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1. Summary 

Photovoltaics present an interesting option for the energy production using renewable sources. 

As the sun provides inexhaustible amounts of energy, the global energy consumption could in 

principle be covered by electricity from solar cells. Organic solar cells present a promising 

alternative to inorganic devices, although the lower efficiencies and the lack of long-term 

stability hinder the commercialization so far. In bulk heterojunction solar cells, the efficiency 

decrease arises from the diffusion of small molecule acceptors. Furthermore, the deposition of 

a second material on top of a first layer leads to the damage of underlying layers in multilayer 

devices as well as the dissolution of nanostructured morphologies. For an efficient improvement 

of organic solar cells, the device degradation has to be extensively studied and strategies for the 

fabrication of long-term stable devices have to be deduced. Crosslinking is a versatile option to 

achieve increased stability. The diffusion of small acceptor molecules in bulk heterojunction 

solar cells can be limited by deploying a crosslinked donor polymer matrix. The insolubility of a 

crosslinked polymer layer or interface structure allows the deposition of a second layer on top 

without damage of the underlying device. In addition, the understanding and improvement of 

organic photovoltaic devices require extensive studies on both charge carrier generation and 

recombination processes at the donor-acceptor interface of the active layer.  

This thesis deals with the modification of the well-established low bandgap polymers PCDTBT 

and PCPDTBT that are applied as donor materials in organic planar heterojunction solar cells. By 

this means, contributions to both optimized device fabrication as well as basic investigations 

were achieved. The synthetic modifications are classified into two parts. On the one hand, 

PCDTBT and PCPDTBT derivatives bearing crosslinkable units at the side chains of the donor 

monomers were realized. Oxetane was selected as the crosslinkable group because of its 

compatibility with the Suzuki coupling reaction and the possibility to initiate the crosslinking 

reaction by acid vapour. On the other hand, the polymer backbone of PCDTBT was modified with 

triphenyldiamine moieties exhibiting good hole transport properties. Furthermore, the 

attachment of aliphatic spacers to the acceptor moiety received a series of copolymers 

exhibiting different characteristics. 

Besides the chemical, thermal, optical and electronic characterisation of the synthesized 

polymers, the modifications of the polymers were evaluated. This included studies about the 

polymer properties in dependence of the crosslinking process and conditions as well as 

investigations about the variation of the polymer characteristics due to the incorporation of the 

additional donor monomer and the aliphatic sidechains at the acceptor units. 

One part of this thesis deals with a first three-layer device realized by solution processing due 

to the application of a crosslinked and insoluble polymer interlayer that allows the spin coating 

of the donor polymer on top. An increased external quantum efficiency as well as a higher 

efficiency of 1.8% compared to the bilayer reference cells with 1.6% efficiency were achieved 

with the three-layer cell due to the exciton blocking effect of the interlayer.  
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The low bandgap copolymer series realized by the incorporation of an additional comonomer 

and aliphatic spacers in the PCDTBT structure was used to conduct fundamental investigations. 

The PCDTBT modified with triphenyldiamine moieties was chosen for the evaluation of the 

intrinsic contribution of the acceptors C60 and PCBM to the overall photocurrent. EQE 

measurements of single layer cells in dependence of the excitation energy revealed that the 

delocalization of the excitons and thus the intrinsic dissociation of both acceptors was enhanced 

with increasing photon energy. 

In a further study, the monomolecular and bimolecular recombination mechanisms in organic 

solar cells were addressed by the use of the PCDTBT-based donor polymer with triphenyldiamine 

units and aliphatic spacers at the acceptor monomer. Current-voltage characteristics showed 

that the fill factor decreased with increasing donor layer thickness at low light intensities due to 

geminate recombination. Higher light intensities induced non-geminate recombination that 

became higher for increasing layer thickness and was responsible for the further decreasing fill 

factor. 

A further aspect of this work was the investigation of the diffusion behaviour of C60 through 

different polymers with and without additional triphenyldiamine unit and aliphatic sidechains 

using a novel bilayer setup. A crosslinked polyfluorene was used to verify the novel bilayer setup 

in comparison to previously used three-layer samples. Temperature dependent 

photoluminescence measurements showed that fullerene diffusion occurs already below the 

glass transition temperature because of the local motion of sidechains that allows the diffusion 

of the small molecule acceptor.  

In conclusion, this work contributes to both fundamental research topics covering 

photogeneration and charge carrier recombination and device fabrication studies towards the 

optimization of organic solar cells with respect to long-term stability. Different donor polymers 

were thus synthesized with modifications to the basic polymer structures of PCDTBT and 

PCPDTBT like the introduction of the crosslinking ability or the incorporation of an additional 

comonomer and aliphatic spacers. 
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Zusammenfassung 

Die Photovoltaik stellt eine interessante Möglichkeit für die Energieproduktion aus 

erneuerbaren Quellen dar. Da die Sonne unerschöpfliche Energiemengen liefert, könnte der 

weltweite Stromverbrauch prinzipiell mit Strom aus Solarzellen produziert werden. Organische 

Solarzellen stellen eine vielversprechende Alternative zu anorganischen Solarzellen dar, obwohl 

die geringeren Effizienzen und die mangelnde Langzeitstabilität bisher die Kommerzialisierung 

erschweren. In Bulk-Heterojunction-Solarzellen ist die Abnahme der Effizienz auf die Diffusion 

niedermolekularer Akzeptormoleküle zurückzuführen. Weiterhin führt bei Mehrschichtzellen 

das Aufbringen eines zweiten Materials auf eine erste Schicht zur Schädigung der 

darunterliegenden Schichten sowie zur Auflösung von nanostrukturierte Morphologien. Für eine 

effiziente Verbesserung von organischen Solarzellen muss die Degradation der Zelle intensiv 

untersucht und daraus Strategien für die Herstellung von langzeitstabilen Solarzellen abgeleitet 

werden. Vernetzung stellt eine vielfältige Möglichkeit dar, um eine erhöhte Stabilität zu 

erreichen. Die Diffusion von kleinen Akzeptormolekülen in Bulk-Heterojunction-Solarzellen kann 

eingeschränkt werden, wenn eine vernetzte Polymermatrix eingesetzt wird. Die Unlöslichkeit 

einer vernetzten Polymerschicht oder Grenzflächenstruktur erlaubt das Aufbringen einer 

zweiten Schicht ohne Schädigung des darunterliegenden Bauteils. Darüber hinaus erfordern das 

Verständnis und die Verbesserung von organischer Photovoltaik intensive Studien sowohl über 

die Ladungsträgergenerierung als auch über die Rekombinationsprozesse an der Donor-

Akzeptor-Grenzfläche der aktiven Schicht. 

Diese Arbeit beschäftigt sich mit der Modifikation der bekannten Low-Bandgap-Polymere 

PCDTBT und PCPDTBT, die als Donormaterialien in organischen Planar-Heterojunction-

Solarzellen eingesetzt werden. Auf diese Weise konnten Beiträge zur Optimierung der 

Herstellung von Solarzellen als auch zu grundlegenden Forschungsthemen erzielt werden. Die 

synthetischen Modifikationen sind in zwei Teile gegliedert. Zum einen wurden Derivate von 

PCDTBT und PCPDTBT realisiert, die vernetzbare Einheiten an den Seitenketten der 

Donormonomere tragen. Oxetan wurde aufgrund seiner Kompatibilität mit der Suzuki-

Kupplungsreaktion und der Möglichkeit, die Vernetzungsreaktion mittels Säuredampf zu 

initiieren, als vernetzbare Gruppe gewählt. Zum anderen wurde das Polymerrückgrad von 

PCDTBT mit Triphenylamineinheiten, welche gute Lochtransporteigenschaften aufweisen, 

modifiziert. Weiterhin stand durch die Anbringung von aliphatischen Seitenketten an die 

Akzeptoreinheit eine Serie von Copolymeren mit verschiedenen Eigenschaften zur Verfügung. 

Neben der chemischen, thermischen, optischen und elektronischen Charakterisierung der 

synthetisierten Polymere wurden die Modifikationen der Polymere bewertet. Dies beinhaltete 

sowohl Studien über die Polymereigenschaften in Abhängigkeit vom Vernetzungsprozess und 

den Bedingungen als auch Untersuchungen über die Variation der Polymereigenschaften durch 

die Einarbeitung des zusätzlichen Donormonomers und der aliphatischen Seitenketten an den 

Akzeptoreinheiten. 
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Ein Teil dieser Arbeit beschäftigt sich mit einer ersten Dreischichtzelle, die mittels 

Lösungsprozessen realisiert wurde. Durch den Einsatz einer vernetzten und unlöslichen 

Polymerschicht konnte darauf das Donorpolymer aus Lösung aufgebracht werden. Durch den 

Excitonen-blockierenden Effekt der Zwischenschicht wurde mit den Dreischichtzellen im 

Vergleich zu den Zweischicht-Referenzzellen mit 1,6 % Effizienz eine erhöhte externe 

Quanteneffizienz sowie eine höhere Energieeffizienz von 1,8 % erreicht. 

Die Serie von Low-Bandgap-Copolymeren, die durch das Einfügen eines zusätzlichen 

Comonomers und aliphatischer Seitenketten in die PCDTBT-Struktur realisiert wurde, wurde für 

grundlegende Untersuchungen verwendet. Das modifizierte PCDTBT mit 

Triphenylamineinheiten wurde für die Evaluierung der intrinsischen Beiträge der Akzeptoren C60 

und PCBM zum Gesamtphotostrom ausgesucht. EQE-Messungen der Einschichtzellen in 

Abhängigkeit von der Anregungsenergie zeigten, dass sich die Delokalisation der Excitonen und 

damit die intrinsische Dissoziation der beiden Akzeptoren mit steigender Photonenenergie 

erhöhte. 

Eine weitere Studie befasste sich mit den monomolekularen und bimolekularen 

Rekombinationsmechanismen in organischen Solarzellen. Dafür wurde das PCDTBT-basierte 

Polymer mit Triphenylamineinheiten und aliphatischen Seitenketten am Akzeptormonomer 

eingesetzt. Strom-Spannungskennlinien zeigten, dass der Füllfaktor mit steigender 

Donorschichtdicke bei niedrigen Lichtintensitäten aufgrund geminaler Rekombination abnahm. 

Bei höheren Lichtintensitäten trat nicht-geminale Rekombination ein, die mit steigender 

Schichtdicke anstieg und für die weitere Abnahme des Füllfaktors verantwortlich war. 

Ein weiterer Aspekt dieser Arbeit war die Untersuchung des Diffusionsverhaltens von C60 in 

verschiedenen Polymeren mit und ohne zusätzliche Triphenyldiamineinheit und aliphatischen 

Seitenketten mit Hilfe eines neuen Zweischichtaufbaus. Ein vernetztes Polyfluoren wurde 

verwendet, um den neuen Zweischichtaufbau im Vergleich zu vorher eingesetzten 

Dreischichtproben zu verifizieren. Temperaturabhängige Photolumineszenzmessungen 

ergaben, dass die Fullerendiffusion bereits unterhalb der Glasübergangstemperatur auftritt, da 

die lokale Bewegung der Seitenketten die Diffusion des niedermolekularen Akzeptors 

ermöglicht. 

Zusammenfassend trägt diese Arbeit sowohl zu grundlegenden Forschungsthemen wie der 

Photogenerierung und Ladungsträgerrekombination als auch zu Studien über 

Solarzellenherstellung für die Optimierung von Solarzellen hinsichtlich der Langzeitstabilität bei. 

Dafür wurden verschiedene Donorpolymere synthetisiert, die Modifikationen der Grundstruktur 

der Polymere PCDTBT und PCPDTBT wie die Einführung der Vernetzungsfähigkeit oder das 

Einfügen eines zusätzlichen Comonomers und aliphatischer Seitenketten beinhalteten. 
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2. Introduction 

The global energy demand will drastically rise in the coming years, leading to fundamental 

questions about the production of energy and the consequences related to the use of the energy 

sources.[1] At this moment, the worldwide energy consumption is about 12 TW per year. Still 

over three quarters of the total energy production are supplied by non-renewable sources today 

whereas renewable energy sources only cover around 20%.[2] One possibility for using a clean, 

sustainable, and renewable energy source is photovoltaics.[3] Besides further natural resources 

like wind, hydropower, and geothermal energy, the sun possesses the potential to deliver the 

highest contribution to renewable energies because one hour of sunshine is sufficient to meet 

the global demand for energy for a whole year.[1,4] Of course, not all of the solar energy can be 

converted. However, assuming that photovoltaic devices can be deployed on 2% of the land area 

and these devices have an efficiency of 12% to convert solar light to energy, 67 TW can be 

achieved. This is more than three times of the current worldwide energy consumption.[1] 

Consequently, photovoltaics can meet the increasing global demand for low-cost, available and 

sustainable energy, which is of vital importance for the quality of life as well as for the evolution 

of global economy and the protection of the environment.[3,4] Furthermore, using solar energy 

can help to reduce serious environmental problems like global warming due to high carbon 

dioxide emission. This is caused by the production and burning of fossil fuels such as coal, oil, 

and gas as they are still the most frequently used energy source of our time. Moreover, the 

availability of fossil fuels is limited in comparison to the unlimited solar energy. Photovoltaics is 

thus predestined for a promising, long-term solution of the energy problem.[5–7] 

 

2.1 Solar energy conversion 

Solar technology is based on both solar heat and the direct conversion of sunlight in electricity 

by means of the photovoltaic effect.[8] The first observation of this effect was made by A. E. 

Becquerel in 1839. When shining light on a silver chloride electrode in an electrolytic solution, a 

light induced voltage occurred.[9] In 1883, C. E. Fritts built the first solar cell from selenium wafers 

exhibiting a power conversion efficiency (PCE) of about 1%.[10] Modern semiconductor solar cells 

comprise a barrier formed by a junction between a p-type and a n-type material. R. S. Ohl 

received the patent for this geometry in 1946.[11] An optimized silicon solar cell by D. M. Chapin, 

C. S. Fuller and G. L. Pearson from Bell Laboratories achieved an efficiency of around 6% in 

1954.[12] Silicon presents a suitable material for solar cells as it is one of the most abundant 

elements of the earth crust. In addition, silicon causes no environmental problems.[13] Today, an 

efficiency of over 26% can be reached by monocrystalline silicon solar cells. This is realized by 

only using the back sides for contacting.[14,15] As the production of monocrystalline silicon is 

expensive, polycrystalline silicon was investigated for the application in solar cells since the 

1970s to reduce costs. Since polycrystalline silicon exhibits an increased charge carrier 

recombination due to grain boundaries and a higher contamination in comparison to 
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monocrystalline material, the efficiency of polycrystalline solar cells is lower than the PCE of 

monocrystalline cells.[13] Thus, an efficiency of almost 22% is achieved for polycrystalline silicon 

solar cells.[16] Both types of silicon solar cells represent the first generation of photovoltaics. A 

further approach towards the reduction of costs has been pursued with the second generation 

of solar cells.[17] These comprise thin film devices with a low-cost and partially flexible substrate 

like glass, stainless steel, aluminium, or polymer foil onto which the semiconductor is 

deposited.[5,18] In the case of silicon, amorphous material is frequently used.[2] An efficiency of 

over 10% was confirmed for such solar cells.[19] Besides silicon, also other semiconductors like 

copper indium diselenide (CIS) and copper indium gallium diselenide (CIGS) and cadmium 

telluride are applied.[18] In 2016, the Centre for Solar Energy and Hydrogen Research Baden-

Württemberg presented a CIGS thin film solar cell with an efficiency of 22.6%.[20] A further 

interesting research aspect is the change of the geometry towards 3D solar cells that can 

enhance the efficiency by increasing the light absorption in the solar cell.[21] First results were 

maintained covering carbon nanotubes with cadmium telluride.[22]  

Nevertheless, only a small part of the energy production is managed by photovoltaics up to now. 

This can be basically ascribed to the high costs of the production technologies that are needed 

for the silicon-based solar cells. The development of a third solar cell generation is thus 

stimulated. A potential alternative to silicon devices are organic solar cells (OSCs) made from 

organic materials that feature the possibility of solution processing. By this means, the 

application of lightweight, large-area, and flexible substrates is enabled.[3,4,6,17,23] The first 

investigations concerning organic photovoltaics was made with the dye classes of porphyrins 

and phthalocyanines. These materials are easy to synthesize, form metal complexes and exhibit 

a strong colour as well as good semiconducting properties in crystalline films prepared by 

vacuum sublimation.[24] In 1958, D. Kearns and M. Calvin observed a photovoltage of 200 mV 

when measuring magnesium phthalocyanine between two glass electrodes.[25] G. M. Delacote 

noticed a rectification effect of copper phthalocyanine between different metals.[26] 

Furthermore, also dyes such as methylene blue and photosynthetic pigments like carotenes and 

chlorophylls were used for the fabrication of simple solar cells. However, the PCE of those cells 

containing only one dye remained below a value of 0.1%.[24,27] Besides dyes and small organic 

molecules, also functional semiconducting polymers are applied in organic photovoltaics.[3,28–30] 

These conjugated polymers combine the optoelectronic properties of semiconductors and the 

mechanical properties of polymers, including the advantages with respect to the processing.[31] 

The electron delocalization within these polymers is responsible for the good stability, high 

charge carrier mobility, and strong absorption and emission, respectively, in the UV-Vis range. 

The ability to transport different charge carriers is realized by doping, that is a partial oxidation 

or reduction of the otherwise isolating polymers.[32] In addition, the solubility and the melting 

behaviour can be positively influenced by the insertion of relatively long and flexible side 

chains.[33] The first organic molecule in which photoconductivity was noticed by A. Pochettino[34] 

and M. Volmer[35] was anthracene.  
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In 1977, electrical conductivity was detected for the first time in doped polyacetylene. A. J. 

Heeger, A. G. MacDiarmid and H. Shirakawa were awarded the Nobel prize in chemistry for this 

discovery in the year 2000.[28,36] In 1982, polyacetylene was applied as active material in a solar 

cell with aluminium and graphite electrodes by B. R. Weinberger.[37] However, the low stability 

of polyacetylene in air due to the uptake of oxygen already at room temperature and the 

insolubility in organic solvents limited the utilization of this polymer in organic electronics. New 

synthetic routes towards substituted polyacetylenes that are rather difficult to synthesize 

allowed the realization of some derivatives stabilized due to their substitution pattern.[38–40] 

Nevertheless, the research concentrated on the development of various derivatives of 

polythiophenes[32,41] and poly(p-phenylenevinylenes (PPVs).[4,23,42] In 1986, different 

polythiophene derivatives were investigated by S. Glenis.[43]  PPV was applied in solar cells for 

by S. Karg for the first time in 1993.[44] In simple solar cells, only low efficiencies were achieved 

with derivatives of these material classes.[4,24] For solving this problem, C. W. Tang introduced 

the concept of the heterojunction from a donor to an acceptor material in 1986. On the basis of 

a flat heterojunction (FHJ) solar cell, he was able to reach a PCE of 1% by the use of copper 

phthalocyanine and a perylene derivative.[45] M. Hiramoto improved this solar cell via the 

insertion of a layer consisting of a mixture of two dyes. A perylene derivative and phthalocyanine 

was applied for this layer and deposited by cosublimation.[46,47] The mixture of the active 

materials result in a bulk heterojunction (BHJ) geometry.[4,48,49] In 1993, buckminsterfullerene 

was used as acceptor material for the first time by N. S. Sariciftci.[50,51] Today, C60 is the most 

frequently applied acceptor material in heterojunction solar cells.[24,52,53] While N. S. Sariciftci 

built a solar cell with a FHJ geometry,[50,51] G. Yu realized a BHJ solar cell comprising a PPV 

derivative and C60.[54,55] The first all-polymer solar cell, in which the active layer is formed by a 

mixture of two polymers, was independently developed by the groups of A. J. Heeger[56] and R. 

H. Friend,[57] both cells reached a PCE of 1%. Furthermore, polyfluorenes[58] and poly(2,7-

carbazoles)[59] in combination with different comonomers are used as organic semiconductors. 

Besides organic solar cells,[60–63] further applications of organic semiconductors are organic light-

emitting diodes (OLEDs)[64,65] and organic field-effect transistors (OFETs).[66,67]  

The field of third generation photovoltaics also implement dye-sensitised solar cells (DSSCs) 

which also known as Grätzel cells and exhibit high efficiencies.[2,4,68] DSSCs consist of a 

mesoporous film made of a semiconductor with a wide bandgap like titanium dioxide. This film 

is covered with a monolayer of a dye. The dye as well as the titanium dioxide is enclosed by an 

electrolyte or hole transporting material (HTM). When the device is exposed to light, an electron 

can be transferred from the excited dye to the conduction band of the titanium dioxide. This 

electron migrates through the inorganic semiconductor towards the anode. The electrolyte 

regenerates the dye and transports the positive charge towards the cathode. The electrons 

reaching the cathode through the circuit recondition the electrolyte in turn.[4,69] The first DSSC 

was presented by B. O’Regan and M. Grätzel in 1991 and consisted titanium dioxide layer and a 

ruthenium complex.[70] As a HTM, a liquid electrolyte like a I-/I3
- redox couple in volatile organic 
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solvents such as acetonitrile is frequently applied. This ensures high efficiencies, but the long-

term stability of the DSSCs is limited. Thus, solid state electrolytes were investigated despite the 

corresponding efficiency loss. A further disadvantage are ruthenium complexes that are 

expensive and toxic resulting in the research on organic metal-free dyes.[2,69] In 1998, the group 

of M. Grätzel fabricated the first efficient solid state DSSC with a PCE of under 1%.[71] Today, 

Grätzel cells reach efficiencies of 13% by means of a porphyrin sensitizer and a cobalt(II/III) redox 

system.[72] With solid state electrolytes, efficiencies up to 11% are achieved.[73] The inorganic and 

organic sensitising dyes can also be exchanged by perovskites. These are materials with the 

chemical composition AMX3 where A marks an organic cation like CH3NH3
+, M denotes a divalent 

metal cation such as Pb2+ and X stands for the halogen anions Cl-, Br- or I-. These components 

crystallize in a cubic unit known as perovskite structure. Semiconducting polymers and low 

molecular weight materials are used as HTMs with spirobifluorene derivatives being the most 

effective ones.[2,68,74] The first perovskite solar cell was presented in 2009 and exhibited an 

efficiency of 3.8%.[75] Since then, the PCE increased incredibly fast to 22%, making perovskite 

solar cells the most promising candidate among the alternatives to silicon solar cells.[76] 

The unique properties of organic solar cells like flexibility and semi-transparency allows their 

application in various areas. In Figure 1, examples for innovative organic solar cells are shown. 

These include decorative sensors in the shape of leaves that monitor presence of persons in a 

room and regulates lighting[77] or unique installations like an artificial tree which leaves harvest 

solar energy allowing the charging of mobile phones via a USB port.[78] Furthermore, organic 

solar cells can be integrated in building and cars. OSC modules were combined to form a shade 

sail in the shape of the African continent which simultaneously harvests energy for the indoor 

lighting.[79] Tinted windows made from solar foils that are laminated between glass plates 

produce energy and give shade.[80] In addition, roofs for cars can be equipped with solar foil 

contributing to  a clean energy production.[81] Photovoltaic modules that exhibit semi-

transparency in combination with a grey colour are suitable solutions for building 

integrations.[82] 
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Figure 1: Examples for innovative organic solar cell applications. Presence detector from printed OSC modules in 

the shape of a leaf by VTT Technical Research Centre of Finland (top left).[77] Tree with leaves made from flexible 

OSCs by Opvius GmbH (top middle).[78] Shade sail in the shape of the African continent for the African Union Peace 

and Security Building in Addis Ababa by Opvius GmbH. The integrated OSC modules provide the power for the 

lighting inside the building (top right).[79] Tinted glass with organic solar foil for the integration into buildings 

(bottom left).[80] Roof of a car with integrated organic solar foil by Heliatek GmbH (bottom middle).[81] Semi-

transparent grey photovoltaic modules for the integration in buildings developed by Merck KGaA and 

Opvius GmbH.[82] 

 

2.2 Operating mode of organic solar cells 

Organic solar cells are built from an active organic layer between two electrodes that generate 

an internal electrical field facilitating the charge carrier separation and collection. When light is 

absorbed by the organic material in the active layer, an electron is excited from the ground state 

to the first excited state.[24,83] Because organic semiconductors exhibit a low dielectric constant 

in contrast to inorganic semiconductors, an electron-hole pair, a so-called exciton, is formed 

which is bound by Coulomb forces.[23,83,84] This process is followed by an exciton dissociation. In 

simple solar cells with only one organic semiconductor between two electrodes, the dissociation 

is located at the junction from the semiconductor to the electrode.[24] However, the binding 

energy of excitons in organic semiconductors is quite high with about 0.5 eV. Thus, the thermal 

energy at room temperature with approximately 0.025 eV is not sufficient to generate free 

charge carriers from the excitons requiring an additional contribution for efficient 

dissociation.[60,85–87]  

To facilitate the exciton dissociation in organic semiconductors, C. W. Tang introduced the 

concept of the heterojunction between a donor and an acceptor in 1986.[45] At this interface, 

excitons are separated into free charge carriers within 10-15 s. In Figure 2, the operating mode 

of such a solar cell comprising a donor-acceptor heterojunction is shown. Via exposure to 

photons, an excited state is generated in the donor material and an electron-hole pair is 

formed (1). This exciton diffuses towards the donor-acceptor interface D-A (2). The exciton 

dissociation into electrons and holes is enabled by an electron transfer process to the acceptor 

material (3). The resulting free charge carriers migrate towards the corresponding electrodes by 

the means of the internal electric field. The holes move to the anode, the electrons are 
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transported in the opposite direction towards the cathode (4). This results in a photocurrent and 

a corresponding photovoltage.[4,23,88] 

 

Figure 2: Operating mode of a solar cell with donor-acceptor heterojunction. D denotes the donor material, A 

represents the acceptor material and lD illustrates the diffusion length of the excitons.[23,88] 

The energy that is necessary for the dissociation process arises from the difference of the 

electron affinities and ionisation potentials of the two materials, respectively. If the binding 

energy of the excitons can be overcome by the energy gain of transferring the electron to the 

acceptor, the exciton dissociates and the electron is passed to the lowest unoccupied molecular 

orbital (LUMO) of the acceptor material exhibiting the higher electron affinity. The hole is left 

on the highest occupied molecular orbital (HOMO) of the donor material with the lower 

ionisation potential.[24,60,89]  

The diffusion length lD of the exciton is very small due to its short lifetime of 100 ps to 1 ns and 

lies between 5 and 14 nm. In consequence, only excitons generated close to the donor-acceptor 

interface can contribute to the photocurrent. Excitons formed further away of the 

heterojunction recombine and relax to the ground state before reaching the donor-acceptor 

interface. This loss of absorbed photons leads to a lower quantum efficiency with the interface 

area between donor and acceptor being the limiting factor.[4,23,90] 

 

2.3 Solar cell characteristics 

For the characterization of new materials in a solar cell, the photocurrent spectrum is an 

important starting point because the incident photon to current efficiency (����) can be 

determined from the spectrum. The ���� describes the ratio of the number of generated 

electrons �����	
�� and the number of the incident photons ����	�� in dependence of the 

wavelength of the excitation light �: 



2. Introduction 

 

 

 

11 
 

                                   ������� �
����������

��������
�

�∙!"

#∙$
�

�∙!%

#∙$&
�

'()*∙�

#∙&
 (Equation 1) 

The current density in Am-2 is denoted by �, the incident light power in Wm-2 by �, the Planck’s 

constant by ℎ, the frequency of the incident light beam by ,, the elementary charge by -, and 

the velocity of light by .. The measured photocurrent is the current that is outcoupled of the 

solar cell. For this reason, the ���� is also called external quantum efficiency (EQE). The 

photocurrent spectrum is achieved by monitoring the photocurrent in dependence of the 

wavelength of the incident light. An example for a photocurrent spectrum is presented in Figure 

3.[4,60] 

 
Figure 3: Exemplary ���� curve of a solar cell with ����/01 as maximal incident photon to current efficiency.[4] 

The value of the ���� is dependent on three parameters:  

                                              ������� � 23���� ∙ Φ5�6 ∙ Φ��� (Equation 2) 

 

In Equation 2, 23���� is the light harvesting efficiency of the active materials, Φ5�6 is the 

quantum efficiency for the charge injection from the donor to the acceptor for FHJ and BHJ solar 

cells and Φ��� is the collection efficiency of the charge carriers at the external electrodes. The 

maximal value of the incident photon to current efficiency ����789 is an important parameter 

for the description of the solar cell and the assignment of the performance to the absorption 

and molecular structure of the active materials. Thus, a high photocurrent correlates with a high 

���� value and a broad photocurrent spectrum.[4,91] 

Whereas the photocurrent spectrum characterizes the ability of a solar cell to convert photons 

into electrons at different wavelengths or intensities of the incident light, for technical 

application usually the current density � in Am-2 and the photovoltage : under simulated AM1.5 

sunlight are measured.[4] This air mass 1.5 spectrum represents an incident solar radiation at sea 

level onto a surface tilted by 37° and weakened by the earth atmosphere.[42] Figure 4 shows an 

exemplary �-: curve. 
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Figure 4: Example for a typical �-: curve of a solar cell. MMP illustrates the maximum power point of the �-: curve 

with the corresponding current value �/;; and :/;;. The short circuit current is denoted by �<% and the open 

circuit voltage is depicted by :=%.[4] 

In the �-: curve, �7�� and :/;; represents the current and the voltage at the maximum power 

point (MPP). The MPP is characterized by the maximum rectangle under the �-: curve given by 

�7�� ∙ :7��. Further characteristics of the �-: curve are the highest values measured for the 

photocurrent and the photovoltage, the short circuit current �� and the open circuit voltage :��, 

respectively. By means of these parameters, the fill factor (>>) of the solar cell can be 

determined: 

                                    >> �
?@��∙�@��

?��∙���
 (Equation 3) 

Ideally, a solar cell exhibits a rectangular �-: curve and thus a >> of about 100%. The power 

conversion efficiency A can be calculated by: 

                                     A �
#�B�

#C�
�

DD∙?��∙���

#C�
  (Equation 4) 

Here, the maximum electrical output power ��E	 in Wm-2 of the photovoltaic device under 

illumination and the incident light power �5� in Wm-2 are considered.[4,91] 

The value of :�� can be calculated based on the redox potentials of the active materials. In 

heterojunction solar cells, the open circuit voltage is mostly estimated as the difference of the 

HOMO of the donor and the LUMO level of the acceptor. For a solar cell made from polymer as 

donor material and fullerene as acceptor material, the open circuit voltage :�� is evaluated by: 

                                          :�� F �GHIJ,8����	�
 L �MJIJ,N���
 L 0,3 V (Equation 5) 

The 0.3 V subtracted in Equation 5 depicts the energy that is lost during the photoinduced charge 

carrier generation.[4] In 2006, M. C. Scharber established a relationship between the LUMO level 

of the donor and the acceptor, the bandgap of the donor and the power conversion efficiency 

of the solar cell. Accordingly, BHJ solar cells can reach PCEs of 10% and higher.[92] The maximal 

open circuit voltage can be predicted according to R. A. J. Janssen:  

                                           :��,789 F �S L 0,6 V (Equation 6) 
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Corresponding to Equation 6, the maximum of :�� in an organic BHJ solar cell is dependent on 

the lowest optical bandgap �S, either of the donor or of the acceptor.[93] The short circuit current 

�� can be estimated via: 

                                          �� � �-U� (Equation 7) 

The charge carrier density is depicted by �, the elementary charge by -, the charge carrier 

mobility by U, and the electrical field by �.[42] In conclusion, the power conversion efficiency and 

stability of a solar cell depends on the choice of materials with suitable redox potentials, 

absorption, and self-organization of molecules being of vital importance.[4,52,87] 

 

2.4 Geometries of organic solar cells 

In organic solar cells, the active layer made from organic semiconducting materials is arranged 

between two electrodes. One of the electrodes has to be optically transparent. Indium tin oxide 

(ITO) is suited due to its high optical transparency and electrical conductivity as anode material 

whereas materials with a low work function like aluminium, calcium, and silver as well as their 

alloys are used as cathodes.[60,61] For collecting the generated electrons and holes at the 

corresponding electrodes, an electrical field is necessary. This is accomplished by the different 

ionisation energies and work functions of the electrodes, respectively.[24,61] Glass is usually 

applied as a substrate, but organic solar cells can also be realized by printing on flexible plastic 

substrates.[4,49,61,94]  

In the regular solar cell device structure, holes are transported from the donor to the ITO anode 

and electrons from the acceptor to the metal cathode. In addition, an inverted geometry is 

enabled by the ability of ITO to collect both electrons and holes due to a work function of about 

4.5 – 4.7eV that is between the HOMO and LUMO levels of established organic semiconducting 

materials.[4,95] In Figure 5, the regular and inverted OSC structures are shown. 

 
Figure 5: Geometries of regular organic solar cells (top) and inverted organic solar cells (bottom).[4,96] 
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The polarity of the ITO electrode is influenced by the modification of the surface. Hole 

outcoupling in regular devices is achieved by direct deposition of the donor or an additional hole 

transporting layer (HTL) of a material with high work function like poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). However, the application of hole 

blocking layers (HBL) made from substances like zinc oxide, titanium dioxide or caesium 

carbonate leads to an electron collecting ITO electrode for the use in an inverted device. Another 

possibility is the deposition of an acceptor material onto the ITO layer and the insertion of a p-

type electron blocking layer (EBL) of semiconductors like PEDOT:PSS, vanadium oxide or 

molybdenum oxide between the active layer and the metal electrode. Organic semiconductors 

used for the active layers are the same for regular and inverted devices.  The advantages of 

inverted structures include an increased device stability due to the elimination of the PEDOT:PSS 

layer that etches the ITO layer and causes diffusion of indium into the active layer. Furthermore, 

the low work-function metal cathode that also limits the device stability because of oxidation 

can be exchanged by more stable metals like silver. In contrast to regular devices, the inverted 

geometry exhibits slightly lower efficiencies and short-circuit currents.[4,95–97] 

The setup of organic solar cells is usually described according to the geometry of the active layer. 

Two basic architectures exist, the flat heterojunction (FHJ) and the bulk heterojunction (BHJ). 

Both approaches are applied in the fabrication of single junction solar cells, that is cells 

comprising only one heterojunction between a donor and an acceptor material.[94,98,99] However, 

some intrinsic problems regarding organic solar cells like limited absorption of the solar light and 

energy losses due to exciton dissociation and recombination restrict their efficiencies.[100–102] The 

enhancement of organic solar cell performance can be achieved by several methods with 

respect to the solar cell setup. The extension of the spectral absorption is mostly based on the 

implementation of an additional absorber. This can be realized by the application of a mixture 

of several active materials like a ternary blend[103–105]. Furthermore, multijunction solar cells that 

comprise two or even more heterojunctions can be fabricated. In the different subcells, often 

absorbers with complementary absorption are used.[99–102,106] Finally, additional donor or 

acceptor layers as well as other functional layers like hole or electron transporting materials can 

be inserted in the device stack resulting in multilayer structures. Advantageously, the different 

layers can be optimized separately using this multilayer concept. [53,88,107] 

 

2.4.1 FHJ solar cells 

The first organic solar cell with two components was presented by C. W. Tang in 1986. The device 

comprised basically two active layers on top of each other.[45] This geometry is called flat 

heterojunction, planar heterojunction or bilayer heterojunction. As shown in Figure 6, the FHJ 

configuration consists of a layer of the p-type donor material responsible for the hole transport 

and a layer of the n-type acceptor material that transports the electrons.[23,88] This structure can 

be fabricated by two methods depending on the applied materials.[108] The single layers are often 
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realized by subsequent vacuum deposition. Thus, usually small organic molecules like 

phthalocyanines as donor materials and fullerenes as acceptor materials are applied.[4,109] 

Besides vacuum deposition of small molecules that also allows the fabrication of multilayer 

structures with several functional layers, polymeric materials are solution processed via spin 

coating. The deposition of a second layer is difficult with polymer solutions as the underlying 

layer is dissolved upon spin coating of the upper material. Thus, multilayer devices are 

dependent on the insolubility of the underlying layer either achieved by orthogonal solvents or 

by crosslinking of the material.[108] 

 
Figure 6: Geometry of a FHJ solar cell.[4,98,110]  

In the first planar heterojunction solar cell by C. W. Tang, the two active layers comprising copper 

phthalocyanine as donor and 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole as acceptor 

are sandwiched between an ITO anode and a silver cathode. An efficiency of about 1% was 

achieved.[45] In 1989, S. R. Forrest replaced the acceptor by 3,4,9,10-perylenetetracarboxylic 

dianhydride which he found out to be the better n-type material.[111] N. S. Sariciftci was the first 

who applied C60 as acceptor material in 1993.[50,51] 

In FHJ solar cells, the interface between donor and acceptor is relatively small. Thus, the number 

of electrons that can contribute to the photocurrent is limited. Only excitons that are generated 

in a very thin layer close to the interface are able to reach the interface due to their small 

diffusion length. However, the optical absorption length is much higher than the diffusion 

length. In consequence, most of the generated excitons are lost by recombination processes.[4] 

Because of the low charge carrier mobilities in organic semiconductors, the free charge carriers 

can form space charges after exciton dissociation which influence the solar cell performance.[60] 

This can result in recombination of the charge carriers at the interface.[112] The insertion of a 

transparent exciton blocking layer between the active layer and the metal electrode ensures 

that the excitons only migrate within the active layer and thus prevents the quenching of 

excitons at defect states of the interface between acceptor and cathode. Furthermore, also 

damage like trap levels due to the evaporation of the cathode is circumvented. In addition, the 

exciton blocking layer reduces the resistance between the organic material and the cathode and 

serves as an optical spacer that redistributes the optical density within the active layer 

enhancing the total absorption and the efficiency of the solar cell.[4,60,113,114] Applying the same 

organic semiconductors as C. W. Tang in his first efficient organic solar cell, the group of 

S. R. Forrest achieved an efficiency increase to 2.4% by integration of an exciton blocking layer 

ITO

Substrate

Donor

Acceptor

Metal electrode



2. Introduction 

 

 

 

16 
 

made from bathocuproine (BCP).[115] Moreover, by the exchange of the perylene derivative with 

C60 as a better acceptor, efficiencies of 3.6%[116] and 4.2% can be reached, respectively.[117] 

Insertion of tris(4-(5-phenylthiophen-2-yl)phenyl)amine as an additional exciton blocking layer 

at the anode, a solar cell with an tetraphenyldibenzoperiflanthene donor, a C60 acceptor, and 

BCP as the cathode buffer layer achieved 5.3% efficiency.[118] The highest efficiency for planar 

heterojunction solar cells with about 6% was reached by K. Cnops with the donor α-

sexithiophene and the acceptor boron subnaphthalocyanine chloride in combination with a BCP 

exciton blocking layer towards the cathode.[119] The chemical structures of the applied active 

materials are depicted in Figure 7. Further enhancement of the efficiency of FHJ structures is 

very difficult to achieve because the interface between the donor and the acceptor is small and 

the thickness of the two active layers is limited due to the short diffusion length of the 

excitons.[110,120] In addition, the application of thick absorber layers would result in optical filter 

effects decreasing the photocurrent.[98] However, efficiency increase is enabled by the 

combination of several active materials in multilayer devices. K. Cnops realized a three-layer 

planar heterojunction device that comprises the acceptor boron subphthalocyanine chloride in 

addition to the previously used subnaphthalocyanine chloride acceptor and the α-sexithiophene 

donor achieving a PCE of 8.4%.[119] The additional acceptor material is also illustrated in Figure 

7. 

 
Figure 7: Chemical structures of α-sexithiophene, subphthalocyanine chloride, and subnaphthalocyanine chloride 

as used in the best FHJ solar cells.[119] 

Although the FHJ geometry is not suited for achieving very high efficiencies with organic 

semiconducting materials, this setup is frequently used for fundamental research concerning 

the processes at the donor-acceptor interface. The planar heterojunction is an ideal model 

system for such basic studies due to the inherent advantages of the structure. For the 

understanding of interfacial actions, the morphology of the interface is of vital importance and 

has to be controlled accurately. This is possible due to the planarity of the interface between 

donor and acceptor that restricts unpredictable and uncontrollable variations which arise from 

mixing of the materials. Thus, different material systems are comparable when using a planar 

structure. However, the conditions regarding solar cell fabrication have to be chosen carefully 

as the interfacial morphology can be significantly influenced by the mixing of donor and 

acceptor. This is possible if vacuum deposited low molecular weight materials diffuse into the 

underlying layer that consists either of evaporated small molecules as well or of solution 

processed polymers. Furthermore, the charge transport pathways are clearly separated in FHJ 

structures as the hole is transported within the donor and the electron migrates through the 
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acceptor. Because of the easier requirements, planar heterojunctions are often used for device 

simulations allowing the comparison of experiment and simulation.[108] 

 

2.4.2 BHJ solar cells 

For enhancement of the efficiency of FHJ solar cells, the concept of bulk heterojunction was 

introduced. This geometry is based on an enlargement of the donor-acceptor interface at which 

the excitons dissociate. Using a blend made from donor and acceptor material, an 

interpenetrating network of donor and acceptor is formed due to the phase separation of the 

two components. Thus, the excitons generated by light absorption of the active materials are 

only few nanometres away from an interface allowing their dissociation into electrons and holes. 

The quantum efficiency is significantly increased.[4,23,121] Figure 8 presents the schematic setup 

of a typical BHJ solar cell. Onto the ITO anode, a transparent conducting layer often made from 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) or metal oxides like 

MoO3 are deposited. This layer serves both as a hole transporting and electron blocking layer 

and enhances the performance of the solar cell.[107] 

 
Figure 8: Geometry of a BHJ solar cell.[4,98,110] 

A solar cell including a BHJ geometry was presented by M. Hiramoto for the first time. The BHJ 

layer made from a perylene derivative and phthalocyanine was applied between layers of the 

pure dyes. The blend was realized by cosublimation of the two materials.[46,47] In 2005, the group 

of S. R. Forrest optimized this device by exchanging the perylene derivative by C60 and using 

copper phthalocyanine. A PCE of 5% was achieved.[122,123] 

Both active components should show phase separation to form separated donor and acceptor 

phases and thus ensure continuous transport pathways for the electrons and holes towards the 

corresponding electrodes.[4,49] The better the length scale of the phase separation conforms to 

the diffusion length of the excitons, the more excitons can dissociate.[60,124] The bicontinuous 

network provides two channels for the charge carrier transport, one for the holes in the donor 

phase and one for the electrons in the acceptor phase. For this reason, high efficiencies 

concerning charge carrier collection can be achieved.[23,49] A schematic illustration of the 

morphology of the active layer of a BHJ solar cell is illustrated in Figure 9. 
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Figure 9: Scheme of the morphology of the active layer of a BHJ solar cell.[61,96,110] 

BHJ solar cells from small molecules are mostly fabricated via cosublimation of the donor and 

the acceptor material. As this is relatively expensive, the production costs are reduced by the 

application of solution processed materials like conjugated polymers. Today, the most 

frequently used combination is using a conjugated polymer as a donor and a fullerene derivative 

as an acceptor. Application of a plastic substrate covered with a transparent conducting 

electrode allows the fabrication of flexible solar cells via printing processes.[4,49,110] In comparison 

to FHJ solar cells, solution processing of a BHJ layer circumvents the problems of surface damage 

due to spin coating.[23] The discovery of a very fast reversible, metastable and photoinduced 

electron transfer in a blend film of conjugated polymers and C60 was observed independently by 

K. Yoshino[125] as well as G. Yu and A. J. Heeger.[54,55] In 1995, the latter reported a first BHJ solar 

cell with a polymer as donor material. They used poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-

phenylene vinylene) (MeH-PPV) in combination with phenyl-C61-butyric acid methyl ester 

(PC61BM) derivatives.[55] In the same year, G. Yu and A. J. Heeger[56] as well as J. J. M. Halls[57] 

realized a polymer-polymer BHJ solar cell for the first time. Both cells achieved an efficiency of 

1%. 

The performance of a BHJ solar cell depends on the charge carrier mobilities, the light 

absorption, and the morphology of the active layer. Different materials with good optical and 

electronical properties and good nanostructured morphologies were investigated. The solvent 

showed a significant influence on the originating morphology of the blend. Furthermore, 

annealing steps are conducted to improve the nanostructure and the charge transport resulting 

in an increased efficiency. In addition, application of an external electric field can further 

enhance the PCE. Other parameters are the thickness of the active layer, the ratio of the donor 

and the acceptor material, and the method for the deposition of the materials. For example, the 

evaporation rate of the solvent can influence the morphology. One disadvantage of the BHJ 

geometry is that continuous transport pathways have to exist for electrons and holes leading to 

the corresponding electrode and ensuring an efficient charge carrier collection.[60,126] In 2005, 

the group of A. J. Heeger achieved an efficiency of 5% with a simple BHJ solar cell made from 

poly(3-hexylthiophene) (P3HT) and PC61BM that was annealed at 150 °C.[127] Up to now, the 

combination of the P3HT donor and the PC61 acceptor is one of the most studied material 

combinations for organic solar cells.[3,60,107] Figure 10 shows the chemical structures of P3HT and 

PC61BM. 
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Figure 10: Chemical structures of P3HT and PC61BM.[3,107] 

For further improving the efficiency, electron transporting layers can be inserted between the 

active layer and the metal cathode. Materials like zinc oxide or titanium oxide are often used. 

The latter simultaneously works as an optical spacer. By this means, the light intensity within 

the solar cell is redistributed. A big part of the light can reach the active layer and thus more 

excitons can be generated. The optical spacer requires a conduction band lying above the Fermi 

level of the cathode and below the LUMO level of the acceptor facilitating the acceptance of 

electrons, good electron transporting properties and transparency with respect to the incident 

light. The distribution of the light intensity is dependent on the thickness of the active layer so 

that an optical spacer is not always necessary.[60,107,128] In the case of a solar cell from P3HT and 

PC61BM, J. Y. Kim and A. J. Heeger reached an efficiency enhancement from 2.3% to 5.0% by the 

insertion of titanium oxide as an optical spacer layer.[129]  

The development of low bandgap donor polymers that contain electron-rich donor units and 

electron-deficient acceptor units resulting in a reduced bandgap significantly increases the 

efficiency towards the 10% value.[63,130] The chemical structures of the materials applied in the 

BHJ solar cells with the highest efficiencies are depicted in Figure 11. A PCE of 7.7% for a BHJ 

solar cell fabricated via spin coating was attained by a cooperation between L. Yu and the 

Solarmer Energy Inc. in 2009. As a donor, a low bandgap polymer from thienothiophene and 

benzodithiophene units (PBDTTT-CF) was applied together with phenyl-C71-butyric acid methyl 

ester (PC71BM) as acceptor material with a ratio of 1:1.5. The copolymer exhibited a low lying 

HOMO level of -5.2 eV and thus a high open circuit voltage of 0.8 V.[110,131] Using a low bandgap 

polymer with naphthothiadiazole and dithienyl thienothiophene units NT812 in combination 

with PC71BM, high efficiencies of 10.3% and 10.2% were achieved for regular and inverted 

devices, respectively. Solution processing was carried out with an environmentally friendly 

solvent and thick active layers with a notably uniform dispersion were fabricated.[132] In an 

inverted device, a record efficiency of almost 11% can be reached by combining 

benzodithiophene and thienothiophene in PTB7-Th and applying PC71BM as acceptor. A novel 

spin coating method was used that results in a desired vertical donor-acceptor phase separation 

and thus in a high device performance.[133] An even higher efficiency of 11.5% was reported by 

the Toshiba Corporation, but without further details concerning the applied donor polymer.[134] 

The combination of a fluorinated benzothiadiazole and quarterthiophene containing copolymer 

PffBT4T-C9C13 and PC71BM processed from hydrocarbon solvents achieved an efficiency of 11.7% 

in an inverted device due to an enhanced nanophase morphology.[135] A copolymer from 
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bithienyl-benzodithiophene and fluorinated benzotriazole units and the non-fullerene acceptor 

ITIC enabled the fabrication of a solar cell reaching a PCE of 11.4%. This is basically ascribed to 

the high values for �� and :��.[136] Finally, the highest reported value for a BHJ solar cell is 12.1% 

and was obtained by a blend of a low bandgap polymer comprising dithienyl benzodithiophene 

and dithienyl benzodithiophenedione PBDB-T and the small molecule acceptor IT-M. A highly 

ordered morphology and thus a high short-circuit current and a high open-circuit voltage led to 

this remarkable result.[137] 

 
Figure 11: Chemical structures of PBDTTT-CF,[131] NT812,[132] PTB7-Th,[133] PffBT4T-C9C13,[135] the copolymer from 

bithienyl-benzodithiophene and fluorinated benzotriazole,[136] PBDB-T,[137] PC71BM,[3,107] ITIC,[136,137] and IT-M[137], 

as used in the best BHJ solar cells. 

 

2.4.3 Mixed FHJ-BHJ solar cells 

Both FHJ and BHJ solar cell geometries exhibit several disadvantages. As the interfacial area in 

FHJ solar cells is relatively small, only a limited number of excitons are able to dissociate and 

generate free charge carriers whereas most of the excitons will recombine.[4] In BHJ solar cells, 

charge carrier collection could be limited when no continuous pathways exist for the electrons 

and holes towards their corresponding electrodes leading to charge carrier recombination. 

Furthermore, a large number of excitons will recombine if the scale of nanophase separation of 

the active materials lies above the exciton diffusion length. The mixed FHJ-BHJ concept unites 

both FHJ and BHJ geometries by the embedding of a BHJ layer between layers made from pure 
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donor and pure acceptor material. Thus, the advantages of BHJ solar cells like the efficient 

exciton dissociation due to a high interfacial area and a good absorption as well as the 

advantages of FHJ solar cells such as good charge transport properties towards the 

corresponding electrodes are assured.[60,138,139] In Figure 9, the setup of a mixed FHJ-BHJ solar 

cell is presented. 

 
Figure 12: Geometry of a mixed FHJ-BHJ solar cell[60,139] 

The thickness of the homogenous layers correlate approximately to the diffusion length of the 

excitons. By this means, exciton dissociation is possible both within the blend layer and at the 

interfaces of the mixed and the pure layers resulting in an enhanced dissociation.[60] The mobility 

of the charge carriers within the blend is lower than in the homogenous layers.[60,138] Thus, it is 

important to adjust the thickness of the BHJ layer to the diffusion length of the charge carriers 

for the complete outcoupling of the charge carriers.[60] In principle, the first BHJ solar cell 

presented by M. Hiramoto contained simultaneously a mixed FHJ-BHJ structure. A perylene 

derivative was applied as an acceptor and phthalocyanine as a donor. The mixed layer was 

realized via cosublimation.[46,47] However, the thickness of the blend layer was higher than the 

diffusion length of the charge carriers. This resulted in a low efficiency and thus the advantage 

of such a solar cell geometry was not recognized.[60] In 2005, the efficiency of mixed FHJ-BHJ 

solar cells was increased to 5% by the group of S. R. Forrest by the application of a copper 

phthalocyanine donor and a C60 acceptor. The mixed layer consisted of the same amounts of the 

two materials and exhibited a thickness of 10 nm whereas the donor layer thickness was 15 nm 

and the acceptor layer thickness was 35 nm.[122,123] In contrast to pure FHJ or BHJ solar cells of 

these materials, a higher efficiency could be reached. Increasing the thickness of the blend layer 

resulted in a less efficient device. This is ascribed to the ineffective charge carrier outcoupling.[60] 

For achieving a device structure similar to the mixed FHJ-BHJ geometry, vertical stratification is 

used in the fabrication of BHJ solar cells. This is of vital importance for the solar cell performance 

as the fabrication of donor-rich and acceptor-rich phases, respectively, affects charge carrier 

transport and outcoupling at the electrodes. For example, an acceptor-deficient phases near to 

the cathode will result in an inefficient collection of charge carriers and thus charge carrier 

recombination is increased. Vertical stratification can be realized by using appropriate solvents, 

suitable hole transporting layers and thermal annealing.[140,141] A further approach is a novel spin 

coating technique that allows the fabrication of a favourable vertical donor-acceptor 

stratification. Using this method, a high PCE of almost 11% can be reached with PTB7-Th, a 
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benzodithiophene and thienothiophene containing low bandgap polymer, in combination with 

PC71BM as acceptor.[133] Figure 13 illustrates the chemical structures of the two active materials. 

 
Figure 13: Chemical structures of PTB7-Th and PC71BM as used in the best mixed FHJ-BHJ solar cell.[133] 

In addition, intermixing at the interface between donor and acceptor in bilayer solar cells can 

also lead to a geometry resembling the mixed FHJ-BHJ structure. This intermixing in planar 

heterojunctions is either due to diffusion of low molecular weight acceptors like C60 into the 

donor upon vacuum evaporation or is realized via annealing steps.[139,142,143] 

 

2.4.4 Tandem solar cells 

One of the major reasons for limiting the efficiency in organic solar cells is that the solar 

spectrum is not covered completely by the absorption range of organic materials.[60,102] In 

consequence, M. Hiramoto suggested a tandem configuration comprising a series of two or 

more cells in 2006. Thus, a higher efficiency can be reached in comparison to a single cell. M. 

Hiramoto used two FHJ solar cells made from phthalocyanine and a perylene derivative 

containing a thin gold interlayer.[144] The tandem structure exhibits a higher optical density over 

a broader spectral range as a single solar cell without an increase of the resistance. Both small 

organic molecules and polymers are applied for tandem solar cells. Often, a wide bandgap and 

a low bandgap material with complementary absorption are combined for exploiting the 

complete solar spectrum. For preventing a damage of the underlying layers by the deposition of 

a further layer, suitable interlayers are inserted. Furthermore, orthogonal solvents can be used 

that circumvents the dissolution of the underlying layers. The interlayer that combines the two 

solar cells serves as cathode of the bottom cell and as anode of the top cell. Thus, electrons from 

the top cell can recombine with holes from the bottom cell within the interlayer.[60,99–101,106] The 

schematic setup of a tandem solar cell is shown in Figure 14. 
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Figure 14: Geometry of a tandem solar cell.[60,99,106] 

S. R. Forrest achieved an efficiency enhancement from 5.0% to 5.7% in comparison to a single 

cell by connecting two mixed FHJ-BHJ solar cells containing copper phthalocyanine and C60. The 

interlayer consisted of a doped polymer matrix with imbedded silver nanoparticles. A perylene 

derivative and BCP were used as exciton blocking layers.[145] In this tandem device, long 

wavelengths were absorbed in the first cell close to the transparent anode and short 

wavelengths were absorbed in the vicinity of the reflecting metal cathode of the second cell.[60,99] 

In 2005, J. Drechsel and K. Leo presented a tandem solar cell that reached 3.8% efficiency. This 

is twice the efficiency for a single cell. The active layers made from zinc phthalocyanine and C60 

were incorporated into doped p-type and n-type layers, respectively. A very thin gold interlayer 

connected both subcells.[146] For further improving the efficiency, materials that absorb in 

different spectral ranges can be used in the single cells. G. Dennler and N. S. Sariciftci built a 

tandem solar cell from two mixed FHJ-BHJ subcells. The first one contained zinc phthalocyanine 

and C60 and the second one comprised P3HT and PC61BM. However, the PCE was not significantly 

increased in comparison to both single cells.[147] This can be attributed to the fact that the total 

photocurrent is limited by the cell with the lowest generated photocurrent and thus exhibits a 

value that is equal or even smaller than this limiting current. Because the thickness of the active 

layers is adjusted to the charge carrier diffusion, the charge carriers accumulate in the cell that 

generates more excitons. From these accumulated charges, no contribution to the photocurrent 

is possible. Furthermore, the open-circuit voltage is decreased. Exploiting the advantage of the 

tandem structure requires the configuration of both subcells in a way that they deliver the same 

photocurrent.[60,99] 

An inverted tandem solar cell based on small molecules presented by the Heliatek GmbH 

reached an efficiency of 5.6%. A red-absorbing heterojunction was realized from a fluorinated 

zinc phthalocyanine as a donor and C60 as an acceptor. In contrast, a combination of a 

sexithiophene derivative with dicyanovinyl endgroups and C60 absorbed in the green range. The 

connection of the two heterojunctions to a tandem solar cell resulted in an absorption covering 

the complete visible range of the solar spectrum. Several doped hole transport and electron 

transport materials and a doped recombination layer completed the device stack. The 

fabrication was realized via vacuum deposition of the single layers. However, two disadvantages 

can be ascribed to this tandem device. On the one hand, the thickness of the absorbing layers is 
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still too thin. On the other hand, the C60 contact layer towards the aluminium cathode absorbs 

light as well. An optimized cell finally attained a certified efficiency of 6.1%.[148] The group of U. 

Lemmer realized a tandem solar cell by inserting a solution processed zinc oxide interlayer 

between the two subcells. The recombination zone was completed by a MoO3 layer on top of 

the ZnO. In addition, the ZnO/MoO3 interface enabled the spincoating of the top cell due to the 

resistance against the solvent dichlorobenzene. PCDTBT and PC70BM were used for both active 

layers. The increase of the thickness of the active layer by using the tandem geometry enhanced 

the quantum yield of the solar cell. However, the efficiency of 4.5% of the tandem cell was not 

higher than that of the single cells because the fill factor decreased.[149] Another possibility for 

the processing of tandem solar cells was also presented by the group of U. Lemmer. A lamination 

technique was applied to transfer the organic top cell consisting of P3HT and an idene-C60 

bisadduct (ICBA) onto the inorganic CIGS bottom cell and the recombination layer. A relatively 

thick organic absorber layer has to be used to prevent short circuits due to the roughness of the 

CIGS surface. By this approach, an efficiency of 3.8% could be achieved.[150] In 2013, the group 

of R. A. J. Janssen realized a tandem solar cell from polymeric materials with complementary 

absorption. A copolymer from diketopyrrolopyrrole and terthiophene (PMDPP3T) exhibiting a 

small bandgap was applied in combination with PC61BM in the top cell and PCDTBT with a wider 

bandgap was used together with PC71BM in the bottom cell. Orthogonal solvents allowed the 

deposition of the recombination layers and the top cell onto the underlying layers. An efficiency 

of 8.9% is reached due to the high quantum efficiencies of the subcells. The incorporation of an 

additional photoactive layer containing PCDTBT and PC70BM in a triple junction solar cell further 

increases the efficiency to 9.6%. In this case, the quantum efficiencies of the three subcells were 

lower because the photons were absorbed in three layers instead of two layers as for the 

tandem device. The resulting lower short-circuit current is balanced by a high open-circuit 

voltage of 2.09 V.[151] A high Voc of about 1.75 V is necessary to use the solar cell for 

photocatalytic water splitting. A tandem cell comprising a copolymer of thienopyrido 

isoquinolinedione and benzodithiophene in combination with PC70BM achieved an efficiency of 

5.3% and an open-circuit voltage of 1.74 V.[152] The group of R. A. J. Janssen also presented a 

tandem device comprising a bottom cell with a donor exhibiting a wider bandgap and a top cell 

with a small bandgap donor. For the bottom cell, a copolymer of fluorene and dithienyl 

benzothiadiazole in a blend with PC61BM was applied. The top cell contained a copolymer from 

diketopyrrolopyrrole and phenylene bisthiophene together with PC61BM. An efficiency of 4.6% 

and an open-circuit voltage of 1.72 V were yielded. For further enhancement of the solar cell 

performance, a second small bandgap cell was stacked on top. This triple junction solar cell 

showed an efficiency of also 5.3% and a remarkably high Voc of 2.33 V.[153] 

Further improvements of tandem and triple junction solar cells led to efficiencies exceeding 

10%. The chemical structures of the materials used for these highly efficient devices are 

illustrated in Figure 15. In 2014, the group of S. R. Forrest presented multijunction solar cells 

with a mixed FHJ-BHJ geometry made by vacuum evaporation of small molecules with 
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complementary absorption. The bottom cell was built from a DTDCTB donor absorbing in the 

orange to near infrared and a C60 acceptor whereas the top cell consisted of the UV to yellow 

absorbing DBP and C70. The tandem cell was able to absorb light from 350 nm to 900 nm and 

exhibited an efficiency of around 10%. When a second cell from DBP and C70 is added to form a 

triple junction cell, the PCE is further increased to over 11%.[154] An efficiency of 11.3% were 

realized with a tandem cell with active layers of PTB7-Th and PC71BM. As a recombination layer, 

a hole transporting material was applied ensuring the efficient charge recombination. The high 

PCE is ascribed to the almost complete light harvesting.[155] The combination of three donor 

materials with different bandgaps and fullerenes in inverted tandem and triple junction solar 

cells was studied by the group of Y. Yang. A bottom cell made from PTB7-Th and PC71BM and a 

top cell containing a copolymer of dithienopyran and difluorobenzothiadiazole (PDTP-DFBT) 

together with the acceptor PC71BM were applied for a tandem device reaching an efficiency of 

10.7%. When an additional active layer of P3HT and ICBA was inserted as the bottom cell in a 

triple junction solar cell, the efficiency could be enhanced to over 11%. A simulation approach 

enabled the adjustment of the layer thicknesses as well as the equalisation of the photocurrent 

in each subcell. As a consequence of the balanced charge carrier generation and an effective 

recombination at the recombination layers, a high Voc of 2.28 V could be reached that is almost 

the total amount of all three subcells.[156] Furthermore, an inverted tandem solar cell comprising 

a wide bandgap donor polymer from dithienosilole and dithenophenyl thiazolothiazole (PSEHTT) 

together with ICBA and the medium bandgap absorber PTB7 in a blend with PC71BM yielded an 

efficiency of 10.4%. The addition of a bottom cell containing a blend of PMDPP3T and PC71BM 

led to an increased efficiency of 11.8% for the inverted triple junction device. As the light 

intensity decreased in the active layers, the open-circuit voltage of 2.24 V could not attain the 

theoretical value. Besides the choice of materials with suitable energy levels, optimization of the 

multijunction cells was also supported by optical simulation leading to improved thicknesses of 

the single layers and thus adjusted photocurrents.[157] In 2016, the Heliatek GmbH announced a 

record efficiency of 13.2% for a multijunction device. Three different materials that absorb in 

the green, red, and near infrared range were combined and allow the conversion of light 

between 450 nm and 950 nm, but are not further described.[158] 
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Figure 15: Chemical structures of DTDCTB,[154] DBP,[154,159] PTB7-Th,[155,156] PDTP-DFBT,[156] P3HT,[156] PSEHTT,[157] 

PTB7,[157] PMDPP3T,[157] C60,[52] C70,[52] PC71BM,[156,157] and ICBA[156,157] as used in the best tandem and triple junction 

solar cells. 

 

2.5 Design strategies for conjugated polymers as electron donor materials 

For the selection of suitable materials for solar cells, some requirements have to be considered. 

This includes a broad absorption range and high absorption coefficients for efficient light 

harvesting, appropriate HOMO and LUMO levels for efficient energy transfer, self-assembling 

ability of the molecules for an ideal layer morphology and high charge carrier mobilities for fast 

charge carrier transport and long-term stability of the material.[4,23] The most important 

parameter for the development of novel conjugated polymers is the position of the HOMO and 

LUMO levels and thus the corresponding bandgap.[23,42] By means of this values, the optical and 

electronical properties of the materials are determined that in turn influence the solar cell 

performance.[23] The first step in the conversion of solar light into electric energy is the 

absorption of the sunlight by photoactive materials. The wavelength of the maximum photon 

flux of the solar spectrum lies at about 700 nm or 1.77 eV. For exploiting the complete range of 

the spectrum, the active material has to absorb in the red and near infrared. Thus, the reduction 

of the bandgap that broadens the absorption range is pursued without neglecting the absorption 

coefficient. Today, so called low bandgap polymers exhibiting a bandgap of only 0.5 eV are 

known. As the charge separation of the generated exciton is located at the interface between 

donor and acceptor, the properties of the n-type material have to be considered for the 

development of highly efficient donors. The open-circuit voltage :�� of BHJ solar cells with ohmic 
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contacts depends linearly on the value of the so called built-in potential. This parameter 

describes the difference between the HOMO of the p-type polymer and the LUMO of the n-type 

fullerene.[23] The corresponding energy diagram is presented in Figure 16. 

 
Figure 16: Energy diagram of the HOMO and LUMO levels of the donor and the acceptor. The bandgap of the 

donor polymer is depicted by �V, the driving force for the exciton dissociation is denoted by �W and the built-in 

potential is described by the difference between the HOMO level of the donor and the LUMO level of the acceptor 

:XYZ[\]Z�.[23] 

A donor material with a lower lying HOMO level exhibits a higher value of :̂ E5�	]5� and thus 

reaches a higher open-circuit voltage. However, the bandgap has to be reduced for realizing a 

broadening of the absorption. This is carried out via the raising of the HOMO level of the donor 

material that result in a lower value for the bandgap. Furthermore, the LUMO level of the p-type 

material has to be 0.3 eV higher than that of the fullerene to achieve a driving force for the 

electron transfer which can overcome the binding energy of the exciton. Thus, a compromise 

between a low bandgap of the donor and a high built-in potential has to be found.[23] 

The bandgap of conjugated polymers is influenced by several parameters like bond length alter-

nation, planarity, aromatic resonance energy, substituents, intermolecular interactions, and 

molecular weight.[42] The simplest way to reach a lower bandgap is to raise the HOMO level and 

to lower the LUMO level, respectively, or to conduct both options simultaneously.[23] Several 

approaches are feasible for the modification of the bandgap. The skeleton of a polyaromatic 

conjugated polymer can be described as a sequence of successive carbon-carbon single and 

double bonds. Several approaches are feasible for the modification of the bandgap. The skeleton 

of a polyaromatic conjugated polymer can be described as a sequence of successive carbon-

carbon single and double bonds. Two possible resonance structures with different energies can 

be derived for the ground state as shown in Figure 17, that is a fully aromatic and a fully quinoid 

structure. In the aromatic form each benzene or thiophene unit retains the aromaticity. Deloca-

lization of the π-electrons along the conjugated polymer chain, that is a stronger conjugation 

along the chain, however converts single bonds into double bonds and vice versa resulting in a 

more quinoid-like character of the structure. In principle, the quinoid form is not as energetically 

stable as the aromatic structure because the aromaticity of the benzene or thiophene units is 
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no longer present and thus the stabilization energy is lost. Nevertheless, for a polymer chain the 

quinoid resonance structure possesses the lower bandgap as it features a stronger conjugation 

along the backbone of the chain. The contribution of the aromatic and quinoid character of a 

structure in a polyaromatic conjugated system can be described by the mean bond length 

alternation. This parameter is defined as the average difference of the length between 

neighbouring carbon-carbon bonds in a polyene chain, though for aromatic rings the difference 

between the carbon-carbon bond in the ring and between the rings is considered.[23,160] 

 
Figure 17: Aromatic and quinoid resonance structures of polyphenylene, polyphenylenevinylene, polythiophene, 

and polyisothianaphthene. The size of the circles reflects the contribution of the mesomeric structures to the 

actually prevailing ground state geometry. The bandgap of the polymers is depicted by �S.[23] 

The more the aromatic structure predominates in the ground state, the bigger is the value of 

the bond length alternation in this definition. This is because the single benzene or thiophene 

units retain their aromaticity and are connected via single bonds. When the contribution of the 

quinoid structure increases due to delocalization of π-electrons along the polymer chain, the 

value of the bond length alternation is decreased as the single bonds between the neighbouring 

benzene or thiophene rings adopt a double bond character. In consequence, the bandgap drops 

linearly with increasing quinoid character and decreasing bond length alternation, respectively. 

The critical factor in this respect is the aromatic resonance stabilization. If the stabilization 

energy is low, the quinoid form can be adopted more easily. Thus, the bandgap is reduced from 

3.2 eV for polyphenylene via 2.4 eV for polyphenylenevinylene and 2.0 eV for polythiophene to 

1.0 eV for polyisothianaphthene due to a decreasing aromaticity of the units.[23,160] 

Furthermore, also the implementation of steric and electronical effects on the conjugated 

polymer backbone can reduce the bandgap. The planarization between adjacent aromatic units 

allows interaction between p-orbitals and thus an extended conjugation and delocalization. This 

again results in a lower bond length alteration value and a lower bandgap. The higher the 

conjugation length is, the lower the bandgap is in consequence. However, an infinite increase of 

the conjugation only leads to a finite lowering of the bandgap. The easiest way to planarization 
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is the rigidification of aromatic units via covalent bonds.[23] By using this method, J. Roncali and 

R. Viruela showed a lowered bandgap of 1.2 eV when bridging a bithiophene unit with a ketal 

group.[161,162] The application of carbon-bridged terthiophene reduces the bandgap to 1.1 eV as 

presented in Figure 18.[163] 

 
Figure 18: Bridged thiophenes.[161–163] 

The integration of electron-donating or electron-withdrawing substituents at the aromatic units 

of the polymer backbone depicts a further method for the modification of the molecular orbitals 

by inductive and mesomeric effects. In general, electron-donating groups raise the HOMO level 

and electron-withdrawing groups lower the LUMO level resulting in a decreased bandgap.[23] 

Thus, a bandgap of 1.1 eV can be reached by electron-withdrawing nitro groups and electron-

donating amino groups, respectively. As can be seen in Figure 19, this is due to the generated 

high zwitterionic and quinoid character.[164] 

 
Figure 19: Influence of electron-donating and electron-withdrawing groups.[23,164] 

The most successful approach to materials with a reduced bandgap is the design of low bandgap 

polymers. These polymers consist of an alternating arrangement of electron-rich donor units D 

and electron-deficient acceptor unit A in the polymer backbone. The introduced push and pull 

forces facilitate the electron delocalisation and the formation of quinoid mesomeric structures 

D-A → D+=A- that lowers the bond length alteration and the bandgap. The alternating donor and 

acceptor group cause a photoinduced intramolecular charge transfer from the high lying HOMO 

of the donor unit to the low lying LUMO of the acceptor unit. This is ascribed to the hybridisation 

of the molecular orbitals of the donor and the acceptor in the D-A polymer and is illustrated in 

Figure 20.[23,42] 

 
Figure 20: Hybridisation of the molecular orbitals of donor D and acceptor A in an alternating D-A polymer. The 

bandgap of the polymer is depicted by �S.[23] 
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The HOMO of the donor group interacts with the HOMO of the acceptor unit and two new 

HOMO levels for the D-A polymer are formed. The same applies to the LUMO levels. As the 

electrons are redistributed to the hybridised orbitals, a higher lying HOMO and a lower lying 

LUMO are generated. In consequence, the alternating D-A polymer exhibits a lower bandgap. 

The value of the bandgap can be influenced by the choice of donor and acceptor in the favoured 

way. Thus, applying a strong donor like pyrrole and a strong acceptor such as benzothiadiazole 

leads to a bandgap of 1.1 eV. This can also be attributed to additional intramolecular hydrogen 

bonds that results in planarization and supramolecular interactions. Thus, a densely packed and 

ordered crystalline structure is built in the solid state.[23] All strategies for the modification of 

the bandgap are summarized in Figure 21. 

 
Figure 21: Strategies for the bandgap modification of conjugated polymers. The lattice parameters are denoted by 

_ and ` and the angle of torsion is illustrated by a.[23,165] 

Another important parameter for the classification of conjugated polymers as materials for solar 

cells is the charge carrier mobility.[23,42] The properties of the material regarding the charge 

transport are strongly associated with the methods for the design of conjugated polymers. A 

facile electron delocalisation and the planarity of the molecules are of vital importance for a 

high hole transport mobility.[23] Low charge carrier mobilities are the reason for bimolecular 

charge carrier recombination that is in competition with charge carrier collection. Due to 

recombination, the photocurrent is reduced. In addition, the value of the fill factor decreases 

and the charge separation becomes more inefficient because of the bad charge carrier mobility. 

In 2010, W. Zhang presented a conjugated polymer with a hole transport mobility of 

1 cm2V-1s-1.[166] On the other hand, the balanced charge transport of holes and electrons within 
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the blend is an important factor for the performance of BHJ solar cells. An imbalanced transport 

leads to the accumulation of space charges and a high recombination rate that limits the fill 

factor.[42]  

For the fabrication of solar cells, conjugated polymers have to be solved in organic solvents. The 

solubility of the polymer depends on several structural parameters like the degree of 

polymerisation, the chain length of aliphatic spacers, the polarity of substituents, the rigidity of 

the polymer backbone, the regioregularity, and the intermolecular interactions. The solubility in 

turn influences the crystallinity, the phase behaviour, the morphology, and the contact between 

the different active materials and thus affects the solar cell performance. The major reason for 

the insolubility of polyaromatic conjugated polymers is the strong π-π interaction between the 

polymer chains. The incorporation of aliphatic side chains that are attached covalently to the 

main chain of the polymer improves the solubility. Branched alkyl chains are more effective than 

unbranched spacers. However, it has to be taken into account that the increasing amount of 

isolating alkyl chains compared to the hole transporting fraction in the polymer can reduce the 

charge carrier mobiliy.[23] Thus, the choice of the solubilizing groups and their positioning has to 

be carried out carefully.[23,42] The aliphatic spacers also influence the self-assembling ability of 

the molecules and the angle of torsion. To prevent steric effects, the substituents are attached 

regioregular.[42] 

Further important properties of conjugated polymers for the application in organic solar cells 

besides the already mentioned parameters are facile processability, a simple synthesis, high 

attainable purities, and photochemical stability.[42]  

 

2.6 General synthetic strategies for conjugated polymers 

Commonly, conjugated polymers are synthesized by the efficient formation of a carbon-carbon 

single bond between two unsaturated carbons of the aromatic monomers. Besides 

electrochemical or chemical oxidative polymerizations, especially transition metal catalysed 

crosscoupling reactions are suited for the development of C�c-C�c  and C�-C�c bonds. These 

reactions comprise an oxidative addition between a carbon-halogen bond of an electrophile 

catalysed by a transition metal, a subsequent transmetallation with an organometallic main 

group nucleophile and a concluding reductive elimination that leads to the formation of the 

carbon-carbon-bond while retaining the catalyst.[23] The schematic illustration of such a catalytic 

cycle is shown in Figure 22. 
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Figure 22: Catalytic cycle of a transition metal catalysed crosscoupling reaction. The catalyst is represented by 

M(0), the organohalide by R-X, the organometallic compound by R’-M’ and the resulting product by R-R’.[23] 

The most frequently used catalysts are nickel and palladium complexes.[23] As organometallic 

nucleophiles, Grignard reagents (Kumada-Corriu coupling),[167] tin organyls (Stille coupling),[168] 

boron compounds (Suzuki-Miyaura coupling)[169] or copper compounds (Sonogashira 

coupling)[170] are applied. The conjugation length of the product is increased with each passage 

of the catalytic cycle. Another advantage are the mild reaction conditions that tolerate a lot of 

functional groups. Stille and Suzuki couplings are the most efficient methods for the synthesis 

of alternating copolymers. It has to be pointed out that stannyl functionalities exhibit a poor 

reactivity with aryl halides under Stille conditions. Thus, Stille couplings are used for polymers 

on the basis of thiophene with the stannyl groups attached to the thiophene ring. However, the 

Suzuki coupling is suitable for benzene-based polymers. Here, the benzene ring of the monomer 

carries the boron group. The homopolymerization of a single monomer is conducted via a nickel-

catalysed Yamamoto coupling that comprises a dehalogenation. For the formation of a carbon-

carbon double bond for a polymer containing vinylene, Wittig-Horner reactions or Knoevenagel 

condensations are utilized.[23] Furthermore, PPVs can also be synthesized from organohalides 

and vinylbenzene units via Heck coupling reactions under palladium catalysis.[23,171] 

 

2.7 Polycarbazoles as materials for organic solar cells 

Carbazole presents an interesting unit for conjugated polymers for several reasons. On the one 

hand, 9H-carbazole is an inexpensive starting material. The completely aromatic configuration 

implicates a good stability. On the other hand, the nitrogen atom can be easily substituted with 

a multitude of functional groups. By this means, the solubility as well as the optical and 

electronical properties of the polymer can be influenced without causing steric interactions 

close to the polymer backbone. The bandgap of polycarbazole derivatives is lower than for 

polyphenylenes because of the bridged biphenyl unit. The carbazoles can be linked either at the 

positions 3 and 6 leading to poly(3,6-carbazole) or at the positions 2 and 7 resulting in poly(2,7-

carbazole). The two polymers exhibit different properties and thus different fields of application. 
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Figure 23 shows the chemical structures of both polycarbazoles as well as the 9H-carbazole 

unit.[59,172] 

 
Figure 23: Chemical structures of 9H-carbazole (left), poly(3,6-carbazole) (middle), and poly(2,7-carbazole) 

(right).[172] 

Poly(3,6-carbazole)s possess a meta-linkage of the monomers units. In consequence, the 

conjugation length of dimeric units that can be considered as 4,4’-biphenyl building blocks is 

short.[23,172] The materials are suited for the application in OFETs and OLEDs due to their high 

charge carrier mobilities as well as a blue luminescence arising from the short conjugation 

length.[172,173] The para-linkage and thus the higher conjugation length enables the better 

migration of charge carriers along the polymer chain. For this reason, poly(2,7-carbazole) can be 

used as an efficient donor material for organic solar cells.[23,172] Further factors are the low-lying 

HOMO level of the poly(2,7-carbazole)s that is important for the stability of the material in air 

and a high open-circuit voltage. With suitable structures and a good self-organization of the 

polymer chains, high hole transport mobilities can be achieved. Finally, the absorption spectrum 

can be adjusted to the solar spectrum by the copolymerisation with appropriate 

comonomers.[23,59]  

The synthetic route towards the 2,7-dibromocarbazole starting material requires several 

steps.[174–176] The group of K. Müllen reported an efficient synthesis with only two steps in 2003 

as depicted in Figure 24.[177] 

 
Figure 24: Synthetic strategy for the 2,7-dibromocarbazole unit.[177] 

The first step is the nitration of 4,4’-dibromobiphenyl using concentrated nitric acid yielding 4,4‘-

dibromo-2-nitrobiphenyl. Subsequently, 2,7-dibromocarbazole was received by a reductive 

Cadogan ring closure in presence of triethyl phosphate.[177–179]  

K. Müllen et al. applied a soluble and thus well processable poly(2,7-carbazole) as a donor 

material in a BHJ solar cell for the first time. The polymer was equipped with a branched 

2-decyltetradecyl substituent and was synthesized via Yamamoto coupling. Perylene 

tetracarboxydiimide was used as an acceptor. The donor polymer exhibited a low HOMO level 

of -5.6 eV yet a relatively high bandgap of 3.0 eV. The solar cell reached a high :�� value of 0.71 V, 

but just 0.6% efficiency could be achieved. This is attributed to the absorption spectrum of the 
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active layer that only conforms badly to the solar spectrum.[180] The chemical structures of the 

applied materials are presented in Figure 25. 

 
Figure 25: Chemical structures of the materials of the first organic solar cell comprising a poly(2,7-carbazole) 

derivative.[180] 

For a better correlation of the absorption with the solar spectrum, poly(2,7-carbazolevinylene) 

derivatives exhibiting a low bandgap were synthesized by using electron-withdrawing 

comonomers and thus realizing D-A polymers. Mostly Horner-Emmons reactions were 

conducted as these lead to a very high purity of the materials but a further polymer was also 

synthesized via Stille coupling.[23,59] The chemical structures of the polymers can be seen in 

Figure 26.  

Figure 26: Chemical structures of different poly(2,7-carbazolevinylene)s.[59] 

The polymers show bandgaps between 2.3 eV and 1.7 eV while the HOMO levels lie 

between -5.6 eV and -5.5 eV.[23] The bandgap decreases with increasing number of thiophene 

rings. The HOMO levels are also reduced with rising conjugation length except for the polymer 

with the non-aromatic thienyl dioxide unit. This building block possesses two localized carbon-

carbon double bonds and two sulphur-oxygen bonds resulting in a higher electron affinity and 

thus a lower LUMO level.[59] However, the efficiencies of solar cells comprising the presented 

donor polymers and PCBM as acceptor remain low between 0.2% and 0.4% for the first four 

materials. The best PCE of 0.8% was achieved with the thienyl dioxide containing polymer. 

Furthermore, a high open-circuit voltage of 0.8 V was observed.[23,59] In fact, the polymers exhibit 
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a low solubility and a low molecular weight that limits the performance of the solar cells. A 

further reason for the loss of efficiency is that the vinylene unit can also be damaged due to 

photooxidation.[59] 

Several poly(2,7-carbazole) derivatives including electron-withdrawing units were synthesized 

in the group of M. Leclerc.[181,182] Figure 27 shows the chemical structures of these polymers.  

 
Figure 27: Chemical structures of different alternating poly(2,7-carbazole) copolymers including PCDTBT.[182] 

Three of the electron-deficient units are symmetric and possess a benzene core. The other three 

building blocks include an asymmetric pyridine core. The HOMO levels of the polymers lie 

between -5.6 eV and -5.4 eV what is mostly determined by the carbazole part. The LUMO levels 

differ depending on the electron-withdrawing unit. The polymers containing pyridine are 

optimized with regard to the LUMO values that lie 0.25 eV lower than that of the benzene-based 

polymers. However, a better structural organisation of the symmetric polymers in the solid state 

leads to a higher charge carrier mobility and thus to a better performance of the solar cells in 

combination with PCBM as acceptor. The polymers with pyridine core show PCE values between 

0.7% and 1.1% whereas the polymers with benzene core reach efficiencies between 1.8% and 

3.6%. Using the symmetric polymers, also higher open-circuit voltages between 0.8 V and 1.0 V 

are achieved.[23] The best results were received with the combination of carbazole and a 2,1,3-

benzothiadiazole unit yielding poly-[(N-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4′,7′-bis(thien-

2-yl)-2′,1′,3′-benzothiadiazole)] (PCDTBT).[181] High molecular weights, good film-forming 

properties and high hole mobilities up to 3 ∙ 10-3 cm2V-1s-1 could be realized.[59] In combination 

with different acceptor fullerenes, the hole mobilities of the blends lie in the range of 

10-4 cm2V-1s-1.[183] The bandgap of PCDTBT is 1.9 eV with a HOMO level of -5.5 eV and a LUMO 

value of -3.6 eV. An open-circuit voltage of 0.9 V and a PCE of 3.6% were achieved.[23] This 

conforms to the findings of the group of W. H. Jo about the evaluation of the effects of different 

acceptor units identifying benzothiadiazole as an optimal acceptor monomer. The performance 

of low bandgap polymers containing 2,1,3-benzothiadiazole BT, diketopyrrolopyrrole DPP, 

isoindigo I, thieno[3,4-c]pyrrole-4,6-dione TPD, and 3-fluorothieno[3,4-b]thiophene TT 

regarding the short-circuit current, the open-circuit voltage, the fill factor, and the power 

PCDTBT
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conversion efficiency was compared. Whereas DPP polymers show the highest Isc due to the low 

bandgaps, TPD-based polymers exhibit the highest Voc ascribed to the deep HOMO levels. 

Polymers comprising BT and TT achieve intermediate values. Regarding the fill factor, DPP and 

isoindigo polymers reach lower values than the others. In the case of the PCE, the best results 

are attained with polymers based on BT and TT. The values of 9.55% and 9.30%, respectively, 

represent the average values of the top five devices that were reported for the polymer 

containing the corresponding acceptor unit.[184] 

The performance of PCDTBT were optimized by the group of A. J. Heeger. The use of a titanium 

dioxide electron transport layer and the incorporation of silver nanoparticles in blends 

composed of PCDTBT and PC70BM led to an increased open-circuit voltage, short-circuit current, 

fill factor, and EQE that can be attributed to an improved light absorption and charge transport. 

In summary, an efficiency of 7.1% is reached.[185] In addition, BHJ solar cells made from PCDTBT 

and PC70BM were modified with an electron transport layer of graphene oxide that was 

deposited via a stamping procedure. By combining the graphene oxide layer with titanium oxide, 

a high efficiency of 7.5% is achieved.[186] 

 

2.8 Polycyclopentadithiophenes as materials for organic solar cells 

The aromatic unit 4H-cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT) is of particular interest as a 

donor monomer for the synthesis of low bandgap polymers as it shows some beneficial 

properties. CPDT exhibits structural analogy to fluorene due to the covalent bridging of a 

2,2’-bithiophene unit by a sp3 hybridized carbon atom at the 3,3’-position resulting in a 

completely coplanar structure. Thus, the intrinsic properties of the basic bithiophene are 

modified towards enhanced intermolecular interactions and a widened conjugation leading to 

a lower bandgap. In addition, the 4-position of the carbon bridging atom of CPDT can be 

substituted by two side chains that not only improve the solubility but also allow the adjustment 

of electronical and steric properties. Figure 28 depicts the chemical structures of the 4H-CPDT 

core and the corresponding disubstituted polycyclopentadithiophene homopolymer.[23,187,188] 

 
Figure 28: Chemical structures of 4H-cyclopentadithiophene (left) and the disubstituted polycyclopenta-

dithiophene homopolymer (right).[188]  

Several steps are needed for the synthesis of the CPDT starting material.[189–192] For 

cyclopentadithiophene-4-one that acts as a precursor for CPDT, an efficient synthetic route 

including only three steps was presented in 2002. Here, a lithiation and subsequent nucleophilic 

addition is combined with a lithiation and iodination reaction receiving bis(2-iodothiophen-3-
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yl)methanol out of 3-bromothiophene in one step.[193] However, only low yields were achieved 

due to the limited control of the reaction. Thus, the group of C.-S. Hsu introduced two separate 

steps as shown in Figure 29.[187] 

 
Figure 29: Synthetic strategy for the CPDT unit.[187] 

In this case, 3-bromothiophene is first lithiated with n-butyllithium and reacted with 3-

formylthiophene giving di(thiophen-3-yl)methanol. Subsequent lithiation of this secondary 

alcohol and conversion with iodine leads to bis(2-iodothiophen-3-yl)methanol. After oxidation 

in presence of pyridinium chlorochromate PCC, the ring closure of the received ketone is carried 

out via an Ullmann coupling. The last step to the CPDT core is a Wolff-Kishner reduction with 

hydrazine.[187] 

Electropolymerized homopolymers of cyclopentadithiophene-4-one and 4-(dicyanomethylene)-

cyclopentadithiophene are illustrated in Figure 30. The ketone and cyano functionalities at the 

bridging atom act as electron withdrawing units leading to a lower aromaticity and thus 

increasing the quinoid character. In consequence, narrow bandgaps of 1.2 eV and 0.8 eV can be 

achieved, respectively.[23,194,195]  

 
Figure 30: Chemical structures of polycyclopentadithiophen-4-one (left) and poly(4-(dicyano-

methylene)cyclopentadithiophene) (right).[23] 

P. Coppo et al. presented the first polycyclopentadithiophene that can be processed from 

solution due to the substitution with two aliphatic spacers. Hexyl, octyl, and hexadecyl side 

chains were applied. The polymers were realized by oxidative polymerization in presence of 

iron(III) chloride as well as Kumada coupling reactions catalysed by nickel. In comparison to 

poly(3-alkylthiophene) and polyfluorene that bear the analogous spacers, the bandgap could be 

decreased to about 1.7 eV to 1.8 eV. No self-assembling ability of the polymer chains could be 

observed as there is no change in position of the absorption maximum of solution and thin film 

spectra.[23,196] 
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Donor-acceptor polymers containing CPDT cores as donor units and different acceptor units 

were realized to achieve a broader exploitation of the solar spectrum. The well-known PCPDTBT 

comprises benzothiadiazole groups besides the CPDT units and was first synthesized by the 

group of C. J. Brabec. In addition, the absorption properties of this alternating copolymer were 

finetuned by the variation of the ratio of donor and acceptor to cover the complete solar 

spectrum. This was realized by reducing the amount of benzothiadiazole acceptor monomer and 

including both CPDT and bithiophene donor monomers, leading to a series of copolymers with 

a random arrangement of the donor-acceptor segments. For comparison, the copolymer from 

the two donor units CPDT and bithiophene was also realized. The polymerizations were carried 

out under Stille conditions.[23,197] Figure 31 depicts the corresponding chemical structures of the 

polymers.  

 
Figure 31: Chemical structures of PCPDTBT (top left), an alternating copolymer comprising CPDT and bithiophene 

units (top right) and a statistical copolymer of CPDT, bithiophene and benzothiadiazole (bottom).[197] 

By comparing the absorption of PCPDTBT and the copolymer made from the two donor 

monomers, the importance of acceptor units to cover longer wavelength regions is pointed out. 

The absorption shifts to the blue when unbridged bithiophene donor units are combined with 

cyclopentadithiophene. When applying a ratio of the two donor monomers between 2:1 and 1:2 

in the statistical copolymers, the complete visible range is covered. The absorption of the 

polymer films exhibit a significant shift to the red in comparison to the solution spectra, 

correlating with an increasing amount of benzothiadiazole units. Thus, intramolecular 

interactions are introduced by the addition of benzothiadiazole acceptor monomers. In contrast, 

no self-assembling ability could be observed for the CPDT homopolymer. The most promising 

polymer out of this series is PCPDTBT, showing a high solubility in organic solvents because of 

the substitution with two ethylhexyl chains. The fabrication of BHJ solar cells is facilitated as 

PCPDTBT is well miscible with PCBM. A HOMO level of -5.3 eV and a LUMO level of -3.6 eV were 

determined. Solid-state absorption measurements revealed an optical bandgap of 1.4 eV that is 

in the ideal range for BHJ solar cells comprising donor polymers and acceptor fullerenes. A short-

circuit current of 11.8 mA/cm² and an open-circuit voltage of 0.65 V resulting in an efficiency of 

3.5% could be reached with a BHJ solar cell made from PCPDTBT and PC71BM. In contrast, the 

copolymers with additional bithiophene donor units gave PCEs up to 3%. The good result 

x = 0.67, 0.50, 0.33
y = 0.33, 0.50, 0.67
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achieved with the PCPDTBT blend can be ascribed to an increased EQE that is higher than 25% 

in the spectrum between 400 nm and 800 nm with a maximum value of 38% at 700 nm.[23,197] 

Furthermore, photocurrent generation also occurs above 900 nm. Besides the broad absorption 

range, the planar geometry of PCPDTBT is responsible for a good intermolecular charge carrier 

transport with hole mobilities about 2 ∙ 10-2 cm²V-1s-1.[23,198] The performance of solar cells made 

from blends of PCPDTBT and PC71BM can be enhanced to 5.5% when using 1,8-octanedithiol as 

a processing additive in the spin coating solution. This is attributed to an optimization of the 

active layer morphology resulting in an increased photoconductivity and charge carrier 

lifetime.[23,199] As PCPDTBT is a mainly amorphous donor polymer and shows only small 

crystalline fractions, the morphology can be improved more easily by the application of 

processing additives than by thermal annealing after spin coating of the active layer.[23,200,201] In 

2007, A. J. Heeger and coworkers presented a tandem solar cell comprising PCPDTBT as a small 

bandgap donor in one subcell and P3HT that exhibits a larger bandgap in the other subcell. The 

combination of the two complementary absorbers results in an efficient exploitation of the 

sunlight. Thus, an efficiency of over 6% was reached.[23,202] Because PCPDTBT was one of the first 

low bandgap polymers that achieved high efficiencies in organic solar cells, the photophysical 

properties of blends with PCBM were comprehensively studied. These investigations included 

photoconductivity,[203] charge separation,[204] as well as charge transport.[205]  

A PCPDTBT derivative with hexyldecyl spacers instead of ethylhexyl chains were realized by the 

group of K. Müllen.[206] The chemical structure of this polymer is shown in Figure 32. 

 
Figure 32: Chemical structure of a PCPDTBT derivative with hexyldecyl spacers.[206] 

The unbranched hexyldecyl substituents support a better alignment of the polymer chains 

leading to a high hole mobility of 0.17 cm²V-1s-1 in OFET devices.[206] 

Besides benzothiadiazole, also other acceptor monomers were combined with the CPDT donor 

core. A. J. Moulé et al. compared PCPDTBT with two novel low bandgap polymers comprising 

quinoxaline and dithienylbenzothiadiazole units as presented in Figure 33.[207] 

 
Figure 33: Chemical structures of different poly(cyclopentadithiophene)s.[207] 
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Several solvent mixtures for device preparation were examined. The best results were achieved 

with a volume ratio of 19:1 of chlorobenzene and anisole for a blend from the polymer 

comprising CPDT and dithienylbenzothiadiazole and PC61BM. By this means, an efficiency of 

2.1% was achieved due to an improved active layer morphology.[207] In addition, 

benzothiadiazole was also substituted by the structurally analogous 2,1,3-benzoselenadiazole 

and coupled with CPDT in a Stille reaction.[208] Figure 34 illustrates the resulting polymer. 

 
Figure 34: Chemical structure of a PCPDTBT derivative with benzoselenathiazole.[208] 

However, a PCE of only 0.89% with a short-circuit current of 5 mA/cm² and an open-circuit 

voltage of 0.52 V was reached in a blend with PC70BM. This could be attributed to the lower 

absorption in comparison to PCPDTBT and an unbalanced transport of holes and electrons in the 

blend layer.[208] Further studies applying different acceptor units like benzoxadiazole or 

thienopyrazine were carried out by the groups of C.-S. Hsu and M. L. Turner.[187,209] Furthermore, 

the optimal ratio of CPDT and benzothiadiazole in a low bandgap polymer was investigated. The 

best results were achieved with a 2:1 ratio.[210]  

The best solar cell performance of 3.5% of PCPDTBT can be further increased by the fluorination 

of the benzothiadiazole acceptor monomer at the 5-position. In combination with PC70BM, the 

best device reached a PCE of 6.2%. This can be attributed to a higher Voc due to a larger ionization 

energy of the fluorinated derivative. Furthermore, the recombination of electrons and holes is 

reduced leading to a higher fill factor and Isc.[211] 

 

2.9 Stabilization of organic solar cells via crosslinking 

The active layer of organic solar cells that consist of an electron donor and an electron acceptor 

is fabricated by different methods with respect to the solar cell geometry. The blend layer of 

BHJ solar cells is solution processed. Conjugated polymers are often used as donor materials and 

low molecular weight fullerenes are applied as acceptors.[63,184,212,213] In opposite to the solution 

processing approach, vacuum evaporation enables the subsequent deposition of several layers 

made from different small molecules. By this means, each layer can be optimized separately 

from the others. Both FHJ and BHJ morphologies as well as multilayer and tandem solar cells can 

be realized by vacuum evaporation. Nanostructured active layers combine the advantage of a 

high interfacial area that allow the excitons to reach the interface within their diffusion length 

of about 10 nm and act as direct charge transport pathways towards the electrodes.[214] 

However, the long-term stability of organic solar cells is a major issue as the devices suffer from 
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the exposure to heat or light as well as chemical and mechanical demands.[96] If the device is 

encapsulated, the damage of the solar cell regarding oxygen and water can be inhibited.[215] 

Thermal stress enhances the diffusion of small molecule acceptors like fullerenes within the 

donor polymer matrix. This leads to the formation of large fullerene aggregates diminishing the 

device performance.[216–218] The realization of multilayer solar cells made from solution 

processed polymers is difficult compared to evaporable low molecular weight materials as the 

underlying layer is dissolved and damaged by the spin coating of a second polymer solution. 

Thus, for the prevention of the dissolution of the first polymer layer orthogonal solvents can be 

used for the different deposition steps.[219] Furthermore, inorganic interlayers are often used for 

the fabrication of tandem solar cells.[149,151,155] In addition, nanoimprinted patterns can also be 

protected from damage by the use of orthogonal solvents.[214,220] 

Crosslinking presents one possibility to solve the stability issues concerning organic solar 

cells.[221,222] The basic principle of crosslinking is shown in Figure 35a. As an example, a 

conjugated polymer bearing crosslinkable units is chosen. This polymer can be solution 

processed due to its solubility before crosslinking. A (photo)initiator, UV light or heat can be 

used to start the crosslinking reaction. During the crosslinking procedure, the single polymer 

chains get connected by the formation of covalent bonds formed by the crosslinkable groups. 

Thus, the soluble conjugated polymer is transferred into a densely crosslinked network that is 

insoluble. That means, that the initial morphology of the material is advantageously “frozen” 

upon crosslinking. By means of crosslinking of materials, different concepts concerning the 

morphology of organic solar cells become realizable. First, the BHJ geometry can be stabilized 

as presented in Figure 35b. A crosslinkable donor polymer is exemplarily used. The crosslinking 

process renders the polymer insoluble and thus the morphology of the initial donor-acceptor 

blend is saved. Additionally, the small molecular weight acceptors like C60 or PCBM are hindered 

to diffuse through the polymer matrix. As a consequence, the BHJ morphology of organic solar 

cells can be stabilized. Second, the realization of multilayer solar cells by solution processing of 

polymers is facilitated. Figure 35c illustrates the multilayer formation made from a donor and 

an acceptor material that can be crosslinked. The first step is the spin coating of the donor onto 

a substrate followed by crosslinking via an initiator. The acceptor solution can be deposited on 

top due to the achieved insolubility of the donor layer that prevents the underlying layer from 

damage or dissolution. Even complex multilayer devices where each layer exhibits a specific 

function can be designed when the functional materials are available in a crosslinkable form. 

The last issue is the stabilization of nanostructures at the donor-acceptor interface as depicted 

in Figure 35d. Here, a crosslinkable donor polymer is deposited on a substrate and imprinted by 

a stamp. The subsequent crosslinking renders the donor material insoluble and thus the pattern 

is stabilized. Acceptor deposition either from solution or vacuum evaporation is possible without 

damage of the underlying layer. 
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Figure 35: a) Basic crosslinking procedure applying a crosslinkable donor polymer. b) BHJ morphology stabilization 

via crosslinking of the donor polymer. c) Realization of a multilayer setup with crosslinkable donor and acceptor 

materials. d) Nanoimprinting with a stamp using a crosslinkable donor polymer. e) Crosslinkable units and 

corresponding requirements for the crosslinking process. Reprinted from Appendix D. 
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Active layers of organic solar cells can be crosslinked by either crosslinking the donor or the 

acceptor as well as crosslinking both materials. The most popular approach is the application of 

crosslinkable donor materials. Conjugated polymers with aliphatic sidechains required for 

solubilisation are often used as donor materials. Thus, the crosslinkable groups are usually 

attached to these sidechains. Frequently used crosslinkable units include bromine, vinyl, 

acrylate, azide, and oxetane functionalities. Figure 35e illustrates the chemical structures as well 

as the crosslinking requirements for the different units.[222] The initiation of the crosslinking 

process is conducted by exposure to UV light or thermal activation in the case of bromine, vinyl, 

acrylate, and azide crosslinking groups. Regarding acrylates, photoinitiators can also be applied 

to start the crosslinking reaction. Oxetane functionalities are crosslinked via cationic ring 

opening polymerisation that is activated with a photoacid generator, acid or prolonged heat 

exposure.[223] As for all cyclic ethers, this polymerisation mechanism proceeds with high reaction 

rate.[224] An annealing step is required for oxetane units to ensure complete crosslinking of the 

polymer, whereas this treatment is optional in the crosslinking protocol of bromide, vinyl, 

acrylate, and azide groups. Besides the advantages discussed above, crosslinking can yet induce 

some issues depending on the different functionalities. The charge carrier mobility and other 

device properties can deteriorate if unreacted bromine units remain in the material. When 

photoinitiators are applied for the crosslinking of acrylates the decomposition products of the 

photoinitiator stay in the polymer and can negatively influence the device performance. The 

crosslinking of azide groups proceeds via the elimination of nitrogen and the formation of 

nitrene species. These nitrenes exhibit a very high reactivity and thus the crosslinking reaction 

may not only be limited to the aliphatic sidechains of the polymer but also the conjugated 

polymer backbone can be attacked. Regarding oxetane crosslinking, remaining acid or the 

photoinitiator residues like counterions can decrease the device properties. Compared to the 

free radical reaction mechanism in the case of bromine, vinyl, and acrylate, a big advantage of 

the cationic ring opening polymerization of oxetane groups is that the crosslinking process can 

be also executed in the presence of fullerenes that are known as radical scavengers.[225–228] 

Further advantages of oxetane crosslinking include no inhibition by oxygen, insignificant impact 

on electronical and optical characteristics as well as tolerance of the oxetane unit towards the 

highly basic conditions of coupling reactions catalysed by transition metals.[229] In contrast, 

Suzuki coupling does not tolerate acrylate units. Thus, protective group chemistry has to be 

used. Afterwards, the acrylate functionalities have to be recovered by polymer analogous 

reactions.[230,231] 

A variety of polymers have already been modified with the presented crosslinkable units. Figure 

36 depicts the chemical structures of these crosslinkable polymers.  
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Figure 36: Chemical structures of different crosslinkable conjugated polymers and small molecule crosslinkers. The 

IUPAC nomenclature was applied with -stat- for statistical and -block- for block copolymers. Reprinted from 

Appendix D. 
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The frequently applied donor polymer P3HT has been described bearing different crosslinking 

functionalities. The bromine containing derivative P3HT-Br has been synthesized by Kim et al. 

with a bromine content up to 20%. Via photocrosslinking by exposure to UV light, planar as well 

as bulk heterojunction geometries were realized. While the best FHJ solar cell exhibited an 

efficiency of 2.2% by applying a polymer with 10% bromine, an efficiency of 3.4% could be 

achieved with a BHJ architecture comprising a P3HT-Br with 5% bromine content. The efficiency 

stabilization of the two setups upon crosslinking was tested at 150 °C. The FHJ device revealed 

stability up to three days whereas the BHJ device was stable up to two days.[232] Miyanishi et al. 

presented P3HNT that was modified with vinyl functionalities. BHJ solar cells were prepared by 

thermal crosslinking. Stability tests were performed at 150 °C for 10 h and verified by optical 

microscopy. The stability of the non-crosslinked P3HT reference cells was lower than the 

crosslinked cells containing P3HNT. However, the aggregation of PCBM could not be completely 

prevented.[233] Acrylate units were attached to one block of a P3HT diblock copolymer. Thermal 

crosslinking of BHJ solar cells containing this derivative resulted in the retention of 85% of the 

initial efficiency after annealing the devices at 110 °C for 165 h. The reference cells containing 

non-crosslinkable P3HT revealed a drop of their initial efficiency to 65%.[234] Furthermore, a P3HT 

derivative with up to 20% of azide was synthesized. BHJ solar cells were prepared from P3HT 

mixed with 15% of the derivative containing 10% azide units and PCBM. The stability of the 

photocrosslinked cells was confirmed after annealing at 150 °C for 40 h. The devices retained 

their initial efficiency of 3.3%.[235] Finally, Brotas et al. realized a P3HT derivative that can be 

crosslinked by a cationic mechanism by introducing 10% of oxetane groups. Crosslinking was 

initated by the exposure to UV light in presence of a photoacid generator and completed with 

an annealing step. However, the efficiency of the BHJ solar cells made from the modified 

polymer decreased to 1.1% in contrast to 1.9% for the P3HT reference device. The efficiency is 

further reduced to 0.2% when the active layer is crosslinked but the devices remains stable after 

illumination for 40 min.[236] 

For a better exploitation of the solar spectrum, the concept of low bandgap polymers was 

developed in the last years. The first crosslinkable low bandgap polymer that was used in BHJ 

devices was a PBDTTPD derivative modified with 16% and 33% bromine functionalities, 

respectively. The crosslinking was carried out via UV exposure. A notably high efficiency of 4.6% 

was achieved for a solar cell made from the derivative with 16% bromine after annealing at 

150 °C for 72 h. In contrast, the efficiency of the non-crosslinkable reference cell degrades from 

5.2% to 3.9% efficiency upon annealing.[237] Other examples for crosslinkable donor materials 

are low bandgap polymers modified with bromine,[238,239] copolymers containing azide,[240] 

copolymers with attached bromine, azide, and vinyl functionalities,[241] as well as a low bandgap 

polymer based on fluorene and dithienylbenzothiadiazole functionalized with oxetane units that 

was used for photodynamic cancer therapy.[242] 

The low bandgap polymer TQ1 was used to examine different crosslinkable units by Krebs and 

co-workers in 2012. The attached alkyl chain was either modified with bromide, vinyl, azide or 
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oxetane groups. Illumination with UV light initiated the crosslinking reaction, an additional 

photoacid generator was used in the case of the oxetane functionality. No damage of the 

conjugated polymer backbone was observed by the formation of insoluble polymer layers as 

confirmed by absorption spectroscopy. Aging of the solar cells was performed in the dark or 

under AM1.5 illumination in either ambient or inert atmosphere for the investigation of the 

photochemical and thermal stability of the devices. By optical microscopy, a reduced phase 

separation and thus aggregation of PCBM molecules was observed for thermally aged cells. This 

could be ascribed to the crosslinking of the active layers. However, the device performance 

showed no stabilization upon crosslinking when aged under illumination in ambient atmosphere 

as photodegradation seems to be predominant. In contrast, crosslinked cells showed a stabilized 

efficiency depending on the crosslinkable group when illuminated in an inert atmosphere.[243] 

The difference between bromine and oxetane units was further investigated by the group of 

Heeney using the low bandgap polymer PDTG-TPD. Both the bromine and oxetane containing 

polymers could be crosslinked whereas crosslinking of a blend with fullerene was only possible 

for the polymer containing oxetanes because fullerene acts as a radical scavenger. A high 

efficiency of 5.02% was reached with a PDTG-TPD derivative with 20% oxetane units. 

Additionally, the device exhibits an increased stability after annealing at 120 °C for 30 min.[244] 

In the case of PBDTTPD-Vx, reducing the amount of crosslinkable vinyl units to only 2.5% also 

resulted in a high efficiency of 6.06% in a BHJ solar cell with PC71BM. This is one of the best 

results achieved with crosslinked active layers. After annealing at 150 °C for 40 h, still 91% of the 

PCE is retained.[245]  

The crosslinking process of oxetane units that proceeds via a cationic ring-opening 

polymerization is typically initiated by an acid.[221,222,244,246,247] One possibility is to use a photoacid 

generator that is spin coated together with the oxetane material and expose the film to UV light. 

The generated protons start the crosslinking process, but the counterions remain in the 

crosslinked material and may decrease the device performance.[222,244] In contrast, the 

crosslinking via the exposure to acid vapour exhibits several advantages. The neat material can 

be deposited as a film without the addition of a photoacid generator. Trifluoroacetic acid (TFA) 

is often used due to the low boiling point of 78 °C and the high vapour pressure which enables 

the permeation of the protons through the film at elevated temperature. Furthermore, the 

excess of TFA can be removed from the material by a heating or a vacuum step.[223,244] However, 

Knauer et al. found that oxetane crosslinking is also possible by prolonged exposure to heat. By 

this means, a BHJ solar cell with an extended long-term stability was realized.[223] Additionally, 

the absence of decomposition products of initiators is a big advantage regarding the device 

performance like charge carrier mobility. Using PF2/6-A-x:y, a polyfluorene containing different 

amounts of acrylate, Kahle et al. examined the influence of different photoinitiators and 

crosslinking on the charge carrier mobility determined by metal-insulator-semiconductor charge 

extraction by linearly increasing voltage (MIS-CELIV) measurements. An initiator based on 

titanium or high amounts of ca. 1 wt% of an organic initiator led to decreased charge transport 
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properties. However, the charge carrier mobility was not decreased by small amounts of about 

0.1 wt% of organic photoinitiators or thermal crosslinking in comparison to the non-crosslinked 

reference.[248] Furthermore, exposure to acid can not only induce crosslinking but also p-doping 

of the treated polymer as shown for neat PCDTBT without crosslinkable groups. Films of PCDTBT 

were placed in a solution of phosphomolybdic acid giving highly insoluble layers with an 

increased conductivity of 5.5 Scm-1 that allows the application of the p-doped PCDTBT as a hole 

transport layer. Increased p-doping with longer exposure times was observed via absorption 

spectroscopy that depicts an enhanced absorption in the red region up to near infrared.[249] In 

the case of PEDOT:PSS, partial dedoping was possible with ethylene glycol and led to a higher 

conductivity.[250] Complete dedoping of PEDOT:PSS was achieved with diethylenediamine as the 

amine molecules show a strong reducing property. After exposure to diethylenetriamine vapour 

for 1 h, the PEDOT:PSS films turned dark blue indicating the dedoping and the conductivity 

decreased by 5 orders of magnitude.[251] 

In addition to the attachment of crosslinkable units at the side chains of the polymer, it is also 

possible to modify the polymer backbone itself. A series of copolymers including triple bonds in 

the backbone was presented by Bui et al. in 2016. UV light was used to start the crosslinking 

process. Two of the polymers were applied in inverted organic solar cells to realize interface 

modification of the hole blocking zinc oxide layer. The crosslinked polymeric buffer layer raised 

the hydrophobicity of the zinc oxide that results in an enhanced efficiency of 3.1% whereas the 

reference cell achieved only 2.7% efficiency.[252] 

Besides of crosslinking only the donor material, the donor can also be crosslinked directly with 

the acceptor. As fullerenes acts a radical scavengers, the best method to realize a crosslinking 

reaction between the two substances is the use of azide units.[235,253,254] However, the donor 

polymer PCDTBT can be crosslinked with PC71BM without any additional crosslinkable group as 

presented by the group of Leclerc in 2014. The chemical structure of PCDTBT is included in Figure 

36. In this case, the crosslinking is based on photochemical reactions that comprise the scission 

of the N-C bond between the carbazole core of PCDTBT and the aliphatic spacer and the 

subsequent reaction of the polycarbazolyl radicals and the radial scavenging fullerene 

molecules. The crosslinking was investigated by accelerated photoaging experiments as well as 

thermal annealing in combination with (light-induced) electron paramagnetic resonance 

measurements. The latter confirmed that the crosslinking can mainly be ascribed to polymer 

crosslinking besides the oligomerization of PCBM.[255] BHJ solar cells made from PCDTBT and 

PCBM exhibit an initial drop of the device performance of approximately 25%. This so called 

“burn-in loss” can be explained by the development of a covalent network that finally leads to a 

remarkable long-term stability and estimated average lifetimes up to 7 years that present the 

best results for organic solar cells containing a polymeric donor and a fullerene acceptor up to 

now.[256,257] 
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The third option for the stabilization of organic solar cells is the crosslinking of the acceptor 

material. As fullerenes are often used as the electron accepting component, several 

crosslinkable derivatives were realized.[221,222,258–263] As already mentioned, fullerenes act as 

electron scavengers and prevent radical reactions. Thus, only few functional units can be applied 

and fullerene crosslinking is rarely used for the stabilization of active layers.[221] However, self-

assembled insoluble interlayers are often realized by the application of crosslinkable fullerenes. 

By this means, multilayer solar cells as well as tandem or triple junction devices that are usually 

made from evaporable small molecules can be processed from solution without the necessity of 

orthogonal solvents for the different materials.[264] These stable interlayers are often deployed 

as exciton blocking layers or electron transport layers at the interface towards an electrode 

resulting in passivated trap states and a reduced contact resistance.[265,266] Further layers can be 

spin coated without damage to the underlying layer and without interdiffusion of the two 

layers.[267–274] However, multilayer solar cells consisting of several crosslinked functional layers 

are not realized so far. Multijunction solar cells as presented by the groups of Janssen[151] and 

Leo[275] are still based on the insertion of inorganic interlayers or evaporable small molecules. 

Yet, crosslinked polymeric interlayers are successfully applied in multilayer solar cells as shown 

for PFN-X. The vinyl containing derivative PFN-V was included as a cathode interlayer in inverted 

solar cells comprising PTB7-Th and PC71BM achieving an efficiency of 9.18%. In comparison to 

the reference, this depicts an increase of 195% that can be assigned to a favourable surface 

energy and thus an improved vertical phase separation.[276] Exchanging the vinyl group by 

oxetane in PFN-Ox, an enhancement of even 204% to a PCE of 9.28% was reached.[274] The effect 

of limiting the fullerene diffusion by the means of a crosslinked matrix is difficult to 

investigate.[216–218,277] Fischer et al. presented an optical measurement on three-layer devices 

based on the quenching of the photoluminescence of a sensor layer made from MeH-PPV. The 

quenching occurs due to electron transfer from the excited sensor to the fullerene molecules 

when they have diffused through a polymer transport layer deposited on top of the sensor layer. 

Furthermore, it could be shown that a densely crosslinked layer can reduce the diffusion 

coefficient of C60 at 140 °C by three orders of magnitude compared to the non-crosslinked 

reference. The crosslinkable derivative PF2/6-x:y with different contents of acrylate units was 

applied.[278] In the case of non-fullerene acceptors, crosslinkable derivatives have not yet been 

realized but are of particular research interest.[279] 

Crosslinkable materials can also be used to stabilize nanostructured interfaces that lead to a 

favoured nanomorphology comprising direct charge percolation paths.[30,214,280] The structuring 

of the active layer can be achieved by different methods such as photopatterning of the 

crosslinkable material acting as a negative photoresist,[230,231,281] nanotemplating of a 

blend[246,282,283] or nanoimprinting allowing resolutions under 10 nm that is in the range of the 

exciton diffusion length.[284–289] Farinhas et al. applied nanotemplating to a blend of the 

crosslinkable polymer F8T2Ox1 and polystyrene. Columnar structures of F8T2Ox1 were realized 

by the spontaneous demixing of the polymers, crosslinking of F8T2Ox1 and subsequent removal 
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of polystyrene. Afterwards, PCBM was refilled into the pattern. However, only very low 

efficiencies below 1% were achieved.[283]  

In addition to the functionalization of materials with respect to crosslinking, the application of 

small molecule crosslinkers presents a versatile method. The chemical structures of different 

bisazide crosslinkers are shown in Figure 36. The group of Friend realized the successful 

crosslinking of different non-functionalized conjugated polymers by the addition of the reactive 

bisazide sFPA.[290] By this means, a device with three planar polymer layers could be fabricated 

from solution. The polymers exhibited an energy level cascade leading to an efficiency of 

0.45%.[291] Tao et al. showed bilayer device made from P3HT crosslinked with sFPA and PCBM as 

acceptor. A PCE of 3.0% was measured for the crosslinked cell in comparison with the non-

crosslinked reference that achieved 3.3% efficiency.[292] The bisazide BABP was applied for 

fullerene crosslinking via mild thermal activation in BHJ solar cells with several donor polymers. 

A P3HT based cell resulted in an efficiency of 3.3% that could retain 90% of this initial PCE after 

annealing at 85 °C for 120 days. The efficiency of cells comprising PTB7 dropped from 5.8% to 

4.6% when annealed at 150 °C for 16 h. Furthermore, annealing at 150 °C for 15 h resulted in a 

decrease from 4.5% to 3.0% for PDPPTBT.[293] An efficiency improvement for BHJ devices from 

6.0% to 7.0% was observed by the group of McCulloch when SiIDT-BT was crosslinked with the 

bisazide DAZH. After annealing at 85 °C for 130 h, the crosslinked cell still reached an efficiency 

of 4.1% whereas the efficiency of the reference cell decreased to 3.5%.[294] Small molecule 

crosslinkers were also applied for the fabrication of nanostructured interfaces. In 2014, the 

group of Schmidt-Mende introduced nanoimprinting lithography (NIL)[295] of the active layer that 

enables the investigation of the interface morphology on the device performance due to the 

variation of spatial dimensions. Comb-like bilayer morphologies from the polymeric acceptor 

P(NDI2OD-T2) that is depicted in Figure 36 and P3HT were fabricated with complete control of 

the interface. Crosslinking of P(NDI2OD-T2) was carried out via exposure to deep UV light in 

presence of the crosslinker sFPA. Thus, the pattern was stabilized and P3HT can be subsequently 

solution processed. Although exciton harvesting could be increased because of a larger donor-

acceptor interface, polaron recombination was also facilitated. This led to efficiencies lower that 

1% showing the necessity for both spatial and energetical optimization.[285] 

In conclusion, a crosslinking method with only minimal influences of the conjugated material 

should be chosen. This is often achieved when the modification with the crosslinkable unit is 

located on the polymer side chains or by using small molecule crosslinkers. The crosslinking 

reaction should not attack the polymer backbone, but should be selective to the side chains. 

Residues due to the initiator should not negatively influence the device performance like the 

charge carrier mobility. This can be circumvented by the application of suitable initiators as well 

as the use of functional groups that allow thermal initiation or photoinitiation such as acrylates. 
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2.10 Triarylamine as hole conducting comonomers 

Substitution of ammonia with three aryl units results in triarylamine TAA.[296] The most common 

TAA, triphenylamine TPA, was first synthesized in 1873 using aniline or diphenylamine, 

potassium and bromobenzene.[297] Some years later, TPA was synthesized via an Ullmann 

coupling between diphenylamine and iodobenzene.[298] Since then, numerous TAA derivatives 

were realized by modified Ullmann and Buchwald-Hartwig reactions. The nitrogen atom in the 

centre of TPA is sp2 hybridized and exhibits a planar configuration together with the bonded 

carbon atoms of the phenyl rings.[296]  Furthermore, the nitrogen is surrounded by the phenyl 

groups in a propeller formation.[296,299] Besides their high thermal stability and amorphous 

morphology, TAAs are excellent electron donors as they can be easily oxidized at the nitrogen. 

The radical cations that are generated electrically or via photochemical reactions are stable and 

allow the transport of positive charges.[299,300] Furthermore, hole injection and transport is 

facilitated by low ionization potentials.[296] Upon oxidation, unsubstituted TPA forms the dimer 

triphenyldiamine TPD which exhibits a better oxidizability than TPA.[300] TPD substituted with 

methyl groups is also synthesized from N,N’-diphenylbenzidine and bromotoluene.[281] The 

chemical structures of unsubstituted TPA and TPD are shown in Figure 37. 

 
Figure 37: Chemical structures of TPA and TPD.[300] 

High hole transport mobilities of about 10-2 cm2V-1s-1 were reached for vacuum evaporated films 

of a TPD derivative.[301] Another possibility for achieving good transport properties is the doping 

of polymers with TPD molecules. By that means, hole mobilities up to 10-3 cm2V-1s-1 were 

determined.[302] Small molecule derivatives, oligomeric TAA materials as well as main chain and 

side chain TAA-based polymers were applied as hole transport materials in OLEDs, OFETs and 

OSCs.[296,299,300,303,304] In addition, crosslinkable TPA materials have been reported. M. Bender et 

al. synthesized a copolymer combining fluorene and TPA moieties that was modified with 

cinnamate. An insoluble hole transport layer was prepared from this copolymer which allows 

the realization of a multilayer OLED.[305] Nanorods made from a TPA with pendant vinyl groups 

were obtained by an imprinting step and the pattern was rendered insoluble via crosslinking. By 

this method, a first step towards nanostructured organic solar cells was realized.[288] 

Furthermore, an azide functionalized TPA derivative was used to stabilize blends of a donor 

polymer and PCBM by an intramolecular crosslinking reaction between the TPA material and 

intermolecular crosslinking to the acceptor molecules. This results in OSC devices with increased 

thermal stability.[306] 
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3. Objective of the thesis 

Organic solar cells have gained a large research interest over the last years as a potential 

alternative to silicon cells. However, organic solar cells still do not provide efficiencies and long-

term stabilities high enough for commercialization. Some of the major unsolved problems in 

organic solar cells arise from their instability regarding different stress factors like heat or light 

exposure. Bulk heterojunction solar cells contain a mixture of donor and acceptor material. They 

often suffer from diffusion and subsequent aggregation of the low molecular weight acceptor 

upon device operation over a long time or at elevated temperatures. Hence, the device 

performance is decreased. The formation of multilayer solar cells is mainly restricted to the 

evaporation of low molar mass materials. Polymers are difficult to use in multilayer cells as they 

are solution processed. By spin coating a second polymer solution on top of the first polymer, 

the underlying layer is often dissolved or damaged. This is also the reason for the collapse of 

nanoimprinted patterns when applying the second active material.  

Regarding these challenges, research on degradation mechanisms and device fabrication 

concerning a prolonged stability is of major importance. The dissolution problem can be avoided 

using orthogonal solvents for the different active materials. Furthermore, inorganic interlayers 

can be inserted which are not soluble in organic solvents. Tandem solar cells are a prominent 

example for that method. A versatile possibility to solve the problems associated with device 

stability is the application of crosslinkable materials. Such conjugated polymers bearing 

crosslinkable groups can be processed from solution. Upon crosslinking started by an initiator, 

exposure to UV light or heat, covalent bonds are formed between the polymer chains and the 

initial morphology is frozen. This results in a densely crosslinked polymer network which is 

insoluble. Using crosslinkable materials, three concepts for the stabilization of organic solar cells 

can be realized. First, a blend containing a crosslinkable donor polymer can be used for bulk 

heterojunction solar cells. Thus, the crosslinking of the donor prevents the diffusion and 

aggregation of the low molecular weight acceptor and the solar cell performance is retained. 

The formation of multilayer devices from solution is a second aspect. Processing and subsequent 

crosslinking of a polymer results in an insoluble layer which allows the spin coating of a second 

polymer solution on top without dissolving the underlying layer. Nanoimprinted structures can 

also be stabilized. Therefore, a donor polymer is deposited and patterned by means of a stamp. 

Crosslinking turns the structure totally insoluble and an acceptor can be spin coated or vacuum 

evaporated without damaging the pattern.  

Furthermore, investigations of intrinsic mechanisms like charge carrier generation and 

recombination are essential for the basic understanding of the behaviour of different donor and 

acceptor materials in organic solar cells. For this purpose, polymers with properties that allow 

these specific studies are needed. 

In this work, the synthesis of novel low bandgap polymers is described. These polymers are used 

in both device fabrication and fundamental studies. Chemical modifications of the low bandgap 
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polymers PCDTBT and PCPDTBT are realized. The chemical structures of the two polymers are 

shown in Figure 38. 

 

Figure 38: Chemical structures of PCDTBT (left) and PCPDTBT (right). 

The idea behind was not to invent totally new donor materials for organic solar cells, but to use 

well-known low bandgap polymers and modify them with respect to different properties taking 

advantage of the existing knowledge about PCDTBT and PCPDTBT. 

The chemical modifications done on the polymers can be divided into two parts. On the one 

hand, crosslinkable derivatives of PCDTBT and PCPDTBT are synthesized. Oxetane is chosen as 

the crosslinking unit and is attached to the side chains of the donor units of the low bandgap 

polymers. This includes the synthesis of linear and branched aliphatic spacers bearing an 

oxetane unit as well as attaching the crosslinkable spacers to the donor cores carbazole and 

cyclopentadithiophene. The alternating copolymers are synthesized via palladium-catalysed 

Suzuki polycondensations. Additionally, the corresponding non-crosslinkable reference 

materials are also synthesized. On the other hand, comonomers are incorporated into the basic 

polymer structure of PCDTBT. Triphenyldiamine is selected as a comonomer due to its good hole 

transport characteristics. Therefore, a triphenyldiamine donor unit is prepared and polymerized 

in combination with the PCDTBT monomers via palladium-catalysed Suzuki couplings. In this 

work, these polymers are referred to as “low bandgap copolymers” to distinguish them from the 

polymers with only one donor and acceptor unit, which are known as low bandgap polymers but 

are actually also copolymers. Furthermore, the acceptor monomer is applied with and without 

aliphatic spacer. By means of this approach, a series of copolymers with varying properties is 

obtained. The corresponding reference polymers without the additional comonomer are 

synthesized as well. 

The polymers are characterized regarding their chemical, thermal, optical, and electronic 

properties. Detailed analyses are performed with respect to the different polymer 

modifications. For the crosslinkable low bandgap polymers, the main focus lies on the 

crosslinking procedure. The mechanism behind the crosslinking of oxetane, as for other cyclic 

ethers, is a cationic ring-opening polymerization with high reaction rate. The influence of the 

crosslinking process and conditions on the polymer properties is examined. In the case of the 

low bandgap copolymers, the influence of the additional triphenyldiamine units as well as the 

spacers located at the acceptor monomers should be investigated in comparison to the 

reference polymers. This includes primarily the variation of the thermal properties due to the 

incorporation of the bulky comonomer as well as the solubilizing aliphatic spacers. Furthermore, 
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the effect of the additional comonomer on the electronic properties of the polymers is examined 

by mobility measurements.  

A possibility for the fabrication of multilayer devices from solution is the application of 

crosslinkable polymers. Thus, one aim of the thesis was to prepare a three-layer organic solar 

cell by making use of the insolubility obtained by crosslinking. This enables spin-coating of a 

second material on top. 

Planar heterojunction solar cells are used as model systems for fundamental research, aiming at 

the detailed understanding of the processes at the donor acceptor interface. The low bandgap 

copolymers prepared in this work are used in basic studies concerning photogeneration and 

charge carrier recombination. Concerning prolonged device stability, the investigation of the 

diffusion of small acceptor molecules within the donor polymer is an important subject. A 

further aim of this work is the examination of the diffusion behaviour of fullerene in combination 

with different low bandgap polymers and a novel copolymer. 
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4. Overview of the thesis 

This thesis covers the synthesis and characterization of low bandgap polymers and copolymers 

as well as their application in both device fabrication and fundamental studies. A deeper 

understanding of degradation mechanisms and enhancing device stability is very important for 

the fabrication of solar cells with prolonged lifetime. One way to achieve this goal is the use of 

crosslinkable polymers that allow the stabilization of the solar cell morphology. In addition, basic 

research on the behavior of donor and acceptor materials in organic solar cells is dependent on 

the availability of materials that allow such specific studies because of their intrinsic properties. 

The synthetic part of this work includes strategies towards new monomers with functional 

groups and their corresponding polymers. The thermal, optical, and electronic properties of the 

synthesized materials are examined with respect to their chemical structure. According to their 

properties, the polymers can be used on the one hand for the formation of multilayer solar cells 

or on the other hand for investigations concerning photogeneration, charge carrier 

recombination and diffusion of small acceptor molecules. 

The main aspect of this thesis is to obtain chemically modified derivatives of the well-known 

low-bandgap polymers PCDTBT and PCPDTBT (Figure 38) with specific properties that are used 

as donor materials for organic solar cells. The chemical modifications can be devided into two 

parts and are illustrated in Figure 39. The first part deals with the attachment of crosslinkable 

groups to the polymer resulting in crosslinkable low bandgap polymers. Oxetane is chosen as 

crosslinkable unit and both PCDTBT and PCPDTBT derivatives are synthesized. Therefore, linear 

and branched aliphatic spacers containing oxetane groups are developed. Carbazole and 

cyclopentadithiophene cores are equipped with these spacers and converted into the 

crosslinkable polymers. The crosslinking procedure is examined in detail for the crosslinkable 

PCDTBT and PCPDTBT polymers. By using a crosslinked polymer layer, the formation of a three-

layer solar cell is described.  

The second part of the thesis focuses on the incorporation of comonomers in the chemical 

structure of PCDTBT. Triphenyldiamine exhibits good hole transport properties and is applied as 

a comonomer. The synthetic strategy comprises the development of a triphenyldiamine unit and 

the subsequent polymerization with the PCDTBT monomers. The synthesized polymers 

containing an additional comonomer are referred to as “low bandgap copolymers” in this work.  

This allows the differentiation of these polymers from the “low bandgap polymers” with only 

one donor and acceptor unit which are actually also copolymers. By the use of aliphatic spacers 

attached to the acceptor monomer, a series of low bandgap copolymers is obtained. The 

characterization elucidates the influences of the triphenyldiamine units and the aliphatic 

spacers, especially on the thermal properties and the charge carrier mobility. As the synthesized 

low bandgap copolymers show properties allowing fundamental studies, investigations of the 

photogeneration and charge carrier recombination in organic bilayer solar cells are conducted. 
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Furthermore, the low bandgap polymers and a novel copolymer are used in a detailed study on 

the diffusion behaviour of the low molecular weight acceptor fullerene.  

 
Figure 39: Schematic overview of the thesis including the two main synthetic routes and the corresponding 

publications as well as further publications connected to the thesis. 
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The first section concerning the crosslinkable polymers describes the realization of a first 

solution processed three-layer solar cell (Chapter 5). Usually, multilayer solar cells are made 

from vacuum evaporated small molecules. This work extends the concept of multilayer 

formation to solution processed low bandgap polymers. This was enabled by a crosslinked and 

thus insoluble polymer interlayer which allows spin coating of a second polymer layer on top 

without damaging the underlying layer. For examination of the influence of the additional 

crosslinked layer, the three-layer cell was compared to a bilayer reference cell without this 

crosslinked layer. This approach is the first step to multilayer devices when further crosslinkable 

materials, for example crosslinkable donor polymers, are applied. 

The optimized synthetic strategies for the crosslinkable PCDTBT and PCPDTBT derivatives can be 

found in Appendix A. One approach for the PCDTBT derivative with attached oxetane units is 

also presented in Appendix B. However, the synthesis of the branched aliphatic spacer via the 

proposed reaction pathway was difficult to reproduce. In addition, the complete purification of 

the desired monomer was tedious. To overcome these problems, the synthesis of the PCDTBT 

with crosslinkable oxetane units was adapted at two main points. This includes an adjusted 

synthesis of the branched aliphatic spacer as well as a new sequence of the donor and the 

acceptor monomer. This allows the successful synthesis of the desired crosslinkable PCDTBT 

derivative. In the case of the crosslinkable PCPDTBT, the synthesis of a short aliphatic spacer, a 

crosslinkable donor monomer and a subsequent polymerization has been developed. 

Chapter 6 introduces the second part of the thesis dealing with the incorporation of 

comonomers in the polymer structure of PCDTBT. From this polymer series, a material for a basic 

study on photogeneration is selected. In many cases, only the dissociation of excitons on the 

donor acceptor interface is considered. But there is an additional intrinsic contribution from the 

donor material as well as from the acceptor. This work examines the intrinsic contribution of the 

acceptor materials C60 and PCBM to the photocurrent of organic solar cells. Bilayer solar cells 

were used as model systems as they are suitable for fundamental research issues. The applied 

donor material should exhibit a negligible intrinsic dissociation so that the contribution from the 

acceptor could be evaluated properly. This is the case for a synthesized PCDTBT derivative 

modified with triphenyldiamine units. The dependence of the photogeneration of fullerenes on 

the excitation energy and the effect on the overall device efficiency is examined. 

A further basic investigation addresses the different recombination types of excitons at the 

donor-acceptor interface (Chapter 7). Here, as in Chapter 6, planar heterojunction solar cells are 

used because they allow the evaluation of the different contributions from monomolecular and 

bimolecular recombination. For recombination studies, the solar cell should exhibit a good 

device performance without extraction problems as well as morphological stability. This means 

that the efficiency is independent from possible annealing steps or extraction layers. These 

requirements are fulfilled using a PCDTBT derivative with incorporated triphenyldiamine units 

and aliphatic spacers attached to the acceptor monomer. The recombination behaviour is 
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studied by investigating the influence of the donor layer thickness and the excitation light 

intensity on the fill factor of the bilayer solar cells. 

Chapter 8 closes the circle between the studies concerning device fabrication, degradation and 

stabilization as well as the fundamental research. The diffusion of small acceptor molecules and 

subsequent aggregation often leads to phase separation and decreased device performance. 

This part of the thesis deals with the question how the diffusion of low molecular weight 

acceptor like C60 in donor polymers for organic solar cells can be evaluated. We developed a 

bilayer setup for the investigation of the diffusion of fullerene via photoluminescence 

measurements. The effect of small changes in the chemical structure of the polymers on the 

diffusion behaviour is examined by the application of three different low bandgap (co)polymers 

with and without the incorporation of triphenyldiamine and short aliphatic spacers on the 

acceptor monomers, respectively. The results allow the selective adjustment of annealing times 

and temperatures during device fabrication towards an optimized morphology. 

Furthermore, three additional publications are connected to this thesis. Appendix B contains the 

first synthetic strategy for the crosslinkable PCDTBT derivative with attached oxetane units in 

the side chains. This work transfers crosslinking, which is well-known for the fabrication of 

patterned organic light-emitting diodes, to organic solar cells. Three concepts for the application 

of crosslinkable materials with different solar cell morphologies are presented concerning the 

formation, degradation and stability of different solar cell morphologies like bulk heterojunction 

solar cells, multilayer devices and nanoimprinted cells. The multilayer concept is further 

discussed in Chapter 5, where a first three-layer solar cell made from solution-processed low-

bandgap polymers and fullerene is presented. The synthesized new crosslinkable donor polymer 

PCDTBTOx depicts the next step towards multilayer setups that are dependent on the availability 

of crosslinkable active materials. Appendix A shows the optimized synthesis for PCDTBTOx as 

well as for PCPDTBTOx. A summary of the work on crosslinkable polymers and their application 

in both device fabrication and fundamental studies can be found in Appendix C. The last 

attachment is a review of crosslinkable polymers and their application for stabilizing organic 

solar cell morphologies (Appendix D). Here, the problems and possible solutions concerning 

device formation, degradation and stability of organic solar cells are discussed.  
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4.1 Crosslinkable low bandgap polymers 

The first part of this thesis deals with the synthesis of crosslinkable conjugated polymers. 

Therefore, crosslinkable units are attached to the side chains of the polymers. This allows the 

crosslinking of the polymer after solution processing via an initiator, UV light or heat. During the 

crosslinking process, covalent bonds between the single polymer chains are formed which result 

in a densely crosslinked and thus insoluble polymer network. Furthermore, the initial 

morphology that was prepared via the solution processing is frozen. The application of 

crosslinkable materials presents one possibility for the fabrication and stabilization of organic 

solar cell morphologies. This morphology stabilization is necessary because organic solar cells 

often suffer from degradation upon prolonged operation and thus exhibit unsatisfactory device 

lifetimes. Problems with device stability can arise from different reasons thermal or 

optoelectronic stress. Crosslinking can prevent or limit some of this degradation mechanisms 

with respect to the different solar cell morphologies. In particular, three different concepts can 

be realized by the application of crosslinkable polymers in organic solar cells. The frequently 

used bulk heterojunction cells comprise a blend of a donor and an acceptor material. Besides 

low bandgap polymers as donor, fullerene and its derivatives are the most prominent acceptors. 

However, the small molecule acceptor can diffuse within the donor polymer when the device is 

operated over a long time or at elevated temperatures. Finally, this leads to an aggregation of 

acceptor molecules which degrades the device performance and efficiency. If a crosslinked 

donor polymer is applied, the diffusion and aggregation of the fullerene can be slowed down 

and the device performance is not decreased. Multilayer solar cells are usually made from 

vacuum evaporable small molecules. The fabrication of multilayer setups from polymer 

solutions is difficult as spin coating of a second material on top of a first layer dissolves and 

damages the underlying layer. Applying a crosslinked polymer in the first layer allows spin 

coating of a second polymer solution without damaging the underlying layer. 

In the next section, a first three-layer solar cell is shown that presents the first step towards 

solution processed multilayer setups. This is the proof of concept for the development of 

multilayer solar cells that contain more functional layers. The next step towards such multilayer 

cells is the availability of crosslinkable donor polymers. During this thesis, crosslinkable 

derivatives of the low bandgap polymers PCDTBT and PCPDTBT (Figure 38) were designed. 

Therefore, oxetane was chosen as the crosslinkable unit and attached to the side chains of the 

polymers. The optimized synthesis of PCDTBTOx and PCPDTBTOx is presented in detail.  

 

4.1.1 Organic solar cells with crosslinked polymeric exciton blocking layer 

This chapter presents the realization of a first three-layer solar cell made from solution 

processed polymers. In contrast to the mostly solution processed bulk heterojunction solar cells, 

multilayer solar cells are often fabricated via vacuum evaporation of small molecules. The 

advantage of such multilayer setups is that the properties of each layer can be optimized 
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separately. This method is widely used for commercial organic light-emitting diodes and is 

transferred to organic solar cells, especially in the field of tandem solar cells. Polymers are 

difficult to use because they are solution processed. Spin coating a second material on top 

causes damage and dissolution of the underlying layer. However, solution processing is more 

efficient for the fabrication of large modules as roll to roll processes are not as expensive as 

vacuum evaporation. Orthogonal solvents suitable for the active materials avoid the dissolution 

of the underlying layer. In tandem solar cells, inorganic interlayers are often introduced because 

of their insolubility in organic solvents. One alternative possibility to overcome this problem is 

the application of crosslinkable materials. When a crosslinkable polymer is used, the dissolution 

of the polymer is prevented due to the formation of an insoluble, covalently bound polymer 

network upon crosslinking. Thus, spin-coating of a second material is possible because the 

crosslinked layer cannot be dissolved anymore. When additional crosslinkable materials are 

applied, multilayer devices can be realized. 

This work contributes to the multilayer formation studies by realizing a first three-layer solar cell 

made from solution processed low bandgap polymers and fullerene. Each of the three active 

layers exhibit a specific function. The two consecutive polymer layers were enabled by the 

crosslinking of the underlying layer. Therefore, we used PFTPDAc, a copolymer consisting of 

fluorene and triphenyldiamine moieties (Figure 40). The crosslinkable acrylate units are 

attached to the side chains of the fluorene units. The idea behind the incorporation of the 

triphenyldiamine monomer into the polyfluorene structure was to expand the spectral 

absorption from the UV range to the red and to improve the hole transport ability. In Figure 40, 

the setup of the three-layer cell is shown. The solar cell was built on an ITO covered glass 

substrate with MoO3 as hole-transporting layer. On top of the MoO3 layer, we spin coated a thin 

PFTPDAc interlayer. The acrylate groups were crosslinked via a free radical mechanism by 

exposure to UV light in presence of a photoinitiator. Heating ensures the complete crosslinking 

of the polymer film. Due to its insolubility, the donor polymer PCDTBT could be spin-coated on 

top without damaging the PFTPDAc layer. Finally, the C60 acceptor layer and an aluminium 

electrode were vacuum evaporated. Besides the three-layer solar cell, two reference cells were 

fabricated. The thickness of the MoO3 layer is the same for the three cells. The three-layer cell 

comprises a PFTPDAc interlayer with 8 nm thickness, a 20 nm thick PCDTBT donor layer and a 

30 nm thick C60 acceptor layer. The reference cells consist only of PCDTBT and C60 without the 

PFTPDAc interlayer. Once, 20 nm of PCDTBT and 30 nm of C60 were chosen (reference 20), 

correspondingly to the three-layer cell. Furthermore, reference 30 contains a PCDTBT layer and 

a C60 layer of both 30 nm thickness to maintain the overall active layer thickness of about 60 nm 

for the three-layer cell.  
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Figure 40: Cascading energy levels of the three active layer materials (left), device setup of the three-layer cell 

(right) and chemical structures of the crosslinkable polymer PFTPDAc and the donor polymer PCDTBT. Reprinted 

from Chapter 5. 

We found an increased device performance for the three-layer solar cell. The EQE spectra as 

well as the current-voltage characteristics for the three-layer cell and the reference cells are 

presented in Figure 41. In the EQE spectra, a significant increase of the efficiency in the red part 

of the spectrum between 400 and 650 nm can be seen in comparison to the two reference cells. 

This enhancement correlates with the absorption of PCDTBT, especially at the absorption 

maximum at 580 nm, but not with the absorption of the crosslinked PFTPDAc interlayer. The 

current-voltage characteristics measured under sunlight conditions show that the open-circuit 

voltages of the three-layer cell and the reference cells are similar. However, the short-circuit 

current increases by 35% for the three-layer cell. This results in an efficiency enhancement from 

1.4% for reference 30 and 1.6% for reference 20, respectively, to 1.8% for the three-layer cell. 

 
Figure 41: a) EQE spectra for the three-layer cell and the reference cells as well as absorption spectra of a PFTPDAc 

layer (8 nm) and a PCDTBT layer (30 nm). b) Current-voltage characteristics under sunlight AM1.5 conditions for 

the three-layer cell and the reference cells. Reprinted from Chapter 5. 

As the absorption of the PFTPDAc is very low in the range of the EQE increase, an intrinsic 

contribution from this polymer to the total photogeneration can be excluded. Furthermore, the 
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the photocurrent.  For the evaluation of this aspect, bilayer cells from PFTPDAc as donor and 

PCDTBT as acceptor without C60 were fabricated. These solar cells showed a negligible efficiency 

smaller than 0.1% at 580 nm and thus no contribution to the efficiency increase. To evaluate the 

correlation between the absorption of PCDTBT and the efficiency enhancement, the absorption 

and photoluminescence of PCDTBT films were measured on different substrates. The optical 

density at the absorption maximum at 580 nm were identical for PCDTBT directly on MoO3 and 

PCDTBT on a crosslinked PFDTPDAc interlayer covering the MoO3 layer. In both samples, the 

same amount of excitons is generated in the PCDTBT donor. In contrast, the photoluminescence 

intensity of the sample without the crosslinked PFTPDAc interlayer is reduced compared to the 

sample including the crosslinked interlayer. In addition to the steady state measurements, 

lifetime measurements of excitons formed in a PCDTBT layer on different substrates were 

conducted. The sample with the crosslinked PFTPDAc interlayer exhibits an exciton lifetime of 

970 ps which is comparable to the 940 ps exciton lifetime of PCDTBT on glass. However, the 

PCDTBT sample directly on MoO3 shows a reduced exciton lifetime of only 800 ps. The reduced 

photoluminescence intensity as well as the shorter exciton lifetimes of the samples without the 

crosslinked interlayer can be attributed to the diffusion of excitons generated in the PCDTBT 

layer towards the MoO3 layer resulting in exciton quenching at the MoO3 interface. As the 

exciton diffusion length is about 10 nm, quenching is an important loss mechanism in solar cells 

with thin active layer thicknesses and vanishes for increasing active layer thicknesses. Hence, we 

attribute the efficiency enhancement of the three-layer cell to the exciton-blocking effect of the 

crosslinked PFTPDAc layer. Considering the initial idea of improving the hole transport with the 

crosslinkable polymer, the photocurrent should increase over the total spectral range because 

it is irrelevant for the hole extraction if the charge generation was located in the donor or in the 

acceptor. However, the efficiency enhancement is not observed in the C60 dominated region 

between 350 nm and 400 nm but in the range of the PCDTBT absorption. The generated exciton 

density is high at the absorption maximum of PCDTBT and consequently the probability for 

exciton quenching at the MoO3 interface is also high. The insertion of the crosslinked PFTPDAc 

interlayer prevents exciton quenching resulting in an increased device performance. It is known 

from tandem solar cells that additional layers can reduce the absorption of the active layers 

affecting the efficiency negatively. The thickness of the exciton blocking layer was therefore 

optimized to 8 nm. Thicker PFTPDAc layers also showed exciton blocking but the internal filter 

effect decreased the overall efficiency.  

Exciton quenching is of general importance for multilayer solar cells as usually thin layers with 

thicknesses in the range of the exciton diffusion length are applied. Furthermore, the quenching 

is not restricted to MoO3 hole-transporting layers but is a problem for all anode interlayers. In 

this work, the exciton quenching could also be observed for PEDOT:PSS. Exciton blocking layers 

are standard in an OLED setup and can also be found in multilayer solar cells based on vacuum 

evaporated small molecules. Thus, the realized three-layer solar cell comprising a crosslinked 

exciton blocking layer presents the first step towards multilayer setups from solution processed 
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polymers exhibiting a specific function for each layer. Based on this proof of concept, the 

fabrication method is dependent on the availability of crosslinkable functional materials like 

donor polymers or fullerene acceptors. Appendix D shows the synthetic strategy towards two 

crosslinkable low bandgap polymers which can be applied as a donor material in organic solar 

cells. 

 

4.1.2 Optimized synthetic procedures for PCDTBT and PCPDTBT 

In Chapter 5, the successful fabrication of a three-layer solar cell could be shown. The insertion 

of a crosslinked exciton blocking layer allowed the spin coating of a second polymer layer on 

top. Extending the concept to multilayer solar cells with a large number of layers relates to the 

availability of crosslinkable materials. This section deals with the design and synthesis of two 

novel crosslinkable low bandgap polymers suitable as donor materials for organic solar cells. As 

the idea was not to create totally new donor materials, we chose to modify the well-known low 

bandgap polymers PCDTBT and PCPDTBT by inserting the crosslinking ability. 

Crosslinking of the polymers were enabled by the attachment of crosslinkable units to the side 

chains of the polymers. Oxetane was chosen as crosslinkable group due to several advantages. 

The crosslinking mechanism of the oxetane unit is a cationic ring opening polymerization. A 

photoinitiator, which releases a proton upon UV exposure, acid vapour or thermal initiation can 

be used to start the crosslinking process. By this means, an undesirable premature crosslinking, 

as it is often the case for acrylates, is prevented. Furthermore, the tolerance of the oxetane unit 

towards the Suzuki polycondensation necessary for the alternating arrangement of the 

monomer moieties is an important aspect. The crosslinkable oxetane units were attached to 

linear and branched aliphatic spacers. The donor monomers carbazole and 

cyclopentadithiophene were alkylated with the crosslinkable spacers. By subsequent Suzuki 

polycondensation, the crosslinkable low bandgap polymers were obtained. 

The first synthetic strategy for the PCDTBT derivative with crosslinkable oxetane units at the side 

chains is presented in Appendix B. There, the crosslinkable oxetane units were added to 

dibromohexane. The branching was introduced via a Grignard reaction between the oxetane 

containing spacer and 1,2-epoxydecane. After tosylation, the branched spacer was attached to 

the carbazole core. Borylation of the carbazole yielded the donor monomer with crosslinkable 

oxetane units. However, the reproduction of the Grignard reaction in the presence of the 

oxetane group was complicated. Furthermore, the diborolane monomer could not be purified 

without major difficulties.  

These problems required the adaption of the synthesis of the crosslinkable PCDTBT derivative 

with respect to both synthesis of the spacer and monomer purification. At first, the synthesis of 

the branched aliphatic spacer was realized by first building the branched structure via a Grignard 

reaction between bromooctane and 9-bromononanal and not till then adding the oxetane 
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group. Secondly, the sequence of the two monomers was changed. A carbazole donor monomer 

and a dithienylbenzothiadiazole acceptor monomer were applied so far. Now the two thiophene 

rings flanking the benzothiadiazole were attached to the carbazole donor unit. This new donor 

monomer was then combined with benzothiadiazole as acceptor monomer obtaining the 

desired PCDTBT derivative with crosslinkable oxetane units at the carbazole sidechains. In Figure 

42, the optimized synthetic strategy for PCDTBTOx, a crosslinkable PCDTBT derivative with 

oxetane units attached to the side chains of the carbazole moieties, is presented. 

 
Figure 42: Synthetic strategy for the crosslinkable low bandgap polymer PCDTBTOx. Reaction conditions: 

i) 1. DMSO, oxalyl chloride, CH2Cl2, -78 °C, 5 min, 2. bromononanol, -78 °C, 30 min, 3. N(Et)3, -78 °C, 15 min, 4. r. t., 

H2O; ii) 1. bromooctane, THF abs., Mg, reflux, 30 min, 2. bromononanal, r. t., 3 h, 3. H2O; iii) (3-ethyloxetan-3-yl)-

methanol, hexanes, aq. NaOH solution (45 wt%), (Bu)4NBr, reflux, 6 h; iv) 1. tosyl chloride, CH2Cl2, Et3N, Me3N ∙ 

HCl, 0 °C, 90 min, 2. r. t., overnight; v) 1. 2,7-dibromo-9H-carbazole, DMSO, KOH, 2. addition of 4 over 1 h, 3. r. t., 

overnight; vi) 2-(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-thiophene, toluene, aq. Na2CO3 solution (2 M), 

Aliquat 336, Pd(PPh3)4, reflux, 90 h; vii) 1. CHCl3, N-bromosuccinimide, 0 °C, 1 h, in the dark, 2. r. t., overnight, in 

the dark; viii) 1. toluene, aq. Na2CO3 solution (2 M), Aliquat 336, Pd(PPh3)4, reflux, 90 h, 2. bromobenzene, reflux, 

1 h, 3. phenylboronic acid, reflux, overnight. 

The first step towards the branched crosslinkable spacer is a Swern oxidation of commercially 

available 9-bromononanol to the corresponding aldehyde. Therefore, dimethyl sulfoxide is 

activated with oxalyl chloride obtaining a sulfonium ion which reacts with an alcohol to an 

alkoxysulfonium ion. The base triethylamine deprotonates this ion to a sulfonium ylide. After 

rearrangement of the ylide an aldehyde and dimethyl sulfide are obtained.  9-bromononanal 1 

is yielded with 96% and further reacted without purification. Afterwards, bromooctane is 

transferred to a Grignard reagent and reacted with 9-bromononanal 1. After column 

chromatography, the branched aliphatic spacer with a hydroxide group at the branching point 
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and bromine at one chain end is obtained. The yield of 1-bromoheptadecan-9-ol 2 is 69%. By a 

Williamson etherification, the bromine functionality is replaced by the crosslinkable oxetane 

unit. This reaction is conducted in a two-phase system of hexanes and aqueous 45wt% sodium 

hydroxide solution. As the oxetane shows good solubility in the aqueous phase and the branched 

spacer is dissolved by the organic phase, tetrabutylammonium bromide is added as phase 

transfer catalyst to accelerate the etherification. The product 3 is obtained with 63% yield after 

column chromatography. The hydroxide functionality is transferred to a better leaving group by 

tosylation. The reagent tosyl chloride is activated with the combined bases triethylamine and 

trimethylammonium hydrochloride resulting in a sulfammonium salt. This salt reacts with the 

secondary alcohol 3 in a nucleophilic attack on the novel crosslinkable branched spacer 4 with 

79% yield after column chromatography. In the following step, 2,7-dibromocarbazole is 

alkylated with the spacer molecule 4. In the presence of potassium hydroxide, a nucleophilic 

attack on the carbon atom of the tosylate 4 takes place. After elimination of the tosylate group, 

the alkylated carbazole 5 is obtained. Purification via column chromatography yielded 68% of 5. 

Subsequently, the thiophene rings were attached to the carbazole by a palladium catalysed 

Suzuki coupling. A two-phase system of toluene and 2 M aqueous sodium carbonate solution 

under inert gas was applied and Aliquat 336 was used as phase transfer catalyst. Because the 

palladium catalyst tetrakis(triphenylphosphine)palladium(0) is very sensitive against oxygen, 

several freeze-thaw cycles were conducted to remove oxygen from the reaction system. The 

coupling product 6 was obtained with a very high yield of 96% after column chromatography. 

The bromination step was conducted under cooling of the reaction system and in the dark with 

N-bromosuccinimide as bromine source. Reaction control was achieved via NMR spectroscopy 

to ensure that the thiophene flanked carbazole was brominated twice. Column chromatography 

yielded the novel crosslinkable donor monomer 7 with 67%. Together with benzothiadiazole as 

acceptor monomer, the monomer 7 was polymerized by Suzuki polycondensation using the 

same conditions as for the Suzuki coupling of the thiophene and the carbazole. Endcapping was 

achieved by adding bromobenzene and phenylboronic acid subsequently. The novel 

crosslinkable polymer PCDTBTOx was obtained with 60% yield after Soxhlet extraction. 

For the crosslinkable PCPDTBT, short aliphatic spacers bearing oxetane units were synthesized 

and subsequently attached to a cyclopentadithiophene core. Afterwards, this new donor 

monomer was polymerized with benzothiadiazole as acceptor monomer. The synthetic strategy 

towards PCPDTBTOx is shown in Figure 43. 
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Figure 43: Synthetic strategy for the crosslinkable low bandgap polymer PCPDTBTOx. Reaction conditions: i) (3-

ethyloxetan-3-yl)-methanol, hexanes, aq. NaOH solution (45 wt%), (Bu)4NBr, reflux, 6 h; ii) 1. 4H-cyclopenta[2,1-

b;3,4-b']dithiophene, DMSO, KI, 2. addition of KOH in portions, 0 °C, 3. r. t., overnight; iii) 1. DMF, N-

bromosuccinimide, 0 °C, 1 h, in the dark, 2. r. t., overnight, in the dark; iv) 1. toluene, aq. Na2CO3 solution (2 M), 

Aliquat 336, Pd(PPh3)4, reflux, 90 h, 2. bromobenzene, reflux, 1 h, 3. phenylboronic acid, reflux, overnight. 

In this case, only a short aliphatic spacer is needed, because the cyclopentadithiophene core is 

alkylated twice. The crosslinkable spacer is synthesized via a Williamson etherification which is 

performed in a two-phase system of hexanes and aqueous 45 wt% sodium hydroxide solution. 

The oxetane unit is well soluble in the aqueous phase, whereas 1,6-dibromohexane is dissolved 

in the organic phase. For acceleration of the reaction, tetrabutylammonium bromide is used as 

phase transfer catalyst. After column chromatography, the crosslinkable spacer 8 is obtained 

with 89% yield. Subsequently, the core cyclopentadithiophene is alkylated with the short 

spacer 8. Addition of potassium iodide leads to halogen exchange via a Finkelstein reaction. The 

presence of potassium hydroxide allows the nucleophilic attack on the carbon atom of the 

iodide. The alkylated product 9 is yielded with 49% after column chromatography. As 

bromination agent, N-bromosuccinimide is used. For ensuring bromination at the positions 2 

and 6, the reaction was conducted under cooling and in der dark. A yield of 45% was achieved 

for the novel crosslinkable donor monomer 10 after column chromatography. The monomer 10 

is reacted with benzothiadiazole as acceptor monomer via a Suzuki polycondensation. As a two-

phase system of toluene and 2 M aqueous sodium carbonate solution is used, Aliquat 336 was 

added as phase transfer catalyst. Due to the oxygen sensitivity of the palladium catalyst 

tetrakis(triphenylphosphine)palladium(0), the polycondensation was carried out under inert 

atmosphere and several freeze-thaw cycles were applied. Bromobenzene and phenylboronic 

acid were used for endcapping of the polymer. The crosslinkable polymer PCPDTBTOx was 

obtained with 48% yield after Soxhlet extraction. 
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Molecular weight distributions of polymers are normally obtained by size exclusion 

chromatography (SEC). Due to the low solubility of the synthesized conjugated polymers, the 

measurement has to be performed at high temperatures and in halogenated aromatic solvents. 

Trichlorobenzene is often used as an eluent above 150 °C. However, a little ratio of hydrogen 

chloride is present in chlorinated benzenes at these high temperatures. The determination of 

the number-averaged and weight-averaged molecular weight Mn and Mw of the crosslinkable 

derivatives PCDTBTOx and PCPDTBTOx was thus not possible via SEC measurements as the 

hydrogen chloride initiated the crosslinking of the oxetane units to the silica gel. Alternatively, 

the molecular weight distribution of the two polymers was obtained by matrix-assisted laser 

desorption/ionization time of flight (MALDI-ToF) mass spectroscopy. However, low bandgap 

polymers often show low signal intensities due to insufficient desorption and ionization. In 

addition, fragmentation leads to a falsified statement about the molecular weight. Thus, the 

MALDI-ToF measurements of PCDTBTOx and PCPDTBTOx were only evaluated as a hint towards 

the real molecular weight distributions. 

Figure 44 presents the MALDI-ToF spectra of PCDTBTOx and PCPDTBTOx.  The main series 

marked in blue represent the oligomers [Mn] with a molecular weight of 816.2 gmol-1 for the 

repeating unit of PCDTBTOx and 707.0 gmol-1 for the repeating unit of PCPDTBTOx. Aside, the 

green series can be attributed to [Mn – benzothiadiazole]. Furthermore, [Mn + benzothiadiazole] 

is indicated by the yellow peaks. An exception is the orange peak in the spectrum of PCPDTBTOx 

that corresponds to [M6 + 2 benzothiadiazole]. In comparison, the molecular weight of 

PCDTBTOx seems to be lower than that of PCPDTBTOx whereas the latter shows lower signal 

intensities. The reason for the detection of only short chains and the low signal intensity could 

originate from a weak desorption and ionisation rate for the longer chains as well as 

fragmentation into smaller pieces. In the case of PCPDTBTOx, also a SEC measurement at room 

temperature with THF as an eluent was performed. Here, the longer polymer chains could not 

be dissolved in THF leading to an underestimated molecular weight distribution. The data 

basically complies with the results from the MALDI-ToF spectroscopy indicating a slightly higher 

molecular weight of the polymer. 

 
Figure 44: MALDI-ToF spectra of PCDTBTOx (left) and PCPDTBTOx (right). As a matrix, trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used. 
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Solubility tests were conducted with the two crosslinkable polymers PCDTBTOx and PCPDTBTOx 

to evaluate the crosslinking ability. For this purpose, absorption measurements were performed 

at different stages of the crosslinking procedure. The optical density reflects the film thickness 

and allows the evaluation of the effectivity of the polymer network formation. After spin coating 

of the polymers, drying in vacuum at 60 °C for 1 h and measuring the absorption, the films were 

exposed to TFA vapour that starts the cationic ring-opening polymerization. This step was 

carried out at 80 °C in an inert atmosphere as the boiling point of TFA is 78 °C and the permeation 

of the protons is facilitated by the movement of the polymer chains. Excess TFA was removed 

by a vacuum step for 1 h and the absorption spectra were recorded. Afterwards, the crosslinked 

films were rinsed in THF for 30 s to remove material that was not crosslinked. The absorption 

was measured and the film retention was determined by comparing the absorption spectra of 

the film as cast and the film after rinsing. The absorption spectra of the crosslinking tests of 

PCDTBTOx and PCPDTBTOx are depicted in Figure 45. 

In the case of PCDTBTOx, the optical density is mainly unchanged after the exposure of the 

polymer film to TFA vapour at 80 °C for 10 min. After rinsing with THF for 30 s, the optical density 

is slightly reduced indicating that the film thickness is decreased. The remaining polymer film is 

densely crosslinked and thus insoluble. From the absorption maxima, a film retention of 90% is 

determined. PCPDTBTOx was exposed to TFA vapour at 80 °C for 2 min. The absorption spectrum 

after the crosslinking step exhibits an increased optical density in the range above 900 nm. This 

increase denotes a doping of the polymer upon the acid treatment. For dedoping the polymer 

film, the sample was subsequently exposed to DETA vapour for 2 min and 7 min. The absorption 

spectra show that 2 min were not sufficient to dedope the polymer completely as the optical 

density is not decreased to the value of the film as cast. However, DETA treatment for 7 min 

achieved efficient dedoping of the polymer film. Rinsing with THF for 30 s resulted in a slightly 

reduced optical density in comparison with the film as cast giving a film retention of 94%. Thus, 

both PCDTBTOx and PCPDTBTOx can be crosslinked efficiently. 

 
Figure 45: Absorption spectra of films of PCDTBTOx (left) and PCPDTBTOx (right). In the case of PCDTBTOx, the 

absorption of the film as cast (black), after the exposure to TFA vapour for 10 min (blue), and after rinsing with 

THF for 30 s (red) is shown. For PCPDTBTOx, the absorption of the film as cast (black), after exposure to TFA vapour 

for 2 min (blue), after exposure to DETA vapour for 2 min (dark green) and 7 min (light green) after crosslinking, 

and after rinsing with THF for 30 s (red) is depicted. 
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4.2 Low bandgap copolymers 

The second part of the thesis presents the modification of PCDTBT via the incorporation of 

comonomers. PCDTBT is applied as donor polymer in organic solar cells and exhibits moderate 

efficiencies and good device stabilities due to photoinduced crosslinking that leads to the 

stabilization of the blend morphology. The hole mobility of PCDTBT is already quite high and lies 

in the range of 10-3 to 10-4 cm2V-1s-1. For a further improvement of the hole mobility, 

triphenyldiamine was chosen as a comonomer in this work as it shows good hole transport 

abilities. Consequently, the novel polymers comprise two donor monomers, a carbazole unit and 

triphenyldiamine, as well as one acceptor unit including benzothiadiazole. In contrast, the 

polymer structure of low bandgap polymers like PCDTBT consists of one donor and one acceptor 

monomer. Therefore, the polymers with the additional donor monomer are referred to “low 

bandgap copolymers” in this work to distinguish them from the common low bandgap polymers 

with one donor and one acceptor which are of course also copolymers.  

The synthesis of the low bandgap copolymers consists of the preparation of a triphenyldiamine 

donor monomer as well as the subsequent polymerization combined with the donor and 

acceptor monomer of PCDTBT. In the case of the acceptor unit, a variation is included via short 

aliphatic spacers that are attached to the thiophene rings. Figure 46 presents the synthetic 

strategy towards the low bandgap copolymers PCDTBT0.7/TPDDTBT0.3 and 

PCDHTBT0.7/TPDDHTBT0.3. 

The first step of the synthesis of the triphenyldiamine comonomer is the palladium-catalysed 

N-arylation of the commercially available starting material N,N‘-diphenylbenzidine with 4-

bromotoluene. The reaction system comprises tri-tert-butylphosphine as a ligand and sodium-

tert-butylate as a base ensuring the efficient abstraction of a proton during the transmetallation 

reaction. After precipitation, N,N´-bis(4-methylphenyl)-N,N´-diphenyl-benzidine 11 is obtained 

with 93% yield. For the insertion of functional groups, the monomer core 11 is brominated via 

N-bromosuccinimide. The amine group directs the substitution both in ortho and para position. 

Due to steric hindrance of the adjacent phenyl rings, mainly the para product is formed. Column 

chromatography yielded the product 12 with 52%. As the triphenyldiamine unit is applied as 

donor monomer in the polymerization and replaces a part of the actual carbazole donor 

monomer, the bromine groups have to be transferred into borolane units. Therefore, 

substance 12 is first lithiated and then reacted with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane. The triphenyldiamine monomer 13 was recrystallized with a yield of 68%. The 

two polymers PCDTBT0.7/TPDDTBT0.3 and PCDHTBT0.7/TPDDHTBT0.3 were both synthesized via a 

palladium-catalysed Suzuki polycondensation. Normally, the donor and the acceptor monomer 

are applied in a ratio of 1:1. In the case of the low bandgap copolymers, 30% of the actual 

carbazole donor monomer is replaced by the triphenyldiamine unit. Thus, an alternating 

arrangement of either carbazole and dithiophene benzothiadiazole or triphenyldiamine and 

dithiophene benzothiadiazole is formed. The arrangement of the respective donor-acceptor 
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groups is not predictable and thus statistical copolymers are obtained. Dithiophene 

benzothiadiazole is applied with and without hexyl spacers attached to the thiophene rings. The 

three monomers are reacted in a two-phase system of toluene and 2 M aqueous sodium 

carbonate solution in presence of the phase transfer catalyst Aliquat 336 under inert gas. Several 

freeze-thaw cycles were performed to protect the catalyst tetrakis(triphenylphosphine)-

palladium(0) from oxygen. The addition of bromobenzene and phenylboronic acid saturates the 

reactive chain ends. After Soxhlet extraction, PCDTBT0.7/TPDDTBT0.3 is obtained with a yield of 

28% and PCDHTBT0.7/TPDDHTBT0.3 with a yield of 93%. 

 
Figure 46: Synthetic strategy for the low bandgap copolymers PCDTBT0.7/TPDDTBT0.3 and 

PCDHTBT0.7/TPDDHTBT0.3. Reaction conditions: i) 4-bromotoluene, THF abs., Pd(OAc)2, Na-tert-butylate, tri-tert-

butylphosphine, 80 °C, 3h; ii) 1. CHCl3, N-bromosuccinimide, r. t., 1 h, 2. AcOH, r. t., 6,5 h; iii) 1. THF abs., n-BuLi, -

78 °C, 1 h, 2. 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, -78 °C, 1 h, 3. r. t., overnight; iv) 1. toluene, 

aq. Na2CO3 solution (2 M), Aliquat 336, Pd(PPh3)4, reflux, 72 h, 2. bromobenzene, reflux, 1 h, 3. phenylboronic acid, 

reflux, overnight. 

By the combination of the additional triphenyldiamine comonomer and the optional aliphatic 

spacers in the acceptor monomers, a series of low bandgap copolymers is obtained. The 

properties of the polymers vary according to the modifications of the basic PCDTBT structure. 



4. Overview of the thesis 

 

 

 

81 
 

From this library, materials for different fundamental studies were chosen due to their specific 

properties allowing the investigation of a particular question. 

Basic research comprising charge carrier generation and recombination aims at the detailed 

understanding of the behaviour of donor and acceptor at the interface of the active layer. 

Besides the availability of materials that enable basic investigations due to their intrinsic 

properties, the choice of the solar cell geometry is important. Only low efficiencies can be 

achieved with planar heterojunction devices. Due to the short exciton diffusion length, only a 

part of the generated excitons can reach the donor-acceptor interface and contribute to the 

photocurrent. In contrast, high efficiencies can be attained with bulk heterojunction solar cells 

as almost all generated excitons can diffuse to the donor-acceptor interface. However, this 

complex device geometry is difficult to use for fundamental studies. Planar heterojunction solar 

cells are the ideal model systems for studying fundamental issues because of their planar setup, 

clearly separated charge transport pathways as well as easier conditions for device simulations. 

In the following chapters, the application of the novel low bandgap copolymers with the 

additional triphenyldiamine comonomer in bilayer devices for fundamental studies is presented. 

One the one hand, an investigation about the photogeneration in organic solar cells was 

conducted. The contribution of the frequently used acceptor C60 to the charge carrier generation 

was evaluated. One the other hand, recombination plays an important role as a loss mechanism 

in organic solar cells. The fractions of monomolecular and bimolecular recombination were 

elucidated using bilayer solar cells that allow the differentiation of the two recombination types. 

In addition, the diffusion of low molecular weight acceptor within the donor polymer determines 

the stability of organic solar cells. Thus, an examination of the diffusion behaviour of fullerene 

in different low bandgap polymers and a novel copolymer is presented. 

 

4.2.1 Role of intrinsic photogeneration in single layer and bilayer solar cells with C60 and PCBM 

This chapter focuses on the examination of photogeneration in organic solar cells. The 

dissociation of excitons into free charges is usually considered to be located at the donor-

acceptor interface and no other contributions are included. However, exciton dissociation can 

occur in the donor layer and in the acceptor layer as well. In normal low bandgap polymers, this 

intrinsic contribution to the external quantum efficiency is low, that means that an acceptor is 

needed anyway for an effective dissociation. In contrast, fullerenes show a high intrinsic 

dissociation. Thus, the intrinsic contribution of the acceptor materials C60 and PCBM to the 

photocurrent of organic solar cells is investigated in this work. We used single and bilayer 

geometries as they allow the basic study about the evaluation of the acceptor contribution. For 

the investigation of the dissociation behaviour in the acceptor materials, the intrinsic 

contribution from the applied donor materials should be insignificant. The novel PCDTBT 

derivative with and additional triphenyldiamine comonomer PCDTBT0.7/TPDDTBT0.3 exhibits 

such a negligible intrinsic dissociation. This polymer is referred to as PCDTBTco in this chapter. In 
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addition, the small donor molecule Ph-TDPP-Ph was compared to the donor polymer. We 

investigated the correlation between the photogeneration in the fullerene acceptors and the 

excitation energy as well as the consequences for the efficiency of the solar cells. 

In Figure 47, the dependence of the external quantum efficiency of single layer cells from C60 

and PCBM on the excitation energy is shown. The intrinsic photogeneration in both acceptor 

materials is initiated at a photon energy of about 2.25 eV. In the low-energy range below 

2.25 eV, the generated exciton is located on only one fullerene molecule and is tightly bound. 

Thus, no contribution to the external quantum efficiency can be observed in this region. In 

contrast, excitation energies higher than 2.25 eV result in charge-transfer states that are 

delocalized over two fullerene molecules. This threshold value lies 0.4 eV higher than the first 

singlet excited state S1. The generated charge-transfer states in the acceptor material are short-

lived and can either autoionize or relax to the S1 state consistent with the original Onsager 

theory. Therefore, the intrinsic dissociation yield increases with increasing excitation energy. 

 

Figure 47: EQE spectra of single layer devices from C60 and PCBM in dependence on the excitation energy and 

schematic illustration of the generated states. The dotted line indicates the threshold value at about 2.25 eV for 

the intrinsic dissociation in the fullerene acceptors. Reprinted from Chapter 6. 

The effect of the intrinsic contribution to the photocurrent of the C60 acceptor on organic bilayer 

solar cells is presented in Figure 48. The external quantum efficiency is depicted in dependence 

of the internal electric field of the solar cell. By this method, the dissociation behaviour of C60 

can be evaluated. As donor materials, the small molecule Ph-TDPP-Ph and the low bandgap 

copolymer PCDTBTco were used. The bilayer solar cells were excited at two photon energies. As 

the threshold for the intrinsic contribution of C60 lies at 2.25 eV, the first excitation is conducted 

at 2.14 eV which is below this threshold. Both donor materials show a high absorption at this 

wavelength. In consequence, the photocurrent at this excitation energy arises from the donor-

acceptor interface. The second excitation is fixed at 2.94 eV for the small molecule donor and at 

3.35 eV for the donor polymer. These energies exceed the threshold energy for the intrinsic 

dissociation of charge-transfer states within the bulk of C60 and both donor and the C60 acceptor 

absorb at these wavelengths. 
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Figure 48: a) Chemical structures of the small molecule Ph-TDPP-Ph and the low bandgap copolymer PCDTBTco. b) 

EQE in dependence of the field for bilayer devices made from either PCDTBTco and C60 or Ph-TDPP-Ph and C60. The 

bilayer solar cells are excited at 3.35 eV and 2.14 eV in the case of the PCDTBTco donor and at 2.94 eV and 2.14 eV 

in the case of the Ph-TDPP-Ph donor. The intrinsic contribution of the C60 acceptor for excitation at 3.35 eV and 

2.94 eV are indicated with black arrows. Reprinted from Chapter 6. 

A saturation can be observed for both bilayer solar cells at a photon energy of 2.14 eV which 

mainly excites the donor materials, because the donors exhibit no significant intrinsic 

contribution. When exciting both donor and C60 at photon energies of 3.35 eV and 2.94 eV, an 

additional slope at high electric field strengths can be observed. This increase can be attributed 

to the intrinsic dissociation of C60 because the excitation energy is higher than the threshold 

value of 2.25 eV and charge-transfer states are generated in the C60 layer. Thus, both the donor-

acceptor interface as well as the intrinsic dissociation in the C60 contribute to the solar cell 

performance in this energy range.  

For the complete dissociation of photogenerated excitons into free charges, the charge-transfer 

states have to couple with the charge-transporting states. This coupling is by a factor of 3 lower 

in PCBM than in C60. By applying an Onsager fit to the data, the Coulomb binding energies, 

separation of the electron-hole pairs as well as the electrical gap can be estimated. We found 

that the binding energies of the charge-transfer states generated by optical excitation decreases 

with increasing photon energy from 220 meV to 100 meV for excitation energies between 2.25 

eV and the electrical gap at 2.45 eV. This results in an increase of the electron-hole separation 

of the charge-transfer states from 2.0 nm to 2.5 nm which supports the delocalisation of the 

charge-transfer states over two fullerene molecules. The coupling of these states to charges-

transporting states is achieved by ionisation upon thermal excitation. Charge-transfer states 

generated by excitation exceeding 2.45 eV undergo thermalization. In this case, the dependence 

of the electron-hole distance and the binding energy on the photon energy is weaker. By thermal 

excitation, the thermalized charge-transfer states also couple to charge-transporting states. 

In conclusion, the dependence of the intrinsic dissociation on the excitation energy was 

examined in this work. By this means, we were able to evaluate the intrinsic contribution from 

the acceptors C60 and PCBM to the overall device efficiency of organic bilayer solar cells.  
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4.2.2 Monomolecular and bimolecular recombination of electron–hole pairs at the interface 

of a bilayer organic solar cell 

A further project aimed at the investigation of the recombination processes in organic bilayer 

solar cells. Recombination is an important loss mechanism at the donor-acceptor interface and 

can be divided into two main types. Geminate recombination describes the recombination of an 

electron and a hole that were generated from the same exciton. In contrast, non-geminate 

recombination means that an electron and a hole originating from different excitons recombine. 

In this work, we evaluate the contributions from both geminate and non-geminate 

recombination in organic bilayer systems. The bilayer geometry is chosen because it enables the 

differentiation between the different recombination types. The devices have to meet several 

requirements for the recombination studies. Besides a general good solar cell performance, the 

extraction of the charge carriers should exhibit no difficulties and the solar cell morphology 

should be stable. Thus, annealing or the insertion of extraction layers should not affect the 

device efficiency. These demands are fulfilled when applying the novel low bandgap copolymer 

PCDHTBT0.7/TPDDHTBT0.3 with triphenyldiamine units and additional hexyl spacers at the 

thiophene units as the donor material. For convenience, this copolymer is named PCDTBTstat in 

this work. In comparison to the donor polymer, also the small molecule donor p-DTS(FBTTh2)2 

known for its high efficiency was used. As acceptor material, C60 was applied. For the 

investigation of the contributions of geminate and non-geminate recombination, the fill factor 

of the bilayer solar cells is observed in dependence on the donor layer thickness and excitation 

light intensity. The fill factor depicts the ratio of the generated charge carriers that can be 

extracted by the electrodes. Thus, it is a measure of the fraction of recombining charge carriers.  

For the intensity dependent recombination study, bilayer solar cells are fabricated from 

PCDTBTstat and C60. The polymer donor was applied with layer thicknesses of 14 nm, 36 nm, and 

66 nm. The acceptor layer was kept constant at 30 nm. The excitation light intensity was varied 

between 0.02 mWcm-2 and 100 mWcm-2 using optical density filters. From the measured 

current-voltage characteristics, the fill factor can be calculated. Figure 49 illustrates the fill factor 

for bilayer solar cells in dependence of the excitation light intensity for different polymer layer 

thicknesses.  
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Figure 49: Chemical structures of the small molecule p-DTS(FBTTh2)2 and the low bandgap copolymer PCDTBTstat. 

b) Fill factor in dependence of the excitation light intensity for bilayer devices made from either PCDTBTstat and C60 

or p-DTS(FBTTh2)2 and C60. Excitation was conducted at a wavelength of 580 nm. Polymer layer thicknesses of 14 

nm, 36 nm, and 66 nm were applied. Right of the dashed vertical line, the fill factors for AM1.5 illumination is 

shown. The right axis displays the difference to an estimated ideal fill factor limit of 80%. The horizontal lines 

illustrate the asymptotic value for the fill factor at infinitely low illumination as calculated by a fit and extrapolation 

of the data. Geminate recombination is expected to cause the deviation between the horizontal lines and the 

assumed fill factor of 80%. The shaded area between the horizontal lines and the data points depicts the deficit 

due to non-geminate recombination. The losses due to non-geminate recombination at AM1.5 excitation are 

illustrated by arrows. Reprinted from Chapter 7. 

The fill factor of the solar cell with 14 nm donor thickness remains constant at 67% over the 

whole range of the light intensity. However, the fill factor drops from 61% to 50% at AM1.5 

excitation for the cell with the 36 nm thick polymer layer and from 51% to 22% for the device 

with 66 nm thickness, respectively. In addition, the fill factor for a bilayer cell made from the low 

molecular weight donor p-DTS(FBTTh2)2 with a thickness of 60 nm in combination with C60 is 

shown. At AM1.5 excitation, the same fill factor of 67% as for the device with the 14 nm thick 

donor layer is achieved. 

At low light intensities, only few excitons are formed. The charges diffuse within their Coulomb 

potential and can recombine before dissociating into free charge carriers. This process is called 

primary geminate recombination. When the charges diffuse out of the Coulomb radius, they 

either can be extracted by the electrodes or they diffuse back and recombine which is referred 

to as secondary geminate recombination. Both primary and secondary geminate recombination 

are monomolecular mechanisms. The increase of the donor layer thickness results in a longer 

diffusion path and thus the probability for recombination is enhanced, leading to a decrease of 

the initial fill factor from 67% to 50% with increasing polymer thickness from 14 nm to 66 nm. 

For an ideal solar cell, a fill factor of 80% is assumed. The difference between this value and the 
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highest fill factors of the cells can be attributed to geminate recombination and is indicated by 

the horizontal lines. At high light intensities, more excitons are generated. Now the probability 

for non-geminate bimolecular recombination gets higher. This means that the charge carriers 

can recombine with charge carriers originating from other excitons. For the 14 nm thick polymer 

layer, no non-geminate recombination can be observed because the free charge carriers are 

extracted faster than they can recombine. The contribution from non-geminate recombination 

that reduces the initial fill factor are illustrated by the shaded areas. The findings were supported 

by Monte Carlo simulations that confirms the increase of the photocurrent when using thin 

donor layers.  

The competing process to recombination in organic solar cells is charge extraction. With 

increasing hole mobility, more holes should be collected at the electrode. In consequence, high 

fill factors should be achievable even with high layer thicknesses. This is confirmed by 

measurements of a bilayer solar cell consisting of 60 nm p-DTS(FBTTh2)2 and C60. As can be seen 

in Figure 49, this solar cell exhibits a much higher fill factor than the solar cell from PCDTBTstat 

with a similar thickness at low light intensity. The hole mobility of the small molecular donor 

detected by the metal-insulator-semiconductor charge-extraction-by-linearly-increasing-

voltage (MIS-CELIV) method is two orders of magnitude higher than that of PCDTBTstat. 

Figure 50 summarizes the competition between geminate and non-geminate recombination at 

the donor-acceptor interface and charge carrier extraction at the electrodes. At low excitation 

light intensities, diffusion within the Coulomb radius of the exciton can cause recombination of 

the hole with the corresponding electron according to the primary geminate recombination 

process (1). When exceeding the Coulomb radius, the hole can be either extracted at the 

electrode or it diffuses back and recombines with the electron originating from the same exciton 

by secondary geminate recombination (2). Both mechanisms are monomolecular as the hole 

and the electron arise from the same exciton. Non-geminate recombination becomes important 

at high light intensities. Here, holes and electrons from different excitons recombine in a 

bimolecular procedure.  
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Figure 50: Schematic overview of the competition between monomolecular geminate and bimolecular 

non-geminate recombination at the donor-acceptor interface as well as charge carrier extraction at the electrodes. 

The Coulomb radius is abbreviated by rc. Reprinted from Chapter 7. 

In this work, we investigated the dependence of the fill factor on the excitation light intensity 

and the donor layer thickness. Thus, we were able to evaluate the contribution of both geminate 

and non-geminate recombination in bilayer solar cells.  

 

4.2.3 A facile method for the investigation of temperature-dependant C60 diffusion in 

conjugated polymers 

This section depicts the connection between the fundamental studies on photogeneration and 

recombination and the research on device fabrication, degradation and stabilization. The 

morphology of the active layer is of vital importance for the performance of organic solar cells. 

Frequently, a polymeric donor material is combined with low molecular weight acceptors like 

fullerene and its derivatives. Thermal annealing is often performed to enhance the interface 

morphology, especially for bilayer systems. In this case, a certain intrusion of the fullerene 

molecules into the donor layer is favoured. By this method, the interfacial area is increased but 

the percolation paths which ensure the extraction of the charge carriers are retained. The 

obtained morphology thus combines the advantages of both bulk heterojunction and planar 

heterojunction. Finding suitable annealing times and temperatures is yet often based on trial 

and error. A series of different conditions is often probed by solar cell measurements and the 

success is evaluated in terms of device efficiency. In consequence, the wrong annealing steps as 

well as device operation at elevated temperatures, especially for bulk heterojunction solar cells, 

often leads to a deterioration of the efficiency. The decrease can be attributed to the diffusion 

of small acceptor molecules and the formation of large aggregates due to phase separation. This 

work contributes to this issue by investigating the diffusion behaviour of fullerenes within donor 

polymers. The presented approach provides a guide for the choice of adjusted annealing times 

and temperatures for the fabrication of efficient devices. 
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The method described in this work constitutes the extension of the diffusion experiments 

already performed with C60 in polyfluorenes. For this study, a three-layer setup was used. A glass 

substrate is covered with a fluorescent sensor layer of MeHPPV. In a subsequent step, the 

polymer to be investigated is applied as a transport layer. Finally, a thin layer of C60 is deposited 

on one half of the sample. The other half without C60 serves as a reference for the measurement. 

The sensor layer is excited by a laser and the photoluminescence is recorded by CCD cameras. If 

this experiment is conducted at room temperature, no change in the sensor emission can be 

observed over the experiment time in comparison to the device part without C60 layer. But at 

increased temperature C60 molecules are injected into the transport layer. They diffuse towards 

the sensor layer and will eventually quench the photoluminescence, as C60 acts as an exciton 

trap. Therefore, the decrease of the photoluminescence of the sensor layer can be connected 

to the diffusion time of the C60 molecules through the polymer transport layer. The more 

molecules arrive at the sensor layer over the time, the more the photoluminescence will 

decrease. From the arrival time and the thickness of the transport layer, the diffusion coefficient 

can be calculated in dependence of the temperature. By using a polyfluorene crosslinked via 

acrylate groups, a decrease of the diffusion coefficient is observed. The drop can be ascribed to 

the lowered mobility of the polymer chains when a densely crosslinked polymer network is 

formed. This means that the C60 molecules need longer time to diffuse through the polymer 

layer. The decrease of the diffusion is linked to the content of acrylate groups in the polymer. 

The higher the acrylate content, the higher the density of the polymer network is and therefore 

the diffusion is lower. In fact, the diffusion of C60 in polyfluorene can be reduced by three orders 

of magnitude by crosslinking. Thus, crosslinking depicts an efficient method to stabilize the 

morphology in organic solar cells. 

However, extending this concept to other transport materials is difficult. For mere excitation of 

the sensor layer, the photoluminescence of the sensor has to be red-shifted in comparison to 

the transport layer. The investigation of the diffusion of fullerene in frequently used low 

bandgap polymers is not possible due to their photoluminescence in the red region. Thus, sensor 

materials with a photoluminescence in the infrared would be necessary. In addition, the 

fabrication of the three-layer setup is only possible in this case because of the insolubility of 

MeHPPV upon the application of an annealing step at elevated temperature. Otherwise, 

deposition of the transport layer would lead to dissolution of the sensor layer. To overcome 

these problems, we developed a novel setup for the diffusion measurements. Instead of a three-

layer system, we used a bilayer setup without additional sensor layer. This means that the 

photoluminescence is measured directly in the material to be investigated. By this means, the 

diffusion of C60 in low bandgap polymers can be studied. In addition, suitable annealing 

conditions for bilayer solar cells can be derived from these measurements. 

Figure 51 presents the bilayer setup for the diffusion measurements. The polymer to be 

investigated is spin coated onto a quartz glass substrate. Subsequently, a C60 layer is vacuum 

evaporated on half of the sample by means of a shadow mask. The photoluminescence of the 
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polymer layer is measured using laser excitation. By increasing the temperature, C60 molecules 

are injected into the polymer layer and diffuse through it. This quenches the photoluminescence 

of the polymer layer in reference to the sample side without C60. The more fullerene molecules 

diffuse into the polymer layer, the more the photoluminescence is quenched.  

Figure 51: a) Sample setup for the photoluminescence measurements. The samples were fabricated via spin 

coating of the polymer layer (red) onto quartz glass and subsequent vacuum evaporation of C60 (grey) on one half 

of the sample using a shadow mask. b) Schematic overview of the diffusion measurements applying a bilayer setup. 

Upon temperature activation, C60 molecules start to diffuse into the polymer layer. The photoluminescence of the 

polymer layer is quenched in dependence of the fullerene concentration. Reprinted from Chapter 8. 

For comparison of the novel bilayer setup with the previously used three-layer geometry, bilayer 

samples of the crosslinked polyfluorene PF2/6-A-75:25 with 75% acrylate content in the 

sidechains were measured. The chemical structure of the crosslinkable polymer is illustrated in 

Figure 52.  PF2/6-A-75:25 was already applied in the three-layer setup and allows the deposition 

of acceptors from solution for further investigations. Photoluminescence measurements were 

carried out by heating the bilayer samples made from 200-270 nm of PF2/6-A-75:25 and 30 nm 

of C60 to different temperatures between 115 °C and 140 °C and fitted afterwards. As an 

example, the decay of the photoluminescence of the crosslinked PF2/6-A-75:25 when heating 

the sample from 22 °C to 120 °C is depicted in Figure 52. Furthermore, Figure 52 illustrates the 

Arrhenius plots of the diffusion coefficients obtained from both the previously presented three-

layer samples and the novel bilayer geometry. The results showed that both setups are 

comparable as the activation energies derived from the slope of the plots for the bilayer samples 

are in accordance with the values for the three-layer setup while the absolute values for the 

bilayer geometry were 2-3 times higher. As the equilibrium concentration at elevated 

temperature is very low and crosslinking prevents the aggregation of C60, clustering of the C60 

molecules can be excluded. 
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Figure 52: a) Chemical structure of PF2/6-A-75:25 with 75% acrylate content. b) Decrease of the 

photoluminescence upon temperature increase from 22 °C to 120 °C for a sample of the crosslinked polyfluorene 

PF2/6-A-75:25. Fits using different initial conditions are shown in red and green. c) Arrhenius plots of the diffusion 

coefficient in dependence of the temperature for crosslinked PF2/6-A-75:25. The open squares present the results 

for the three-layer setup, the filled squares depict the results of the bilayer geometry. The activation energy of the 

diffusion can be derived from the slope as shown by the dotted lines. Reprinted from Chapter 8. 

For the investigation of the diffusion process of C60 through a polymer matrix, a series of three 

low bandgap polymers and copolymers was applied. This allows to determine the impact of 

small changes in the chemical structure of the basic PCDTBT polymer on the diffusion behaviour. 

The polymers are shown in Figure 53. Within this series, the glass transition temperatures Tg of 

the polymers is varied systematically. As a reference, PCDTBT was used exhibiting a Tg of 112 °C. 

Addition of hexyl spacers to the thiophene groups in the acceptor unit yielded PCDHTBT. Its 

chains are much more flexible and therefore the Tg decreases to about 60 °C. Furthermore, this 

polymer exhibits the lowest molecular weight in the series. In contrast, incorporation of bulky 

triphenyldiamine units would lead to a lower flexibility. However, this is balanced by the hexyl 

spacers in the acceptor units in the copolymer PCDHTBT0.7/TPDDHTBT0.3, denoted as PCDTBTstat. 

Thus, the glass transition temperature at 110 °C for the copolymer is almost the same as for 

PCDTBT. The glass transition temperatures were obtained via differential scanning calorimetry 

(DSC) as presented in Figure 53. 
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Figure 53: a) Chemical structures of PCDTBT, PCDHTBT, and PCDTBTstat. b) DSC measurements of PCDTBT (left), 

PCDHTBT (middle), and PCDTBTstat (right) with a heating and cooling rate of 40 Kmin-1 under nitrogen atmosphere. 

Reprinted from Chapter 8. 

Furthermore, dynamic-mechanical analysis (DMA) was applied to confirm the Tg values. Figure 

54 shows the DMA measurements of PCDTBT, PCDHTBT and PCDTBTstat. As the loss modulus E’’ 

showed only a small transition, the storage modulus E’ and tanδ were used for the 

determination of the glass transition temperatures. Thus, Tg(onset) is 109 °C and Tg(peak) is 118 

°C for PCDTBT. The lower glass transition temperature for PCDHTBT could be approved by DMA 

with a Tg(onset) of 65 °C and a Tg(peak) of 73 °C. Furthermore, a Tg(onset) of 103 °C and a Tg(peak) 

of 112 °C were determined for PCDTBTstat. Typically, the values from the peak of tanδ lie above 

the Tg measured by DSC which would also apply for the value from the onset of E’’. In contrast, 

the values estimated from the onset of E’ lie below the Tg identified by DSC except for Tg(onset) 

of PCDHTBT that is also higher than the value derived from DSC analysis. This could suggest that 

the glass transition temperature is slightly higher than 60 °C measured by DSC. 
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Figure 54: DMA measurements of PCDTBT (top left), PCDHTBT (top right), and PCDTBTstat (bottom). The analyses 

were performed with a temperature rate of 2 Kmin-1 and a frequency of 2 Hz. 

Bilayer samples with a 30-70 nm thick polymer layer and a 30 nm thick C60 layer were fabricated. 

The development of the photoluminescence for all three polymers was measured during 

different temperature increases between 60 °C and 140 °C. All applied temperatures were above 

the glass transition temperature of PCDHTBT whereas the measurements of PCDTBT and 

PCDTBTstat were conducted below and above Tg. In Figure 55, the decay of the normalized 

photoluminescence of PCDTBT for different temperatures is shown as an example. The higher 

the final temperature was, the faster the C60 diffusion and thus the quenching of the 

photoluminescence occured. This observation was also valid for PCDHTBT and PCDTBTstat. 

Furthermore, the diffusion coefficients of the C60 diffusion within the different polymers could 

be evaluated in dependence of the temperature. This was possible by fitting the experimental 

data and calculating the respective C60 concentrations within the polymer using a theoretical 

model. When the final temperature was increased, both the equilibrium concentration of C60 

within the polymers and the diffusion coefficients became higher. Yet, the exclusion of clustering 

of the fullerene molecules was possible due to the overall low equilibrium concentrations of C60. 

The diffusion coefficients determined for different temperatures for PCDTBT, PCDHTBT, and 

PCDTBTstat as well as for the crosslinked PF2/6-A-75:25 are illustrated in Figure 55. For PCDHTBT, 

thermally induced diffusion can be assumed from the linear slope of the Arrhenius plot above 

the Tg of 60 °C with an activation energy of 0.70 eV. Despite the small differences in the polymer 

structure, the results for PCDTBT and PCDTBTstat are comparable due to the similar molecular 

weight and glass transition temperatures of about 110 °C. The diffusion is also activated by 

temperature leading to an activation energy of 0.40 eV below Tg and 1.00 eV above Tg. In 
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comparison, all three polymers exhibit a similar diffusion coefficient of 3 ∙ 10-15 cm2s-1 above Tg 

that is lower than that of PF2/6-A-75:25. In the case of PCDHTBT, also the activation energy is 

lower. Remarkably, no significant drop of the diffusion coefficients below Tg for PCDTBT and 

PCDTBTstat was observed that would be expected due to an increased viscosity of the polymer 

below the glass transition. This was attributed to the local movement of the sidechains that 

enabled the diffusion of the fullerene molecules through the polymer matrix. When reaching 

the glass transition temperature, the diffusion is enhanced because of the beginning motion of 

the polymer backbone. 

Figure 55: a) Normalized photoluminescence of a PCDTBT sample in dependence of the time for different final 

temperatures. b) Arrhenius plots of the diffusion coefficient in dependence of the temperature for crosslinked 

PF2/6-A-75:25 (black squares), PCDTBT (blue triangles), PCDHTBT (red circles), and PCDTBTstat (light blue 

hexagons). The activation energy of the diffusion can be derived from the slope as shown by the solid lines. 

Corresponding glass transition temperatures are shown by arrows. Reprinted from Chapter 8. 

The presented results illustrate that the C60 diffusion within donor polymers exhibiting a 

photoluminescence in the red can be evaluated by time-dependent photoluminescence 

measurements at elevated temperatures by the use of a bilayer setup. Via time-dependent 

photoluminescence measurements at elevated temperatures, the diffusion coefficients as well 

as the equilibrium concentrations of fullerene in the polymer matrix could be determined. We 

examined a series of three low bandgap polymers with small changes in the polymer structure. 

The findings state that the diffusion of C60 molecules already occurs below the glass transition 

temperature due to the local motion of the sidechains. As the novel setup allows the evaluation 

of different diffusion conditions, this information can be used in a further step for the prediction 

of suitable annealing times and temperatures for the adjustment of the donor-acceptor 

interface leading to efficient organic solar cells. 
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4.3 Individual contributions to joint publications 

In the following, the individual contributions of the authors to the publications are specified. 

 

Chapter 5 

This work is published in Physica Status Solidi A, 2015, 212, 2162-2168, doi: 

10.1002/pssa.201532040, with the title: 

Organic solar cells with crosslinked exciton blocking layer 

by Tobias Hahn, Christina Saller, Marlene Weigl, Irene Bauer, Thomas Unger, Anna Köhler, and 

Peter Strohriegl. 

This publication is reprinted in Chapter 5 and deals with the realization of a first three-layer solar 

cell. I synthesized and characterized the applied donor polymer, interpreted the data together 

with the co-authors and wrote parts of the manuscript. Furthermore, I corrected the whole 

manuscript. Marlene Weigl synthesized the crosslinkable polymer. Irene Bauer assisted in the 

synthetic work. Tobias Hahn fabricated and measured the solar cells, did the data evaluation 

and interpreted the data together with the co-authors.  He wrote large parts of the manuscript 

and corrected the manuscript. Thomas Unger performed the exciton lifetime measurements. 

Anna Köhler and Peter Strohriegl supervised the project, were involved in the scientific 

discussion and finalized the manuscript. 

 

Chapter 6 

This work is published in The Journal of Physical Chemistry C 2016, 120, 25083-25091, doi: 

10.1021/acs.jpcc.6b08471, with the title: 

Role of intrinsic photogeneration in single layer and bilayer solar cells with C60 and PCBM 

by Tobias Hahn, Steffen Tscheuschner, Christina Saller, Peter Strohriegl, Puttaraju Boregowda, 

Tushita Mukhopadhyay, Satish Patil, Dieter Neher, Heinz Bässler, and Anna Köhler. 

This publication is reprinted in Chapter 6 and evaluates the contribution of the acceptor to the 

photogeneration in organic solar cells. I designed and synthesized the applied donor polymer, 

did the characterization concerning the polymer properties and wrote the corresponding part 

of the manuscript. Furthermore, I corrected the whole manuscript. Tobias Hahn fabricated and 

measured the solar cells, did the data evaluation and interpreted the data together with the co-

authors. He wrote parts of the manuscript and corrected the manuscript. Steffen Tscheuschner 

conducted the Onsager fit of the data and did the data interpretation together with the co-

authors. He wrote parts of the manuscript and corrected the manuscript. Tobias Hahn and 

Steffen Tscheuschner contributed equally to this work. Puttaraju Boregowda and Tushita 

Mukhopadhyay synthesized and characterized the small donor molecule and were supervised 
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by Satish Patil. Peter Strohriegl, Dieter Neher, and Heinz Bässler were involved in the scientific 

discussion. Anna Köhler supervised the project, was involved in the scientific discussion and 

corrected the manuscript. 

 

Chapter 7 

This work is published in Advanced Functional Materials 2017, 12, 1604906, doi: 

10.1002/adfm.201604906, with the title 

Monomolecular and bimolecular recombination of electron–hole pairs at the interface of a 

bilayer organic solar cell 

by Tobias Hahn, Steffen Tscheuschner, Frank-Julian Kahle, Markus Reichenberger, Stavros 

Athanasopoulos, Christina Saller, Guillermo C. Bazan, Thuc-Quyen Nguyen, Peter Strohriegl, 

Heinz Bässler, and Anna Köhler. 

This publication is reprinted in Chapter 7 and focuses on the examination of the different 

recombination types in organic solar cells. I designed and synthesized the applied donor 

polymer, did the characterization concerning the polymer properties and wrote the 

corresponding part of the manuscript. Furthermore, I corrected the whole manuscript. Tobias 

Hahn fabricated and measured the solar cells, did the data evaluation and interpreted the data 

together with the co-authors. He wrote parts of the manuscript and corrected the manuscript. 

Steffen Tscheuschner conducted the fit to the data. Frank-Julian Kahle performed the MIS-CELIV 

measurements of the materials and wrote the corresponding part of the paper. Markus 

Reichenberger provided data about the small donor molecule, was involved in the scientific 

discussion and corrected the manuscript. Stavros Athanasopoulos conducted the Monte Carlo 

simulations and wrote the corresponding parts of the manuscript. Guillermo C. Bazan and Thuc-

Quyen Nguyen provided the small donor molecule and were involved in the scientific discussion 

together with Peter Strohriegl and Heinz Bässler. Anna Köhler supervised the project, was 

involved in the scientific discussion and corrected the manuscript. 

 

Chapter 8 

This work is accepted to be published in ACS Applied Materials & Interfaces 2018, doi: 

10.1021/acsami.8b05520, with the title 

Facile method for the investigation of temperature-dependant C60 diffusion in conjugated 

polymers 

by Christina Saller, Frank-Julian Kahle, Thomas Müller, Tobias Hahn, Steffen Tscheuschner, 

Denys Priadko, Peter Strohriegl, Heinz Bässler, and Anna Köhler. 
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This publication is reprinted in Chapter 8 and depicts diffusion studies of fullerene in low 

bandgap polymers and copolymers. I synthesized the low bandgap polymers, designed and 

synthesized the low bandgap copolymer and did the characterization concerning the polymer 

properties. I prepared and measured three-layer and bilayer samples for the comparison with a 

previously published method together with Steffen Tscheuschner and Frank-Julian Kahle. 

Furthermore, I wrote parts of the manuscript. Frank-Julian Kahle prepared and measured three-

layer and bilayer samples for the method comparison as well as bilayer samples of the low 

bandgap polymers. He did the data evaluation and interpreted the data together with the co-

authors. Furthermore, he verified the theoretical model and wrote parts of the manuscript. 

Frank-Julian Kahle and I contributed equally to this work. Thomas Müller prepared and 

measured the bilayer samples of the low bandgap polymers, did the data evaluation and 

interpreted the data together with the co-authors. The manuscript is based on his master thesis 

on this topic. Tobias Hahn was involved in the scientific discussion. Furthermore, he wrote parts 

of the manuscript. Steffen Tscheuschner prepared and measured three-layer and bilayer 

samples for the method comparison together with me. He did the data evaluation and 

interpreted the data together with the co-authors. Furthermore, he verified the theoretical 

model. Denys Priadko contributed experimental advice and was involved in the scientific 

discussion together with Heinz Bässler. Peter Strohriegl and Anna Köhler supervised the project 

and were involved in the scientific discussion. 

 

Appendix A 

The chapter presented in Appendix A comprises the experimental section for the optimized 

synthesis of the crosslinkable donor polymers PCDTBTOx and PCPDTBTOx. I synthesized and 

characterized both polymers and wrote the manuscript.  

 

Appendix B 

This work is published in Proceedings of SPIE 8830, Organic Photovoltaics XIV, 2013, 88300P, doi: 

10.1117/12.2023899, with the title 

Patternable conjugated polymers for organic solar cells 

by Peter Strohriegl, Philipp Knauer, Christina Saller, and Esther Scheler. 

This publication is reprinted in Appendix B and describes the synthesis and application of 

crosslinkable donor polymers. I designed and synthesized the crosslinkable carbazole-based low 

bandgap polymer, did the characterization concerning the polymer properties and wrote parts 

of the manuscript. Furthermore, I corrected the whole manuscript. Philipp Knauer synthesized 

and characterized the crosslinkable fluorene-based low bandgap polymer. He wrote parts of the 

manuscript and corrected the manuscript. Esther Scheler synthesized and characterized the 
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crosslinkable polyfluorenes. Peter Strohriegl supervised the project and finalized the 

manuscript. 

 

Appendix C 

This work is published in Proceedings of SPIE 9942, Organic Photovoltaics XVII, 2016, 99420O, 

doi: 10.1117/12.2239400, with the title 

Crosslinkable low bandgap polymers for organic solar cells 

by Peter Strohriegl, Christina Saller, Philipp Knauer, Anna Köhler, Tobias Hahn, Florian Fischer, 

and Frank-Julian Kahle. 

This publication is reprinted in Appendix C and summarizes the work on crosslinkable fluorene-

based low bandgap polymers. I contributed to the section about the realization of a three-layer 

solar cell as described for Chapter 5. Furthermore, I wrote large parts of the manuscript and 

corrected the manuscript. Philipp Knauer was involved in the parts about synthesis, crosslinking 

procedure and stabilization of bulk heterojunction solar cells. He wrote parts of the manuscript. 

Tobias Hahn worked on the sections about the three-layer solar cells, C60 diffusion in 

polyfluorenes, and stabilization of bulk heterojunction solar cells. Florian Fischer contributed to 

the part about C60 diffusion in polyfluorenes. Frank-Julian Kahle did the charge carrier mobility 

studies. Anna Köhler was involved in the scientific discussion. Peter Strohriegl supervised the 

project, was involved in the scientific discussion and finalized the manuscript. 

 

Appendix D 

This work is published in Advanced Energy Materials 2017 7, 1700306, doi: 

10.1002/aenm.201700306, with the title 

Crosslinked semiconductor polymers for photovoltaic applications 

by Frank-Julian Kahle, Christina Saller, Anna Köhler, and Peter Strohriegl. 

This publication is reprinted in Appendix D and reviews crosslinkable polymers for morphology 

stabilization in organic solar cells. I wrote parts of the manuscript and corrected the manuscript. 

Frank-Julian Kahle wrote parts of the manuscript and corrected the manuscript. Frank-Julian 

Kahle and I contributed equally to this work. Anna Köhler and Peter Strohriegl supervised the 

project, were involved in the scientific discussion and corrected the manuscript. 
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Materials and methods 

All chemicals and anhydrous solvents were purchased from commercials suppliers and used as 

received. Solvents needed for extraction and purification were distilled prior to use. The 

monomer 4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole was 

delivered by SunaTech Inc. and used without further purification. Reactions comprising air-

sensitive and moisture-sensitive substances were conducted under argon inert gas atmosphere. 

For reaction control and verification of the purity of substances, thin layer chromatography was 

performed on Polygram SIL G/UV254 ready-to-use foil from Macherey-Nagel. Detection was 

conducted with UV light at 254 nm or 366 nm or staining with phosphomolybdic acid solution 

(20 wt% in ethanol). Column chromatography was carried out with silica gel 60 (0.063-0,200 

mm) from Macherey-Nagel. 1H NMR spectra at room temperature were recorded on a Bruker 

Avance 300 spectrometer in deuterated solvents at 300 MHz. High temperature 1H NMR spectra 

were measured at 120 °C with a Varian INOVA 300 spectrometer in 1,1,2,2-tetrachloroethane 

as solvent. As internal references, the residual solvent peaks were used. Chemical shifts δ are 

denoted in ppm and coupling constants J in Hz. Multiplicities are abbreviated with s (singlet), d 

(doublet), t (triplet), q (quartet), qui (quintet), m (multiplet), and br (broadened). Deuterated 

solvents were ordered from Deutero. Mass spectra were recorded on a Finnigan MAT 8500 via 

electron ionization.  

 

9-Bromononanal 

 

Oxalyl chloride (4.24 mL, 49.29 mmol) was dissolved in anhydrous dichloromethane (100 mL) 

and cooled to -78 °C under argon. A solution of anhydrous dimethyl sulfoxide (6.99 mL, 

98.59 mmol) and anhydrous dichloromethane (20 mL) was added dropwise. After stirring for 

5 min, a solution of 9-bromononanol (10.000 g, 44.81 mmol) in anhydrous dichloromethane 

(45 mL) was added dropwise over a short time and the reaction mixture was stirred for 30 min 

at -78 °C before triethylamine (31,23 mL, 224.06 mmol) was added dropwise. The reaction 

mixture was again stirred for 15 min at -78 °C, allowed to warm to room temperature and 

poured into water. After extraction with dichloromethane, the organic phase was washed twice 

with HCl solution (2%), twice with deionised water, twice with NaHCO3 solution (5%) and again 

twice with deionised water. The organic phase was dried over Na2SO4 and the solvent was 

evaporated. Drying in vacuum overnight yielded 9-bromononanal (9.500 g, 42.96 mmol, 96%) as 

a colourless oil. 

 

 

 



Appendix A: Optimized synthetic procedures for PCDTBTOx and PCPDTBTOx 

 

 

 

173 
 

Characterization: 

EI-MS: m/z (%) = 221 (M+, 4), 204 (M+ ‒ O, 23), 192 (M+ ‒ HCO, 17), 176 (M+ ‒ CH2HCO, 100), 163 

(M+ ‒ (CH2)2HCO, 5), 149 (M+ ‒ (CH2)3HCO, 7), 135 (M+ ‒ (CH2)4HCO, 22). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 1.18-1.49 (m, 8H, CH2), 1.50-1.70 (m, 2H, HCO-CH2-CH2), 

1.75-1.92 (m, 2H, CH2-CH2-Br), 2.33-2.48 (m, 2H, HCO-CH2), 3.40 (t, J = 6.8 Hz, 2H, CH2-Br), 9.67-

9.76 (t, J = 1.8 Hz, 1H, HCO). 

 

1-Bromoheptadecan-9-ol 

 

Bromooctane (8.39 mL, 48.57 mmol) was dissolved in anhydrous THF (24 mL) and added slowly 

to magnesium chips (1.476 g, 60.71 mmol) under argon atmosphere. When the exothermic 

reaction has started, the remaining solution is added dropwise under stirring and cooling if 

necessary. The reaction mixture is heated to reflux and stirred for 1 h. After cooling to room 

temperature, anhydrous THF (8 mL) was added for dilution of the reaction mixture. A solution 

of 9-bromononanal (8.950 g, 221.13 mmol) in anhydrous THF (15 mL) was added slowly under 

intermittent cooling. The reaction mixture was stirred at room temperature overnight, poured 

into water and extracted with diethyl ether. After washing twice with saturated NaHCO3 

solution, twice with deionised water and twice with brine, the organic phase was dried over 

Na2SO4 and the solvent was evaporated. After purification via column chromatography 

(hexanes:ethyl acetate = 5:1), 1-bromoheptadecan-9-ol (9.318 g, 27.78 mmol, 69%) was 

obtained as a colourless solid. 

 

Characterization: 

EI-MS: m/z (%) = 334 (M+, 1), 318 (M+ ‒ OH, 19), 221 (M+ ‒ (CH2)7CH3, 73), 143 (M+ ‒ (CH2)8Br, 

59). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.88 (t, J = 6.5 Hz, 3H, CH3), 1.19-1.52 (m, 26H, CH2), 1.85 

(qui, J = 7.3 Hz, 2H, CH2-CH2-Br), 3.41 (t, J = 6.8 Hz, 2H, CH2-Br), 3.52-3.64 (br, CH-OH). 

 

 

 



Appendix A: Optimized synthetic procedures for PCDTBTOx and PCPDTBTOx 

 

 

 

174 
 

1-((3’-Ethyloxetan-3’-yl)-methoxy)-heptadecan-9-ol 

 

Tetrabutylammonium bromide (0.448 g, 1.39 mmol) was dissolved in aqueous NaOH solution 

(48.624 g, 45 wt%). A solution of 1-bromoheptadecan-9-ol (9.318 g, 27.79 mmol) and (3-ethyl-

oxetan-3-yl)-methanol (5.54 mL, 48.63 mmol) in distilled hexanes (160 mL) was added. The 

reaction mixture was stirred overnight under reflux. After cooling to room temperature, the 

reaction mixture was extracted with deionised water and hexanes. The organic phase was dried 

over Na2SO4 and the solvent was evaporated. 1-((3’-Ethyloxetan-3’-yl)-methoxy)-heptadecan-9-

ol (6.530 g, 17.62 mmol, 63%) was obtained as a colourless oil after column chromatography 

(hexanes:ethylacetate = 5:1).  

 

Characterization: 

EI-MS: m/z (%) = 371 (M+, 1), 353 (M+ ‒ OH, 3), 340 (M+ ‒ OCH2, 10), 322 (M+ ‒ OCH2 ‒ OH, 8), 

257 (M+ ‒ OCH2O(CH2)2CCH2CH3, 22), 227 (M+ ‒ (CH2)2OCH2O(CH2)2CCH2CH3, 8). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.88 (t, J = 7.5 Hz, 6H, CH3), 1.16-1.49 (m, 26H, CH2), 1.50-

1.62 (m, 2H, CH2-CH2-O), 1.74 (q, J = 7.5 Hz, 2H, oxetane-CH2-CH3), 3.44 (t, J = 6.5 Hz, 2H, CH2-O), 

3.52 (s, 2H, O-CH2-oxetane), 3.53-3.63 (br, CH), 4.41 (q, J = 5.8 Hz, 4H, oxetane). 

 

(1’-((3‘’-Ethyloxetan-3’‘-yl)-methoxy)-heptadecan-9’-yl)-4-toluenesulfonate 
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A solution of 1-((3’-ethyloxetan-3’-yl)-methoxy)-heptadecan-9-ol (3.400 g, 9.17 mmol), 

triethylamine (2.312 g, 22.84 mmol), and trimethylammonium hydrochloride (0.877 g, 

9.17 mmol) in anhydrous dichloromethane (20 mL) was cooled to 0 °C. Tosyl chloride (2.169 g, 

11.38 mmol) was dissolved in anhydrous dichloromethane (20 mL) and added to the reaction 

mixture in a time range of 10 min. After stirring for 90 min at 0 °C, the reaction mixture was 

allowed to warm to room temperature and stirred overnight. Extraction was carried out with 

dichloromethane and water. The organic phase was washed with deionised water, dried over 

Na2SO4 and the solvent was evaporated. Column chromatography (hexanes:ethyl acetate = 5:1) 

yielded the spacer molecule (1’-((3‘’-ethyloxetan-3’‘-yl)-methoxy)-heptadecan-9’-yl)-4-toluene-

sulfonate (3.820 g, 7.28 mmol, 79%) as a colourless oil. 

 

Characterization: 

EI-MS: m/z (%) = 524 (M+, 1), 494 (M+ ‒ OCH2, 15), 353 (M+ ‒ O-tosylate, 37), 322 (M+ ‒ O-tosylate 

‒ OCH2, 23), 255 (M+ ‒ O-tosylate ‒ CH2O(CH2)2CCH2CH3, 78). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.80-0.93 (m, 6H, CH3), 1.06-1.37 (m, 26H, CH2), 1.44-1.65 

(m, 2H, CH2-CH2-O), 1.74 (q, J = 7.5 Hz, 2H, oxetane-CH2-CH3), 2.44 (s, 3H, tosylate-CH3), 3.44 (t, 

J = 6.5 Hz, 2H, CH2-O), 3.52 (s, 2H, O-CH2-oxetane), 4.41 (q, J = 5.8 Hz, 4H, oxetane), 4.53 (qui, J 

= 6.0 Hz, 1H, CH), 7.19 (d, J = 8.0 Hz, 2H, tosylate), 7.79 (d, J = 8.3 Hz, 2H, tosylate).  

 

2,7-Dibromo-N-(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-heptadecan-9’-yl)-carbazole 

 

In an argon atmosphere, 2,7-dibromocarbazole (0.991 g, 3.05 mmol) and KOH (0.855 g, 

15.24 mmol) were stirred in dimethyl sulfoxide (8 mL) at room temperature. A solution of (1’-

((3‘’-ethyloxetan-3’‘-yl)-methoxy)-heptadecan-9’-yl)-4-toluenesulfonate (2.400 g, 4.57 mmol)  in 

dimethyl sulfoxide (6 mL) was added slowly over a time range of 1 h. The reaction mixture was 

stirred at room temperature overnight and extracted with water and diethyl ether.  After the 

organic phase was washed twice with deionised water and dried over Na2SO4, the solvent was 

evaporated. Purification was carried out via column chromatography (hexanes:toluene = 1:2). 

2,7-dibromo-N-(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-heptadecan-9’-yl)-carbazole (1.400 g, 

2.07 mmol, 68%) was obtained as a colourless oil.  
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Characterization: 

EI-MS: m/z (%) = 677 (M+, 100), 647 (M+ ‒ OCH2, 9), 450 (M+ ‒ (CH2)8OCH2O(CH2)2CCH2CH3, 42), 

322 (M+ ‒  CH(CH2)7CH3 ‒ (CH2)7OCH2O(CH2)2CCH2CH3, 12). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.77-0.91 (m, 6H, CH3), 0.92-1.37 (m, 22H, CH2), 1.42-1.56 

(m, 2H, CH2-CH2-O), 1.72 (q, J = 7.5 Hz, 2H, oxetane-CH2-CH3), 1.77-1.97 (br, 2H, carbazole-CH-

CH2), 2.10-2.28 (br, 2H, carbazole-CH-CH2), 3.39 (t, J = 6.6 Hz, 2H, CH2-O), 3.49 (s, 2H, O-CH2-

oxetane), 4.40 (q, J = 5.8 Hz, 4H, oxetane), 4.33-4.47 (br, 1H, CH), 7.28-7.37 (br, 2H, carbazole), 

7.49-7.57 (br, 1H, carbazole), 7.64-7.73 (br, 1H, carbazole), 7.84-7.96 (br, 2H, carbazole). 

Broadened and multiple signals are due to atropisomerism. 

 

2,7-Di(thiophen-2’-yl)-N-(1’’-((3’’’-ethyloxetan-3’’’-yl)-methoxy)-heptadecan-9’’-yl)-carbazole 

 

2,7-dibromo-N-(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-heptadecan-9’-yl)-carbazole (0.500 g, 

0.74 mmol) and 2-(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-thiophene (0.465 g, 2.21 

mmol) were dissolved in toluene (20 mL). After addition of four drops of Aliquat 336 and 

aqueous Na2CO3 solution (24.95 mL, 2M), the reaction mixture was degassed by three freeze-

thaw cycles. Tetrakis(triphenylphosphine)palladium(0) (0.028 g, 0.02 mmol) was added and the 

reaction mixture was again degassed by three freeze-thaw cycles before stirred under reflux for 

90 h.  The reaction mixture was poured into water and extracted with dichloromethane. The 

organic phase was washed twice with deionised water and dried over Na2SO4. After evaporation 

of the solvent, column chromatography (hexanes:THF = 10:1) was performed to remove the 

catalyst. 2,7-di(thiophen-2’-yl)-N-(1’’-((3’’’-ethyloxetan-3’’’-yl)-methoxy)-heptadecan-9’’-yl)-

carbazole (0.485 g, 0.71 mmol, 96%) was yielded as a slightly yellowish oil. 

 

Characterization: 

EI-MS: m/z (%) = 684 (M+, 98), 654 (M+ ‒ OCH2, 10), 568 (M+ ‒ OCH2O(CH2)2CCH2CH3, 4), 457 (M+ 

‒ (CH2)8OCH2O(CH2)2CCH2CH3, 40), 345 (M+ ‒ (CH2)7CH3 ‒ (CH2)8OCH2O(CH2)2CCH2CH3, 38), 332 

(M+ ‒ CH(CH2)7CH3 ‒ (CH2)8OCH2O(CH2)2CCH2CH3, 28). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.74-0.89 (m, 6H, CH3), 0.97-1.36 (m, 22H, CH2), 1.38-1.51 

(m, 2H, CH2-CH2-O), 1.70 (q, J = 7.5 Hz, 2H, oxetane-CH2-CH3), 1.88-2.04 (br, 2H, carbazole-CH-

CH2), 2.24-2.42 (br, 2H, carbazole-CH-CH2), 3.34 (t, J = 6.6 Hz, 2H, CH2-O), 3.46 (s, 2H, O-CH2-
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oxetane), 4.38 (q, J = 5.8 Hz, 4H, oxetane), 4.54-4.67 (br, 1H, CH), 7.13 (dd, J = 5.1 Hz, J = 3.7 Hz, 

2H, thiophene), 7.31 (dd, J = 5.1 Hz, J = 1.1 Hz, 2H, thiophene), 7.37-7.44 (br, 2H, carbazole), 7.50 

(d, J = 8.0 Hz, 2H, thiophene), 7.56-7.62 (br, 1H, carbazole), 7.74-7.81 (br, 1H, carbazole), 8.01-

8.11 (br, 2H, carbazole). Broadened and multiple signals are due to atropisomerism. 

 

2,7-Bis(5’-bromothien-2’-yl)-N-(1’’-((3’’’-ethyloxetan-3’’’-yl)-methoxy)-heptadecan-9’’-yl)-

carbazole 

 

A solution of 2,7-di(thiophen-2’-yl)-N-(1’’-((3’’’-ethyloxetan-3’’’-yl)-methoxy)-heptadecan-9’’-

yl)-carbazole (0.280 g, 0.41 mmol) in anhydrous chloroform (10 mL) was cooled to 0 °C. In the 

dark, N-bromosuccinimide (0.146 g, 0.82 mmol) was added in portions. The reaction mixture 

was stirred at room temperature for 1 h in the dark, allowed to cool to room temperature and 

stirred overnight in the dark. NMR spectroscopy was used for reaction control and if required 

NBS is added to the reaction mixture. After the reaction was completed, the reaction mixture 

was extracted with water and dichloromethane and the organic phase was washed twice with 

deionised water. The organic phase was dried over Na2SO4 before the solvent was evaporated. 

After column chromatography (hexanes:THF = 20:1), 2,7-bis(5’-bromothien-2’-yl)-N-(1’’-((3’’’-

ethyloxetan-3’’’-yl)methoxy)-heptadecan-9’’-yl)-carbazole (0.230 g, 0.27 mmol, 67%) was 

obtained as a yellowish oil. 

 

Characterization: 

EI-MS: m/z (%) = 841 (M+, 100), 811 (M+ ‒ OCH2, 9), 763 (M+ ‒ Br, 13), 725 (M+ ‒ 

OCH2O(CH2)2CCH2CH3, 4), 647 (M+ ‒ Br ‒ OCH2O(CH2)2CCH2CH3, 11), 614 (M+ ‒ 

(CH2)8OCH2O(CH2)2CCH2CH3, 23), 502 (M+ ‒ (CH2)7CH3 ‒ (CH2)8OCH2O(CH2)2CCH2CH3, 19), 488 (M+ 

‒ CH(CH2)7CH3 ‒ (CH2)8OCH2O(CH2)2CCH2CH3, 12), 422 (M+ ‒ Br ‒ (CH2)7CH3 ‒ 

(CH2)8OCH2O(CH2)2CCH2CH3, 6), 408 (M+ ‒ Br ‒ CH(CH2)7CH3 ‒ (CH2)8OCH2O(CH2)2CCH2CH3, 5). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.76-0.93 (m, 6H, CH3), 0.94-1.37 (m, 22H, CH2), 1.39-1.53 

(m, 2H, CH2-CH2-O), 1.71 (q, J = 7.4 Hz, 2H, oxetane-CH2-CH3), 1.89-2.03 (br, 2H, carbazole-CH-

CH2), 2.21-2.40 (br, 2H, carbazole-CH-CH2), 3.35 (t, J = 6.6 Hz, 2H, CH2-O), 3.47 (s, 2H, O-CH2-

oxetane), 4.39 (q, J = 5.8 Hz, 4H, oxetane), 4.50-4.64 (br, 1H, CH), 7.08 (d, J = 3.8 Hz, 2H, 

thiophene), 7.11-7.19 (br, 2H, carbazole), 7.39 (d, J = 8.0 Hz, 2H, thiophene), 7.45-7.55 (br, 1H, 
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carbazole), 7.62-7.72 (br, 1H, carbazole), 7.98-8.11 (br, 2H, carbazole). Broadened and multiple 

signals are due to atropisomerism. 

 

Poly-[(N-1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-heptadecan-9’-yl)-2,7-carbazole-alt-5,5-(4‘,7‘-

bis(thien-2-yl)-2‘,1‘,3‘-benzothiadiazole)] PCDTBTOx 

 

The monomers 2,7-bis(5’-bromothien-2’-yl)-N-(1’’-((3’’’-ethyloxetan-3’’’-yl)methoxy)-hepta-

decan-9’’-yl)carbazole (0.137 g, 0.16 mmol) and 4,7-bis(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxa-

borolan-2’-yl)-2,1,3-benzothiadiazole (0.063 g, 0.16 mmol) were dissolved in toluene (7 mL) 

under argon. Four drops of Aliquat 336 and aqueous Na2CO3 solution (7,5 mL, 2 M) were added 

before degassing the reaction mixture by three freeze-thaw cycles. After adding tetrakis(tri-

phenylphosphine)palladium(0) (0.003 g, 0.002 mmol), again three freeze-thaw cycles were 

conducted. The reaction mixture was stirred under reflux in an argon atmosphere for 90 h. 

Bromobenzene (0.017 g, 0.16 mmol) was added and the reaction mixture was stirred under 

reflux for 1 h. Subsequently, phenylboronic acid (0.020 g, 0.16 mmol) was added and the 

endcapping reaction was completed by stirring the reaction mixture under reflux overnight. 

After cooling to room temperature, the polymer was extracted with toluene and washed with 

water. The organic phase was reduced and the polymer was precipitated into cold methanol. 

Soxhlet extraction was carried out with acetone, hexanes and toluene as solvents. The toluene 

fraction was evaporated to dryness, the polymer was dissolved in chlorobenzene and 

precipitated into cold methanol. Drying in vacuum overnight yielded PCDTBTOx (0.084 g, 0.10 

mmol, 60%) as a dark-red powder. 

 

Characterization: 

1H NMR (300 MHz, C2D2Cl4, 120 °C): δ (ppm) = 0.72-0.93 (m, 6H, CH3), 1.09-1.56 (m, 26H, CH2, 

CH2-CH2-O), 1.57-1.79 (m, 2H, oxetane-CH2-CH3), 1.96-2.22 (br, 2H, carbazole-CH-CH2), 2.25-2.56 

(br, 2H, carbazole-CH-CH2), 3.24-3.54 (m, 4H, CH2-O, -O-CH2-oxetane), 4.17-4.45 (m, 4H, 

oxetane), 4.54-4.77 (br, 1H, CH), 7.04 - 8.61 (m, 12H, ar-CH). Broadened and multiple signals are 

due to atropisomerism. 
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MALDI-ToF (DCTB): 1502.8 ([M2 – benzothiadiazole]), 1636.0 ([M2]), 1768.8 ([M2 + benzothia-

diazole]), 2315.8 ([M3 – benzothiadiazole]), 2449.1 ([M3]), 2583.2 ([M3 + benzothiadiazole]), 

3130.3 ([M4 – benzothiadiazole]), 3265.2 ([M4]), 3397.6 ([M4 + benzothiadiazole]), 3947.3 ([M5 – 

benzothiadiazole]), 4079.5 ([M5]), 4218.2 ([M5 + benzothiadiazole]), 4759.7 ([M6 – benzothia-

diazole]), 4897.6 ([M6]), 5029.6 ([M6 + benzothiadiazole]). 

UV/Vis (film, 135 nm): λmax = 392 nm, 561 nm. 

Fluorescence (film, 135 nm): λmax = 680 nm (λex = 390 nm, 560 nm). 

 

3-((6'-Bromohexyl)-oxymethyl)-3-ethyloxetane 

 

A solution of 1,6-dibromohexane (19.86 mL, 129.13 mmol) and (3-ethyloxetan-3-yl)-methanol 

(4.91 mL, 48.63 mmol) in distilled hexanes (172 mL) was added to tetrabutylammonium bromide 

(0.694 g, 2.15 mmol) dissolved in aqueous NaOH solution (43.044 g, 45 wt%). The reaction 

mixture was stirred overnight under reflux, allowed to cool to room temperature and extracted 

with deionised water and hexanes. The organic phase was dried over Na2SO4. After evaporation 

of the solvent, column chromatography (hexanes for eluting of the starting material, THF for 

eluting of the product) was performed obtaining 3-((6'-Bromohexyl)-oxymethyl)-3-ethyloxetane 

(10.700 g, 38.32 mmol, 89%) as a colourless oil. 
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Characterization: 

EI-MS: m/z (%) = 248 (M+ ‒ OCH2, 7), 219 (M+ ‒ OCH2 ‒ CH2CH3, 17), 193 (M+ ‒ O(CH2)2CCH2CH3, 

4), 163 (M+ ‒ OCH2O(CH2)2CCH2CH3, 28). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.88 (t, J = 7.5 Hz, 3H, CH3), 1.29-1.52 (m, 4H, CH2), 1.53-

1.65 (m, 2H, CH2-CH2-O), 1.74 (q, J = 7.5 Hz, 2H, oxetane-CH2-CH3), 1.80-1.92 (m, 2H, CH2-CH2-

Br), 3.35-3.47 (m, 4H, Br-CH2, CH2-O), 3.52 (s, 2H, O-CH2-oxetane), 4.41 (q, J = 5.8 Hz, 4H, 

oxetane). 

 

4,4-Bis(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-hexan-6’-yl)-cyclopenta[2,1-b;3,4-b‘]dithiophene 

 

4H-Cyclopenta[2,1-b;3,4-b']dithiophene (1.366 g, 7.66 mmol) and 3-((6'-Bromohexyl)-

oxymethyl)-3-ethyloxetane (4.279 g, 15.33 mmol) were dissolved in dimethyl sulfoxide (33 mL) 

in an argon atmosphere and KI (0.034 g, 0.21 mmol) was added. After the solution was cooled 

to 0 °C, KOH (1.364 g, 24.31 mmol) was added in portions and the reaction mixture was stirred 

for 10 min at 0 °C. The reaction mixture was allowed to warm to room temperature and stirred 

overnight before it was cooled again to 0 °C and poured in water. Extraction was carried out 

with dichloromethane and water. The organic phase was washed with deionised water, dried 

over Na2SO4 and the solvent was evaporated. 4,4-Bis(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-

hexan-6’-yl)-cyclopenta[2,1-b;3,4b‘]dithiophene (2.150 g, 3.74 mmol, 49%) was obtained after 

column chromatography (hexanes: ethyl acetate = 3:1) as a brownish oil. 

 

Characterization: 

EI-MS: m/z (%) = 574 (M+, 100), 544 (M+ ‒ OCH2, 35), 475 (M+ ‒ CH2O(CH2)2CCH2CH3, 3), 460 (M+ 

‒ OCH2O(CH2)2CCH2CH3, 5), 389 (M+ ‒ (CH2)5OCH2O(CH2)2CCH2CH3, 7), 375 (M+ ‒ (CH2)6OCH2 

‒ O(CH2)2CCH2CH3, 5), 261 (M+ ‒ OCH2O(CH2)2CCH2CH3 ‒ (CH2)6OCH2O(CH2)2CCH2CH3, 7), 218 (M+ 

‒ (CH2)3OCH2O(CH2)2CCH2CH3 ‒ (CH2)6OCH2O(CH2)2CCH2CH3, 7), 203 (M+ ‒ (CH2)4OCH2O(CH2)2 

‒ CCH2CH3 ‒ (CH2)6OCH2O(CH2)2CCH2CH3, 48), 191 (M+ ‒ (CH2)5OCH2O(CH2)2CCH2CH3 ‒ (CH2)6 

‒ OCH2O(CH2)2CCH2CH3, 23), 178 (M+ ‒ (CH2)6OCH2O(CH2)2CCH2CH3 ‒ (CH2)6OCH2O(CH2)2 

‒ CCH2CH3, 11). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.86 (t, J = 7.5 Hz, 6H, CH3), 0.81-1.29 (m, 12H, CH2), 1.38-

1.51 (m, 2H, CH2-CH2-O), 1.71 (q, J = 7.5 Hz, 4H, oxetane-CH2-CH3), 1.77-1.87 (m, 4H, 

cyclopentadithiophene-CH2), 3.36 (t, J = 6.6 Hz, 4H, CH2-O), 3.47 (s, 4H, O-CH2-oxetane), 4.39 (q, 
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J = 5.8 Hz, 8H, oxetane), 6.92 (d, J = 4.9 Hz, 2H, cyclopentadithiophene), 7.15 (d, J = 4.9 Hz, 2H, 

cyclopentadithiophene). 

 

2,6-Dibromo-4,4-bis(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-hexan-6’-yl)-cyclopenta[2,1-b;3,4-

b‘]dithiophene 

 

4,4-Bis(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-hexan-6’-yl)-cyclopenta[2,1-b;3,4b‘]dithiophene 

(0.500 g, 0.87 mmol) was dissolved in anhydrous DMF (10 mL). The solution was cooled to 0 °C 

and stirred for 10 min at 0 °C before N-bromosuccinimide (0.310 g, 1.74 mmol) was added in 

portions in the dark. After stirring for 1 h at 0 °C, the reaction mixture was allowed to warm to 

room temperature and stirred overnight in the dark. The reaction mixture was again cooled to 

0 °C, poured into water and extracted with water and dichloromethane. The organic phase was 

washed with deionised water until DMF was removed completely and dried over Na2SO4. The 

solvent was evaporated and column chromatography (hexanes:THF = 3:1) was performed 

yielding 2,6-dibromo-4,4-bis(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-hexan-6’-yl)-cyclopenta[2,1-

b;3,4-b‘]dithiophene (0.285 g, 0.39 mmol, 45%) as a brownish oil. 

 

 

Characterization: 

EI-MS: m/z (%) = 732 (M+, 100), 702 (M+ ‒ OCH2, 11), 652 (M+ ‒ Br, 3), 634 (M+ ‒ CH2O(CH2)2CCH2 

‒ CH3, 2), 572 (M+ ‒ Br2, 2), 543 (M+ ‒ Br2 ‒ OCH2, 4),  361 (M+ ‒ (CH2)4OCH2O(CH2)2CCH2CH3 ‒ 

(CH2)6OCH2O(CH2)2CCH2CH3, 6), 348 (M+ ‒  (CH2)5OCH2O(CH2)2CCH2CH3 ‒ (CH2)6OCH2O(CH2)2 

‒ CCH2CH3, 3), 339 (M+ ‒  Br ‒ OCH2O(CH2)2CCH2CH3 ‒ (CH2)6OCH2O(CH2)2CCH2CH3, 2), 283 (M+ ‒ 

Br ‒ (CH2)4OCH2O(CH2)2CCH2CH3 ‒ (CH2)6OCH2O(CH2)2CCH2CH3, 7), 258 (M+ ‒ Br2 ‒ OCH2O(CH2)2 

‒ CCH2CH3 ‒ (CH2)6OCH2O(CH2)2CCH2CH3, 2), 203 (M+ ‒ Br2 ‒ (CH2)4OCH2O(CH2)2CCH2CH3 ‒ (CH2)6 

‒ OCH2O(CH2)2CCH2CH3, 3). 

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.86 (t, J = 7.5 Hz, 6H, CH3), 0.81-1.28 (m, 12H, CH2), 1.40-

1.52 (m, 2H, CH2-CH2-O), 1.64-1.81 (m, 8H, oxetane-CH2-CH3, cyclopentadithiophene-CH2), 3.38 

(t, J = 6.5 Hz, 4H, CH2-O), 3.49 (s, 4H, O-CH2-oxetane), 4.40 (q, J = 5.8 Hz, 8H, oxetane), 6.92 (s, 

2H, cyclopentadithiophene). 
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Poly-[2,6-(4’,4’-bis-(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-hexan-6’-yl)-cyclopenta[2,1-b;3,4-

b′]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)) PCPDTBTOx 

 

Under argon, the monomers 2,6-dibromo-4,4-bis(1’-((3’’-ethyloxetan-3’’-yl)-methoxy)-hexan-

6’-yl)-cyclopenta[2,1-b;3,4-b‘]dithiophene (0.181 g, 0.25 mmol) and 4,7-bis(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole (0.096 g, 0.25 mmol) were dissolved in toluene 

(10 mL) before four drops of Aliquat 336 and aqueous Na2CO3 solution (12 mL, 2 M) were added. 

The reaction mixture was degassed by three freeze-thaw cycles and tetrakis(triphenyl-

phosphine)palladium(0) (0.004 g, 0.004 mmol) was added, followed by again three-thaw cycles. 

After stirring the reaction mixture under reflux in an argon atmosphere for 90 h, bromobenzene 

(0.026 mL, 0.25 mmol) was added. The reaction mixture was stirred under reflux for 1 h and 

phenylboronic acid (0.030 g, 0.25 mmol) was added. The reaction mixture was stirred under 

reflux overnight for completing the endcapping reaction and allowed to cool to room 

temperature. After extraction of the polymer with toluene and washing with water, the organic 

phase was reduced. The polymer was precipitated into cold methanol and Soxhlet extraction 

was performed using acetone, hexanes, butanone, and toluene as solvents. The butanone 

fraction was reduced before the polymer was precipitated into cold methanol. PCPDTBTOx 

(0.145 g, 0.21 mmol, 48%) was obtained after drying in vacuum overnight as a brown powder.  

Characterization: 

1H NMR (300 MHz, C2D2Cl4, 120 °C): δ (ppm) = 0.75-0.93 (m, 6H, CH3), 1.01-1.56 (m, 16H, CH2, 

CH2-CH2-O), 1.57-1.71 (m, 4H, oxetane-CH2-CH3), 1.85-2.14 (br, 4H, cyclopentadithiophene-CH2), 

3.26-3.47 (m, 8H, CH2-O, O-CH2-oxetane), 4.19-4.41 (m, 8H, oxetane), 7.76-7.92 (m, 2H, ar-H), 

7.95-8.14 (m, 2H, ar-H). 
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MALDI-ToF (DCTB): 3668.0 ([M5 + benzothiadiazole]), 4236.7 ([M6]), 4372.2 ([M6 + benzothia-

diazole]), 4151.1 ([M6 + 2 benzothiadiazole]), 4814.4 ([M7 – benzothiadiazole]), 4946.0 ([M7]), 

5082.4 ([M7 + benzothiadiazole]), 5518.5 ([M8 – benzothiadiazole]), 5654.1 ([M8]), 5788.9 ([M8 + 

benzothiadiazole]), 6225.9 ([M9 – benzothiadiazole]), 6363.1 ([M9]), 6492.8 ([M9 + benzothia-

diazole]), 6933.8 ([M10 – benzothiadiazole]), 7066.8 ([M10]), 7636.4 ([M11 – benzothiadiazole]), 

7776.3 ([M11]), 8479.3 ([M12]). 

SEC (butanone fraction, THF, polystyrene calibration, rt): Mn = 6800 gmol-1, Mw = 14000 gmol-1, 

PDI = 2.08. 

UV/Vis (film, 90 nm): λmax = 419 nm, 732 nm. 
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