dichloroethane and dichlorobenzene, but he could not observe this
effect for dichloromethane (DCM) [50]. As the sonotrode had a higher power, we were able to decompose
also DCM, but this shows, that the aggregates are bound too strongly to be disrupted by this mechanical way.
However, the aggregates may not exist within the DCM dispersion in that form in which they appear after
deposition onto a substrate. These questions are addressed in the following sections.

1.2.7.1 Processing Techniques
Conventional dye-monolayer coatings for dye sensitized solar cells are being applied via a solution based
chemisorption process. Thereby typically a mesoporous TiO 2 layer, sintered from a TiO2 nanoparticle
dispersion onto a substrate, is introduced for a few hours up to one day, depending on the temperature, into a
dye solution and afterwards rinsed with the blank solvent to wash off the residual, not chemisorbed dye. This
technique is not applicable for P2, due to its lack of specific binding groups like a carboxylic group (COOH)
and a rinsing with the same solvent would wash off the dye completely.
Such binding groups have not been attached to P2, because they may disturb its ability to self-assemble.
Otherwise it may be possible, to coat a TiO2 surface by a monolayer of a functionalized P2-derivative first,
and than apply the original self-assembling P2, which then may grow epitaxially onto the first monolayer. In
this thesis instead, it was investigated how self-assembling dyes without such specific binding groups can be
controlled to sensitize efficiently a semiconductor surface.
The following methods for the deposition of P2 aggregates onto different substrates have been investigated:
precipitation, dip-coating, spin-coating and spraying. These methods offered different possibilities to control
the morphology of the coatings.
With the precipitation technique by mixing P2-DCM solutions/dispersions with n-heptane it was possible to
achieve macroscopically homogeneous P2 aggregate coatings, but a control of the aggregate size and
distribution on the micrometer scale was not possible. The dip-coating technique led to macroscopically very
inhomogeneous films. The spin-coating technique offered the possibility to achieve macroscopically
homogenous coatings, but the control of the micromorphology was limited. It was not possible to increase
the dye-amount significantly by spin-coating the same solution several times onto the same substrate or
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dipping it several times into the same solution. The adsorbed dye amount could only be controlled by the
concentration of the solution for this coating techniques. Thus, only highly concentrated solutions of P2 led
to a sufficient high dye amount for the full sunlight absorption. High concentrations of P2 within DCM
instead, lead to the formation of larger aggregates. Additionally, a lot material is wasted or at least used up
and impurified by this technique in combination with concentrated solutions.
The spraying or airbrushing technique offers many possibilities to control the micromorphology, while
allowing a good macroscopic homogeneity. It allows the repetition of many coating steps from diluted
solutions to control the micromorphology and achieve every desired thickness of the coating. This efficient
coating technique is also easy to upscale onto large areas or implement in a roll-to-roll process. However, it
is difficult to reproduce the coatings exactly with a manually controlled spraying pistol, because many
parameters influence the film formation, like the duration of the spraying pulses, temperature and the solvent
vapor pressure in the atmosphere. These parameters influence the evaporation of the droplets and thus their
size at the moment of their impact onto the sample. Additionally, with the manual control of the pistol a
variation of the spraying pulse duration was unavoidable, thus a longer pulse could cause an increased fusion
of the droplets on the sample surface, which had a pronounced effect on the micromorphology, meaning not
only the morphology of single aggregates but also their distribution in the micrometer scale. To use the full
potential of this technique an automated spraying system would be required.
Another possibility to control the aggregate size-distribution is the usage of a structured substrate as template
for the aggregate growth. In an earlier work we demonstrated the possibility to infiltrate P2 aggregates into
mesoporous TiO2 layers, which contained additional macropores, in which the aggregates grew with their
size confined by the diameter of the macropores [3, 2]. The macropores have been introduced into the
mesoporous TiO2 layers by mixing polystyrene spheres into the TiO 2 particle dispersion, which has been
applied onto a substrate in form of thin layers by doctor-blading. During the sintering process the polystyrene
was pyrolyzed, leaving behind well-defined and homogeneously distributed macropores. As the aggregates
could not be infiltrated through the mesopores directly from DCM, a two step process with different solvents
was developed. In the first step P2 was dissolved completely to monomers within THF, from which it could
be infiltrated into the porous layer. In the second step the resulting aggregates, which were apparently more
disordered in structure, if not completely amorphous, could then be reorganized by a thermal post-treatment
within n-heptane, a solvent, which facilitates the self-assembly without dissolving P2. This technique has
been further investigated and improved in the present work.

1.2.7.2 P2 infiltration into mesoporous TiO2-Structures
The basic idea was to infiltrate mesoporous TiO2 layers, which contained additional macropores, with P2
from monomeric solutions in THF and induce a reorganization process of the amorphous phase to achieve a
J-aggregate growth within the macropores. As it was not possible to infiltrate such layers from anhydrous P2DCM solutions, even at 110°C under 5 bar overpressure in a pressure tube, it was assumed that, if it is once
infiltrated, it could then not easily re-diffuse outwards. This would allow to treat the P2-deposits with various
solvents at different temperatures to optimize the aggregate morphology for a proper function in such
modified dye sensitized solar cells. The prerequisite therefore would be that the aggregates segregate out of
the mesopores and tend to grow into the free space of the macropores.
It turned out, that the macropores could be filled only then significantly with P2, when high concentrations of
P2 in THF were used. To investigate the infiltration of P2 at different concentrations the samples were
infiltrated intentionally inhomogeneous from THF by the drop-casting technique. This resulted in many
different pore-filing ratios and concentration gradients on one sample, which could be compared.
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Fig. 37 shows a mesoporous TiO2 layer on a glass substrate, equipped with additional 500nm-sized
macropores, which was infiltrated with P2 by drop-casting from a THF solution and letting it dry in the air.
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d

Fig. 37: SEM micrographs of P2 drop-cast from THF onto mesoporous TiO2
One drop of a 1 mM solution of P2 in anhydrous THF was applied onto a mesoporous TiO 2 layer, which
contained additional 0.5µm-sized macropores. It was left dry in air. The inset in (a) shows an overview of
the coated substrate with its edge on the left and a vertical scratch, which was made after the infiltration.
Note the inhomogeneous infiltration and the dark P2-overlayer, which peels off at the edge of the substrate.
The rectangles mark the areas magnified in b-d. As the substrate was glass, the sample was sputtered with
a 5 nm thick Pt layer. In-lens, EHT: 10kV, WD: 5mm, aperture: 30 µm
In the overview (inset in a) it can be seen that the coating is thicker at the edge, and forms some dark lines of
a P2 overlayer, which peels off at the edge of the sample. The straight vertical line is a scratch in the layer,
which has been introduced after the infiltration to have a view inside the inner pores. The rectangle marks the
area magnified in (a), which is relatively homogenously coated with an intermediate concentration of P2, as
can be estimated from the grayscale in the overview. The bottom in (a) is more bright, thus less covered by
P2. b-d give an inside view into the inner macropores, with many of them containing a spherical cluster of
P2. In other areas of the sample with different P2 concentrations the inner macropores remained empty. In
areas with a lower P2 concentration no aggregates could be distinguished from the mesoporous matrix, they
most probably resided only within the mesopores. In areas with a higher P2 concentration the overlayer
tended to peel off at a certain thickness, as can be seen on a similar sample in Fig. 38.

1.2.7 Control of the Aggregate Morphology

54

Fig. 38: SEM micrograph of P2 deposited by drop-casting from THF onto mesoporous TiO2
Approx. 10 drops of a P2-THF solution have been dried onto a mesoporous TiO2 layer with 1µm
macropores. The formed P2 layer peeled off in certain areas. The surface was sputtered afterwards with
2.4 nm Pt. In-lens, EHT: 10kV, WD: 6mm, aperture: 30 µm

1.2.7.3 n-Heptane induced reorganization within mesoporous TiO2
The apparently amorphous deposits from THF were treated with n-heptane in order to attain size-limited Jaggregates within the macropores. Thereby the infiltrated samples were placed within a pressure-tube of
glass and immersed in anhydrous n-heptane. The empty space of the tube was filled with N 2. Subsequently
the tube was closed tightly and annealed within an oven at 110°C up to 4 hours.
After short annealing times within n-heptane in the order of tens of minutes, small elongated aggregates
could be seen within the inner macropores in areas with a high initial pore-filling with amorphous P2
deposits. After longer annealing times however, the aggregates within the inner macropores did not grow
significantly, actually most of them disappeared, while larger aggregates grew on top of the TiO 2 layer as can
be seen in Fig. 39.
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Fig. 39: SEM micrographs of P2 aggregates onto mesop. TiO2 after annealing in n-heptane
The same P2-THF solution as used for the sample in Fig. 38 was drop-cast onto this mesoporous TiO2
layer with additional macropores. The sample was then annealed within 3 ml of anhydrous n-heptane in a
pressure-tube at 110°C for 3 hours and 40 min. The surface was sputtered with a 5.2 nm thick Pt layer.

Whereas a significant aggregate growth could be achieved within the inner macropores after prolonged
annealing times within n-heptane, the aggregates, which grew on top of the TiO2 layers reached a high aspect
ratio with a very thin diameter. Thus, these aggregates do not necessarily need to be confined in their length
to achieve a small diameter.
For investigations by absorption spectroscopy the prepared samples needed to be macroscopically more
homogenous to allow an interpretation of the averaged signal over the roughly 0.5 cm 2 big irradiation spot.
To deposit the high concentration of P2, which was necessary to obtain aggregates within the macropores,
homogeneously over this large area, the P2-THF solution was applied by the spraying technique. The
absorption spectroscopy in Fig. 40 revealed that the mean aggregate structure in such layers remains
amorphous, even after 4 hours of annealing within n-heptane.
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Fig. 40: Absorption spectra of P2 within
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A 0.5 mM solution of P2 in anhydrous THF has
been sprayed onto a mesoporous TiO2 layer with
1µm-sized macropores followed by annealing
within anhydrous n-heptane at 110°C for various
times. Measured within an integrating sphere.

As these absorption spectra resemble those of P2 monomers within THF with similar band maxima and
almost symmetrically broadened bands, they indicate the presence of an amorphous phase of P2. The
increase of the annealing time within n-heptane did not lead to a significant phase-transformation to Jaggregates as the band did not significantly red-shift.
It can be concluded that the aggregates do not really tend to grow into the macropores upon the posttreatment in n-heptane. They seemingly only reorganize there from amorphous P2-clusters, segregated within
the macropores in advance. The major fraction of P2 instead, remained most probably within the mesopores,
invisible for the SEM but detectable by absorption spectroscopy.
The thin aggregates, which have been seen on top of the TiO 2 layers indicate, that the aggregates do not
necessarily need to be confined in their length to achieve a small diameter, because obviously their aspect
ratio can also be increased preserving a small diameter. As a similar thin substructure has been found also in
precipitated aggregates, which have been shown in Fig. 27b, it has been investigated in the following, if the
aggregates initially grow to such thin rod-shaped structures and only agglomerate later on to the undesired
thick ones.

1.2.7.4 Precipitation between ZnO Nanorods
It has been investigated whether any agglomeration takes place during the aggregate deposition and if it
could be perturbed by a suitable design of the substrate. Therefor it has been chosen a substrate with
vertically aligned ZnO nanorods with lengths around 1 µm. These substrates were prepared by the group of
Heinz Kalt at KIT, where Jonas Conradt tested them as electrode materials for solar cells.
The deposition of P2 aggregates, by the precipitation technique from DCM in n-heptane, occurs
predominantly onto solid surfaces, which are immersed by the solution. As the aggregates grow also on
surfaces directed downwards, it was expected that the agglomeration process takes place predominantly at
the substrate surface and not only within the dispersion with subsequent falling onto the surface, as this could
happen only when the investigated surface would have been directed upwards. The precipitation of P2 was
induced onto the ZnO nanorod substrates by injecting an anhydrous P2-DCM dispersion into anhydrous nheptane in which the substrates were placed directed upwards, due to their small size and hence difficult
handling. The results are shown in Fig. 41.
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Fig. 41: SEM micrographs of P2 as precipitated from n-heptane onto ZnO nanorods
These micrographs show agglomerates of P2 J-aggregates on a substrate with vertically aligned ZnO
nanorods. The nanorods hindered partly the aggregates to agglomerate. The preparation was done within a
glove box by adding an anhydrous P2-DCM solution into a major amount of n-heptane in which this
substrate was placed. The rough structure at the bottom belongs to the ZnO nanorod substrate, and not to
the P2 aggregates. Sputtered with 5.2 nm Pt.
As can be seen, indeed an agglomeration effect takes place at or close to the surface. Many examples could
be seen, where the ZnO nanorods were embedded within the agglomerates, like in the thick one visible in the
top left corner of the large micrograph. In this agglomerate a thin aggregate shows a strong curvature
bending around the ZnO nanorod. Some thicker primary aggregates instead, did not bend so far, and thus
were partly hindered in their agglomeration, as can be seen also in the small micrographs.
Although it is not entirely clear which of these rods belong to the P2 aggregates and which may be broken
ZnO nanorods, it is obvious that an agglomeration process of thinner P2 aggregates to thicker ones takes
place during the deposition.

1.2.7.5 Drop-casting from DCM Dispersions at low Temperatures
If the aggregates agglomerate predominantly during the deposition process, it might be possible to slow
down or completely inhibit this process by cooling the dispersion during the deposition. This has been tested
by drop-casting P2 from a cooled anhydrous DCM dispersion under vacuum. Therefore, the dispersion was
dropped onto an FTO substrate at -108°C under dry N2 atmosphere. It froze immediately - the melting point
of DCM is at about -97°C. This chamber was then evacuated to about 0.04 mbar in order to enhance the
DCM sublimation. As the solvent did not sublime after several hours the temperature was allowed to
increase. At -60°C the dispersion finally melted and evaporated in the vacuum completely within a few min
at a temperature still below -50°C. The resulting P2 deposits on FTO are shown in Fig. 42.
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Fig. 42: SEM micrographs of P2 deposited onto FTO from a cooled DCM solution
These fiber-like P2 aggregates on an FTO substrate were deposited by drop-casting from a P2-DCM
dispersion at about -50°C under vacuum (0.04 mbar) after an initial freezing at -108°C. In-lens, EHT: 5 kV,
WD: 5 mm, aperture: 20 µm.
These structures resembled clews of yarn. The aggregates looked like thin crumpled fibers in which a few
bigger conventional rod-shaped aggregates were embedded. In contrast to these typical big rod-shaped
aggregates the P2-fibers were very sensitive to the electron beam of the SEM. They seemed to melt within
seconds at the electron irradiation doses of the magnifications shown here. These micrographs may represent
the morphology of the aggregates within dispersions in DCM, as the agglomeration process may have been
completely suppressed at this temperature. The fiber-shape could be the reason, why it was not possible to
infiltrate the mesoporous TiO2 layers from DCM dispersions even at 110°C (under pressure).
Fig. 43 shows the absorption spectrum of this sample together with that of a reference sample, which has
been drop-cast from the same dispersion at room temperature.
Despite the non-ideal conditions for absorption measurements on the not fully transparent FTO substrates, a
significant difference in the absorption spectrum of the P2 aggregates, deposited at about -50 °C and those at
room temperature could be noticed, anyway. Although the Q band region was similar of both samples, the
higher Soret band absorbance of the aggregates deposited at about -50°C might indicate a higher fraction of
disordered aggregates. It could result from an amorphous P2 residue or also from the fiber-shaped aggregates
themselves, which had, due to their flexibility, a very short range order, where the bended regions could have
a very distorted structure. As the Q-bands were red-shifted like in conventional J-aggregates, it can assumed
that the fiber-like aggregates had a J-aggregate structure. The absorption spectrum of the aggregates
deposited under cooled conditions resembles more that of the liquid dispersion, due to the higher Soret band.
Hence, it can be concluded that a significant agglomeration to bigger aggregates indeed takes place during
the short evaporation time at room temperature and that this could be slowed down by lowering the
temperature.
This was the first time, that such a morphology of P2 aggregates has been observed. These fibers probably
agglomerate by sticking together within a few seconds, during which the highly volatile solvent evaporates.
Thus, the deposition temperature is a very important parameter to influence the morphology of the
aggregates and agglomerates. It can be also inferred from this, that it might be possible to hinder the
agglomeration process also by the spray deposition technique, as this limits the amount of P2 within the
small droplets and accelerates the solvent evaporation. This might hinder the aggregate growth, when the
sprayed droplets do not merge on the substrate before the solvent evaporates.
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Fig. 43: Absorption spectrum of P2 on FTO, deposited from a cooled DCM solution
A few drops of a P2-DCM dispersion were frozen onto an FTO substrate at -108°C. Under a vacuum of
4·10-2 mbar the solvent has been left to warm up. At about -60°C the DCM dispersion melted and
evaporated within a few minutes in the vacuum at a temperature still below -50°C. The deposits of P2 on
FTO (red) are shown in comparison with a reference sample where a few drops of the same P2-DCM
solution have been dried at ambient conditions at 1 bar and 21°C in air (dark). The green and blue curves
show the absorption of typical bare FTO substrates showing the small variations in their absorbance, which
may slightly influenced the absorption spectra of the P2 deposits. Measured within an integrating sphere.

1.2.7.6 Spraying P2 Aggregates from DCM
As a conclusion of the previous experiments it can be assumed, that the spraying technique has the potential
to reduce the size of the deposited aggregates. A manually controlled spraying pistol was mounted at defined
distances and angles relative to the substrate and dry nitrogen was used as carrier gas at 1.5 bar. The P2DCM dispersions have been sprayed in short pulses in order to minimize the cooling effect on the sample.
This might have caused a reduced evaporation rate and hence, merging of the droplets onto the substrate
allowing the formation of larger agglomerates. Fig. 44 shows a representative sample of the sprayed P2
aggregates on an FTO substrate.
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Fig. 44: SEM micrographs of P2 sprayed from a DCM dispersion onto FTO
This magnification series shows a representative morphology of P2 as sprayed from a dispersion in
anhydrous DCM on an initially perfect clean FTO substrate. The arrow in c marks a larger, crystalline
appearing, aggregate, beside mostly amorphous appearing spots of P2. In-lens, EHT: 10 kV, WD: 5 mm,
aperture: 30 µm.

The mean aggregate size could indeed have been reduced, but the overall result is not satisfying. The
deposited P2 aggregates lost much of their crystalline appearance as can be seen in (d). Whereas
macroscopically the coating looks very homogenous (a), on a microscopic level instead, the distribution of
the aggregates is very inhomogeneous (b-d). The mean aggregate shape was resembling that of amorphous
spots rather than highly ordered J-aggregates. Between these spots also some bigger aggregates could be
found, which appeared more crystalline, due to their smooth facets and higher transparency to electrons, as
that one marked by the arrow in (c).
The absorption spectrum of this sample looked qualitatively very similar to that of the fiber-like deposits
from the cooled P2-DCM dispersion, which was shown in Fig. 43 and quantitatively the absorbance was half
that of the fiber-like aggregate sample. All variations of the spraying parameters did not lead to a significant
improvement of the coating's homogeneity.
I can be concluded, that although the mean aggregate size could be reduced significantly by the spraying
technique the assumed loss in structural quality would require a post-treatment. This may be the annealing
within n-heptane, which proved of value already for the reorganization of the amorphous deposits from THFsolutions. The main advantage of the processing from DCM dispersions was the possibility to directly obtain
well-defined J-aggregates. As this advantage was lost by the attempt to reduce the aggregate size, there is no
need to work with DCM dispersions anymore, when a two step process is necessary, anyway. From THF
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solutions it is at least not problematic to deposit very homogenous films, e. g. by spin-coating, due to their
amorphous nature. Thus, we went on investigating this two step process using smooth substrates.

1.2.7.7 Reorganization of amorphous P2 to J-Aggregates on flat Substrates
Thin films of amorphous P2 have been deposited by spin-coating from THF-solutions onto glass substrates
and subsequent annealed within anhydrous n-heptane in order to induce a reorganization to J-aggregates. As
during the annealing within n-heptane sometimes parts of the film were washed off, it was tried if the nheptane may also catalyze the reorganization process from the vapor phase. Whereas the annealing within
air, N2 or vacuum had no significant effect on the morphology of the films, the presence of n-heptane vapor
in an annealed pressure tube had indeed a similar effect as when the films were immersed within the nheptane.
A film of P2 has been deposited onto glass by spin-coating from a 6 mM solution in THF. The annealing at
110°C for 4 hours in n-heptane vapor caused the film structure to reorganize to similar rod-shaped
aggregates, as known from their direct growth in DCM, but with a smaller size and a significant
improvement in the homogeneity and size-distribution, as can be seen in Fig. 45.
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Fig. 45: SEM micrographs of P2 spin-coated from THF onto glass and annealed in
n- heptane vapor
A 6 mM solution of P2 in THF was spin-coated at 3000 revolutions per minute onto a glass substrate,
which has been afterwards annealed at 110°C in n-heptane vapor for 4 hours. The sample was placed
within a pressure tube containing a separated reservoir with n-heptane, which was not wetting the sample,
but only affected it through the gas phase. Note the relative monodisperse aggregate size with very
homogeneous distribution over the entire surface. The substructure originates from the sputtered 6 nm
thick gold layer. In-lens, EHT: 10 kV, WD: 5 mm, aperture: 30 µm
This is an impressive improvement of the homogeneity of the aggregate distribution, locally and in size.
Additionally, only a small fraction of the aggregates is piled one over another, what makes this structure
already suitable for solar cells. Due to the insulating glass substrate, a sputtered gold coating with 6 nm
thickness was needed to avoid charging effects. The gold film was not smooth and caused a rough
substructure in the order of a few tens of nm, but the aggregates beneath it can be clearly recognized. The
glass was used to allow a better characterization by absorption spectroscopy, which is shown in Fig. 46.

1.2.7 Control of the Aggregate Morphology

63

P2-DCM spin-coated
P2-THF spin-coated
P2-THF spin-coated, n-heptane vapor

431
0.3

Absorbance

455
0.2
630
580

0.1

0.0
300

400

500

600

700

800

Wavelength / nm

Fig. 46: Absorption Spectra of P2 from THF on glass with annealing in n-heptane vapor
These absorption spectra were measured of the film as spin-coated from the 6 mM P2-THF solution on
glass (red) and after the thermal treatment within n-heptane vapor at 110°C for 4 hours, before the
sputtering with gold (black). For comparison also a glass substrate with P2 is shown as spin-coated form a
6 mM P2 dispersion in anhydrous DCM (green). The spectra were recorded within an integrating sphere.
The absorption spectrum of the dry P2-film, as grown from the THF solution, resembles very much the
absorption spectrum of P2 monomers within THF solutions, with the difference, that the spectrum of the dry
film is slightly broader. This proves, that the film was amorphous, as has been also expected from the flat
films seen by the SEM. After the annealing within n-heptane, the absorption spectrum transformed into the
red-shifted one, which is known from J-aggregates grown directly from DCM solutions, as shown in the
comparison. The red-shifted Soret band of the reorganized J-aggregates at 455 nm is not a shoulder anymore,
but developed to a distinct band with an even higher absorbance than the original Soret band at 431 nm. This
shows, that either the structure of the J-aggregates improved by a decrease of the defect-density or the
quantity of a possible secondary amorphous phase decreased.
Thus, together with the improved dispersity, these J-aggregates, reorganized from amorphous films, are
significantly better suited for solar cells, then those directly grown from solvents which facilitate the selfassembly.

1.2.7.8 P2 Reorganization within porous TiO2 Layers
To increase the absorbance and to further reduce the aggregate size, especially the diameter, which may still
exceed the exciton diffusion length, the same technique was applied to infiltrate coarse-porous TiO 2 layers
with P2 J-aggregates.
In general an increase of absorption while maintaining a short exciton path way through the aggregates to the
TiO2 interface would allow to increase the external quantum efficiency (EQE). The EQE is the ratio of the
incident photons to electrons within the external current. It is measured wavelength-resolved and also called:
incident photon-to-current conversion efficiency (IPCE). For the internal quantum efficiency (IQE) instead,
also called absorbed photon-to-current conversion efficiency (APCE), only the absorbed photos are regarded
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for this ratio. Thus, a thin layer, which absorbs only a fraction of the incident light may have an IQE of 100%
but a lower EQE. Important is therefore the EQE, as it shows if this system is already applicable for efficient
solar cells under high light intensities.
Three different TiO2-particle dispersions with different particle sizes of the anatase modification were used to
sinter TiO2 layers with different pore-sizes. These dispersions, purchased from Solaronix SA, were readily
prepared to be used by the doctor-blade technique and contained also organic binders, which prevented the
packing to be too dense. Thus, highly porous, homogenous and crack-free layers were obtained. They were
named T13, T37 and T300 as they contained anatase particles with sizes up to 13, 37 and 300 nm in
diameter, respectively. The dispersion T300 contained also a small fraction of anatase-nanoparticles around
10 nm in diameter, which served as sintering aid to reduce the sintering temperature. From SEM micrographs
the mean particle diameter of the T300 was estimated to be within the range of 100-300 nm in average,
beside the small fraction of nanoparticles. No additional macropores were introduced into these layers, thus
the resulting mean pore-sizes were in the order of the mean particle sizes. The layers were doctor-bladed
onto glass substrates and sintered at 450-500°C for 1-1.5 hours and had a similar thicknesses around 4 µm.
Fig. 47 shows the absorption spectra of the three different porous TiO 2 layers onto which P2 has been spincoated with the same concentration and preparation parameters, but from two different solvents: anhydrous
DCM and THF.
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Fig. 47: Absorption Spectra of P2 spin-coated from DCM and THF onto different porous
TiO2 layers
T13, T37 and T300 indicate TiO2 layers on glass substrates, sintered from TiO 2-particles with diameters up
to 13, 37 and 100-300 nm, respectively. Substrates without any TiO 2 layer were bare glass panes. P2DCM: onto each sample have been spin-coated 10 µl of a 6 mM dispersion of P2 within anhydrous DCM,
P2-THF indicates the spin-coating of 10 µl of a 6 mM solution of P2 within THF. For comparison is also
shown a bare TiO2 layer T300 without P2 (a). The spin-coatings were performed at 3000 revolutions per
minute (rpm). The measurements have been done within an integrating sphere.

As can be seen in Fig. 47a, the absorption spectra of P2 differ only quantitatively within/onto the differently
porous TiO2 layers. The absorbance of P2 increases with increase of the TiO 2-particle size probably due to
the higher light scattering of particles when their size approaches the irradiation wavelength. The amount of
P2 obviously did not increase significantly from the bare glass substrate to the two TiO 2 layers of 13 and
37 nm particles, as can be seen in the similar height of the Q-bands. This is in agreement with the
observations that P2 can not be infiltrated into mesopores from DCM, thus the aggregates are deposited only
on top of these layers. The absorbance increased mainly at small wavelengths in the range of the Soret band,
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due to the increased scattering effect in this wavelength range. The TiO 2 layer with the particle size and
hence pore-diameter around 100-300 nm probably has been penetrated partly by the aggregates from the
dispersion in DCM. The scattering effect is very beneficial to increase additionally the light-harvesting. The
light scattering effect of the porous TiO 2 layers may be better estimated on the P2-infiltration series from
THF solutions (b). These solutions penetrated all of the differently porous layers, what could be seen also by
the naked eye, because the layers looked from the backside through the glass substrates similar intense green
as from the front side, in contrast to the samples spin-coated from P2-DCM dispersions, which looked much
more pale from the backside than the front side. The improved absorbance towards bigger TiO 2-particles can
be related to the increased light scattering. Qualitatively the absorption spectra of the infiltrated mesopores
differed slightly from those, with the coarse or no pores. Whereas all spectra revealed no J-aggregate
structure, as there were no red-shifted Q-bands, the spectra of P2 on bare glass and within the T300 layer had
a relatively small Soret band. Hence, the absorption spectra of the mesoporous TiO 2 layers (T13, T37)
infiltrated with P2 from THF solutions resembled more that of the liquid solution in contrast to the P2
deposits, which were less confined by the pore-size. This might be an indication, that the strongly sizeconfined deposits within the mesopores are more disturbed in their intermolecular ordering than those, which
had more space to grow. As there is almost no qualitative difference between the absorption spectra of P2
within the T300 layer and P2 on the flat glass substrate, it can be concluded, that the pores of the T300 layer
were large enough to allow the same degree of intermolecular ordering as on a flat surface, although THF
hampers the self-assembly, anyway.
All these samples have been treated simultaneously in a single experiment within the same pressure tube and
n-heptane vapor at 110°C for 4 hours in order to study only the influence of the pore-size on the
reorganization process and exclude any other effects, which might have occurred in separated experiments,
like small variations in time, temperature and humidity.
Although SEM-micrographs of mesoporous TiO2 layers infiltrated with amorphous P2-deposits revealed
after a thermal treatment in n-heptane or n-heptane vapor the presence of rod-shaped aggregates, absorption
spectroscopy measurements showed that the major fraction of P2 remained amorphous. This amorphous
phase is probably located within the mesopores, thus nearly impossible to see and characterize by SEM. The
absorption spectroscopy allowed to detect the mean aggregate structure, i.e. the structure of the major
fraction of P2, and showed that this remains amorphous in the presence of mesopores with sizes up to 37 nm.
Furthermore, not only the reorganization of the amorphous phase to J-aggregates was hindered by the
mesopores, but also previously existing J-aggregates, which have been spin-coated directly from anhydrous
DCM on top of these layers, disappeared upon annealing in n-heptane vapor, what could be proved also by
absorption spectroscopy, as shown in Fig. 48.
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Fig. 48: Absorption spectra of P2 within mesoporous TiO2 layers + n-heptane vapor
treatment
Both TiO2 layers from 37 nm particles, which were coated by P2 from anhydrous DCM and THF have
been annealed together in the same batch at 110°C for 4 hours within n-heptane vapor in N2. The
absorption spectra of these layers are shown before (light blue and dark green) and after the annealing
(dark blue and red), respectively. The inset shows a magnification of the Q-band region.

As can be seen in Fig. 48 the spectrum of amorphous P2 within the TiO 2 layer with the maximum pore-size
of 37 nm, could not be reorganized to gain the absorption spectrum of J-aggregates upon the annealing in
n-heptane-vapor. A surprising result was that P2, which has been deposited on top of the TiO 2 layer from
anhydrous DCM in form of J-aggregates changed its organization towards a more amorphous one. Such
behavior could not be observed on flat surfaces and on the T300 layer. Most probably the original Jaggregates disassembled at the interface to the mesoporous TiO 2 and P2 diffused into the mesopores and
remained there in the amorphous phase. This is in agreement with the previous observations, that P2 Jaggregates could not be found within macropores embedded in a mesoporous matrix unless the concentration
of P2 was high enough to fill most of the pores.
The reorganization of the amorphous P2 into the J-aggregate structure was possible in the coarse-porous TiO 2
layer T300, instead. The absorption spectrum in Fig. 49 shows the gain in absorbance of reorganized P2 Jaggregates within the macropores of T300, compared to those on the previously shown flat substrate.
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Fig. 49: Absorption spectra of P2 reorganized in n-heptane vapor within coarse-porous TiO2
P2 has been spin-coated from THF onto a flat glass substrate (orange) and onto the coarse-porous TiO 2
layer T300 on glass (red). Both samples have then been annealed simultaneously in the same n-heptane
vapor at 110°C for 4 hours in a pressure tube (light green and dark green, respectively). 10 µl of a 6 mM
solution of P2-THF have been spin-coated at 3000 rpm on each sample. The absorption spectra were
recorded within an integrating sphere.
As can be seen the mean P2 aggregate structure could be transformed from the amorphous state into that of
J-aggregates within the coarse-porous TiO2 layer similar, as on the flat substrate. The absorbance increased
more than three times using the coarse-porous substrate what can be attributed to the increased light
scattering and a potentially higher dye uptake from the same solution.
The corresponding SEM micrographs of the T300 sample with the reorganized P2 J-aggregates and a blank
T300 layer are shown in Fig. 50.
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Fig. 50: SEM micrographs of reorganized P2 J-aggregates within a coarse TiO2 layer
a, b) Blank TiO2 layer T300 after sintering at 450°C for 1.5 h, in-lens. The nanoparticles in between
should have reduced the sintering temperature. EHT: 10 kV, WD: 4 mm, aperture: 30 µm
c, d) Similar T300 layer, but sintered at 500°C for 1 h, infiltrated with rod-shaped J-aggregates of P2 after
the reorganization in n-heptane-vapor and sputtering with 27 nm gold. The sample was prepared as
described in the corresponding absorption spectrum in Fig. 49, but for these SEM investigations the sample
needed to be sputtered with the gold to avoid charging on the glass substrate.
As can be seen the J-aggregates could be additionally reduced in size by the confinement within these pores.
Due to their relative high aspect ratio around 7, their mean diameter within 200 nm sized pores, still remains
below 30 nm. Thus, for aggregates, which stick with one side to a TiO 2 particle within a 200 nm sized pore
an exciton diffusion length of 30 nm would be sufficient to convert almost every absorbed photon into
separated charges at the TiO2 interface injecting electrons into its conduction band. If the rest of the Jaggregate surface could be covered by a hole transport material (HTM) forming an interface at which
excitons might also split, this time by injecting holes into the valence band of the HTM, the necessary
exciton diffusion length to allow a quantum efficiency of 100% would be 15 nm.
This size-reduction in two dimensions allows a higher fraction of excitons to reach the charge separating
interface with TiO2. Thus, this technique is suitable to further reduce the J-aggregate size. This coarse-porous
structure filled with size-confined P2 J-aggregates is already applicable for solar cells if placed on a
conductive substrate.
Also the application of such P2 J-aggregates on flat surfaces may be considered for solar cells, as they might
absorb sufficient light within a densely packed monolayer of J-aggregates. A more densely packed Jaggregate layer could be achieved on the flat glass substrate next to a T300 layer, as shown in Fig. 51.
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Fig. 51: SEM micrographs of reorganized P2 J-aggregates on glass, next to the TiO2 layer
Onto the flat glass area next to the coarse-porous TiO2 layer a higher density of the P2 J-aggregates can be
seen. The surface roughness originates by the 27 nm thick gold sputtering.
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Fig. 52: SEM micrographs comparing different densities of reorganized P2 J-aggregates
a) This sample from Fig. 45, shows the J-aggregate distribution on a bare glass substrate. Sputtered with 6
nm Au b) The sample from Fig. 51, shows the J-aggregate distribution next to the TiO2 layer after spincoating the same amount of the 6 mM P2-THF (10 µl). It was sputtered with a 27 nm thick Au layer.
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This higher density of P2 J-aggregates on the flat glass area next to the T300 layer is compared in Fig. 52
with the one coated similarly, but on a blank glass substrate, without any additional TiO 2 layer.
On the flat glass surface next to the coarse-porous TiO 2 layer (Fig. 52b) the J-aggregates were smaller and
more densely packed than on the glass substrate, which had no additional TiO 2 layer in the center. For the
size comparison it has to be taken into account, that the sample containing also the TiO 2 layer was sputtered
with a 21 nm thicker gold layer in order to avoid charging during investigations of the TiO 2 layer. The
difference in the aggregate distribution may originate from a different thickness of the initial amorphous P2
layer. Although both samples have been prepared with the same solution and coating parameters (6 mM in
THF, 10 µl spin-coated at 3000 rpm) and even have been annealed together, hence under identical conditions
in the same atmosphere. The P2-THF solution may have concentrated during the spin-coating. process,
where the solution was dropped onto the TiO 2 layer of the fully accelerated sample. The fluid might have
moved slower through the porous layer until it reached the flat surface, hence with a higher concentration,
what might have resulted in a thicker amorphous P2 layer beside the TiO 2. An other reason for the different
morphology might be, that the solution washed off some contaminants from the TiO 2 layer, water for
example, and hence had a slightly different composition, which might affected the reorganization process.
However, it can be concluded, that with this dense coverage of small and narrow dispersed J-aggregates,
even onto flat surfaces, the first step was successfully achieved on the way to make P2 applicable for solar
cells. The coarse-porous TiO2 layer allowed for a further decrease of the aggregate size and absorbance while
maintaining the highly ordered J-aggregate structure and a short exciton diffusion path towards the TiO 2
interface.
In the following the electrical properties of P2 and its J-aggregates were investigated in order to find a
suitable material combination for the charge separation.

1.2.8 Cyclic Voltammetry
Cyclic voltammetry measurements have been performed in cooperation with Jean Paul Gisselbrecht in
Strasbourg in order to determine the HOMO and LUMO level of P2. The studies could be performed within
dichloromethane (DCM) and benzonitrile. As the supporting electrolyte, tetrabutylammoniumhexafluorophosphate (Bu4NPF6), was used. In order to distinguish the measured redox potentials of P2 monomers and
those of P2 J-aggregates, the dispersion containing the J-aggregates has been measured first, followed by the
addition of methanol, which disrupts the aggregates to monomers, and followed by a second measurement of
this solution with the dominating fraction of monomers. As this measurement could not be performed in
DCM due to an electrochemical degradation in combination with methanol, benzonitrile was used instead.
Fig. 53 shows the absorption spectrum of P2 dissolved/dispersed in benzonitrile with and without methanol.
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Fig. 53: Absorption spectra of P2 within benzonitrile
Absorption spectra of P2 within anhydrous benzonitrile including 0.05 M of (Bu4NPF6) (blue line) and
after addition of 2% (red line) and 4% of methanol (black line). The inset shows the Q-bands' region
magnified by the factor of 5.
The absorption spectra of P2 in benzonitrile, including the supporting electrolyte Bu 4N+PF6-, reveal the
presence of J-aggregates in form of the red-shifted Soret band (shoulder) and the red-shifted Q-band at
641 nm, which could be decreased by the addition of methanol, This proves the disassembly of P2 Jaggregates to monomers.
The cyclic voltammetry measurements with and without the methanol however, could not confirm this
change in the energy level of the Q-band (Fig. 54). In benzonitrile with and without methanol the HOMO
was measured to 0.38 V and 0.39 V and the LUMO to -1.66 V and -1.67 V, respectively.
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Fig. 54: Cyclic voltammetry of P2 within benzonitrile with and without methanol
Cyclic voltammetry of P2 in the presence of ferrocene (Fc) in anhydrous benzonitrile + 0.05M Bu 4N+PF6(blue line) and after addition of 4% (v/v) methanol (black line).
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While the HOMO-1 and the LUMO+1 could be detected without the addition of methanol, after the addition
of methanol only the first HOMO and LUMO could be measured again, probably due to reactions with
methanol at higher potentials. It can be seen, that the HOMO and LUMO positions of P2 remained almost
unchanged after the addition of methanol, but the peaks got sharper and more pronounced. This is an
indication that these energy levels correspond to the P2 monomers, as their concentration increased. Similar
values have been also obtained within anhydrous DCM solutions/dispersions with almost no change upon the
addition of n-heptane, which was added to decrease the concentration of monomers and increase the Jaggregate concentration. Thus, it is assumed, that the measured redox potentials correspond only to the P2monomers and not to the J-aggregates. The monomers could have dominated the redox-process, due to their
higher diffusion coefficient within the solution.
The HOMO and LUMO levels of P2 monomers could be determined by cyclic voltammetry measurements
within benzonitrile to: -5.2 eV and -3.1 eV vs. the vacuum level, respectively. The reference level of
ferrocene (HOMO), which was used to calibrate the energy scale, is 4.80 eV vs. the vaccuum level [51].

P2

As J-aggregates of P2 have a HOMO-LUMO gap, which is about 0.1 eV smaller than that of monomers and
because only the LUMO splits due to the exciton coupling, the HOMO and LUMO levels of P2 J-aggregates
can be estimated to: -5.2 and -3.2 eV, respectively.

Fig. 55: Energy levels of the materials used for our solar cells
This graph shows the energy levels of the materials typically used for a DSSC with the standard
ruthenium-dye N719 on the left side, where the Fermi-level of the second FTO electrode is pinned to the
iodide/triiodide redox couple of the electrolyte (denoted by iodide). The right half of the graph shows the
solid-state version (ss-DSSC) with the P2 J-aggregates and the solid hole transport material spiroMeOTAD, which also pins the Fermi-level of its adjacent electrode, gold in this case.
The LUMO of P2 J-aggregates (-3.2 eV) is comparable with that of the standard ruthenium dye N719 [52]
and fits well to the conduction band-edge of TiO2, which is at about -4.2 eV [53]. The energy distance
between these two levels of 1 eV offers a sufficient energy and driving force to effectively split the excitons
at this interface, by an electron injection into the conduction band of TiO 2. The HOMO level does also match
that one of the common hole transport material spiro-MeOTAD, which is about -4.8 eV [54], and is
described in chapter 2.1.6.3 . Thus, this material combination was chosen for our solar cells together with the
electrode materials FTO and gold, as shown in the right part of Fig. 55.
The energy level matching between the P2 aggregate's LUMO and the conduction band level of TiO 2 could
be also proven by contactless photosensitization measurements of the P2-TiO 2 junction, which have been
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performed in cooperation with A. Huijser et al. [49]. For this measurement P2 J-aggregates were spin-coated
from DCM onto a smooth TiO2 layer on a quartz substrate. The sample was irradiated with a pulsed
monochromatic laser in the visible wavelength range, while the conductivity of the TiO 2 layer was measured
contactless by the microwave absorption technique, the so-called time-resolved microwave conductivity
(TRMC). From the conductivity increase of the TiO2 it can be inferred how many electrons got injected into
the TiO2 conduction band per incident photon (with energies smaller than the TiO 2 band gap), which is called
the incident photon to charge separation efficiency (IPCSE). It reached 2 % at an excitation wavelength of
470 nm (monomeric absorption). As only one fifth of the incident photons got absorbed this corresponded to
an absorbed photon to charge separation efficiency (APCSE) of 10 %. The IPCSE at an excitation of the Jaggregates at 470 nm was around 0.4 %, corresponding to over 2 % APCSE. The reason, why this value was
so far from unity, was the large aggregate size, with a mean diameter over 100 nm, thus exceeding the
expected exciton diffusion length by far. Also the inappropriate aggregate distribution limited the electron
injection rate, because many aggregates were piled over each other without a direct contact to the TiO 2.
However, the electron injection from P2 aggregates to TiO 2 was much higher than to SnO2 (undoped FTO),
although the latter one has a higher electron affinity. Thus, TiO 2 was considered to be a suitable electron
acceptor for sensitization with P2.

1.2.9 Dielectrophoresis
The dielectrophoresis (DEP) technique offers the possibility to manipulate different types of dispersed
particles selectively in dependence to their permittivity and conductivity and align them between two
electrodes. This method was applied in cooperation with Ralph Krupke at the KIT, in order to align the P2
aggregates across two electrodes for conductivity measurements. Beside the diffusion length of excitons, also
the conductivity of P2 J-aggregates is of interest, because after the exciton dissociation and electron injection
into the TiO2 the remaining hole needs to move through the aggregate to reach the interface with the hole
transport material. Additionally, dielectrophoresis could have the potential to separate the aggregates and,
thus, allow to study the electrical and optoelectronic properties of, in the ideal case, monodisperse
aggregates.
Since the pioneering work of Pohl H.A. [55, 56], dielectrophoresis has become a powerful technique to
control the movement of diverse particles and fluid media by nonuniform electric fields. Depending on,
whether the permittivity of a dispersed particle is higher or lower than that of the liquid medium, it will be
attracted towards higher electric field concentrations or repulsed, respectively. As the permittivity and the
conductivity depend on the frequency of the applied alternating current (AC), it allows for a better tuning of
the applied forces then the electrophoretic deposition, which is done with direct current (DC). With AC-fields
the permittivity ratio between the particles and the fluid medium can be varied and with it the interactive
forces. This allows to even switch between attraction and repulsion of dispersed particles. The ClausiusMossotti function (K) describes the corresponding permittivity ratio for different particle geometries, like for
cylindrical particles as follows:

K =

p−m
p2 m

with

 =−i




where  is the complex permittivity with the indices p for particle and m for medium, σ the conductivity,
ω the angular frequency, and i the complex number. The real part of K describes the in-phase component of
the effective polarizability of the particles. For positive real parts of K attractive forces act on the suspended
particles towards higher electric field concentrations, what is called the positive DEP, whereas negative real
parts of K lead to a repulsion of those, the so called negative DEP [57, 58].
In addition to the DEP effect also electrothermal effects can occur, which may dominate over the DEP effect
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at certain conditions. These effects are the so-called electrothermal flow and the AC electroosmosis.
The AC electroosmosis causes a steady, one directional, motion of the fluid parallel to an asymmetric pair of
microelectrodes due to the tangential component of the non-uniform AC-field, which interacts with ions in
the diffusion layer. The electrothermal flow is caused by a thermal gradient, which originates by the Joule
heating of the electrolyte solution, which leads to a temperature dependent gradient in the conductivity and
permittivity of the solution. This effect causes vortices within the fluid, similar to thermal convection above a
heating element, but in contrast to the thermal convection this effect occurs on a much smaller, a micrometer
scale, and thus is of relevance for microsystems. The vortices enhance the accumulation of particles in front
of the edge to one microelectrode. The review from Cao et al. presents an overview about such
electrohydrodynamic effects, including also direct current (DC)-effects [59].

1.2.9.1.1

Dielectrophoretic Deposition on interdigitated Electrodes

An interdigitated gold electrode structure has been chosen to deposit P2 aggregates across a gap of 1.6 µm
width between gold electrodes, with had the width of 1.9 µm and a height of 110 nm. The electrode structure
was prepared by standard photolithography on a 0.1 mm thick quartz glass [60]. To identify suitable
parameters for attracting P2 aggregates from dispersions in dichloromethane the effects of dielectrophoresis
have been observed in-situ through an optical microscope. Two identical interdigitated electrodes (IDEs)
were present on one chip, but only one was supplied by an alternating electrical field to induce an aggregate
deposition and alignment by positive DEP. The field of (± 80 V) at 100 kHz was pulsed with 100 µs/ms in
order to not heat up the solution significantly, as this could happen at such high potentials and lead to sideeffects like boiling the solvent. This potential was necessary to see an effect through the optical microscope
during the aggregate deposition from a drop (40 µl) of a 0.04 mM dispersion of P2 in DCM. The drop dried
within a few tens of seconds on the chip during the applied potential. Fig. 56 shows the results of the
dielectrophoretic deposition onto the active area of the IDE.
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Fig. 56: P2 aggregates aligned by dielectrophoresis onto an interdigitated gold electrode
a: The optical microscope image shows the chip with two identical interdigitated electrodes (IDEs) on the
insulating quartz glass substrate, of which only the right hand was active, by an applied AC field during
aggregate deposition. The one on the left served as a control. Note, that the borders of the active area can
be seen due to an increased aggregate deposition, in contrast to the control area. The IDE areas reached to
the tips of the arrows and were surrounded by similar gold structures but not interdigitated, like the 40 µm
wide stripe between both IDEs.
b: SEM micrograph of the interface between the active and the not active area. These SE2 detector images
give the aggregates a high morphology contrast and the substrate a high material contrast, where the quartz
glass appears dark and the gold bright. Although the samples were not sputtered with any conductive
coating for these images, the quartz area did not charge, due to the narrow gaps of 1.6 µm. The SEM
micrographs in c and d show the bottom part of the IDE structure, and were recorded in a mixed-detector
mode, where the SE2 and the in-lens detector were used to 50 % each, during the image recording. Thus,
the aggregates appear darker than in the SE2 micrograph in b, what gives small aggregates a higher
contrast without loosing too much of the material contrast of the substrate, which comes mostly from the
SE2 detector. EHT: 5 kV, WD: 5 mm, aperture: 30 µm.
This active IDE area can clearly be distinguished from the surrounding area, due to the DEP enhanced
aggregate deposition in contrast to the control area on the left hand side (a). The SEM micrographs show a
predominant alignment of the aggregates perpendicular to the gold electrodes, like visible to the right of the
borderline of the active IDE area in b. The success of the dielectrophoretic alignment was most significant in
the area of the maximum field concentration at the ending tips of the electrode fingers (c,d).
Beside the orientation across the electrodes it was also of interest, if it will be possible to separate certain
aggregates, for example dependent to their length or diameter, and thus achieve a more monodisperse
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distribution. This would allow for a better correlation of the following electrical conductivity measurements
to the size of the aggregates, in contrast to different thick or different long aggregates bridging the gap in
different angles, what is the case after conventional deposition techniques without DEP.
It could be observed, that indeed a separation of different aggregate-sizes occurred as larger aggregates
predominantly accumulated on the active area, due to the positive DEP effect, and very small aggregates
remained on the inactive area. Fig. 57 shows again the same interface between the active (right hand side)
and the inactive (left hand side) area with optimized SEM parameters to see also very small aggregates.
inactive area

active area

b
~

a

c

Fig. 57: SEM micrograph of P2 aggregates separated by size via dielectrophoresis
These SEM micrographs show the interface between the active and the inactive interdigitated goldelectrode area with P2 aggregates deposited by dielectrophoresis. The sample is the same as shown in Fig.
56, but imaged with the in-lens detector alone (a). This increased the contrast between the aggregates and
the substrate, but decreased the material contrast between gold and quartz. Therefore, the drawing over the
top right corner illustrates, where the gold stripes were and which of them were contacted for the
dielectrophoretic deposition (active area). b and c show magnifications of the marked areas, which were
recorded in a mixed-detector mode (in-lens:SE2 = 1:1) for a better contrast of the aggregates and the
substrate (gold and quartz). EHT: 5 kV, WD: 5 mm, aperture: 30 µm.

This representative view in Fig. 57a, of the same IDE as seen in Fig. 56, gives a good overview over the sizedistribution of the aggregates. It was recorded with the in-lens detector, which gives the aggregates a higher
material contrast and thus makes also very small aggregates visible in a relatively low magnification. As the
in-lens detector does not give a good material contrast between gold and quartz, the drawing in the upper part
indicates which stripes were the gold electrodes and which were contacted, thus active during DEP. Whereas
larger aggregates accumulated in the active electrode region with a high degree of orientation perpendicular
to the active electrode fingers, the smallest aggregates were predominantly found on the inactive area (a-c,
left sides). The first gold finger in the inactive area, i. e. the first not contacted electrode in the drawing (a,
top), can be regarded as part of the active area too, because a strong field gradient existed also between this
electrode and the first biased one.
It can be seen, that the DEP technique is a powerful technique to manipulate such aggregates. It was indeed
possible to align the aggregates predominantly perpendicular across the electrodes, allowing for more precise
conductivity measurements due to a more monodisperse aggregate length bridging the gap. Additionally, this
technique revealed a high capability to sort the aggregates macroscopically by size. By optimizing the DEP
field parameters and the IDE gap sizes an even higher monodispersity of the deposited aggregates might be
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possible. This would allow to measure the optoelectronic properties of the aggregates with a better
correlation to their morphology.

1.2.9.1.2

Controlling the Aggregate Size by Dielectrophoresis

By further adjustments of the dielectrophoretic field parameters it could be observed, that it was indeed
possible to further increase the size-selectivity and achieve a deposition of exceptional small and almost
monodisperse aggregates without the typical big aggregates, which normally dominated the morphology by
conventional deposition techniques.
The new field parameters were: frequency: 300 kHz, potential: ±80 V, pulsing: 100µs/ms. The used P2
dispersion was 0.15 mM in anhydrous DCM, and the gap size of the IDE was: 1.6 µm.

a

b

c

d

Fig. 58: Size-reduced and almost monodisperse P2 aggregates and natural chlorosomes on
IDEs
a,b) P2 aggregates have been deposited from a 0.15 mM dispersion in anhydrous DCM at 300 kHz, ±80 V
and 100µs/ms pulsing onto an interdigitated electrode (IDE) with 1.6 µm gap size. The big globular
particles attached to the gold electrodes did not occur during this deposition, but remained form a previous
one. c,d) Chlorosomes from the species Chlorobaculum tepidum on a similar IDE with 1.3 µm gap size.
The dielectrophoretic field had no significant effect on the chlorosomes.
In-lens, EHT: 10 kV, WD: 2 mm, aperture: 20 µm (a,b) and 30 µm (c,d).

In a cooperation with Jakub Pšenčík from the Charles University in Prague also the deposition of natural
chlorosomes was tried by DEP. The used dielectrophoretic deposition parameters however, did not
significantly affect the deposition of the natural chlorosomes. This can be also attributed to the difference in
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the solvents, which was water for the chlorosomes in contrast to DCM used for the P2 aggregates. Suitable
field parameters to manipulate the deposition of the tiny chlorosomes, between the relatively large electrode
gaps of the IDEs could not be found. Thus, the chlorosomes were deposited unaffected by the
dielectrophoretic field only for comparison reasons and investigation of their size distribution. Fig. 58 shows
the significantly size-reduced P2 aggregates as deposited under the optimized DEP parameters in comparison
with the natural chlorosomes.
The P2 aggregates, which could be deposited at 300 kHz (Fig. 58a, b) were significantly smaller, than those
which could be achieved with any other deposition technique directly from DCM, except the low defined
aggregate deposits by spraying. The narrow size-distributed and the low content of larger aggregates is
remarkable. The spherical bright dots attached to the gold electrodes (a) are a residue of larger aggregates
from a previous experiment, which have not been removed completely. The substrate has been re-used for
this experiment, after checking that only these spots remained from the previous experiment. Under the
optical microscope it could be clearly seen, that the small aggregates accumulated on the active IDE area,
thus showed a positive DEP effect. A deposition of comparable small and almost monodisperse distributed
P2 aggregates without DEP was only possible by the reorganization method from amorphous P2 layers, a
technique which has been developed in parallel. As it is known, that the change from positive to negative
DEP, i. e. from attraction to repulsion, occurs for smaller particles at higher frequencies then for larger
particles [61] it is expected, that this crossover point was reached for the larger P2 aggregates at 300 kHz, but
not for the small ones. Thus, larger P2 aggregates probably got repelled from the microelectrode structure,
whereas the smallest aggregates got attracted. An other explanation or an additional effect may be also a
perturbation of the agglomeration process during the deposition, what may have caused a higher
concentration of small aggregates.
By this technique P2 aggregates could be deposited, which are of a comparable size as the natural
chlorosomes, shown in (c, d), which are expected to have an exciton diffusion length in the same order of
magnitude than P2. With these field parameters it could be shown, that the DEP technique has a high
potential to control the deposition of such self-assemblies. This technique might be also applicable in future
for the deposition of monodisperse and size reduced P2 aggregates on substrates for solar cells, like on
interdigitated back contacted solar cell architectures. However, it is not possible to upscale economically
interdigitated electrode structures with such narrow electrode gaps, yet. Therefore, the direct deposition of P2
J-aggregates will not be applied to produce solar cells. The method of choice for this purpose will be the two
step process, which has been developed in parallel and allows to form small J-aggregates from amorphous
layers economically and scalable.
Using the DEP technique a focus was put on the deposition of larger aggregates, which could bridge the
electrode gap for the following conductivity measurements. In order to find a better correlation between the
aggregate morphology within the gap and the electrical properties, the chip structure was changed to one
with a single gap, which could be bridged only by a small number of aggregates. A chip design, which is
often used for a similar purpose, the deposition of single carbon nanotubes, involves so-called floating
electrodes.

1.2.9.1.3

Dielectrophoretic Deposition on floating Electrodes

For a precise conductivity measurement it is important to know the number of aggregates bridging the
electrodes, as well as their length and diameter. As this was difficult to estimate in the large IDE structure,
another electrode design was used in order to deposit and characterize only a few or a single aggregate
bridging the electrodes. A common technique to realize this for the characterization of single carbon
nanotubes is the dielectrophoretic deposition between so-called floating electrodes. There a metal electrode
structure is applied onto a conductive substrate with a thin insulating layer in-between. The AC-field is
applied between the metal structure and the conductive substrate, which is commonly a highly doped silicon
wafer with an insulating SiO2 layer on top. The floating electrodes are subdivisions of the contacted metal
structure and isolated from it by narrow gaps. As they are not contacted, they couple inductively mainly with
the substrate, but also over the gap with the contacted metal electrode. Once a carbon nanotube bridges the
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gap, attracted by DEP, the floating electrode gets electrically contacted with the biased metal electrode. This
eliminates the field gradient and no further carbon nanotubes get attracted into the gap anymore. Afterwards
those floating electrodes which got bridged by a carbon nanotube of interest are being bonded, i. e. contacted
too, in order to apply a current through the nanotube bridging the gap.
For the experiments to deposit P2 aggregates across the gap to the floating electrodes a microelectrode
structure of palladium has been applied by electron beam lithography onto the SiO 2 layer on a highly doped
silicon substrate. The main Pd electrode structure was contacted to the AC supply and branched off to both
sides, where the end sections were separated from that electrode by different sized gaps, as shown in Fig.
59a. These end sections were not contacted and not even bonded during the aggregate deposition. They
formed floating electrodes in which the electric field was mainly induced from the contacted silicon substrate
beneath the 800 nm thick SiO 2 insulator. All in all 24 floating electrodes were present on the chip of which
each 8 had the same gap size to the main Pd electrode, namely 800, 600 and 400 nm.

a

b

c

d

~

Fig. 59: SEM of P2 aggregates deposited by dielectrophoresis around floating electrodes
The partly contacted palladium structure is applied on an insulating 800 nm thick SiO2 layer on a doped
silicon wafer. The main Pd electrode (a, in the middle, ranging from the top to the bottom right corner)
branches off to both sides with four floating electrodes of Pd at each branch (b, c), which are separated
from the main Pd electrode by small gaps: the upper 8 floating electrodes are separated by 800 nm gaps,
the middle ones by 600 nm and those at the bottom by 400 nm gaps (right branch: b-d). For
dielectrophoresis only the main Pd electrode and the silicon substrate has been contacted to the alternating
current (AC) supply like drawn in c. The gap to the floating electrode, surrounded by the highest aggregate
accumulation, is magnified in d. In-lens, EHT: 10 kV, WD: 5 mm, aperture: 30 µm.

1.2.9 Dielectrophoresis

80

The visible wires at some floating electrodes (a, b) have been bonded to the pads after the aggregate
deposition, only for conductivity measurements through the gap. The applied field for the DEP was ± 1 V at
300 kHz (not pulsed). 50 µl of a 3.6 mM P2 solution in dichloromethane have been poured into 500 µl of
anhydrous n-heptane to induce precipitation. 40 µl of this solution have been dropped quickly onto the chip
and after 4 min of dielectrophoresis the remaining solvent has been blown away with nitrogen, followed by a
purge with clean n-heptane.
Whereas no significant P2 aggregate accumulation could be observed within the 800 and 600 nm gaps and
around the corresponding floating electrodes, the floating electrodes with the 400 nm gaps were surrounded
by a small layer of aggregates. Although the four floating electrodes, branching off in c were intended to
have similar 400 nm gaps, one of them attracted much more aggregates, than the other three. The origin for
this effect seems to correspond to the melted spot in the center of the magnified gap in d, as this could not be
observed within the other 7 gaps with 400 nm size. Probably this gap was initially in this part eve n smaller or
bridged by a higher conductive bundle of P2 aggregates. Similar melted spots could be observed also on
some interdigitated electrode structures as shown in Fig. 60.

a

b

Fig. 60: SEM micrographs of metallic microelectrodes melted around P2 aggregates
Degradation of some interdigitated microelectrodes observed after dielectrophoretic deposition of P2
aggregates at ±80V within a 1.6 µm gap (a) and a 1.4 µm gap (b).

The spot at the interdigitated electrode (IDE) in Fig. 60a had a similar appearance as that within the 400 nm
gap of the floating electrode in Fig. 59a. On an IDE with a smaller gap size (1.4 µm) many aggregates seem
to have individually short circuited the electrodes along their long axis or facilitated sparks across the gaps.
A plausible explanation for the effect that the floating electrodes attracted the aggregates not only within the
gap to the contacted electrode, but all around their borderline, is given in the following paragraph.
These effects, like the significant accumulation of the P2 aggregates all around the floating electrodes with
400 nm gaps (Fig. 59a), and especially around that one with the melted spot within the gap ( b,d), may be
related to electrothermal effects, rather than to pure dielectrophoresis. The alternating current electrothermal
effect (ACET) is caused by a nonuniform heating of the liquid medium due to the non-uniform AC-field.
These temperature gradients cause gradients in the permittivity and conductivity of the fluid what again leads
to directed forces due to dielectrophoretic interactions. This results in vortices of the fluid in a certain
direction depending on the electrode geometry, frequency and conductivity [62, 63]. These vortices wash up
particles towards high electric fields and thus enhance their DEP induced deposition. Electrothermal effects
are more pronounced in the presence of a static electric field in combination with an AC-field [ 64], what is
supposed to be also the case in our system. As the P2 aggregates within the metal gap show a diode
characteristic (Fig. 61), this junction is supposed to have rectified the AC supply through the gap and led to a
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charging of the floating electrode. The assumed charging of the floating electrode may be explained with its
always lower potential compared to the main Pd electrode, what may have led to a Schottky barrier, which is
also asymmetric, thus causing a charging of either plus or minus sign. An indication for the dominance of
electrothermal effects over dielectrophoresis, in our system, gives the gap with the melted spot, where
obviously the thermal influence was maximal and so the aggregate deposition, extending to a radius of over
30 µm (Fig. 59c) around the gap. As the charging of the floating electrode should be dependent on the
conductivity of the bridged gap, this effect is supposed to be the origin for the dependence on the gap-size of
the observed aggregate accumulation around the floating electrodes, being most pronounced at the 400 nm
gaps. This self-induced DC-biasing of the floating electrodes with small gaps seems to be the reason, why an
increased aggregate deposition occurred only around the floating electrodes and not around the AC-supplied
main Pd electrode, which was on the highest AC-field, but with no DC-offset.
It can be concluded that such floating electrode structures in combination with (organic) semiconducting
particles may self-catalyze significantly electrokinetic effects at very low electric fields, like the ±1V
(=2 Vpp [peak to peak]) used here. On the interdigitated electrode structure a potential of ±80 V was needed
to achieve a reasonable P2 aggregate deposition. With an optimization of the electrode structure for these
electrothermal effects using suitable floating electrodes or implementing a third electrode underneath the
IDE structure, the aggregate deposition could be significantly improved and the necessary potentials reduced.
P2 aggregates have been also deposited onto the gaps of floating electrodes from more diluted DCM
dispersions what allowed to bridge some gaps also by a single aggregate.

1.2.9.2 Photoconductivity
The conductivity of the P2 aggregates bridging the Pd gaps in Fig. 59 have been measured after bonding the
floating electrodes at the pads and using as counter-electrode the main Pd electrode. The I-V-curves through
the bridged gaps have been measured in the dark and during the irradiation with a laser of 1 mW at 632 nm
wavelength and approx. 3 mm2 spot size. Fig. 61 shows that the conductivity increased upon irradiation of
the 400 nm gap, but almost no changes were observed at the 600 nm gap.
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Fig. 61: Photoconductivity of P2 bridging the 400 and 600 nm Pd gaps
a) The photoconductivities across the Pd gap to the floating electrodes from Fig. 59 were measured in the
dark and during the irradiation by a green laser (1 mW, 532 nm, 3 mm 2). The integration time was 1s per
point, which has been determined as an optimum from the series in b) recorded at the 600 nm gap in the
dark. The integration time of 1 s was a compromise between the time to measure one I-V curve and the
hysteresis. a) The aggregates within the 400 nm gap, with the high accumulation of P2 aggregates (Fig.
59d), showed a significant increase in conductivity upon irradiation in contrast to the 600 nm gaps. The
800 nm gaps did not show any conductivity increase upon irradiation, too (not shown).
The aggregates showed a non-linear increase in conductivity above a threshold of about 10 V. A strong
hysteresis was observed for the I-V measurements, which has been investigated in more detail at the 600 nm
gap in the dark (b). This needed to be compensated by a longer integration time for each measurement point
and 1 s/point has been chosen for the measurements (a) as compromise between measurement time and
accuracy. Whereas the conductivity of the 400 nm gap increased significantly upon irradiation, that of the
600 nm gap was hardly measurable and that of the 800 nm gap, bridged by almost statistically distributed Jaggregates from Fig. 59 not measurable at all.
The 400-800 nm gaps, which have been bridged by single aggregates from the diluted dispersion in DCM,
showed also no measurable conductivity increase upon irradiation with the green laser.
Fig. 62 compares the photoconductivity of the 400 nm gap, bridged by the high number of aggregates, with
that of the interdigitated gold electrode from Fig. 56.
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Fig. 62: Photoconductivity of P2 aggregates on the interdigitated gold electrode
These measurements compare the photoconductivity of P2 aggregates within the 1.6 µm wide gaps of the
interdigitated gold-electrode (IDE) from Fig. 56, measured at 3 s/point (blue and black curves) with the P2
aggregates bridging the 400 nm gap of the palladium structure (green and red curves), shown in Fig. 59d,
measured with an integration time of 1s/point. The irradiation source was in both cases a green laser
(1 mW, 532 nm, 3 mm2 spot size). Whereas the I-V sweep of the 400 nm curves was started and finished at
-15 V, that of the 1600 nm was started and finished at 0 V. The diagram on the right hand side shows the
diagram of the left hand side in a logarithmic plot (only the positive current).

Estimation of the conductivity:
In order to estimate the conductivity of the aggregates the following parameters were used for the
interdigitated gold electrode:
Width of the gap in the IDE: 50 mm (520µm·335µm/3.5µm), gap length: 1.6 µm, estimate of the number of
J-aggregates bridging the gap: 10 000, dimensions of the estimated average J-aggregate within the gap:
1.6 µm long and 0.1µm·0.1µm thick.
At higher potentials (12-15 V) and under irradiation with the green laser the conductivity of the P2 Jaggregates in the direction of their long axis is estimated to be in the range of 2·10 -7 S/m. This corresponds to
a resistivity of 5·106 Ω·m, which is about 3 orders of magnitude higher than that of undoped silicon. In the
potential range up to 5 V the conductivity under this irradiation was about 5 times lower (4·10 -8 S/m),
corresponding to a resistivity of about 2.5·10-7 Ω·m. Without irradiation the conductivity was within the
potential range up to about 12 V approx. one order of magnitude lower (4·10 -9 S/m).
For the aggregates bridging the 400 nm gap between the palladium gap on the floating electrode structure
(Pd-FE) the conductivity under irradiation with the green laser was, within the potential range of 12-15 V,
about 25 times higher (5.6·10-6 S/m), than that of the Au-IDE. Within the potential range up to approx. 5 V it
was about 18 times lower (3·10-7 S/m, 3·106 Ω·m) than above 12 V and in the dark up to 12 V it could be
approximated to 2·10-7 S/m (5·106 Ω·m).
It was estimated that the 400 nm long gap was bridged over the width of 10 µm by a densely packed array of
J-aggregates with 0.1 µm · 0.1 µm cross-section, each and 0.4 µm length, thus by about 100 aggregates.
In both types of gaps the conductivity increases significantly at higher potentials. This can be explained by a
space charge limited current (SCLC), which starts rising faster at a certain potential, when most trap states
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have been filled with charges, smoothing out the potential landscape within the aggregates. A significant
difference between both types of gaps, or J-aggregate lengths, arises upon irradiation with the green laser.
Whereas the conductivity of the 400 nm long J-aggregate bridge increases by a factor of less then two upon
irradiation at low potentials, that of the 1600 nm long J-aggregate bridge increases by about one order of
magnitude upon irradiation at low potentials. This can be explained also by a higher number of trap states
within the longer J-aggregates which shield the electric field and thus dominate the resistance within a higher
potential range until the irradiation helps to release the trapped charges leading to an increases of the
conductivity. The logarithmic plot of the conductivity in Fig. 62 is better suited to see the threshold potential
at which the traps are filled and hence the conductivity rises faster. This diagram confirms, that the threshold
potential of the SCLC is reached at about 10 V for the 400 nm short aggregates (green and red curves) and is
not reached up to 15 V for the 1600 nm long aggregates (blue and black curves).
In the logarithmic plot the hysteresis between the forward and backward potential sweep is also pronounced.
It results from a relatively high capacitance in combination with a relatively low conductivity. Although the
difference in the work function of the electrode materials Au and Pd is very small, it can not be excluded,
that it contributed to the conductivity measurements by different charge injection rates. As the gold or Pd
have their Fermi-level close to the HOMO of the aggregates it can be assumed, that this photoconductivity
corresponds to a hole transport rather than to an electron transport, which may be hindered by a higher
Schottky barrier. This is in agreement with additional measurements, where no occurrence of
electroluminescence on the gold IDE chip could be detected, which was tried with a sensitive CCD camera
through an optical microscope. This could also mean that an eventual electron transport occurs over triplet
states and that the intersystem crossing into the singlet state is not likely. This would be beneficial for solar
cells as it would reduce the recombination rate.
The conductivity of the aggregates might be not sufficiently high for an efficient charge transport through the
entire long axis of the aggregates. However, the conductivity rose nonlinear with the decrease of the path
length and hence might be significantly higher on a short length scale, which could not be investigated
further with our electrode structures. However, P2 aggregates do not have such high requirements for the
conductivity like dyes in organic or hybrid solar cells, because in our solar cell concept a third material takes
over the part for the long-range hole transport. Using an additional hole transport material the maximum
length for the hole transport within P2 aggregates would be in the range of the aggregate diameter and
therefor its conductivity seems to be sufficiently high.
To study whether the photoconductivity correlates with the absorption spectrum when the irradiation
wavelength is varied, a UV-Vis-NIR absorption spectrometer was used as monochromatic light source for
conductivity measurements during the irradiation by a continuous wavelength sweep in the spectrometer.
Because the irradiation intensity was very low, the integration time for each current-measurement point was
set to 10 s and the duration for the whole wavelength sweep was set to 1.5 hours. The spectral
photoconductivity of the IDE sample with the bridged 1.6 µm gap is shown in comparison with a typical P2
J-aggregate spectrum in Fig. 63.
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Fig. 63: Photoconductivity of P2 on the IDE within the UV-Vis-NIR spectrometer
The same interdigitated gold electrode bridged by the P2 aggregates, which has already be shown in Fig.
56 and on which the photoconductivity measurement from Fig. 62 has been performed, was used here
again to measure the spectral photoconductivity using the monochromatic excitation source of the UV-VisNIR absorption spectrometer. A typical absorption spectrum of P2 J-aggregates is shown for comparison
(red).
The spectral photoconductivity (dark dots) showed indeed a correlation with the absorption spectrum of P2 Jaggregates (red trace). At the beginning of the conductivity measurement in the dark a steady decrease can be
seen. This trend of a decreasing baseline signal probably did not change when the wavelength sweep was
started at 790 nm. When the excitation wavelength reached the first absorption band of the J-aggregates the
conductivity steeply increased and decreased again after this Q band to reach a minimum between the two Q
bands. Note the mirrored absorption spectrum due to the plotting in the direction of the time scale and not as
usual in the direction of increasing wavelengths. The dotted vertical lines at wavelengths of 606 and 428 nm
highlight the correlation at the point between the two Q bands and at the Soret band maximum. The steep
decrease of the photocurrent at the beginning of the measurement in the dark shows the very slow relaxation
time of the aggregate conductivity after an previous excitation. This slope in the baseline is the reason, why
the spectral photoconductivity does not correlate better with the absorption spectrum. A similar slow
relaxation time has been also observed by Schwab et al., who performed photoconductivity measurements on
self-assemblies of meso-tetrakis(4-sulfonatophenyl) porphyrins, which bridged a 350 nm gap of a similar
IDE [65]. However, the question remains, what causes this slow relaxation. It might be a high capacity.
The band at around 300 nm is the only one, which caused no change in the conductivity spectrum. This is in
agreement with our hypothesis, that this band does not belong to the porphyrin's core absorption, but to the
absorption of its side groups, the phenyl rings. As these are tilted by about 70° relative to the porphyrin
plane, they do not belong to the extended pi-conjugated system of the porphyrin.
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1.3 Conclusion
It could be shown, that the biomimetic self-assembling P2 aggregates have suitable properties for
applications in solar cells. They self-assemble to J-aggregates, which have a highly ordered crystalline
structure, what could be inferred from from XRD and TEM investigations, their exciton coupling in the UVVis-NIR absorption spectra and also their ability to fluoresce in the solid-state. A high mean exciton lifetime
in the J-aggregates of 40 ps, could be measured by time-resolved fluorescence spectroscopy in cooperation
with the group of Prof. Heinz Kalt at the KIT. With the dielectrophoresis technique new possibilities for the
manipulation and alignment of P2 aggregates were demonstrated which can be used for characterizations like
photoconductivity measurements, for sorting or for the deposition of such structures on solar cell substrates
for example. The photoconductivity measurements showed promising optoelectronic properties, which might
be useful also for other applications beside solar cells, like sensors, or for energy or data storage for example,
as the aggregates seem to have a high capacity. The HOMO and LUMO levels could be successfully
determined, proving a suitable fit to the conduction band edge of TiO 2 and to the common hole transport
material spiro-MeOTAD, which will be described in the next section.
Beside the determination of the optoelectronic properties of P2 the most important requirement for its
applicability to solar cells was the limitation of the J-aggregate size, which should not exceed the expected
mean exciton diffusion length at least in one dimension. Various methods could be applied to limit the
aggregate size in a single deposition step, like the precipitation onto zinc oxide nanorod substrates, spraying
of J-aggregate dispersions, drop-casting at low temperatures or a size-selective aggregate deposition using
the dielectrophoresis technique. However the results of all these methods were not satisfying for different
reasons, but with a two step process we could obtain suitable results. Thereby a homogeneous amorphous
layer of P2 has been first deposited from THF, a solvent, which hinders the self-assembly by coordinating the
central zinc atom. In a second step this layer was reorganized by inducing the self-assembly in a thermal
post-treatment in n-heptane or its vapor phase. This solvent facilitates the self-assembly process without
dissolving the dye completely. By optimizing this method the deposited P2 J-aggregates could be
significantly reduced in size. Additionally, a narrow distribution of different aggregate sizes and
morphologies could be achieved as well as a homogeneous lateral distribution and alignment on the
substrate. Whereas this technique worked fine on flat substrates, the reorganization to J-aggregates could not
be achieved within mesoporous TiO2-layers. When these layers were equipped with additional macropores,
J-aggregates grew only within these voids at high concentrations of the infiltrated dye. Absorption
spectroscopy measurements revealed, that the major fraction of P2 thereby remained amorphous, most
probably sitting invisible for SEM investigations within the mesopores. We could achieve an almost
complete reorganization within coarse-porous TiO 2 layers, instead. Such layers helped to further reduce the
aggregate size and offered the possibility to adjust the dye amount to higher light intensities without affecting
the diffusion path length through the dye aggregates. The P2 infiltrated coarse-porous TiO 2 layers showed a
broad absorption over almost the entire visible wavelength range from the UV region, limited by the
absorbance of TiO2, up to 645 nm. Such an architecture may be well suited for solar cells as it offers
additional advantages, like an increased light scattering allowing for a higher absorbance, a lower surface
area at which recombination can take place and an easier infiltration for various solid hole transport materials
(HTM).
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Part 2:

Application of BLH to Solar Cells

In the first part of this thesis it could be shown, that biomimetic light-harvesting (BLH) with dye aggregates,
formed by the self-assembling dye P2, is in principle suitable and applicable for solar cells. The next step
will be choosing an appropriate solar cell concept for the implementation of this light-harvesting system and
giving the proof of principle by constructing and characterizing such solar cells.

2.1 Theory and Literature Survey

2.1.1 Definition of Anode and Cathode in Solar Cells
The terms anode and cathode have not been used in this thesis, because it is not consistent for different types
of solar cells and hence, would lead to confusion. Whereas in organic solar cells, for example, the negatively
charged electrode is called anode, in dye sensitized solar cells (DSSCs) it is called cathode. The cathode
(from Greek [káthodos], meaning: way down) is defined as that electrode, at which the reduction takes place.
Hence, it is meant as source of electrons, which move down the potential gradient towards the anode. For the
discharge of batteries and the most solar cells, this definition is true for the internal current, but not for the
external one. For (solid-state) dye-sensitized solar cells, however, it is the opposite around, maybe because
there the external current flow direction has been taken for naming the electrodes.

2.1.2 Conventional Solar Cells
Conventional solar cells of the first generation are based on mono- or multicrystalline silicon (c-Si, mc-Si)
and make up 85 % of the commercial solar cell market. The rest is shared by solar cells of the second
generation, the so called thin film solar cells, mainly based on amorphous or nanocrystalline silicon (a-Si, ncSi), cadmium telluride (CdTe) and copper (indium, gallium) diselenide (Cu(InGa)Se 2) [66].
As silicon is after oxygen the most abundant element on earth and its crystalline solar cells have a high
efficiency and long term stability, it is expected to dominate the solar energy marked also in future. For many
niche applications instead, there is need for alternatives with reduced manufacturing costs and weight,
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increased flexibility or color adjustment, which is not only relevant for design aspects, but also for different
illumination conditions, like indoors.
The solar cells of the third generation aim to exceed the theoretical efficiency limit of about 30 %, the socalled Shockley-Queisser limit, which is the thermodynamic limit for conventional solar cells with one
bandgap under not concentrated light [67, 66].

2.1.2.1 Silicon Solar Cells
As silicon can be doped to p- as well as n-type it allows the formation of so called p -n-homojunctions within
a single crystal. Due to this homojunction all essential solar cell functions, such as light absorption, charge
separation and transport to different electrodes, are combined within one bulk material. This gives crystalline
silicon a multifunctionality which allows for a very high efficiency and good long term stability. This
multifunctionality has also limitations making it less suitable for certain niche applications, because certain
material properties can not be optimized individually. To achieve a high photon to current conversion
efficiency silicon needs to be highly pure and crystalline, what makes the fabrication difficult and expensive.
The low charge carrier recombination, which is a result of its indirect bandgap, causes on the other hand a
low absorption coefficient, which requires relatively thick layers to absorb the full sunlight intensity. These
layers are very brittle and need a stiff protection, like a thick glass pane, which causes a relatively high
weight and consequently high costs. Furthermore, the efficiency drops significantly at low light intensities,
making such solar cells less efficient for indoor applications, like for most consumer electronics. Hence, the
energy, which is spend for manufacturing the solar cell might not get payed back during the lifetime of the
device. These disadvantages led to a high effort in research for alternatives, like thin film solar cells or more
recently solar cells based on organic semiconductors. For rooftop applications instead, the disadvantages of
silicon solar cells are less relevant and their efficiency and long-term stability are more important.
Solar cells based on monocrystalline silicon reach efficiencies up to 25 % in the lab [ 68]. The highest
efficiencies of commercially available solar cells are reached with monocrystalline silicon (c-Si), where the
records are achieved, when both contacts are on the backside. In this so called interdigitated back contact
(IBC) technique, electrons and holes are collected at the backside within two interdigitated metallic grids,
which contact two differently doped regions. Thus, the front side is not partly shaded by a metal grid of the
conventional back and front side contact design [69]. These cells reach with about 22% the highest
efficiencies in mass production and with 19.3 % the highest panel efficiencies, up to date [ 70]. Another
strategy to improve the efficiency of conventional monocrystalline silicon solar cells is the so called HIT
type, which stands for heterojunction with intrinsic thin layer. In these cells, the conventional homojunction
of a p- and n-doped region of the silicon single-crystal is replaced by the heterojunction between c-Si and
amorphous silicon (a-Si). HIT solar cells reach already 20% efficiency, and a panel efficiency of 17.3 % [71].

2.1.2.2 Thin Film Solar Cells
Thin film solar cells are one alternative, which already captured the market with various inorganic
semiconductor heterojunction solar cells. They are based on a compound semiconductor with a direct band
gap, which allows the full sunlight absorption within layers around 100 times thinner than those needed for
crystalline silicon (c-Si). The most efficient absorbers are based on elements with the following valence
combinations: III-V, II-VI or II-III-VI 2. Their small thickness of a few µm allows also the fabrication of
flexible solar cells on thermally resistant plastic substrates like polyimides or on metal foils. Thin film solar
cells based on gallium arsenide (GaAs) show a record efficiency of 26 % in the lab, and thus the highest
efficiency of all solar cells based on one band gap, so far. However this efficiency is only possible with a
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single crystalline material, making it very expensive and limiting the size (lateral dimensions). The other
materials mentioned above, reach relatively high efficiencies also as multicrystalline thin films and thus
allow much lower manufacturing costs and larger cells.
Thin film solar cells based on multicrystalline copper (indium, gallium) diselenide Cu(In,Ga)Se 2 (CIGS)
reach with 19.4 % the highest efficiency of multicrystalline thin film solar cells to date in the lab [72, 68].
Closely followed by multicrystalline cadmium telluride (CdTe), which achieved already 16.7 % efficiency in
the lab [68]. Flexible CIGS solar cells printed on metal foils already reached an efficiency of 15.3 % [73].
Flexible CIGS solar cells on the lower temperature plastic substrate polyimide, fabricated by the economic
roll-to-roll process reached already 13.4 % [74]. These efficiency records of flexible solar cells are closely
followed by CdTe solar cells, which reach 12.4 % on the flexible polyimide foils [75].
The reduction of the manufacturing costs of such thin film solar cells is limited due to limited resources,
which may counteract a cost reduction aspired by mass production. The deposition techniques needed for
proper inorganic thin films require vacuum or inert atmospheres and elevated temperatures. Additionally, the
toxicity of many inorganic thin film materials is undesired for low cost products as this would hamper the
export to countries with a poor infrastructure for recycling.
Alternatively, the application of light-scattering and -trapping surface structures has been tested for a
reduction of the thickness of crystalline silicon. However, the thickness reduction achieved so far is not
enough to increase the bending properties significantly and such solar cells still remain brittle. Flexible thin
film solar cells based on silicon are possible only with amorphous silicon (a-Si). There the indirect bandgap
of crystalline silicon converts into a direct one, allowing also the full sunlight absorption within layer
thicknesses in the order of a few micrometers. Such solar cells have the advantage of being based on the
inexhaustible and environmentally friendly material Si, but suffer from a lower efficiency and lifetime
compared to the crystalline inorganic thin film solar cells. Recently a-Si solar cells reached also the 10 %
efficiency mark [76].

2.1.3 Multijunction and Concentrator Cells
For multijunction solar cells, which are in principle a stacking of semitransparent solar cells, that absorb
different wavelength ranges, the theoretical thermodynamic efficiency limit lies at 43 % for two junctions,
i. e. band gaps, 49 % for three and 66% for infinity many gaps. As such solar cells are much more expensive,
they are designed to work with concentrated sunlight to save material. Additionally, the theoretical efficiency
limit is higher with concentrated sunlight, due to a higher contribution of multi-photon processes [66].
With concentrated light the theoretical Shockley-Queisser limit increases to 41 % for a single junction cell
[67]. With the combination of a triple junction solar cell together with concentrated sunlight practical
efficiencies of 41.1 % were already achieved by using Ga 0.35In0.65P/ Ga0.83In0.17As/Ge on 5.09 mm² and a
454 fold sunlight concentration [77], whereas the latest confirmed record multijunction concentrator solar
cells is 41.6 % [78].
Such solar cells however, need an active tracking of the lenses following the direction of the sun, what makes
them only attractive for immobile applications in regions with a small fraction of diffuse sunlight.

2.1.4 Hybrid and Organic Solar Cells
Organic solar cells have a large potential for lowering the manufacturing costs, e. g. due to their lower
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melting points, thus processing temperature, and the higher absorption coefficients compared to inorganic
semiconductors. This enables an active layer of around 100 nm thickness, which is over 10 times thinner
than that of inorganic thin films for solar cells. Their disadvantages, like a lower efficiency and shorter
lifetime, commonly a few years, are of less importance for certain niche applications than the reduced
fabrication costs, light weight, high mechanical flexibility or a specialization for certain illumination
conditions or design aspects. It might also be accepted to exchange the solar cell together with the
rechargeable battery, which commonly has a shorter lifetime, than the device powered by it.
Due to the shorter exciton diffusion length in organic materials, which by far does not reach the approx. 100
nm dye thickness needed for full sunlight absorption [79], such solar cells are based on a mesoscopic
interpenetrating network of donor and acceptor domains. Ideally these domains are bicontinuous and have
diameters in the order of twice the exciton diffusion length [80]. In this so-called bulk heterojunction the
excitons are able to diffuse to the charge separating interface where the donor injects the excited electrons to
the acceptor from where those can reach their charge collecting electrode through the percolation path.
Beside the light absorption the donor also transports the holes to the counter electrode.
Two concepts for the application of the donor-acceptor blends evolved. In one, small molecules are coevaporated onto the substrate, like zinc phthalocyanines (ZnPc) as donors and C 60-fullerenes as electron
acceptors. The other concept to form the bicontineous network of donor and acceptor domains is to dissolve
these materials and apply them simultaneously by spin-coating or printing. The materials used therefore are
commonly conjugated polymers as donors, like the poly(3-hexylthiophene) (P3HT) and fullerene derivatives
with increased solubility as acceptors, like the phenyl-C61-butyric acid methyl ester (PCBM).
This photovoltaic active blend is commonly applied onto a spin-coated electron blocking layer of poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) on a transparent conductive substrate like
indium-tin-oxide (ITO). The counter electrode is normally applied by evaporation of a thin calcium layer
with an aluminum layer on top to prevent oxidation. These elements have the desired high work function,
allowing for a high voltage output of the solar cell. Such non-noble metals however, are very reactive and
require the evaporation at ultra high vacuum conditions and a good encapsulation. Recently, also TiO 2 has
been introduced as hole blocking layer between the active blend and the aluminum counter electrode in
organic bulk heterojunction solar cells, which achieved an efficiency of 6 % [81].
The highest efficiency of organic bulk heterojunction solar cells based on evaporated small molecules
instead, was achieved in 2010 by the German company Heliatek GmbH with a tandem cell reaching 7.7 %
efficiency [82].
The record efficiency for printable organic bulk heterojunction solar cells could be achieved in 2010 by the
U.S. company Solarmer Inc., reaching 8.13 % [83]. This high efficiency was possible by using a new donor
polymer class, the poly(thieno[3,4-b]thiophene-benzodithiophene) (PTB), which has been developed in 2009
by Yongye Liang et al. [84] and which outperformed the formerly most common polymer dye P3HT.
Together with the substitution of the C 61 core of PCBM with C71 the efficiency could be increased by this
research group to 7.4 %, due to a complimentary light absorption by this new donor-acceptor blend [85, 80].
Berson et al. reported that P3HT forms nanofibers in certain solvents with intermediate solvation potential,
like p-xylene, causing the solution to gel at room temperature [86]. This allowed to improve the efficiency
without the common thermal post-treatment. As these P3HT nanofibers have a red-shifted absorption
spectrum [87], we can assume, that these polymers also self-assemble to the ordered structure of Jaggregates. This shows, that self-assembly may be the reason for the high efficiency of these dyes.
Also carbon nanotubes have been investigated as replacement for the PCBM, but the efficiencies around 2 %
were roughly half of those obtained with PCBM, most probably due to their lower solubility [88, 86].
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2.1.5 Dye Sensitized Solar Cells
The highest efficiencies of solar cells with organic absorbers have been reached with the so-called dye
sensitized solar cell (DSSC), also called dye solar cell (DSC) or Grätzel cell, named after its inventor
Michael Grätzel, who developed it in 1991 together with Brian O'Regan [89]. They reached a confirmed
efficiency of 11.2 % [90]. Another advantage is that their manufacturing does not require for inert gas or
vacuum deposition techniques.
Common dye sensitized solar cells (DSSCs) are fine-porous colorless TiO 2 substrates stained with a
monolayer of an organic or metalorganic dye. TiO 2 is an intrinsically n-doped semiconductor with a band
gap, capable only for absorption of ultraviolet light lower than approx. 400 nm wavelength. To sensitize it for
the lower energetic optical light, it needs the contact to a dye, which injects its excited electrons into the TiO 2
conduction band, if the energy levels matches in the right way. As this injection needs some time, in the order
of picoseconds, an efficient dye needs the ability to conserve its excitation long enough. Thus, a nonradiative recombination of its excited electron-hole pairs, the so called excitons needs to be prevented. This
recombination is significantly enhanced by additional vibronic states, which are induced by disordered dye
aggregation. As this recombination process is around 1000 times faster than the radiative recombination, it
reduces significantly the sensitization efficiency. As the vast majority of organic dyes only form disordered
aggregates, conventional dyes are commonly used in the form of monolayers covering the TiO 2 and not as
multilayers or aggregates. Organic dyes have the highest absorption coefficients and are potentially cheap in
fabrication, a fact that makes them attractive for low cost solar cells. To accommodate enough dye for full
sunlight absorption onto the TiO2 surface, keeping the pathway for charges short, a high surface area of TiO 2
within a small volume is needed. This requires so-called mesoporous structures of TiO 2 layers, which is
achieved by sintering TiO2-nanoparticles with sizes around 20 nm to layers of about. 10-14 µm thickness.
Using commercially available TiO2 nanopowders, efficiencies up to 9,2 % have been achieved [91]. The
lower efficiency compared to cells made of homemade TiO 2 nanopowders is due to the higher amount of
rutile (about 20 % rutile and 80 % anatase) in commercial TiO 2 nanopowders like the P25 from Evonik,
which is fabricated in big quantities by fumed TiCl 4 synthesis.
The hole transportation in DSSCs is commonly carried out by iodide based electrolytes, which are able to
penetrate the tiny pores and contact each dye molecule. As the sealing of the volatile electrolyte is
problematic and known as the main factor limiting the lifetime of these solar cells, also ionic liquids have
been developed as substitute for the conventional electrolyte. Thus, the leakage and evaporation problem
could be solved due to their much lower vapor pressure. Because of the higher viscosity, and thus higher
ionic resistivity, the efficiency is slightly reduced, reaching 8.2 % up to date [92].
The liquid electrolyte, used for hole transportation, unfortunately does not match the goal of light weight,
mechanical flexibility or fast assembly. Thus, much effort was invested into the research for suitable solid
substitutes for the liquid electrolyte.

2.1.5.1 Conventional Dyes for DSSCs
The best performing dyes in terms of efficiency as well as stability are ruthenium polypyridin complexes,
like the N719 dye. They reach over 11 % efficiency in conventional DSSCs (Fig. 64) [52, 93, 94].
Ruthenium polypyridine dyes inject excited electrons to the TiO 2 conduction band with a high yield of
almost unity considering the losses due to reflections on the glass. The reason for this is an efficient
intersystem crossing from the singlet to the triplet state, facilitated by the heavy metal element Ruthenium.
Transient spectroscopy measurements on ruthenium and osmium polypyridyl complexes showed, that the
dominating pathway for injection of electrons into the TiO 2 conduction band is from the triplet state of the
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dye. Only a minor fraction gets injected directly from the singlet state [95]. Within the triplet state the
lifetime of the excited electrons is much higher than in the singlet, which allows for the injection, until
recombination to the ground state gets competitive.
In the field of organic light emitting devices (OLED) the implementation of heavy metal atoms, like iridium,
into the luminescent molecules, leads also to the most efficient devices [96]. In this case the heavy element
facilitates the intersystem crossing from the triplet state to the singlet state, from where a radiative
recombination is possible. These compounds are therefore called triplet emitters.
Fig. 64 shows the structures of some of the most efficient ruthenium polypyridine dyes with their efficiencies
achieved in DSSCs.

TBA

Fig. 64: Structures of conventional ruthenium polypyridine dyes (Ru-dyes)
These are the structures of the most efficient ruthenium polypyridine dyes with their efficiencies achieved
in DSSCs [ 94], TBA: Tetrabutylammonium cation.
Many more ruthenium polypyridin dyes have been synthesized so far, which have also different colors, as
can be seen in the photographs of such DSSCs (Fig. 45) from Grätzel et al. [97, 98].
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Fig. 65: Photos of dye sensitized solar cells with ruthenium dyes
a: This typical semitransparent DSSC is powering a small vent [97]. The brownish dye N719, a ruthenium
bipyridine complex, is one of the most common high performance dyes.
b: Several other ruthenium dyes within a structured DSSC demonstrate the diversity and design aspects of
these semitransparent solar cells [98].

The energetics and kinetics of excited electrons at the dye-TiO 2 interface are illustrated in the scheme from
Koops et al. [99] in Fig. 65.

Fig. 66: Scheme of the energetics and kinetics of
the charge transfer from N719
This scheme reproduced from Koops et al illustrates the
injection kinetics and energetics for the most common
ruthenium dye N719 [99]. The main pathway for the
excited electron injection is from the triplet state, indicated
by the thick arrow. To the left side of the energy scale is
drawn the density of states of the conduction band of TiO 2.

The transfer from the singlet to the triplet state occurs within about 100 fs. The formally forbidden
recombination within the triplet state occurs on a time scale of 10-100 ns, which is 100 to 1000 times slower
than the electron injection into the TiO2 (10-100 ps) [100]. The regeneration of the dye by the iodide
electrolyte occurs at a half-time of approx. 1 µs, fast enough to compete with the recombination of electrons
from the TiO2 conduction band with holes in the dye ground state, which is in the timescale of µs to ms. The
recombination of electrons from the TiO2 with holes from the electrolyte is in the order ms to s [100].
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Recently, an efficiency of 9 % has been reached even with a metal-free organic dye, which promises lower
manufacturing costs due to savings in resources [94, 101]. Ruthenium based dyes instead, have a higher
stability and may keep 96 % of the initial efficiency (over 9 %) at standard AM1,5 irradiance and 60°C
thermal stress after 1000 h [102].

2.1.5.2 Natural Dyes
The photosensitization of a wide-bandgap semiconductor (ZnO) by chlorophylls was first investigated by
Tributsch and Calvin in 1971 but with very low photocurrents although quantum efficiencies of 0,125
electrons per absorbed photon were achieved [103].
Kay and Grätzel investigated in 1993 several derivatives of chlorophylls and related natural porphyrins as
sensitizers in DSSCs. They found, that free carboxylic groups were important for the adsorption onto TiO 2,
and they reached a conversion efficiency of 2,6 % on the 12 µm thick mesoporous TiO 2 film, which was
about 1/3 compared to that of conventional ruthenium dyes [103]. Wang et al achieved with chemically
modified chlorophyll derivatives containing carboxylic groups and the classical iodide based electrolyte a
conversion efficiency of 3.1 %, which could be increase to 4.0 % by the addition of bacterial carotenoids
[104]. The efficiencies of chlorophyll derivatives equipped artificially with carboxylic binding groups could
be further improved to 6.5 % [105, 106].
Also potentially cheap and abundant natural dyes have been tested in such solar cell architectures, like an
anthocyanin dye, extracted from blackberries, which reached a conversion efficiency of 1% [107]. Other
natural dyes reached up to 1.7 % efficiency sensitizing TiO 2 as a monolayer, which was stated to be among
the highest efficiencies achieved with raw natural dyes [108].

2.1.5.3 Porphyrin Sensitizers
The best performing porphyrin based DSSCs have been realized with a Zn-porphyrin monolayer, which
reached an efficiency of 7,1 % with an iodide based electrolyte. In the all-solid state version with spiroMeOTAD as hole transport material 3,6 % efficiency could be reached, what is quite close to the best
performing ruthenium based dyes in solid-state DSSCs [109].
Mozer et al. investigated the typically encountered lower open circuit voltages of porphyrin (monolayer)
sensitized solar cells of about 100-200 mV compared to that sensitized by Ruthenium-dyes [110]. These
authors attributed this to an increased recombination rate, which may originate by their planar molecular
geometry compared to the more spherical one of Ru-complexes. The planar geometry enables the porphyrins
to adsorb flat lying on the TiO 2 surface and attract the negatively charged iodide ions by their positively
charged center. This may enhance the recombination rate compared to that with Ru-dyes, which have
negatively charged NCS ligands repulsing the iodide anions.

2.1.5.4 Dye Aggregates in DSSCs
One of the first rare attempts of using dye aggregates in dye sensitized solar cells instead of dye monolayers
was done in 1996 by Nüesch et al. [111]. The authors used a self-assembling merocyanine dye which was
supposed to form J-aggregates within the mesopores of TiO 2, Al2O3 and ZrO2 layers. The J-aggregates
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functioned as sensitizers, but were difficult to control due to the humidity in the air, which facilitated the
formation of H-aggregates. In the mesoporous Al 2O3 and ZrO2 layers no J-aggregate formation could be
induced, which was attributed to not sufficiently large areas of atomically flat surfaces within the mesopores,
which were supposed to induce the growth of J-aggregates until they reach a stable size.
As the number of dyes with the ability to self-assemble to highly ordered structures is very small the focus in
the DSSC research lies rather in prevention of the aggregation of conventional dyes than in the improvement
of the aggregate growth mechanism. Disordered aggregates have a high exciton quenching rate due
vibrational interactions. This effect can be already observed, when a solution of fluorescent monomers
becomes highly concentrated. The high rate of random contacts between the monomers leads to the so-called
concentration quenching of the fluorescence. This radiationless recombination is orders of magnitudes faster
than a radiative recombination. Beside ruthenium polypyridine dyes, also conventional porphyrin and
phthalocyanine dyes, used as monolayers in DSSCs, are strongly affected by disordered aggregation [112].
The disorder within one monolayer may be already a big problem for DSSCs, especially for solid-state
devices as will be shown in the next chapter.
Instead of struggling against this aggregation it might be possible to learn from nature how to force
aggregation in a sophisticated way and make use of self-assembly to achieve highly ordered aggregates,
which do not disturb solar cell functionality, but rather improve it.

2.1.6 Solid-State Dye Sensitized Solar Cells (ss-DSSCs)
In a solid-state dye-sensitized solar cell (ss-DSSC), also sometimes abbreviated to: SSDSC [113] or SDSC
[114], the liquid electrolyte for the hole transport is replaced by a solid hole transport material (HTM). The
HTM is intended to solve the technological problems encountered with the handling and sealing of the liquid
electrolyte, reducing the solar cell lifetime, due to degradation of the sealant and drying-out of the cell [ 115].
Additionally, the solid HTM would in principle allow the manufacturing of lighter and flexible solar cells in
the cost efficient roll-to-roll process.
However, the efficiencies of ss-DSSCs are generally much lower than those based on the liquid iodide
electrolyte. A breakthrough was achieved by Bach et al. in 2000 with the investigation of the HTM spiroMeOTAD in combination with certain additives and dopants. These authors could rise the efficiency from
0.04 % without additives to 0.75 % with the addition of a chemical dopant, known as antimony dopant and
the ionic dopant TFSI-Li, which will be described later in more detail. Further improvements could be
achieved since this time by optimizing the additive composition and the implementation of light scattering
layers to reach efficiencies between 4-5 %.

2.1.6.1 Improvement of ss-DSSCs
The two main reasons for the lower performance of ss-DSSCs compared to the liquid electrolytes are: 1) a
shorter electron diffusion length due to a higher recombination rate at the HTM / TiO 2 interface and 2) an
insufficient filling of the mesopores in the TiO2 network [100].
The charge carrier diffusion length within the spiro-MeOTAD filled TiO 2 layers is only a few micrometers,
compared to 20-100 µm in layers with the liquid iodide based electrolyte. The recombination rate in solar
cells with spiro-OMeTAD is almost 2 orders of magnitude larger than in those with the liquid electrolyte
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[116]. One reason for this higher recombination rate between TiO 2 and solid HTMs is that the recombination
is a one-electron-process, compared to the two electron process of the recombination between TiO 2 and the
iodide electrolyte [117]. The one-electron recombination process is much more probable and faster.
Additionally, the iodide ions are negatively charged and may get repelled from the TiO 2 surface, which is
also negatively charged. The spiro-MeOTAD instead is positively charged, which may facilitate the
recombination [118].
The second major problem is the infiltration of the mesoporous TiO 2 layers, which becomes worse with
increasing the TiO2 layer thickness.
Both effects cause the efficiency maximum of ss-DSSCs to be at much lower mesoporous TiO 2 layer
thicknesses, than with the liquid hole transportation. The optimum TiO 2 layer thickness for ss-DSSCs is
about 2 µm, whereas that for DSSCs with the liquid iodide based electrolyte is 10-14 µm. The reduced light
absorption within such thin layers limits the overall efficiency, which can be obtained.
Using special vacuum techniques aiding the infiltration of the solid HTM, the pore-filling and thus the
applicable TiO2 layer thickness can be increased [119]. However, these techniques are not well established
yet, maybe because the improvement is not sufficient, as the pore-filling is mainly determined by the
solubility of the HTM. Soluble polymers can not be infiltrated and need to be polymerized within the
mesopores, which may cause damages in the dye coating. Another possibility to increase the light absorption
in thinner layers is to increase the retention time of the light by the implementation of light scattering
structures.
A third reason for the efficiency decrease in ss-DSSCs, besides the enhanced recombination at the TiO 2 /
spiro-MeOTAD interface and the worse pore-filling with spiro-MeOTAD may be an enhanced exciton
quenching within the dye monolayer. Schwanitz et al. showed by photoelectron spectroscopy (PES)
measurements on Ru-dye monolayers on TiO2, that the ordering within the monolayer decreases in the
absence of the standard electrolyte solvent acetonitrile (AN) [120]. An overlap of the dye molecules within
the monolayer may quench the excitons. The solvent in DSSCs is supposed to penetrate the dye monolayer
and prevent direct contacts between the dye molecules. In this PES measurement Schwanitz et al. measured
in the absence of AN a broadening of the photoelectron spectrum, an indication for a random overlap of
orbitals. The graphics in Fig. 67 are extracted from this work and show the PES measurement of such a Rudye monolayer with and without AN and schematically the possible alignment of the dye monolayer
interacting with the solvent molecules.
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Fig. 67: The solvent effect of acetonitrile on the aggregation of a Ru-dye monolayer
These graphics form Schwanitz et al. [120] show a model of the standard ruthenium bipyridyl dye N3 on a
TiO2 surface (a), four photoelectron spectroscopy measurements of a monolayer of this dye on TiO 2 before
co-adsorption of acetonitrile (AN), after co-adsorption of three monolayers of AN, after additional three
monolayers of AN and after the desorption of AN (b). The broadening of the spectrum without the coadsorbed solvent molecules is an indication for an increase in disorder of the monolayer, which is
schematically depicted in c.

Self-assembling dyes, forming well-defined multilayers or aggregates with the ability to transport excitons,
could improve conventional ss-DSSCs for the following reasons: a) they do not form disordered
intermolecular contacts, which lead to fast exciton quenching, b) they can be packed onto a smaller TiO 2
area, which is supposed to be highly affected by recombination with the HTM, c) the TiO 2 layer could be
coarsened, improving its infiltration with various HTMs, and d) a coarse-porous TiO 2 layer would have a
higher light scattering effect, increasing the light absorption.
In the following part commonly used materials for ss-DSSCs will be described shortly.

2.1.6.2 Electrode Materials for ss-DSSCs
2.1.6.2.1

FTO:

As transparent electrode the fluorine doped tin oxide (SnO 2:F), abbreviated to FTO, is commonly used for
DSSCs and ss-DSSCs. It is commercially available as thin layer (about 550 nm) on glass substrates and
allows the highest efficiencies of these solar cells although indium tin oxide (In 2O3:Sn, ITO), which is
commonly used for organic bulk heterojunction solar cells, has a better transparency. The reason why FTO
performs better than ITO in DSSCs may be its higher stability at elevated temperatures around 450°C,
needed for sintering the TiO2 layer. Additionally, its work function of 4.4 eV does better match the
conduction band edge of TiO 2 (4.2 eV) compared to the work function of ITO, being around 4.7 eV. In
contrast to FTO the work function of ITO depends strongly on the cleaning methods, thus can vary between
4.4 and 4.8 eV [121].
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TiO2 Nanoparticles:

As anatase, the low temperature modification of TiO 2, is known to perform better in DSSCs than rutile,
practically only anatase nanoparticles are used for these solar cells. Park et al. showed, that the efficiency of
DSSCs made of rutile nanoparticles is about 30 % less than with anatase particles [ 122]. These authors could
relate the deficit mainly to the smaller surface area of the slightly larger rutile particles, and hence to the
lower dye amount adsorbed to it. A good description how to produce the right TiO 2 nanoparticles and
assemble DSSCs, reaching efficiencies over 10 % is given by Ito et al. [123]

2.1.6.2.3

TiO2 Hole Blocking Layer:

As in DSSCs the liquid electrolyte already forms a current rectifying barrier with the FTO, a compact TiO 2
hole blocking layer on the FTO underneath the mesoporous TiO 2 layer is not essential to obtain a reasonable
device performance. For ss-DSSCs instead, Peng et al. showed, that a hole blocking layer is an indispensable
component, as scarcely any output power could be obtained for these cells without any blocking layer on the
FTO. The short circuit current (Isc) was below 10-7 A/cm² and the open circuit potential (Voc) was less than
1mV [124]. This is due to the formation of an ohmic contact between spiro-MeOTAD and the FTO.
Nowadays such blocking layers are used for DSSCs with liquid electrolytes, too, in order to further improve
the efficiency [125], especially at low light intensities [126] and for organic dyes, which benefit, in contrast
to ruthenium polypyridine dyes, significantly by the blocking layer. The efficiency of DSSCs with organic
dyes and a hole blocking layer increased by a factor of 1.6 at full light intensity and up to a factor of 2 at low
light intensities [127] compared to cells without the hole blocking layer. The photovoltage dropped
significantly at incident photon fluxes below 10 17 /(cm² s) without a blocking layer, whereas with a blocking
layer, the slope of the photovoltage decrease remained constant, even at five orders of magnitude lower light
intensities.
To avoid any direct contact of the FTO with the spiro-MeOTAD, an approx. 100 nm thick compact TiO 2
layer is applied onto the FTO prior to the application of the mesoporous TiO 2 layer. The compact TiO2 layer
is commonly applied by the spray pyrolysis deposition (SPD) of di-iso-propoxy titanium
bis(acetylacetonate), denoted to TAA, onto a 450°C hot FTO substrate [128].
The efficiency can be further improved, when the oxygen vacancy concentration in the compact TiO 2 layer is
minimized by using oxygen as carrier gas for the spray pyrolysis deposition [ 129, 130]. To avoid a high
oxygen vacancy concentration, which leads to a barrier formation at the FTO / TiO 2 interface due to the
Fermi-level rise of n-doped TiO2, the storage of the samples with readily prepared TiO 2 hole-blocking layers
under vacuum or inert gas should be also avoided, as oxygen tends to diffuse out of the TiO 2 under these
conditions.
In this thesis the hole blocking layers of compact TiO 2 have been applied by the atomic layer deposition
technique (ALD) onto FTO with subsequent post-annealing in order to increase the oxygen occupancy.

2.1.6.2.4

Porous TiO2 Layer

Mesoporous TiO2 layers are commonly produced by doctor blading or screen printing dispersions of TiO 2
nanoparticles in ethanol, water or terpineol, containing also organic binders like ethyl cellulose to allow
thicker crack-free layers. After sintering these layers at 450-500°C their performance can be improved by a
treatment within aqueous solutions of TiCl 4, which cause the growth of an additional 1-2 nm thick TiO 2 layer
all over the mesoporous structure [131, 123]. This additional TiO2 layer improves the photocurrent due to a
decrease in the recombination rate constant [132]. Also the dye uptake and electron injection rate are
increased by the TiCl4 treatment. More details about the application of high-performance mesoporous TiO 2
layers are given in the precise description from Ito et al. [123]. As iron ions do quench efficiently the
generated photocurrent by increasing the recombination rate [123], anything containing iron was avoided
during the cell preparation. The pore volume of typical mesoporous TiO 2 layers is about 60 % [133].
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Light Scattering Layer

Light scattering layers increase the retention of the light within the layer and thus help to reduce the
mesoporous TiO2 layer thickness and the amount of dye needed for full sunlight absorption. Additionally,
shorter pathways through thinner layers reduce the internal electrical resistance.
Typically, anatase particles within the size range from 300 nm - 400 nm are applied as a scattering layer on
top of a mesoporous layer, but these particles may also be implemented as one mixed layer of nano- and
microparticles.
Pure light scattering layers with only 20% addition of 10 nm sized nanoparticles in order to improve the
sintering at lower temperatures, do also significantly contribute to the photocurrent generation. Zhang et al.
achieved with such 5 µm thick coarse-porous TiO 2 layers (with 20% nanoparticles) impressive 5 % overall
efficiency in DSSCs with the common iodide based electrolyte, although, their surface and thus dye uptake is
much smaller than that of mesoporous layers. The reason for the relatively high efficiency without a
mesoporous layer is supposed to be, beside the efficient light trapping within the layer, also a two-fold
reduced density of trap states on the TiO2 surface [134].

2.1.6.2.6

Counter Electrode:

As counter electrode, commonly a 30-100 nm thick gold film is evaporated on top of the spiro-MeOTAD
layer. These solar cells benefit from a metal electrode, as it reflects the transmitted light back, increasing the
effective path way through the cell. Although the reflectivity of gold below 450 nm decreases to ca. 30%, it
is the most used metal for ss-DSSCs, due to its close matching the HOMO level of spiro-MeOTAD (work
function gold: 4.9 eV [100], HOMO spiro-MeOTAD: 5.1 eV [135]).
Snaith et al. reported, that counter electrodes of silver increase the efficiency of ss-DSSCs compared to gold
[136], but silver electrodes are known to be less stable than gold ones as they tend to oxidize.

2.1.6.3 Hole Transport Material
The first successful implementation of a solid hole transport material (HTM) into DSSCs was demonstrated
1998 by Bach et al. [137]. These cells consisted of spiro-MeOTAD, also called spiro-OMeTAD [138], as
substitute for the liquid electrolyte for the hole transport. It is the p-type triarylamine derivative: 2,2’,7,7’tetrakis(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene [139] (Fig. 68).

Fig. 68: Structural formula of spiro-MeOTAD
The wedged and hatch-wedged bonds in the center of
the spiro-MeOTAD formula, adopted from 173,
indicate the twist of the northern and southern part,
which are oriented perpendicular to each other.
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Bach et al. first used it together with a hole blocking layer of TiO 2, applied by the spray pyrolysis deposition
technique, the chemical p-dopant: [N(p-C6H4Br)3][SbCl6], also called Sb-dopant, and the ionic dopant:
Li[CF3SO2]2N, also called TFSI-Li. An efficiency of 0,74% was achieved, whereas without the additives the
efficiency was only 0.04 %. Since this time the efficiency could be increased to over 4 % mainly by
adjusting the additives for the spiro-MeOTAD, which is up to date still the best performing HTM for ssDSSCs [138]. The Sb-dopant is not in use anymore, but the 4-tert-butylpyridine (tBP) is an essential additive
for these solar cells by now.
Spiro-MeOTAD is normally processed by spin coating from chlorobenzene (CB) solutions. The hole
mobility of spiro-MeOTAD is not the highest of potential HTMs [54], but its wetting of TiO2 together with
its relatively small molecular size results in a good TiO 2 mesopore infiltration, which makes it to the best
performing HTM in ss-DSSCs reaching efficiencies around 4-5 % [54, 115, 140, 141, 142]. The main
limitations of such solar cells are attributed to a high recombination rate at the interface between spiroMeOTAD and TiO2 and a high hole transport resistance in the spiro-MeOTAD, which leads to a relative low
fill factor [116].
In the following paragraph the additives for the spiro-MeOTAD matrix will be shortly described. As the
additives and their concentrations have been changed and varied a lot since the first usage of spiro-MeOTAD
for ss-DSSCs and many other parameters additionally affect the solar cell efficiencies, there is no real
consensus about the ideal additive composition. The table in the appendix gives a small overview about
various materials, additives and other parameters, e. g. thickness and sintering temperature of the
mesoporous TiO2 layer, which have been reported for the construction of ss-DSSCs and DSSCs.

2.1.6.3.1

TFSI-Li:

Snaith et al. [139] showed, that the addition of Bis(trifluoromethane)sulfonimide lithium salt (TFSI-Li)
significantly improves the hole mobility of spiro-MeOTAD. Upon the addition of 12 % Li-salt into a 2.2 µm
thick spiro-MeOTAD layer sandwiched between two gold electrodes the mobility of holes increased from
1.6·10- 4 to 1.6 ·10- 3 cm²/(Vs). By Kelvin probe microscopy with channel length variation it could also be
shown, that the conductivity increase due to the addition of TFSI-Li is a bulk effect and not caused by an
improved charge injection from the gold electrodes, what is known to be the operational mechanism of such
ions in organic light emitting diodes. It was assumed that this ionic dopant reduces the potential barrier
between neighboring spiro-MeOTAD anions and thus increases the hole mobility. Calculations predicted that
12 mol-% TFSI-Li would lead to an anion-anion separation of 2.6 nm and thus reduction of the barrier height
of the potential well with the radius of 19 nm by up to 0.7 eV. Another explanation for the increase of hole
mobility may arise from the increase of the polarizability of the matrix, which may result in a reduction of
the binding energy of polarons and thus reduction of the effective mass of holes.

2.1.6.3.2

Sb-dopant:

Although the chemical p-dopant (tris(p-bromophenyl)ammoniumyl hexachloroantimonate [N(pC6H4Br)3][SbCl6]) is still used sometimes it is not recommended anymore as dopant for spiro-MeOTAD, as
it does not enhance the performance in combination with the better working TFSI-Li. It increases the
conductivity of spiro-MeOTAD, but this is counterbalanced by the increased recombination rate [139].

2.1.6.3.3

tBP:

Krüger et al. reported that the additive 4-tert-butylpyridine (tBP) in combination with TFSI-Li lowers the
recombination rate at the interface between TiO 2 and spiro-MeOTAD and increases the open circuit voltage
of these solar cells. Additionally, it increases the solubility of lithium ions within the spiro-MeOTAD
solution, due to its higher polarity, and makes the films smoother. Hence, it is assumed to increase also the
wetting of TiO2, and thus facilitates the infiltration of mesoporous TiO 2 films with the spiro-MeOTAD matrix
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[143]. Howie et al. investigated the potential shift towards higher open circuit voltages of about 0.25 V by
the addition of tBP and could confirm the assumptions by electrochemical impedance spectroscopy
measurements, that this is related to a shift of the flat band potential of the TiO 2 towards about 300 mV
higher negative potentials. Additionally, the doping density of the layer increased by the addition of tBP from
2·1018 to 7·1018 cm-3 [144].
For porphyrin (monolayer) sensitized solar cells 4-tBP has the same positive effect of increasing open circuit
voltage (Voc) as for the Ru-dye sensitized ones. The Voc of porphyrin sensitized solar cells, which is approx.
100-200 mV lower than that of their Ru-dye analogues, drops further by up to 200 mV in the absence of
4-tBP in the electrolyte.

2.1.7 Solar Cell Characterization
In order to investigate the quality of a solar cell and determine its efficiency measurements of the currentvoltage characteristics (I-V curve) are required, which can be measured with a source measuring unit or a
potentiostat. The efficiency of a solar cell is determined by the ratio of the maximum electrical power,
extracted at the maximum power point (MPP) in the I-V curve, and the radiant power of the incident light:

η=

V MPP⋅I MPP
P light

where η is the efficiency of the solar cell, VMPP and IMPP are the potential and current at the MPP, respectively,
and Plight is the incident light power.
The I-V curve reveals also other parameters, which can help to optimize solar cells, like the series and
parallel (shunt) resistance and the so-called fill factor (FF). The fill factor is the ratio of the maximum power
output and the product of the open circuit voltage (VOC) and the short circuit current (ISC):

FF =

V MPP⋅I MPP
V OC⋅I SC

The FF can be visualized in an I-V curve as the ratio between two rectangular areas as shown in the fourth
quadrant in Fig. 69. [145]
The efficiency of a solar cell is measured at standardized illumination conditions at 25°C and simulated
sunlight with a radiant power of 100 mW/cm2. The spectrum corresponds to that of sunlight after passing 1.5
times the air mass, which would be passed at a perpendicular irradiance at the equator. The solar spectrum of
this so-called air mass (AM) 1.5 approximates that of a clear day at noon time in the beginning and end of
summer at the central European latitude.
In order to investigate the solar cell performance also at indoor illumination conditions a measurement setup
was built up with the following illumination conditions. The radiation source was an incandescent lamp with
a reflecting metallic coating at the rear side and a power of 60 W, which is in the following denoted as “the
lamp”. The solar cell samples were mounted in a fixed position in 10 cm distance to the bulb surface of the
lamp, as shown in Fig. 70. Some selected solar cells were measured additionally under the irradiation with
simulated sunlight in cooperation with the group of Prof. W. Jaegermann at the Technical University of
Darmstadt and the group of Prof. U. Lemmer at the Karlsruhe Institute of Technology.
Fig. 69 shows a typical characteristic of a DSSC with the conventional ruthenium dye N719, in the dark and
under irradiance with the lamp, which is shown in Fig. 70.
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Fig. 69: I-V curve: example of a solar cell characteristic
This I-V curve, measured in the dark (blue) and under illumination of the lamp (60 W incandescent lamp)
(red), shows the typical characteristic of a solar cell on the example of a DSSC with the ruthenium dye
N719 and an iodide based electrolyte. The maximum power output of the solar cell is highlighted as
shaded area in the quadrant IV. Scan rate: 0.5 V/s, step potential: 0.02 V
The diode characteristic of the I-V curve measured in the dark (blue trace) shifts to negative photocurrents
upon illumination (red trace). The almost horizontal slope is inversely proportional to the shunt resistance
and the steep slope in the first and third quadrant is inversely proportional to the series resistance. An
increase of the shunt resistance and decrease of the series resistance increases the fill-factor, and hence the
efficiency.
For this DSSC we added SiO 2 nanoparticles to the electrolyte (Iodolyte AN-50 from Solaronix) in order to
obtain a gel, and thus reduce the leakage rate of the electrolyte [146].
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2.2 Construction of Solar Cells

2.2.1 Experimental Details
2.2.1.1 Characterization
The electrical characterization of the solar cells was done by measuring the I-V characteristic with the
potentiostat PGSTAT 10 from Metrohm. To compare the performance of the solar cells under illumination an
incandescent lamp with 60 W power and with a reflecting coating at the rear side (denoted as: the lamp), has
been used in a standardized setup to ensure the same illumination conditions for all solar cells. The setup was
located within a metal cage to exclude any influence of the environmental light. The solar cells were placed
in a fixed central position 10 cm beneath the lamp, as shown in Fig. 70. Underneath the solar cell a sheet of
black paper was placed to ensured that no light could be reflected back to pass the solar cell twice.

Fig. 70: Photo of the I-V measurement setup
No light from outside could enter the dark cage with the incandescent lamp 10 cm above the
solar cell, which was always placed in the same fixed lateral position.
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2.2.1.2 Materials and Sample Preparation
The solar cells were prepared on 1.1 mm thick borosilicate glass substrates coated with the fluorine doped tin
oxide layer of approx. 550 nm thickness, the so called FTO (SnO 2:F). These transparent conductive oxide
layers were purchased from Solaronix SA and had a sheet resistance of about 10 Ω/square at a transmission
of 80-90 % in the visible wavelength range. They were cleaned prior to use by sonication within an aqueous
solution of the alkaline detergent Deconex 24 forte from Borer in a concentration of 0.74-1.0 g Deconex in
250 ml deionized water. After purging the samples with new deionized water they have been sonicated
within extra pure water (HPLC-grade from Merck) followed by sonication in ethanol (pro Anal., 96 %) from
Merck. As final cleaning step the FTO substrates have been annealed at 500°C for 1 h.
For DSSCs with a liquid electrolyte we used Iodolyte AN-50, purchased from Solaronix. The additive 4-tertbutylpyridine (tBP), which co-adsorbs onto the TiO 2 surface, was used to increase the potential of the solar
cells and to reduce the recombination rate at the TiO2 / electrolyte interface.
The solid hole transport material we used for our ss-DSSCs was spiro-MeOTAD, purchased from Merck. It
was dissolved within chlorobenzene to a concentration of 0.15-0.17 M with the addition of 0.12-0.13 M tertbutylpyridine (tBP) and 8.3-13 mM bis(trifluoromethane)sulfonimide lithium salt (TFSI-Li), according to the
literature [147, 148 141]. A small overview about common fabrication methods and additive concentrations
is given in the appendix.
Beside the investigation, if P2 aggregates can compete with dye monolayers by the sensitization of TiO 2, two
other technologies have been introduced and investigated for the solar cell fabrication. One was the atomic
layer deposition (ALD) as application method for the dense hole blocking TiO 2 layer, instead of the common
spray pyrolysis deposition (SPD) technique. The other method was the application of the gold counter
electrode by sputtering, instead of the conventional evaporation technique.
Atomic layer deposition (ALD) is a vacuum based process, similar to chemical vapor deposition (CVD) with
the difference, that the grown layer thickness can be controlled on the atomic scale by pulsing two gaseous
reactants, typically a metalorganic precursor and water, alternatively over the surface of a heated substrate.
After chemisorption of a monolayer of the metal precursor no further growth process takes place until the
gaseous water is let in and reacts with this metalorganic monolayer forming a metaloxide monolayer. Onto
this surface the next metalorganic monolayer can be chemisorbed and so on. This self-limiting growth
process results in highly uniform and dense coatings with a thickness precisely controlled by the number of
cycles.
For the first TiO2 layers we used titanium tetrachloride (TiCl 4) as precursor, which grows at a rate of 0.05 nm
per cycle with water as second reactant at a substrate temperature of 250°C [149]. Later on the precursor was
changed to titanium isopropoxide (Ti-iProp.) because the new precursor was better suited for our ALD
system in concerns of contamination and corrosion, which was caused by HCl, a byproduct of the TiCl 4
decomposition. According to the literature the TiO 2 layers grown from Ti-iPorp. were of a similar quality as
those from the TiCl4 precursor [150]. The typical growth rate for Ti-iProp. is 0.03 nm/cycle [151]. To ensure
the maximum degree of crystallization the growth temperature has been increased to 300°C, which is the
highest growth temperature for the self-limiting growth process with Ti-iProp. The oxygen vacancy
concentration is known to increase with decreasing temperature up to a few atom-% at temperatures as low
as 100°C, leading to amorphous TiO2-x layers [152].
The DC magnetron sputter coater 108 auto from Cressington was used to sputter 50 nm thick layers of pure
gold at 20 mA. The layer thickness was monitored with a quartz crystal oscillator. The samples were covered
by a mask and placed not closer than 4 cm beneath the gold target to avoid heating.
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2.2.2 Solar Cell Preparation and Investigation
2.2.2.1 Dye (Aggregate) Sensitized Solar Cells with a liquid Electrolyte
P2 was first implemented into solar cells using the architecture of conventional dye sensitized solar cells
(DSSCs) with a liquid electrolyte. They do not require inert gas fabrication techniques and are not very
sensitive for small defects and inhomogeneities in the layer structure, because the Fermi level of the FTO
gets pinned to the redox potential of the iodide couple (I -/I3-) of the electrolyte. A dense TiO2 underlayer as
hole blocking layer on the FTO is therefore not essential, but helps to improve the performance of DSSCs
[127]. They have been used as first model structures to test P2 aggregates as sensitizers for mesoporous
nanocrystalline TiO2 and the effect of the dense TiO2 underlayer.
Some FTO substrates were coated with a 40 nm thick dense TiO 2 underlayer (UL) by ALD using the
precursor titanium tetrachloride (TiCl 4). A mesoporous TiO2 layer has been doctor-bladed onto these
substrates. The aqueous dispersion was prepared by mixing TiO 2 nanoparticles from Evonik (P25) with water
and with an aqueous dispersion of 1 µm sized polystyrene spheres in order to obtain additional 1 µm sized
macropores within the mesoporous layer. The macropores, which made up about 10 vol.-% of the TiO 2, were
used for investigations of the pore filling ratio and morphology of P2 within the inner layer [2]. They had the
additional advantage of preventing the film from cracking during the sintering process, what is normally
achieved with other additives like ethyl cellulose. Furthermore, such macropores are known to enhance the
efficiency due to acting as light scattering centers [153]. During sintering at 450°C for 30 min the
polystyrene spheres were pyrolyzed leaving behind a mesoporous TiO 2 layer with embedded macropores. As
reference the same structures have been stained by the common ruthenium dye N3 (purchased from
Solaronix). P2 has been applied onto the porous layer by spraying from a 0.4 mM P2 solution in THF.
Afterwards the P2 samples have been annealed for 2.5 hours within n-heptane at its boiling temperature of
98°C. As counter electrode served a second FTO substrate, which was coated by a thin and highly
transparent Pt layer as catalyst using a doctor-blading paste from Solaronix. Both electrodes, the stained one
and the counter electrode were sealed together with a 60 µm thick hot melting thermoplast foil from
Solaronix. The gap was filled with the liquid electrolyte (Iodolyte AN-50 from Solaronix) through holes
which were drilled in advance. The corresponding I-V curves in the dark and under illumination with the
lamp are shown in Fig. 71.
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Fig. 71: I-V curves of DSSCs with P2 and N3
a) I-V curves in the dark (dark colors) and under illumination with the lamp (bright colors) of two DSSCs
with the ruthenium dye N3 sensitizing a mesoporous TiO2 layer with (reddish) and without (blueish) a
dense TiO2 underlayer (UL). The green traces show the I-V curves of a DSSC sensitized with P2 (with
UL). They are magnified in b with indicated scan directions. The sweep in both directions caused the
hysteresis at a scan rate of 0.25 V/s, the wiggles originated by a too small step potential (5mV / step), thus
too short integration time for each point. P2 was sprayed from THF, followed by a post-treatment within nheptane. The mesoporous TiO2 layer contained additional 1 µm sized macropores. Short summary:
FTO / [ALD-TiO2 (UL)] / mesoporous TiO2 + 1 µm pores / dye [N3 or P2] / I-/I-3 electrolyte / Pt-FTO
It can be seen, that the performance of the DSSCs with the N3 dye did not change significantly with the TiO 2
UL. Only the breakdown voltage in the third quadrant shifted slightly to more negative potentials with the
UL. The efficiency of the DSSC with the P2 aggregates was considerably lower. And also the open circuit
voltage was lower by about 0.1 V. The forward and backward sweep of the applied potential, indicated by the
arrows (b), caused a hysteresis at these low currents.
The wiggles in the measurement under the illumination are an artifact caused by short settling times between
the measurement steps due to a fast scan rate at small step potentials, which were here 0.25 V/s and
5 mV/step, respectively. These wiggles could be eliminated for the following measurements by stetting the
step potential to 20 mV.
The main reason for the low efficiency of the P2 sensitized solar cells was assumed to be a dissolution of P2
within the electrolyte.

2.2.2.2 All-Solid-State Solar Cells
The first all-solid-state solar cells with P2 have been prepared on bare flat TiO 2 layers of 40 nm thickness,
grown by ALD onto a partly etched FTO layer. 1.8 ml of a 0.1 mM dispersion of P2 in anhydrous DCM was
sprayed onto this FTO-TiO2 substrate. After spin-coating a solution of the solid hole transport material
(HTM) spiro-MeOTAD (0.15 M spiro-MeOTAD, in chlorobenzene containing also 9.3 mM TFSI-Li and
0.12M tBP) a 100 nm thick gold electrode has been evaporated on top forming an active solar cell area of
0.69 cm2. The solar cell has been characterized by I-V measurements under the illumination with a solar
simulator, which was located in a N2-glovebox.
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Fig. 72: I-V curve of a flat solar cell with P2 sprayed from DCM
I-V characteristic of a probably amorphous P2 film, which was sprayed from DCM onto a flat
TiO2 layer grown by ALD. It was measured under simulated sunlight (100 mW/cm2 AM 1.5).
The cross marks the maximum power point (MPP). Short summary:
FTO / ALD-TiO2 (40 nm) / P2 sprayed from DCM / spin-coated spiro-MeOTAD / 100 nm Au
evaporated

The efficiency was 0.01 % on an active area of 0.69 cm2. Other parameters were:
VOC: 0.46 V, ISC: -0.045 mA/cm², VMPP: 0.3 V, IMPP: 0.031 mA/cm², FF: 44.3 %
Although the efficiency was very low, it was an improvement of over one order of magnitude compared to
the DSSC with the liquid electrolyte. The open circuit voltage did also significantly increase.
As such solar cells were very sensitive to defects in the surface, either intrinsic or induced by handling the
mask for the evaporation, it was thought about a new cell design with miniaturized solar cells.

2.2.3 New Solar Cell Design
To reduce the risk that the solar cells get short-circuited at local inhomogeneities or defects and to improve
the statistics for a higher validity of the measurements, the solar cells have been miniaturized on the
substrate. Therefore, a mask has been used to apply 16 identical gold counter electrodes, each forming one
solar cell of 7 x 1 mm2 area on a 16 x 16 mm2 substrate. This structure allowed also the application and
characterization of different solar cell types on one substrate, e. g. when only one half of the substrate was
covered an additional porous layer.
This solar cell array on the substrate required a precise contacting method for the reproducible and fast
contacting or switching between the electrodes. Therefore, a contacting device has been developed, which
contacted all solar cells on one substrate at once by 18 golden spring probes, which maintained the same
contact pressure for each cell. Two rotary switches were used to switch between the contacting wires, which
were all of the same length to keep the series resistance constant. The rotary switch itself had a contacting
resistance below 50 mΩ, what was negligible compared to the series resistance of the solar cells.
Additionally, it has been found, that the contact over the spring probes was soft enough to allow the
reproducible contacting without the necessity to etch away the FTO layer underneath the gold electrode area
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as this was not short-circuited by contacting the gold electrode on top. This allowed to keep the active cell
area precisely constant to 7 mm 2, as it was predefined only by the gold sputtering mask. Two spring probes
were free to contact the FTO substrate. Therefore, the surface was scratched within the contact area with a
scalpel and painted with a drop of silver paint, a dispersion of silver particles. The contact of the gold spring
probe with the dried silver paint ensured a reproducible ohmic contact to the FTO electrode. It made no
significant difference at which of both opposing sides the FTO was contacted, thus only one of both
redundant spring probes was used as counter contact for all 16 solar cells on the substrate. After each
contacting the spring probes were wiped clean with a paper towel soaked in ethanol, to ensure a contact
reproducibility approaching 100 %.
Fig. 73 shows the contacting device and a reference solar cell based on the common ruthenium dye N719.

a

b

Fig. 73: New solar cell design and the contacting device
The substrate with the 16 active solar cell areas is mounted onto the holder (a) by two screws. It is being
put together with the gold spring probes of the second part guided by four rods and fixed by two screws.
(b), the solar cells are illuminated through the hole in the cell holder, like shown ready contacted for a
measurement in the sunlight spot, which is transmitted also through the semitransparent substrate (b).

Each of both rotary switches addressed 8 solar cells. The shown solar cell substrate was partly coated with a
mesoporous TiO2 layer, which got markedly stained by N719 (brownish color). A staining of the remaining
dense TiO2 underlayer could not be noticed by the naked eye, as can be seen in the button right part of the
solar cells in (a) and as pale part of the sunlight spot transmitted through the solar cells in b). Dye aggregates
instead could also markedly stain flat TiO2 layers.

2.2.3.1 Solar Cells with amorphous P2 infiltrated into mesoporous TiO2
A P2 sensitized solar cell was prepared on the mesoporous TiO 2 (T37) layer, which had a 30 nm thick TiO 2
underlayer, applied by ALD. From now on titanium isopropoxide (Ti-iProp.) was used to prepare the dense
TiO2 underlayers on the FTO substrates by ALD, replacing the previously used TiCl 4. 0.4 ml of a 0.2 mM
solution of P2 in THF was sprayed onto the substrate.
The most common application technique for the spiro-MeOTAD matrix is spin-coating. Although spiro-
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MeOTAD dissolves within chlorobenzene to concentrations as high as 50 vol.-% the solution remains still
not highly viscous [147]. This is an important advantage of spiro-MeOTAD, as it allows a high pore filling,
even of small mesopores. However, this concentration is still not high enough, because the pore filling
should be higher than 50 %. To achieve this the solution is commonly dispensed onto the substrate and left
for thickening up to 1 min prior to starting the spin-coater, mostly to a final spinning of 2000 rpm. As P2 is
soluble within chlorobenzene, it was not possible to make use of this procedure without dissolving a major
amount of P2. Thus, the spiro-MeOTAD solution was sprayed onto the substrate first and then the layer was
smoothed out by spin-coating an additional small drop of the solution afterwards. By this technique, which
led to macroscopically homogeneous films, P2 did not dissolve significantly from the layer. Spiro-MeOTAD
layers, which were only sprayed, showed a lower performance, probably because they did not cover the TiO 2
surface completely. About 30 µl of the spiro-MeOTAD solution were sprayed on top, followed by the spincoating of additional 20 µl of the same solution at 2000 rpm for 25 s. The spiro-MeOTAD solution contained
0.15 M spiro-MeOTAD in chlorobenzene and 8.3 mM Lithium salt (pre-dissolved in acetonitrile to 170
mg/ml) and 0.12 M tert-butylpyridine as additives.
Afterwards a 50 nm thick gold layer was sputtered through a mask, forming 7 mm 2 large stripes. This
application technique for the gold layers replaced from now on the previously used evaporation technique.
As the FTO layer underneath the gold contact area had been etched away before applying the dense TiO 2
underlayer, the active area (intersection of both electrode areas) was 5.5 mm 2 for each cell.
One representative I-V characteristic, measured under illumination with the lamp, is shown in Fig. 74.
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Fig. 74: I-V curves and time plot of a mesoporous ss-DSSCs with P2 sprayed from THF
a) I-V curves in the dark and at illumination by the lamp, measured at a scan rate of 0.2 V/s.
b) corresponding short circuit current (ISC) over time during three cycles of switching the lamp on and off.
P2 was sprayed from a solution in THF onto a mesoporous TiO2 layer on a dense TiO2 underlayer. The
spiro-MeOTAD solution was first sprayed and afterwards spin-coated on top. 50 nm thick gold electrodes
were sputtered to 7 mm2 large stripes. As the FTO underneath was partly etched away the active areas were
5.5 mm2 large. Short summary:
FTO / ALD-TiO2 (30 nm) / mesoporous TiO2 (T37) / 2 h at 450°C / P2-THF sprayed / spiro-MeOTAD
sprayed / spiro-MeOTAD spin-coated / 50 nm Au sputtered

Considering the lower irradiation intensity of the lamp, compared to that of sunlight, the present I-V curve
revealed a significant increase in ISC (0.054 mA/cm2) compared to that of the P2 sensitized flat TiO 2 solar
cell. Also the VOC slightly increased up to 0.50 V.
The solar cell performance did not decrease significantly with the irradiation time, as can be seen in the plot
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of the short circuit current over time, where the lamp has been switched on and off three times (b). The shunt
resistance of the illuminated cell was 38 kΩ·cm2, what is relatively low, hence indicating a relative high
recombination rate.
For comparison a reference cell with the most common ruthenium dye N719 (purchased from Solaronix) was
prepared on an identical substrate, as described in the next paragraph.

2.2.3.2 1st ss-DSSC Reference Solar Cell with the Dye N719
An identical mesoporous (T37) substrate as used for the previous P2 solar cells was sensitized by the
reference dye N719. The substrate was dried at 110°C for two days and put hot into the N719 staining
solution, which contained 0.5 mM N719 in a mixture of tert-butanol and acetonitrile (1:1 volume ratio).
After 8.5 hours of staining at room temperature, the sample has been taken out and purged over night within
pure acetonitrile to desorb dye agglomerates, which are known to decrease the efficiency. The same spiroMeOTAD solution as used for the P2 ss-DSSCs has been spin-coated according to the literature [147]: 20 µl
of the MeOTAD solution have been dispensed on the surface and after 40 s of thickening the spin-coater was
started to run at 2000 rpm for 25 s. At the end the 50 nm thick gold electrode was sputtered forming 7 mm 2
large stripes. They were defining the whole active area, because the FTO layer underneath was not etched
away in advance. It has been figured out, that this was not necessary because the contacting device did not
short circuit the cells by contacting the top gold electrode in the area with the FTO layer underneath
(separated by the spiro-MeOTAD/P2/TiO2 layer).
Beside the I-V measurement at the illumination with the lamp an I-V curve has also been measured under the
illumination with direct sunlight through an open window. Representative I-V curves of the 1 st N719
reference ss-DSSCs are given in Fig. 75.
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Fig. 75: I-V curves and time plot of the 1st N719 reference ss-DSSC
a) I-V curves of the 1st N719 reference solar cell on an identical substrate as for the P2 cell from Fig. 74,
under the illumination with the lamp (red) and in direct sunlight (green). Scan rate: 0.2 V/s.
b) ISC three times irradiated with the lamp. Short summary (differences highlighted):
FTO / ALD-TiO2 (30 nm) / mesoporous TiO2 (T37) / 2 h at 450°C / N719 / spiro-MeOTAD spin-coated /
50 nm Au sputtered
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A kink can be seen in the fourth quadrant of the I-V curve, especially under the illumination by the lamp
(red). The shunt resistance decreased significantly at the higher irradiation intensity of the sunlight (green),
reaching 35 kΩ·cm2, whereas that under the illumination with the lamp was with 175 kΩ·cm2 5 times higher.
The time-plot revealed, that the short circuit current slightly decreased upon the exposure to the light of the
lamp. The overall photocurrent was quite small, what may be due to the long (over night) purging time
within acetonitrile. This may have led to a partial desorption of not only dye agglomerates, resulting in a
weak staining.
Snaith et al. explained the occurrence of similar kinks with a high n-doping concentration of the TiO 2
underlayer, which is caused by oxygen vacancies [129]. When the elevated Fermi level aligns with the lower
lying one of the FTO (with respect to the vacuum level) a depletion region occurs in the TiO 2 forming a
Schottky barrier at the interface with the FTO, which can be considered as metallic. A similar band model for
the interface between TiO2 and FTO in DSSCs, showing also the case of a very low doped TiO 2, was
described by Kron et al. [117]. Rühle et al. developed a theoretical model for the charge transport through
such an FTO-TiO2 Schottky barrier [154]. It is dominated by tunneling, due to the narrow band banding
region, originating by a high doping concentration of the TiO 2. Snaith also reports, that this barrier may be
reduced by the irradiation with UV light, what is also called the UV effect of such solar cells. The UV light is
supposed to form surface states within the gap of the TiO 2 which pins the Fermi level of the FTO to this
lower level. Snaith observed a strong kink upon the illumination of conventional ss-DSSCs with
monochromatic light, thus without a UV content. We might face the same effect with the 60 W incandescent
lamp, which has also a very low fraction of UV light.
Therefore, we tested these solar cells also for the UV effect by the illumination with natural direct sunlight,
passing through an open window in order to not significantly cut off the UV part. The effect was, however,
quite small and did not lead to a significant decrease of the kink and increase of the fill factor. The edge in
the I-V curve, at which the photocurrent saturates was strongly shifted towards negative potentials, even into
the third quadrant.
Snaith et al demonstrated also that the use of pure oxygen as carrier gas for the application of the TiO 2
underlayer by the common spray pyrolysis deposition (SPD) technique significantly reduced the kink
encountered upon monochromatic illumination. However, even when the TiO 2 layers were prepared under
pure oxygen (at ambient pressure) the I-V curves still showed a slight kink, when the solar cells were
illuminated by monochromatic light. Whereas under simulated sunlight no kink was present and the fill
factor could be significantly increased up to 0.73 when the TiO 2 underlayer was prepared under pure oxygen,
a kink arose also under simulated sunlight when the TiO 2 underlayer was prepared by SPD with argon as
carrier gas. [129] The kink in our cells has probably the same origin, but it is much more pronounced and not
even UV light is capable to reduce it significantly. As the doping level of TiO 2 is known to rise already upon
the exposure to vacuum or inert gas [155] and our ALD process is run under vacuum with nitrogen as carrier
gas, we expect a very high oxygen vacancy concentration in the as prepared TiO 2 underlayers. When the
oxygen depletion is supposed to increase upon the exposure to a low oxygen partial pressure it might be also
possible to replenish the TiO2-x with oxygen by post-annealing within an oxygen rich atmosphere. Therefore,
the samples were annealed longer within air. Additionally, a surface treatment of the TiO 2 layer was
performed within an aqueous solution of TiCl 4. This method leads to the growth of a 1-2 nm thick TiO 2
overlayer on the whole substrate [131]. It is commonly applied to improve the TiO 2 surface of mesoporous
TiO2 layers, which leads to an improvement of the solar cell performance. The effect of these treatments on
the I-V characteristic was tested in a 2nd N719 reference ss-DSSC.

2.2.3.3 2nd N719 Reference ss-DSSC with intensified thermal Treatment
To facilitate the oxygen diffusion during post-annealing in air, the thickness of the TiO 2 underlayer was
reduced to 23 nm by running 700 cycles with Ti-iProp. instead of 850. An additional annealing step at 450°C
for 2 h in air was added directly after the growth of the TiO 2 underlayer. The mesoporous layer (T37) was
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doctor-bladed afterwards and sintered at 500°C for 1 h. A subsequent treatment of the substrate was
performed within a 0.02 M solution of TiCl4 in distilled water for 7 h at room temperature to further improve
the TiO2 surface, as this treatment is supposed to grow an additional 1-2 nm thick TiO 2 overlayer. After this
treatment a third annealing step was performed also at 500°C for 1 h in air.
This 2nd N719 reference solar cell was stained within the same N719 solution, which has been used also for
the 1st N719 solar cell, at room temperature in the dark. Afterwards it has been rinsed and kept for approx.
30 min within the pure solvent mixture of tert-butanol and acetonitrile (1:1 volume ratio) in order to gently
desorb possible dye agglomerates. The application of the spiro-MeOTAD matrix and sputtering of the 7 mm 2
large gold electrodes was kept the same as for the 1 st cell. The TFO layer underneath the gold contact area
was also not etched away. Thus, the active solar cell area was exactly defined by the gold area. The I-V
characteristic of the 2nd N719 reference cell is shown in Fig. 76.
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Fig. 76: I-V curves and time plot of the 2nd N719 reference cell
This 2nd N719 reference ss-DSSC differed from the 1st one in Fig. 75 by a thinner TiO2 underlayer,
intensified annealing in air and an additional treatment of the TiO 2 surface within an aqueous TiCl4
solution, as can be seen highlighted in the summary below. The illumination by direct sunlight (green) was
done through the open window at clear sky. Scan rate: 2 V/s
FTO / ALD-TiO2 (23 nm) / 2 h 450°C / mesoporous TiO2 (T37) / 1 h 500°C / TiCl4 / 1 h 500°C / N719 /
spiro-MeOTAD spin-coated / 50 nm Au sputtered
These I-V curves, under the illumination with the lamp (red) and in direct sunlight (green) still reveal a
pronounced kink. However, the photocurrent increased significantly by a factor of 8 and also Voc increased. A
slightly faster degradation was observed in the measurement of the short circuit current over time.
The increase in photocurrent can be attributed to a higher dye amount adsorbed onto the TiO 2 surface, which
depends also on the surface roughness. The treatment in TiCl 4 is assumed to increase the dye uptake and to
increase the electron injection rate [125]. However, the kink, which is the most important factor decreasing
the fill-factor and efficiency, remained almost unaffected.
The electrical parameters of the N719 reference solar cells are summarized in the next chapter in Table 2.
Glatthaar et al. observed also a strong kinking in the I-V curve of organic bulk heterojunction solar cells,
which contained TiO2 as hole blocking layer, which has been applied via electron beam evaporation onto a
titanium electrode [156]. From impedance spectroscopy measurements these authors could exclude the effect
of a counter diode and proposed as reason for this kink a hindering of the charge injection at one of the
electrodes. This is in agreement with the model from Rühle and Snaith et al, who explained the hindering of
the charge injection by the formation of a Schottky barrier at the interface with the FTO. The similar
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observation from Glatthaar et al. in the system comprising an interface between Ti and TiO 2, which is most
probably n-doped, too, due to the vacuum based application method, validates this model.
We observed further, that this kinking extends after a prolonged storage in the dark in air, as can be seen on
the same cell after 5 month in Fig. 77.
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Fig. 77: I-V curves of the 2nd N719 cell after 5 month and in a solar simulator
The 2nd N719 reference from Fig. 76 was measured two weeks after preparation (solid traces) and after 5
month storage in the dark (dashed traces). a) magnification of the I-V curves measured in the dark (blue)
and under illumination with the lamp (red). b) the same cell has been measured also in natural sunlight
after two weeks (green solid trace) and in a solar simulator after 5 month (green dashed trace, 100 mW/cm2
AM 1.5).
The 2nd N719 cell has been measured two weeks after preparation under the lamp and in natural sunlight and
again five month later under the lamp and simulated sunlight. After this storage in the dark and air the
photocurrent decreased significantly and the kink extended towards higher negative potentials. This went
along with an increase of the series resistance, which can be seen as smaller slope in quadrant I, but also as
smaller slope in the center of the I-V curve between quadrant III and IV when comparing both measurements
under illumination with the lamp (a). The illumination intensity of the solar simulator (b, dashed green trace)
was slightly higher than that of the natural sunlight (solid green traces), which fell on the cell through the
open window at clear sky in the afternoon. The fact, that both I-V curves reach the same current density, one
at lower natural illumination intensity before and one at higher intensity after degradation of the cell, shows,
that the extended kink is not related to a lower current density, but probably to the increased series resistance.
Before degradation of the cell, which occurred partly during the measurements, but more significant during
storage, the kink was minimal pronounced at low current densities as can be seen at the I-V curve of the 1 st
N719 solar cell (Fig. 75). The solar simulator used here was the model 81150 from LOT-Oriel with the
sourcemeter 2400 from Keithley.
Normally, ruthenium dyes like the N719 are known to be very stable in DSSCs. The spiro-MeOTAD in ssDSSCs has also proved a high stability in tests at 1000 h under illumination with visible light at 60°C [157].
As the post-annealing in air had no significant effect on the kink, we investigated the effect of a postannealing within pure oxygen at ambient pressure. Instead of the surface treatment by TiCl 4·aq, we
investigated the effect of smaller TiO2 particles, which should increase the dye-uptake in order to increase the
current-density.
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2.2.3.4 3rd N719 Reference ss-DSSCs with smaller TiO2 Particles
For the 3rd N719 ss-DSSC 13 nm sized TiO 2 particles (T13) were used instead of the T37 with 37 nm
particles and the ALD grown TiO2 underlayer was annealed at 500°C in pure oxygen, flowing at atmospheric
pressure, for 1 hour. This resulted in a further increase of the photocurrent, even without the treatment in the
aqueous TiCl4.
Preparation details:
The staining of the mesoporous TiO2 substrate was done in the same N719 solution at 65°C for 2 h in order
to enhance the diffusion into the smaller mesopores. Afterwards the samples were rinsed with the pure
solvent mixture (tert-butanol/AN) and immersed into it for 1 hour at room temperature. A slightly higher
concentrated spiro-MeOTAD solution has been prepared with 0.17 M spiro-MeOTAD, 13 mM TFSI-Li and
0.12 M tBP in chlorobenzene. The TFSI-Li was pre-dissolved within acetonitrile according to the literature
(170 mg TFSI-Li in 1 ml AN) and added together with 2.2 Vol-% AN into the spiro-MeOTAD solution [ 147].
As it was more difficult on this fine-porous layer to dispense 40 µl of the spiro-MeOTAD solution over the
sample prior to spin-coating, three drops have been cast directly onto the spinning sample at 2000 rpm,
resulting in a macroscopically homogeneous coating. Afterwards a 50 nm thick gold layer was sputtered
through a mask forming 7 mm2 large solar cells (the FTO layer underneath the gold contact area was not
etched away).
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Fig. 78: I-V curves of a representative solar cell from the 3rd N719 substrate with photo
a) I-V curves of a representative solar cell 1 day after preparation (solid traces) and after 7 months storage
in the dark in air at room temperature (dashed traces). Shown are the measurements in the dark (blue
traces), under the lamp (red traces), in natural sunlight (green, solid trace) and under a solar simulator
(green, dashed trace, 100 mW/cm2 AM 1.5) at scan rates between 0.5 and 1 V/s.
b) Photo of the substrate with the corresponding solar cell, which is marked by an arrow.
FTO / ALD-TiO2 (25 nm) / 1 h 500°C in O2 / mesoporous TiO2 (T13) / 2 h 500°C / N719 / spiroMeOTAD spin-coated / 50 nm Au sputtered
Fig. 78 shows a representative solar cell of the 3rd N719 reference cells. The photocurrent could be further
increased compared to the 2 nd N719 reference cell. However, despite the annealing at 500°C in pure oxygen
the kink is not significantly reduced and hence also the efficiency. A degradation with time could be also
observed for the 3rd cell after a storage for 7 months (in the dark). In the photo of the solar cell substrate (b)
the brownish area corresponds to the N719-stained mesoporous TiO 2 layer. The remaining flat ALD-grown
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TiO2 layer was not markedly stained (right hand side).
Although the very fine-porous TiO2 layer had a poor wetting ability for the spiro-MeOTAD solution the
highest efficient solar cells could be realized with it. Spiro-MeOTAD is the HTM of choice for this
challenge, as it combines a reasonable high conductivity with a relatively small molecular size. Additionally,
it has a very high solubility while maintaining a low viscosity of the solution, even at concentrations around
50 vol-% in chlorobenzene [147]. Such requirements for HTMs make it difficult to find alternatives, which
might be necessary if the conductivity or the recombination rate could not be further improved by additives.
The following table compares the most important electrical parameters of all three N719 ss-DSSCs.
ss-DSSC

age

1st N719

1 week

dark

-

-

-

-

-

6.7

583

-

1 N719

1 week

lamp

2.2

31

22

16

0.44

5.3

175

16.7

1st N719

1 week

sun

5.8

24

93

56

0.44

3.0

35

6.6

2nd N719 2 weeks
2nd N719 2 weeks

dark

-

-

-

-

-

5.8

175

-

lamp

14.7

20

159

127

0.58

4.2

54

3.3

2 N719 2 weeks

sun

41.6

15

858

444

0.62

3.0

12

0.8

2nd N719 5 months
2nd N719 5 months

dark

-

-

-

-

-

9.7

438

-

lamp

2.9

15

107

40

0.49

7.8

70

5.3

2 N719 5 months

SS

7.0

11

884

112

0.55

10.0

12

0.8

3rd N719 7 months
3rd N719 7 months

dark

-

-

-

-

-

77.8

1400

-

lamp

5.2

13

166

73

0.55

58.3

50

3.3

SS

7.8

12

1433

129

0.51

41.2

5

0.6

st

nd

nd

rd

3 N719 7 months

illumiP
FF I (-1V)
Isc
Voc Rs (+1V)
Rsh
Rs, center
nation (µW/cm2) (%) (µA/cm2) (µA/cm2) (V) (kΩ·cm2) (kΩ·cm2) (kΩ·cm2)

Table 2: Electrical Parameters of the N719 based ss-DSSCs
Representative values of the 1st, 2nd and 3rd N719 solar cells. The parameters of the 2nd N719 cell are
compared in the stage when it was 2 weeks and 5 months old. The current (I) was also measured at -1 V,
because the kink distorted the explanatory power of Isc. The series resistance (Rs) was measured always at
+1 V. Rs, center assigns the series resistance in the center of the I-V curve, i.e. in the linear regime between
quadrant III and IV. All solar cells had an area of 7 mm 2. SS: solar simulator (100 mW/cm2 AM 1.5).

The series resistance did rise with the storage time, as shown for the 2 nd N719 cell, leading to an extension of
the kink towards negative and positive potentials. This reduced the fill-factor and with it significantly the
power output. An almost linear regime of the series resistance was reached for fresh cells around 1 V, while
the corresponding values of the cells after a few months aging were shifted towards higher positive
potentials. A series resistance of about 2 kΩ·cm2 was reached at 1.5 V for the five months old 2 nd N719 cell
and at 3 V for the seven months old 3rd N719 cell.
Due to the kink the efficiency of these reference solar cells was very low, being 0.008 % for this 3 rd N719
cell after 7 months storage. Without the kink instead, its high photocurrent at negative bias would let expect a
theoretical efficiency almost two orders of magnitude higher as the efficiency scales with ISC and FF.
η = FF · ISC · VOC / (100 mW) = 12 % · 0.129 mA · 0.51 V ≈ 0.008 %
The current density was measured at -1 V, just in front of the steep decrease due to the kink, to be more than
11 times higher, than ISC (at 0 V), hence ISC is expected to have been reduced by over one order of magnitude
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due to the kink, and FF, is expected to be decreased by the kink also several times. Additionally, in Fig. 78
can be seen, that the initial current density, measured under the lamp irradiation 1 day after cell preparation
decreased by a factor of two during the 7 month aging period. The measurement under natural sunlight was
done for qualitative comparison reasons only and not for a quantitative analysis.
As the P2 dye aggregate solar cells (DASCs) seemed to be less affected by the formation of a kink in the I-V
curve (Fig. 74) than the N719 reference cells, we investigated the ALD-grown TiO 2 underlayer in more detail
for the solar cells with P2. The hole blocking or current rectifying properties of the TiO 2 layers have been
investigated as a function of their thickness, shown in the next paragraph. Diode structures have been
prepared, which consisted only of the FTO electrode, the flat TiO 2 underlayer, the spiro-MeOTAD layer and
the gold counter-electrode.

2.2.3.5 Atomic Layer Deposition and Characterization of the TiO2 Layers
With the ALD technique it is possible to apply very thin, dense and crystalline TiO 2 layers. It was
investigated, which thickness is necessary for proper hole blocking and hence current rectification properties
in combination with spiro-MeOTAD. If thinner layers show also good hole blocking properties they might be
better suited for solar cells if their oxygen deficiency could be reduced by post-annealing within oxygen.
Beside the formation of a Schottky barrier thick TiO 2 layers additionally absorb more of the incident light
and might increase the series resistance.
A series of different TiO2 layer thicknesses has been grown onto FTO and imaged by SEM (Fig. 79).

2.2.3 New Solar Cell Design

117

blank FTO

100 cycles / 3 nm

350 cycles / 10 nm

850 cycles / 25 nm

Fig. 79: SEM micrographs of compact TiO2
layers grown by ALD
SEM micrographs of an ALD growth series of TiO2
on FTO substrates. The growth rate was according to
the literature [151] 0.03 nm/cycle from the precursor
titanium isopropoxide and water at a substrate
temperature of 300°C. Pulse times were 0.6 s, each.
The Ti-isopropoxide was evaporated at 80°C and the
water at 47°C with a 5 s purge by 20 sccm N2 in
between each pulse, resulting in a duration of 11.2 s
for a complete cycle.

2000 cycles / 60 nm

An extract of the gas pressure over time plot, recorded during the ALD process is shown in Fig. 80.
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Fig. 80: Pressure over time plot recorded during the ALD process
This graph shows the pressure peaks which arose after alternating openings of the titanium precursor
(small peaks, Ti-isopropoxide at 80°C) container valve and the H 2O container valve at 47°C (large peaks)
for 0.6 s each, with 5 s purging time in between each pulse with 20 sccm N 2 permanent flow. The substrate
temperature was 300°C.
As can be seen the pressure pulses of the precursor and the water were of a regular height, even after
hundreds of cycles. The water pulse was provided in excess to facilitate a complete reaction without a
residue of carbon within the TiO 2 layer. The rotary vane pump was continuously evaporating the reaction
chamber, decreasing the pressure after each precursor pulse.
Preparation details of the diodes with the composition: FTO / TiO2 / spiro-MeOTAD / gold:
The FTO substrates were pre-treated within a 50 mM aqueous solution of TiCl 4 at 70°C for 1.5 h prior to the
TiO2 layer growth by ALD, as this has been found to improve the statistics and reproducibility of the diodes.
After the ALD process the layers have been annealed within pure O 2 at 500°C for 2 hours. Then a spiroMeOTAD film has been spin-coated onto each sample at 2000 rpm for 30 s. Afterwards a 50 nm thick gold
layer has been sputtered at 0.04 mbar argon through a mask to form 8 diodes with 7 mm 2 active area, each.
The diodes have been contacted by the golden spring probes of the contacting device. The spiro-MeOTAD
solution had the composition: 0.15 M spiro-MeOTAD, 0.13 M tert-butylpyridine, 9.3 mM TFSI-Li and 0.27
M acetonitrile (for the pre-dissolved TFSI-Li) in chlorobenzene.
The I-V characteristics of the diodes with 60 nm thick TiO2 layers are shown in Fig. 81.

2.2.3 New Solar Cell Design

a)

0.01

0.00

Before Lamp
2

-0.01

-0.02
-5

-4

1
After Lamp (20 s, 60 W, 10 cm)
2
3
4
13
14
15
16

0.02
Current-Density / (mA/cm )

2

Current-Density / (mA/cm )

b)

1
2
3
4
13
14
15
16

0.02

119

-3

-2

-1

0

1

2

3

c)

0.01

0.00

-0.01

-0.02
-5

-4

-2

-1

0

1

2

3

Potential / V

Potential / V

Fig. 81: I-V curves of diodes with 60 nm TiO2

-3

before and after light treatment

The I-V curves of all diodes on a substrate with a 60 nm thick TiO 2 layer and spiro-MeOTAD are shown as
prepared (a) and after an illumination treatment by the lamp at 10 cm distance for 20 s, which has been
repeated up to 4 times (b). The TiO2 layer was spin-coated by a double layer of spiro-MeOTAD followed
by the sputtering of a 51 nm thick gold layer forming 8 identical diodes, which were numbered as indicated
in (c) from 1 to 4 and from 13 to 16. Scan rate: 0.5 V/s
FTO / TiCl4·aq (70°C) / 60 nm ALD-TiO2 / 2 h 500°C in O2 / 2 × spiro-MeOTAD (+ TFSI-Li, + tBP) /
50 nm Au sputtered / [conditioning in light (lamp)]
The I-V curves of the diodes on the FTO substrate scattered significantly around a mean value of the series
resistance and breakthrough potential (Fig. 81a). Upon illumination of the diodes with the lamp, however,
the series resistances decreased to less then half of the initial values. Additionally, the opening potentials and
series resistances in quadrant I became much more uniform for all diodes on a substrate (b), which is shown
in (c). The series resistances of these diodes, which were spin-coated twice by spiro-MeOTAD, decreased
from about 60 to 30 kΩ·cm2. Whereas the breakdown voltages still lay within a broad potential window
between approx. -1.5 and -3 V (quadrant III) the forward voltage thresholds (quadrant I) became very narrow
distributed around 0.7 V. The major part of the resistance decrease was reached after 20 s of illumination by
this warm light. This decrease was irreversible and could be seen also one week later, after remounting and
re-contacting the diodes at different contact positions. Hence, it was not a contact effect due to a possible
softening of the spiro-MeOTAD. When the samples were treated again by the illumination, a further slight
decrease of the resistance occurred only temporarily during the illumination period and decayed after about 2
min again to the stable value at the beginning.
The other diodes of the TiO2 layer thickness series are shown in Fig. 82.

2.2.3 New Solar Cell Design

120

Diodes: FTO / TiO2 (TiCl4·aq) / TiO2 (ALD) / Spiro-MeOTAD / Au
no ALD-TiO2
3 nm TiO2
10 nm TiO2
25 nm TiO2
60 nm TiO2
60 nm TiO2 twice spincoated spiro-MeOTAD
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Fig. 82: I-V curves of TiO2/spiro-MeOTAD diodes with different TiO2 layer thicknesses
The diodes with different TiO2 layer thicknesses were illuminated by the 60 W lamp at 10 cm distance for
a few tens of seconds and measured then in the dark. The FTO layers were pre-treated in a 0.05 M aqueous
solution of TiCl4 and then coated with various thicknesses of TiO2 by ALD from Ti-iProp. They were then
spin-coated with one layer of spiro-MeOTAD and sputtered with 50 nm thick gold counter electrodes. The
magenta curve, taken from Fig. 81, contains a double layer of spiro-MeOTAD. Scan rate: 0.5 V/s.
FTO / TiCl4·aq (70°C) / TiO2 (ALD) / O2 (500°C) / spiro-MeOTAD (+ TFSI-Li, tBP) / 50 nm Au
sputtered / conditioning in light (lamp)
These diodes were spin-coated by a single layer of the spiro-MeOTAD matrix and are compared also with a
representative of the previously shown diodes with a double layer spiro-MeOTAD (magenta trace). The
decrease of the resistance by the illumination treatment reached similar stable values around 8 kΩ·cm2 for all
TiO2 layer thicknesses (Fig. 82). The higher series resistance of the diode with the double layer spiroMeOTAD indicates that this resistance corresponds to the spiro-MeOTAD matrix and is not significantly
influenced by the TiO2 layer thickness. The diode with the 3 nm thick TiO 2 layer grown by ALD (green) has
a less defined forward potential and the diode with no TiO 2 layer grown by ALD (red) shows an almost
ohmic contact, but with a similar high series resistance. The pre-treatment of all substrates within the
aqueous TiCl4 solution is supposed to lead to an initial growth of a 1-2 nm thick TiO 2 layer onto the FTO.
However, on the red curve it can be seen, that this pretreatment does not lead to the formation of an effective
hole blocking layer.
The breakdown voltage was less affected by the illumination treatment and scattered strongly around an
average value also between the diodes of the same substrate. The forward potential instead, became very
narrow distributed around 0.7 V for all TiO2 layer thicknesses from 10 nm onwards, after the illumination
treatment. The broad distribution of the initial resistance values was reduced to approx. 6-9 kΩ·cm2 upon the
irradiation treatment. The mean resistance of the spiro-MeOTAD layer on the FTO without the additional
ALD-TiO2 layer decreased after the illumination treatment only from 5.7 to 5.3 kΩ·cm2, which corresponds
to 8 %. At the 3 nm thick TiO2 layer the mean decrease was already 72 % and at the TiO2 layer thicknesses of
10, 25 and 60 nm the mean resistance decrease was about 370 %, 325 % and 50 %, respectively. This shows
that the illumination treatment induced the formation of a similar electronic configuration for all TiO 2 layer
thicknesses.
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The narrowing of the series resistance distribution upon the illumination treatment might point onto a
possible reorganization or crystallization of the spiro-MeOTAD matrix. However, it could be seen, that the
TiO2 layer thickness from 10 nm onwards had no significant effect on the I-V characteristics. Thinner TiO 2
layers than 10 nm might be amorphous and therefore showed a slightly worse current rectifying
characteristic.
The oxygen vacancy doping of the TiO 2 layers could be seen also at their higher absorption within the visible
wavelength range. They appeared gray to the naked eye in contrast to the colorless or white appearance of
the undoped TiO2 particles. These layers could not be significantly oxidized upon annealing at 500°C in pure
oxygen for 1 h, for none of the layer thicknesses. The reason for this may be the same as for the observation
of Ritala et al. that the crystallinity of ALD-grown layers can not be increased significantly by post-annealing
in contrast to CVD-grown TiO2 films. The authors explained it by a higher density of the ALD-grown films
compared to those grown by CVD, what was investigated among other techniques by measuring the etching
rate of these layers [151]. An annealing far beyond 500°C may lead to a coarsening of the crystallites or a
phase transformation to rutile from the low temperature modification anatase. The rutile structure instead, is
known to perform worse in DSSCs. However, the high oxygen vacancy concentration can also not be
avoided during the growth process due to the vacuum, which is known to lead to an oxygen deficiency.
Recently a new ALD system has been developed, which can be operated also under ambient pressure, the socalled spacial ALD. There the gas pulses are not sequentially cycled in time, but the gases are spatially
separated and the substrate is oscillating relative to them. Levy and coworkers demonstrated the growth of
Al2O3 and ZnO films for thin film transistors employing an open atmospheric pressure system of a spatial
ALD [158]. The quality of the films was comparable to those grown by conventional vacuum based ALD
systems. This technique may be suited to deposit high quality low doped TiO 2 layers when pure oxygen
would be used as carrier gas. Such layers might perform even better than those prepared by the conventional
spray pyrolysis deposition (SPD) with oxygen as carrier gas, because they could be prepared more compact
and thinner (10 nm), than the SPD-grown once, which need a thickness of about 100 nm to be tight enough
for proper current rectification properties.
However, the I-V characteristics of DASCs with P2 under illumination with the lamp seemed to be less
affected by the high doping concentration of the TiO 2 layers grown by the vacuum based ALD system. A
kink could also not be observed in conventional DSSCs with the liquid electrolyte and the ruthenium dyes
N3 and N719. We therefore assume that the Fermi level of TiO 2 may gets pinned to the redox potential of the
I-/I3- couple of the electrolyte. Organic semiconductors are also known to pin the Fermi level of a conductive
substrate to the polaronic energy of the organic material [159]. Thus, the DASCs might be less affected by
the doping level of our TiO2 underlayer, under illumination with the lamp, due to a similar Fermi-level
pinning to the polaronic level of P2. Snaith et al. showed that a slight kink remains for conventional ssDSSCs when they are illuminated by monochromatic UV-free light, even when the TiO 2 underlayer has been
prepared by the SPD technique under pure oxygen [129]. As P2 aggregate solar cells proved already under
the 60 W incandescent lamp that they are less affected by the formation of such a kink in the I-V
characteristic under this weak and UV-deficient indoor illumination conditions (Fig. 74), they might be better
suited for indoor applications than conventional ss-DSSCs.

2.2.3.6 P2 Aggregate Solar Cells with Treatment in n-heptane
The functionality of the amorphous P2 as sensitizer in the solar cell architecture of ss-DSSCs could be
already proved within a mesoporous TiO 2 layer (Fig. 74). The following investigations show, if the
performance of amorphous P2 could be improved by making use of its biomimetic self-assembly to Jaggregates. The methods how to obtain suitable J-aggregates have been developed in the first part of the
thesis, where the best results have been achieved annealing an amorphous P2 layer on flat or within coarseporous TiO2 layers in the presence of n-heptane. Absorption spectra revealed, that this reorganization to Jaggregates was not possible within mesoporous layers (Fig. 48), not even when they were equipped with
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additional macropores (Fig. 40).
For the following experiments coarse-porous TiO 2 layers have been applied only onto a part of an TiO 2
coated FTO substrate in order to obtain a partly flat and partly coarse-porous TiO 2 layer on the same
substrate, which could be addressed individually by the separated gold electrodes, sputtered on top. This
would allow for a better comparison of the performance of P2 aggregates on the flat and within the coarseporous TiO2 layer, as the deposition of P2 and its thermal post-treatment in n-heptane could be kept identical.
Two such substrates have been prepared of which one was treated in n-heptane after the deposition of the
amorphous P2. Thus, the four solar cell types could be compared: P2 in its amorphous form and as Jaggregates on flat and within coarse-porous TiO 2 layers.
Preparation details:
Two FTO substrates were coated with a 25 nm thick TiO 2 layer by ALD, each, with subsequent postannealing at 500°C in pure oxygen for 1 h. The coarse-porous TiO 2 (T300) layers were applied by doctorblading onto one part of each substrate followed by sintering for 1 h at 500°C in air. Then a treatment within
an aqueous solution of TiCl4 (0.05 M) was performed at 80°C for 3 h. On both substrates 100 µl of a 0.1 mM
solution of P2 within THF was sprayed. One of them was annealed within n-heptane at 110°C for 4 hours.
Then both substrates were first sprayed with the same spiro-MeOTAD solution, which was used for the 3 rd
N719 cell (0.17 M spiro-MeOTAD, 13 mM TFSI-Li, 0.12 M tBP, 0.42 M acetonitrile) and afterwards spincoated with it at 3000 rpm for 30 s. Finally 50 nm thick and 7 mm2 large gold electrodes have been sputtered
onto the flat and coarse-porous TiO 2 areas on each substrate (the FTO underneath the top contact area was
not etched away).
Fig. 83 shows a photo of the n-heptane treated substrate and the I-V curves of its highest efficient coarseporous and flat solar cell under illumination with the lamp (measured 7 month after preparation)
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Fig. 83: I-V curves of n-heptane treated coarse-porous and flat DASC with a photo
a) Comparison of the I-V curves of the n-heptane treated coarse-porous (solid traces) and flat (dashed
traces) dye aggregate solar cells (DASCs) under illumination with the lamp (60 W, 10 cm distance) seven
months after preparation. b) Photo of the substrate with arrows indicating the corresponding solar cells.
FTO / ALD-TiO2 (25 nm) / 1 h 500°C in O2 / [coarse-porous TiO2 (T300)] / 1 h 500°C / TiCl4 / 1 h 500°C
P2-THF sprayed / n-heptane post-treatment / spiro-MeOTAD sprayed / spiro-MeOTAD spin-coated /
50 nm Au sputtered / stored 7 months
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The coarse-porous dye aggregate solar cell reached a ten times higher short circuit current (0.02 mA/cm2)
than the flat one. Its open circuit potential however, was significantly lower and additionally degraded from
0.34 V (not shown) down to 0.28 V after the storage for half a year in the dark (Fig. 83a). The Voc of the flat
cell did not degrade during this time and remained at 0.63 V, which will be shown later. The reason for the
lower Voc of the coarse-porous cell might be a hindered electron transport through the large TiO 2 particles
with diameters mainly between 100 and 300 nm, as this size already reached the dimension of a band
bending region. In contrast to the N719 reference ss-DSSCs with a mesoporous TiO 2 layer the I-V
characteristics of these solar cells did not reveal a significant kink under illumination with the lamp, as the
fill-factor was higher than 25 %, what is the threshold for a linear curve progression (triangle) in quadrant IV.
The corresponding solar cells are marked by arrows in Fig. 83b. It made no difference over which of the two
silver paint spots (top and bottom) the FTO electrode was contacted.
In Fig. 84 the effect of the n-heptane treatment is shown in a comparison of the same solar cells with those
from the substrate, which has not been annealed within n-heptane prior to the spiro-MeOTAD deposition,
while the rest of the preparation was kept identical.
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Fig. 84: I-V curves of flat and coarse-porous P2-DASCs with and without n- heptane posttreatment
I-V curves of the same DASCs as in Fig. 83 (solid traces) compared with identically prepared DASCs, but
without the n-heptane treatment of the amorphous P2 deposits, (dashed traces) on the coarse-porous TiO 2
layer (a) and on the bare TiO2 underlayer grown by ALD (b). All I-V curves were measured one month
after solar cell preparation under the lamp (red traces) and in the dark (blue traces). Note the ten times
higher current density scale in b. The crosses mark the maximum power points of the n-heptane treated
solar cells, corresponding to 2.9 µW/cm2 and 0.4 µW/cm2 in (a) and (b), respectively. Scan rate: 0.05 V/s.
FTO / ALD-TiO2 (25 nm) / 1 h 500°C in O2 / [coarse-porous TiO2 (T300)] / 1 h 500°C / TiCl4 / 1 h 500°C /
P2-THF sprayed / [n-heptane post-treatment] / spiro-MeOTAD sprayed / spiro-MeOTAD spin-coated /
50 nm Au sputtered / stored 1 month

In these earlier measurements of the same n-heptane treated cells (solid traces) in comparison with the two
highest efficient cells on the reference substrate, which has not been annealed in n-heptane, (dashed traces) it
can be seen, that the n-heptane treatment indeed led to a significant increase of the photocurrent. The power
output and hence efficiency increased immensely by a factor of 12 on the coarse-porous part (a) and
significantly by 30 % aside this structure on the flat TiO 2 layer (b). Despite the lower open circuit potential of
the porous cell its efficiency was 7 times higher compared to that of the flat cell on the n-heptane treated
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substrate. The possible reasons are discussed at the end of this chapter.
This experiment proved, that P2 indeed performs better in form of J-aggregates than in the amorphous phase,
especially within the coarse-porous layer.
Fig. 85 shows the performance and stability of the n-heptane treated coarse-porous DASC under simulated
sunlight.
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Fig. 85: I-V curves of the n-heptane treated coarse-porous cell (solar simulator and stability)
I-V curves of the same n-heptane treated coarse-porous solar cell as shown before in Fig. 83 and 84a
a) measured 7 months after preparation in the dark (blue traces), under illumination with the lamp (red
trace) and in a solar simulator (green trace, 100 mW/cm2 AM1.5).
b) measured under illumination with the lamp 1 month (dashed red trace) and 7 months after preparation
and after the measurements in the solar simulator (solid red trace) with the corresponding measurements in
the dark (blue traces).

Under simulated sunlight a kink arose also in the I-V characteristic of the seven months old coarse-porous
DASC (a, green trace). Hence, the overall efficiency was with 0.006 % in the same order of magnitude as
that of the N719 reference ss-DSSCs (efficiency of the 3rd N719: 0.008 %). Considering the high
photocurrent at –1 V bias it can be estimated that the efficiency could be around two orders of magnitude
higher without the kink, similar to the 3 rd N719 reference cell. The corresponding I-V curve in the dark is
shown as dark green trace. After three days, the same solar cell has been measured again under illumination
with the lamp (red trace) with the corresponding dark curve (solid blue trace). b) The same I-V curve under
illumination with the lamp (solid red trace) is compared with a measurement, which has been recorded one
month after preparation of this solar cell (dashed red trace) with the corresponding dark measurements
(dashed blue trace). The open circuit potential and the fill-factor decreased during this half year storage in the
dark and slightly also during the solar simulator measurements. The photocurrent however, did not decrease
significantly in contrast to the aged N719 solar cells.
Fig. 86 shows a similar comparison for the n-heptane treated flat DASC.
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Fig. 86: I-V curves of the n-heptane treated flat cell (solar simulator and stability)
I-V curves of the same n-heptane treated flat solar cell as shown before (Fig. 83, 84b)
a) measured 7 months after preparation in the dark (blue traces), under illumination with the lamp (red
trace) and in a solar simulator (green trace, 100 mW/cm2 AM1.5).
b) measured under illumination with the lamp 1 month (dashed red trace) and 7 months after preparation
and after illumination with the solar simulator (solid red trace) with the corresponding dark measurements
(blue).

The DASC on the flat TiO2 layer appeared to be less affected by the formation of a kink in the I-V curve, if at
all, under simulated sunlight (a, green trace). This may be also related to the generally lower photocurrent.
However, its high fill-factor overcompensated the deficit in photocurrent and led to a power output of
9 µW/cm2 under simulated sunlight, corresponding to 0.009 % power conversion efficiency. Its power output
under illumination with the lamp (red trace) was only 0.4 µW/cm2. However, this flat cell was remarkable
stable and showed no degradation after half a year storage in the dark (b, solid red trace) and even performed
slightly better than half a year earlier (dashed red trace). As the prolonged storage of the reference cells with
the sensitizer N719 always led to an expansion of the kink in the I-V curve and hence decrease of the fillfactor, the flat DASC was inferably not affected by such a kink or the formation of a Schottky barrier. The
shunt resistance of this cell decreased significantly under simulated sunlight down to 26 kΩ·cm2. This
indicates high recombination losses, probably at the highly doped ALD grown TiO 2 layer and the spiroMeOTAD matrix, which had much direct contact area, as the J-aggregates do not form a closed layer.
The most important electrical parameters of the demonstrated DASCs are compared in Table 3 in the next
section.
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2.3 Results and Discussion
The following table summarizes the electrical parameters of the four DASCs: the flat (F) and the coarseporous (CP) one, with (n-C7) and without the n-heptane treatment, under illumination with the lamp. The nheptane treated ones are additionally shown under illumination with simulated sunlight (SS).

DASC

illumiP
nation (µW/cm2)

VMPP
(V)

IMPP
(µA/cm2)

FF
(%)

(V)

Voc

Isc
Rs (+1V)
Rsh
(µA/cm2) (kΩ·cm2) (kΩ·cm2)

CP
lamp
CP, n-C7 lamp
CP, n-C7 SS

0.2
1.8
6

0.12
0.16
0.17

1.9
11
33

33
30
20

0.22
0.28
0.36

3
21
77

1.6
1.0
3.5

288
108
-

F
F, n-C7,
F, n-C7

0.3
0.4
9

0.38
0.33
0.37

0.8
1.2
24

36
32
37

0.57
0.54
0.63

1.5
2.3
38

58.3
2.2
7.7

619
467
26

lamp
lamp
SS

Table 3: Electrical DASC parameters
CP: coarse-porous, F: flat, SS: solar simulator (100 mW/cm2 AM 1.5), n-C7: n-heptane treatment.
The values of the n-heptane treated cells correspond to the seven months old cells and the others to one
month old cells with amorphous P2. The series resistance (Rs) was recorded at +1 V for all cells.

The high series resistance of the flat solar cell without the n-heptane treatment of 58.3 kΩ·cm2 confirms the
assumption, that the amorphous P2 might have a significantly higher resistance, compared to the orderly
structured P2 J-aggregates. By the treatment with n-heptane the amorphous P2 layer reorganized to Jaggregates, leading to a significant reduction of the series resistance down to 2.2 kΩ·cm2. The series
resistance of the coarse-porous solar cell was already low before the n-heptane treatment, probably due to a
much thinner amorphous P2 layer on the larger surface area. The treatment of the coarse-porous layer in nheptane led a reduction of the series resistance from 1.6 to 1.0 kΩ·cm2 under the illumination with the lamp.
The reorganization of the amorphous P2 to J-aggregates in n-heptane led to an impressive increase of ISC by a
factor of 7 on the coarse-porous TiO2, whereas the ISC increase of the flat cell was 50 %. One reason for the
smaller effect on the flat TiO2 surface might be that the aggregates were separated to much from each other
and a major fraction of the incident light could pass beside the aggregates without being absorbed. Another
explanation might be that the J-aggregates grew larger on the flat surface, exceeding the exciton diffusion
length. Another effect, which might explain this observation is the higher light scattering of the coarseporous layer compared to the flat one. J-aggregates of P2 have additional red-shifted absorption bands,
compared to amorphous P2. Whereas this additional gain in harvesting photons may be small on a flat
surface, it can be amplified by light scattering, which is much higher in the coarse-porous cell. By the
additional absorption bands a certain number of photons more could be harvested for each time the incident
light passes the layer. Whereas the light passes a flat layer most probably only once, it may pass it several
times within a porous layer, thus multiplying the additional wavelengths gain of J-aggregates. As a relatively
low concentration of P2 has been used for these cells a high amplification of the extra absorbance of Jaggregates might have occurred.
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The reason for the lower open circuit potential of the coarse-porous cell compared to the flat one, may be a
band bending within the TiO2 microparticles, leading to a more rough potential landscape with potential
barriers at the particle interfaces. Small nanoparticles instead, are smaller than the size of a depletion layer or
band banding zone, thus are almost completely depleted of conduction band electrons and have a flat band
potential. Thus, the barrier for the electron transport between such connected particles is supposed to be
lower, then that between larger particles [160]. Therefore, a smaller particle size, which would still allow the
formation of J-aggregates might lead to a higher open circuit potential.
Conventional porphyrin dyes, which form a monolayer on mesoporous TiO 2 surfaces, are known to have
generally a lower open circuit potential than the ruthenium dye N719 [110]. Mozer et al. investigated the
electron lifetime and diffusion within such porphyrin stained DSSCs and came to the conclusion, that an
increased recombination rate is mainly responsible for the decreased open circuit potential of these porphyrin
dye monolayers. The recombination within our dye sensitized solar cells is also relatively high, as the shunt
resistances are relatively low. This is probably caused by the exposed TiO 2 surface, because P2 J-aggregates
do not form a dense layer. If this recombination path should turn out to be problematic in future, it might be
possible to passivate this free TiO 2 surface by suitable co-adsorbents. Also the use of an other, less
recombination affected hole transport material might be possible in our solar cells, due to the easier infiltrateability of the coarse-porous structure.
For the DASCs under the illumination with the lamp, no significant kink was observed what can be also seen
at the fill-factors, which were not lower than 30 % in contrast to the reference solar cells (ss-DSSCs with
N719), where the fill-factors were only for the 1 st N719 cell above 20 %. The lower photocurrent can not be
the only explanation for this, because the comparison of the 1 st N719 cell with the first P2 cell on an
identically prepared mesoporous TiO 2 substrate (T37) showed that the cell with P2 reached a higher
photocurrent and had no kink in the I-V curve under illumination with the lamp (Fig. 74), in contrast to the
1st N719 cell (Fig. 75). This may indicate that DASCs with P2 are less affected by the formation of a
Schottky barrier than ss-DSSCs based on the common ruthenium bipyridine dye N719 under illumination
with an incandescent lamp. As such a lamp represents indoor illumination conditions, having also a low UV
content, DASCs may have an advantage over conventional ss-DSSCs indoors. As Snaith et al. showed, also
those ss-DSSCs with a dense TiO2 layer, prepared by the spray pyrolysis deposition in pure oxygen, revealed
a slight kink, when illuminated under monochromatic light [129]. Thus, even with the best technique to
apply the dense TiO2 layer it seems to be not possible to fully avoid such a kink formation under UV-free
illumination conditions. Maybe the P2 based DASCs could perform better under such conditions, which
were simulated here with the 60 W incandescent lamp.
These DASCs are a proof of concept and not fully optimized solar cells, thus there is much room for
improvements in future. The highest improvement is expected by a change of the application method for the
dense TiO2 hole blocking layer, to one which allows a higher saturation with oxygen. A common deposition
technique to achieve this is the spray pyrolysis deposition with pure oxygen as carrier gas for the TiO 2
precursor. The high photocurrent density at negative bias as well as literature values show that an efficiency
increase of the reference solar cells based on the N719 dye by two orders of magnitude is possible with such
low doped TiO2 layers. As the performance of the coarse-porous DASCs was also diminished by such a kink
under simulated sunlight, we expect also for this type of solar cells a high efficiency increase. Further
improvements are expected by using a larger amount of P2, as these cells absorbed only about 20 % of the
incident light. SEM investigations revealed, that there is enough space in the pores to significantly increase
the concentration of P2. Alternatively, the layer thickness can be reduced to decrease the series resistance and
the recombination rate. The usage of smaller particles within the not investigated range between 37 nm and
around 100 nm might also increase the the open circuit potential and hence the efficiency further.
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2.4 Conclusion
The biomimetic self-assemblies or J-aggregates of P2 could be successfully implemented into solar cells.
Within conventional DSSCs comprising the liquid iodide based electrolyte, P2 performed very poor, most
probably due to its partial dissolution within such solvent mixtures. The solid-state version of these solar
cells, with a mesoporous TiO2 layer infiltrated by amorphous P2, performed much better. On flat and in
coarse-porous TiO2 layers, which allowed also the reorganization of the amorphous P2 to J-aggregates, it
could be shown, that indeed J-aggregates perform significantly better than the amorphous P2. The efficiency
of the coarse-porous cells increased by a factor of 12 due to the induced self-assembly to J-aggregates by the
thermal post-treatment in n-heptane.
The reference solar cells based on the standard ruthenium dye N719 revealed, that the TiO 2 hole blocking
layer, which was prepared by atomic layer deposition (ALD), was unsuited for these solar cells. Its high
oxygen vacancy concentration most probably led to the formation of a Schottky barrier with the FTO, and
thus a kink in the I-V characteristic, which significantly reduced the efficiency of these solar cells. Whereas
the coarse-porous dye aggregate solar cells (DASCs) with P2 were also affected by the formation of such a
kink under illumination with simulated sunlight, this deficit was significantly less pronounced at the weak
and UV-deficient illumination in contrast to the reference solar cells. The indoor illumination conditions we
simulated by a 60 W incandescent lamp. The efficiencies of the P2 based coarse-porous DASCs and those of
the N719 based reference ss-DSSCs at simulated sunlight were comparable, reaching 0.006 % and 0.008 %,
respectively. The high photocurrents at negative bias of both types of solar cells let expect an efficiency
increase about two orders of magnitude when the kink would be eliminated i.g. by using a low doped TiO 2
underlayer. To realize such a TiO 2 layer a new deposition system would be needed to set up in future like the
conventional spray pyrolysis deposition (SPD) or a spatial ALD system, which works also under atmospheric
pressure and could be used with pure oxygen, too.
That the DASC with P2 was less affected by the formation of a kink in the I-V characteristic under almost
UV-free illumination conditions, compared to the reference ss-DSSCs based on N719, was quite unexpected.
This may be an additional advantage of DASCs for indoor applications and low light intensities. Whereas the
N719 reference cells showed a pronounced kink in the I-V characteristics also at very low photocurrents, this
kink was not noticeable in identically prepared solar cells with amorphous P2 as sensitizer of the mesoporous
TiO2. This is not only related to a lower photocurrent as the example of the 1 st N719 ss-DSSC showed. The
reference cell was only weakly stained by N719 due to an intense purging within pure acetonitrile, and thus
showed a lower photocurrent than the P2 infiltrated analogue (Fig. 75 and Fig. 74, respectively). Higher
photocurrents of the N719 cells could be achieved by purging the cells in an acetonitrile/t-butanol mixture
instead of pure acetonitrile after staining, treating the TiO 2 layers within aqueous TiCl 4 solutions and using
smaller TiO2 particles (13 nm). The strong kink in the I-V curve however, could not be reduced significantly,
what was tried with an intensified post-annealing within pure oxygen.
J-aggregates of P2 could be successfully implemented into solar cells using the basic architecture of ssDSSCs, but in a coarse-porous variant. This resulted in a combination of the features of hybrid solar cells,
and ss-DSSCs. The resulting DASCs combine the ability of the dye to transport excitons and holes, like in
hybrid solar cells, with the peculiarity of ss-DSSCs to make use of an additional material dedicated to the
hole transport only. This concepts offers several advantages compared to conventional ss-DSSCs:
–

increased absorbance and sensitization on a smaller TiO 2 surface
–

possibility using thinner layers
–

could reduce the series resistance

–

higher degree of mechanical flexibility

–

savings in material cost and weight
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possibility of coarsening the porous structure
–

reduction of the recombination rate at the TiO2 surface (due to reduction of the TiO2 surface)

–

facilitates the infiltration of the HTM for a higher pore filling
–

larger variety of possible HTM alternatives like those with a higher viscosity

–

seemingly better suited for low UV or indoor illumination conditions

–

environmentally friendly and not containing rare, expensive or potentially toxic elements

Possible disadvantages seem to be the lower efficiency up to now, but this is probably related to the early
stage of optimization. Beside the doping level of the TiO 2 hole-blocking layer the morphology of the porous
layer and that of the dye aggregates has a big influence on the efficiency and may be further optimized, as
well as the infiltrated dye amount. A principle disadvantage may be a hindered electron transport through a
coarse-porous TiO2 layer, what might have caused in our case the lower open circuit potential. As
nanoparticles are smaller than the depletion layer within the material, their electronic bands are not bended in
contrast to microparticles, where the band bending is supposed to form barriers at the TiO 2 particle
interfaces. This increases the internal resistance within such coarse-porous solar cells. Thus, a good balance
needs to be found between the TiO 2 particle size the the formation of voids large enough to allow the selfassembly to J-aggregates.
This work showed, that self-assembling dye-aggregates can sensitize semiconductors like TiO 2 for visible
light with a similar efficiency as dye monolayers. A proof of principle was given, how self-assembling dye
aggregates can be implemented into artificial solar cells. The coarse-porous TiO 2 layer is a suitable template
to control the aggregate morphology and size in combination with different solvents or treatments for the
infiltration and to induce the self-assembly. The pore-sizes should be narrow distributed and on one hand
large enough to allow the self-assembly and on the other hand small enough to confine the aggregate size to
the exciton diffusion length. The success of the self-assembly to J-aggregates could be monitored by
absorption spectroscopy. The distribution of the aggregates' morphologies and sizes could be judged by SEM
investigations.
The miniaturized solar cell design improved the statistics and could be used to apply different solar cell
structures on a single substrate, like a porous and a flat one. This allowed for a precise comparison of the
morphology influence on the performance, as all deposition and post-treatment parameters were identical.
With the contacting device, which has been developed to contact precisely the 7 mm 2 small solar cells, it was
not necessary to etch away the FTO layer underneath the contact area of the gold counter electrode, because
the used spring gold probes did not short circuit the cells. With this switchable contacting device highly
reproducible and fast measurements could be realized with more reliable statistics.
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General Conclusion
Biomimetic dye aggregates could be successfully controlled in their size and dispersity and they could be
successfully implemented into functional solar cells, giving a proof of principle that the transfer of this
natural light-harvesting concept to technology is possible.
The precondition for realizing efficient solar cells based on dye aggregates was to find methods to reduce the
aggregate size close to the exciton diffusion length while maintaining the highly ordered J-aggregate
structure. This could be achieved, and additionally a homogeneous deposition with a narrow distribution of
the different aggregate sizes and morphologies, by a two step process on suitable substrates. Therefor, P2
was first applied from the solvent THF, which hinders the self-assembly, resulting in the deposition of
amorphous, but very homogeneous films. A reorganization of these films to J-aggregates could be obtained
by a thermal post-treatment within n-heptane, a solvent which facilitates the self-assembly without
dissolving the dye. A further size-reduction was achieved by applying this method to a coarse-porous TiO 2
structure, where the aggregates grew size-confined within the pores. This reorganization was not possible
within mesoporous TiO2 layers with particle- and hence pore-sizes up to approx. 37 nm. Even, when
additional macropores were implemented into such layers, as could be measured by absorption spectroscopy
which revealed that a major fraction of the dye remained amorphous within the mesopores and only a small
fraction grew to J-aggregates within the macropores. A complete reorganization of the amorphous dye
deposits could be achieved within coarse-porous TiO 2 layers, sintered from particles of around 200 nm size.
Due to the relatively high aspect ratio of the aggregates the diameter of even 200 nm long aggregates was
still within the order of the expected exciton diffusion length. The superiority of self-assembled J -aggregates
over the amorphous dye could be proved by a rise in efficiency of over one order of magnitude upon
treatment of the dye-infiltrated substrates in n-heptane before finishing them to solar cells. These dye
aggregate solar cells (DASCs) had the following structure:
FTO / dense TiO2 / coarse-porous TiO2 / P2 J-aggregates / spiro-MeOTAD / gold
The main factor, which limited the efficiency of the DASCs and that of the reference solar cells (ss-DSSCs),
which were sensitized by a monolayer of the highest efficient ruthenium-dye, was a highly doped and hence
unsuited TiO2 hole blocking layer. It most probably led to a Schottky barrier formation and hence kink in the
I-V characteristic, which reduced the efficiency by estimated two orders of magnitude. However, the
efficiency of the new developed coarse-porous DASC reached with 0.006 % already ¾ of the efficiency of
the reference ss-DSSC under simulated sunlight. This shows the high potential of the concept using
biomimetic dye aggregates for solar cells as the relatively low optimized DASC prototypes were already
compatible with ss-DSSCs comprising conventional dye monolayers.
The following suggestions for optimizations, summarized in the outlook, are expected to lead to further
improvements of the DASC performance.
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Outlook
Further optimizations of P2 aggregate solar cells might be possible by:
–

using lower doped TiO2 hole blocking layers (prepared e.g. by SPD or spatial ALD in O 2 at
atmospheric pressure)

–

using higher amounts of the dye P2 (approx. up to 1·10-7 mol/cm2)

–

using thinner coarse-porous TiO2 layers (< 1 µm)

–

adjusting of the porosity e.g. with TiO2 particles between 37 nm and 100 nm in size

–

infiltration of other HTMs into the coarse-porous TiO 2 (e.g. PEDOT:PSS)

Proposed further investigations:
–

internal and external quantum efficiency measurements (IQE, EQE)

–

efficiency measurements at different illumination intensities

–

stability tests (accelerated aging under illumination at elevated temperatures)

–

upscaling of the cells and combination to modules
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absorbance
APCE
a-Si
BLH
BChl c
c-Si
DASC
DSSC
DEP
EF
EQE
FF
HOMO
HTM
IDE
IPCE
IQE
IMPP
ISC
LUMO
LHS
Mpp
P
PES
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Rsh
SEM
SPD
ss-DSSC
TEM
UHV
VMPP
VOC
XRD

in this thesis: decadic absorbance (A10)
absorbed photon to current (conversion) efficiency
amorphous silicon
biomimetic light-harvesting
bacteriochlorophyll c
crystalline silicon
dye aggregate solar cell
dye sensitized solar cell
Dielectrophoresis
Fermi energy
External quantum efficiency
fill factor
highest occupied molecular orbital
hole transport material
interdigitated electrode
incident photon to current (conversion) efficiency
internal quantum efficiency
current at the maximum power point
short circuit current
lowest unoccupied molecular orbital
light-harvesting system
maximum power point
Power
photoelectron spectroscopy
series resistance
shunt resistance
scanning electron microscope
Spray pyrolysis deposition
solid-state dye sensitized solar cell
transmission electron microscope
ultrahigh vacuum
voltage at the maximum power point
open circuit voltage
X-ray powder diffraction

Materials and
Compounds

Description

DCM
diethyl ether
FTO
ITO
N3
N719

dichloromethane (CH2Cl2)
C4H10O
SnO2:F, fluorine-doped tin oxide
In2O3:Sn, indium tin oxide, (tin-doped indium oxide)
Ru(dcbpyH2)2(NCS)2, dcbpyH2= 4,4'-dicarboxy-2,2'-bipyridine
(Bu4N)2[Ru(dcbpyH)2(NCS)2], dcbpyH= 4,4'-dicarboxy-2,2'-bipyridine
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o-DCB
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tBP
spiro-MeOTAD
TFSI-Li
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Ti-iProp.
TiO2
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4-tert-butylpyridine
2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenyl-amine)9,9'-spirobifluorene
Li[CF3SO2]2N, bis(trifluoromethane)sulfonimide lithium salt
tetrahydrofuran (C4H8O)
titanium isopropoxide (C12H28O4Ti)
titanium dioxide, titania
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