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Abstract 

Thin film solar cells based on conjugated polymer-fullerene interpenetrating networks gained 

increased scientific and industrial interest in the last decade. Today, such devices have power 

conversion efficiencies of 3.8 % under AM 1.5 illumination, high internal photon to current 

conversion efficiencies and show excellent diode behaviour. The main advantages of organic 

materials are the possible cheap synthesis and the easy fabrication technology. 

One limitation towards higher power conversion efficiencies is the limited absorption of the 

today’s used photoactive materials. The absorption range of most of the conjugated polymers is 

too small and located between 400 and 600 nm. Fullerenes absorb mainly in the UV, their 

absorption in the VIS is symmetry forbidden and therefore weak. However, the maximum of the 

solar emission spectrum is located between 600 and 800 nm.  

In this thesis, several approaches to increase the photon harvesting in polymer based solar cells 

are presented. New conjugated polymers with a lower band gap, electron acceptor polymers as 

possible alternatives to fullerenes, donor-acceptor dyad molecules with a highly absorbing dye 

molecule and multi component blends are investigated. New materials and material 

combinations are investigated by means of absorption, photoluminescence and photoinduced 

absorption spectroscopy. Photovoltaic devices are built from the new materials and characterised 

by current-voltage and photocurrent spectra measurements. 

 



Zusammenfassung 

Dünnschichtsolarzellen, basierend auf Mischungen von konjugierten Polymeren und Fullerenen, 

haben im letzten Jahrzehnt an akademischem und industriellem Interesse gewonnen. Solarzellen 

mit Energieumwandlungseffizienzen von 3.8 % unter AM 1.5 Bedingungen, hohen internen 

Photonen-zu-Strom Umwandlungseffizienzen und ausgezeichnetem Diodenverhalten wurden 

demonstriert. Die wichtigsten Voreile von organischen Materialien liegt in der Möglichkeit  

einer billigen Synthese und der einfache Verarbeitung. 

Ein Limit zu höheren Umwandlungseffizienzen liegt in der Absorption der heutzutage benützten 

photoaktiven Materialien. Die Absorptionsbreite der meisten konjugierten Materialien ist schmal 

und liegt zwischen 400 und 600 nm. Fullerene absorbieren hauptsächlich im UV, ihre 

Absorption im sichtbaren Bereich ist symmetrieverboten und daher schwach. Das Maximum des 

Sonnenspektrums liegt jedoch zwischen 600 und 800 nm. 

 In dieser Doktorarbeit werden Möglichkeiten zur Erhöhung der optischen Absorption in 

polymer-basierenden Solarzellen untersucht. Es werden neue Polymere mit kleineren 

Bandlücken, Elektronenakzeptorpolymere als mögliche Alternative zu Fullerenen, Donor-

Akzeptor-Diaden mit einem hochabsorbierenden Farbstoffmolekül und 

Mehrkomponentensysteme untersucht.  

Die neuen Materialien und Materialkombinationen werden mittels optischer Absorption, 

Photolumineszenz und photoinduzierter Absorptionsspektroskopie untersucht. Solarzellen 

werden aus den neuen Materialien hergestellt und mittels Strom-Spannungskurven und 

Photostromspektren charakterisiert.
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0. Motivation 

Organic molecular and polymeric materials with an extended �-conjugated system gain interest 

as alternative semiconductors materials in the last decade. Several applications were 

demonstrated for these materials. Devices like light emitting diodes, field effect transistors and 

also photovoltaic devices have got industrial interest. 

Organic materials show several advantages for the application in solar cells. Their synthesis can 

be much cheaper as compared to conventional inorganic materials. Processing from solution is 

possible and offers an easy way the for device fabrication. Spin coating, printing techniques and 

roll to roll processing are possible and realized. Further, the properties organic materials can be 

tuned for the desired application. A wide range of possible materials is accessible. 

Recently, polymer photovoltaic devices were demonstrated with power conversion efficiencies 

�e = 3.8 % under solar simulated light. These devices show internal quantum efficiencies near 

unity and excellent diode behaviour.  

Solar cells from polymeric materials show several advantages. The devices can be made flexible 

and semi-transparent. Plastic solar cells can be easily integrated into other devices. Materials are 

light weight and different colour can be selected.  

For the application in solar cells, material properties like good environmental stability, broad and 

intense absorption spectra and high charge carrier mobility are needed.  

In this work, the problem of the material absorption is approached. The number of absorbed 

photons is directly related with the device efficiency and the main limitation towards higher 

efficiencies. Different approaches are demonstrated using new materials and device concepts.  
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1.  Conjugated Polymers, Fullerenes, the Excited State 
 
1.1. Conjugated Polymers 

1.1.1. Electronic Properties 
 
Polymers with an extended �-electron system show the property of conducting electrical 

charges.1 This effect was discovered in 1976 for polyacetylene by Hideki Shirakawa, Alan 

MacDiarmid and Alan Heeger.2,3 The science and application of conjugated polymers CP´s has 

made rapid progress since that time and this discovery was honoured by awarding the Nobel 

Price in 2000 to the three discoverers.  

In the intrinsic state, such conjugated polymers are semiconductors. The conductivity can be 

tuned by doping, from nearly insulating for undoped to metal like conductivity for highly doped 

CP´s. Doping in CP´s are either oxidation or reduction reactions. 

The valence band (VB) and conduction band (CB) are formed by the extended �-orbital system 

(pz-electrons, the wavefunctions are perpendicular to the polymer backbone). Between the filled 

VB and the empty CB is the band gap Eg. The band gap is a result of the bond length alternation. 

This was predicted by Rudolf Peierls in 1956, long before the first synthesis of a CP.4  The �-

electron band is split in a filled, bonding �-band (VB) and an empty, antibonding �* band (CB). 

The charge carriers are empty states (holes, p-doping) in the VB or filled states (electrons, n-

doping) in the CB. The charge carrier mobility is predominantly along the chain. The bottleneck 

is the hopping between the chains. Doping in conjugated polymers is equivalent to oxidation (p-

doping) and reduction (n-doping) and is generally reversible5. Doping in CP´s can be induced by 

a variety of techniques: 

• Chemical doping is done by either oxidation (p-doping) or reduction (n-doping). 

Simultaneously, a counterion has to move into the lattice.  

• Electrochemical doping, where the CP is doped by an electrochemical redox reaction. 

The electrochemical potential is shifted either in the VB or CB. 

• Acid–base chemistry in the case of polyaniline 

• Interfacial doping at a CP/ metal interface 

• Photodoping, where a photoexcited electron-hole pair (exciton) is split at an interface or 

defect. This process will be discussed in more detail in chapter 1.3.  

The electronic structure of CP´s was first calculated by Su, Schrieffer and Heeger (SSH), who 

formulated the SSH Hamiltonian.6, 7 According to the SSH theory, conjugated polymers are 

divided into two classes of electronic structures:  
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CP´s with a degenerate groundstate (trans-polyacetylene) and with a non-degenerate groundstate 

(cis-polyacetylene and all the others). Figure 1.1 shows the potential energy as a function of the 

bond length alternation �Er for trans-acetylene (degenerate groundstate) and poly-para-

phenylene PPP (non-degenerate groundstate). For both cases, the potential energy shows two 

minima and a maximum. At the maximum, the bond length alternation is vanished and the �-

electrons are not paired.  

In degenerate groundstate CP´s, the change in the bond length alternation leads to equivalent 

structures ( phase A, phase B) with the same energy. In non-degenerate groundstate CP´s, the 

bond length alternation leads to two different structures (aromatic and quinoid). The two 

structures have different energies.   

 
Figure 1. 1: Potential energy as a function of bond length alternation is shown for the two classes of 
conjugated polymers. The upper picture for a conjugated polymer with degenerate groundstate, trans-
polyacetylene. The lower picture show the potential energy for a conjugated with non-degenerate 
groundstate, in the given example poly-para-phenylene PPP. 
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Following from electronic structure, different non-linear excitations are derived for degenerate 

and non-degenerate groundstate polymers. 

Degenerate groundstate CP´s form solitons. These are quasi particle with one new electronic 

state in the middle of the band gap, see Figure 1.2. This state can be singly occupied (neutral 

soliton), double occupied (negative solitons) or empty (positive soliton). It is interesting to note 

that the spin charge symmetry is inversed in solitons.  

 
Figure 1. 2: Schematic representations and energy diagram is shown for solitons in CP´s. One new 
energy state is induced in the gap. This can be either empty (positive soliton), half (neutral soliton) or 
double filled (negative soliton).  
 

In non-degenerate groundstate polymers, the structural relaxation of the backbone leads to two 

new states within the band gap. The quasi particles are excitons (neutral), polarons (one charge) 

and bipolarons (double charged). Schematic structures and energy diagrams are shown in Figure 

1.3. 

Polarons show two new electronic transitions (high energy HE and low energy LE peak, others 

are symmetry forbidden) and are radicals. Therefore, they show an electron spin resonance 

(ESR) signal.  

Bipolarons show only one symmetry allowed transition and have no unpaired electron. They are 

ESR silent. The spectroscopic features of polarons and bipolarons will be further discussed in 

section 1.3 and chapter 3. 
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Figure 1. 3: Schematic representation and band diagrams for nonlinear excitation in non-degenerate 
groundstate CP´s.  Allowed optical transitions  are shown as dashed arrow. 
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1.1.2 Materials 

Figure 1.4 shows the two of the mostly used and best known CP´s for photovoltaic application, 

poly-[2-methoxy-5-(3´,7´-dimethyloctyloxy)]-para-phenylene vinylene (MDMO-PPV8) and 

regio-regular poly-3-hexylthiophene (rr-P3HT).9,10  

 
Figure 1. 4: Structure of poly-[2-methoxy-5-(3´,7´-dimethyloctyloxy)]-para-phenylene vinylene 
MDMO-PPV and regio-regular poly-3-hexylthiophene (rr-P3HT). 
 

The band gap and the band energy levels are two important parameters of a material. Such 

knowledge is necessary for engineering solar cell devices. The optical band gap Eg
Opt can be 

determined by the absorption or luminescence onset. This is shown for the two materials in 

Figure 1.5. The onset is around 580 nm, equivalent to 2.1 eV, for MDMO-PPV and around 650 

nm (1.9 eV) for P3HT, respectively. 

The band energy levels are determined by electrochemistry11,12 or photoemission 

spectroscopy.13,14 In electrochemical measurements, the valence band edge is estimated by the 

oxidation onset and the conduction band edge is estimated by the reduction potential. For the 

conversion from the electrochemical energy scheme into the vacuum level, a value  of 4.75 eV is 

assumed for the normal hydrogen electrode (NHE).15,16 

Further, electrochemical measurements can be used as an alternative method to determine the 

band gap. The electrochemical band gap Eg
EC is defined as the difference of the oxidation and 
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reduction potential. Table 1.1 shows the energy values for MDMO-PPV, P3HT and the fullerene 

derivative PCBM, for details see next chapter.   

 

Table 1. 1 : Energy levels of MDMO-PPV, P3HT and PCBM, calculated from electrochemical 
measurements. For PCBM, no oxidation is observed. 11 

 HOMO / eV LUMO / eV Eg EC / eV Eg Opt / eV 
MDMO-PPV 5.3 3.0 2.3 2.1 

P3HT 5.1 2.9 2.2 1.9 
PCBM -- 4.3 -- 1.8 

 
 
 

 
Figure 1. 5: Absorption and Photoluminescence at room temperature of MDMO-PPV and rr-P3HT is 
shown, all spectra normalized to their maximum.  
 

 1.2.  Fullerenes 

Fullerenes were discovered by Robert Curl, Harold Kroto and Richard Smalley in 1985 as the 

third allotropic form of Carbon.17 For this discovery, they were awarded the 1996 Nobel Prize in 

Chemistry. C60 is the most abundant form of the class of fullerenes, other forms are C70, C78, C84, 

etc. At the end of this series are the nanotubes.  
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The 60 carbon atoms are arranged as 12 pentagons and 20 hexagons. The shape is the same as 

that of a soccer ball: The black pieces of leather are the pentagons, the hexagons are white. C60 

was named after the architect Buckminster Fuller, who used this geometry in his buildings. 

Fullerenes show a lot of interesting electronic properties. The HOMO is five times degenerate 

and has hu symmetry, the LUMO is triply degenerate and has t1u symmetry, the LUMO+1 is 

triply degenerate as well and has t1g.18 The HOMO-LUMO energy gap is around 1.8 eV, but the 

HOMO-LUMO optical transition is symmetry forbidden. The band gap absorption is weak.   

The electrochemistry of C60 shows six reversible one-electron reductions, reflecting the good 

electron acceptor property.19  

 

1.2.1 Soluble Fullerene Derivative PCBM 

C60 itself  is rather insoluble. Side groups are attached to increase its solubility for the application 

in solution-cast processes. The most widely used C60 derivative in solar cell devices is 1-(3-

methoxycarbonyl)propyl-1-phenyl-[6,6]methanofullerene PCBM.20  The structure of PCBM is 

shown in Figure 1.6. It shows increased solubility in organic solvents, for example up to 40 mg/ 

mL in chlorobenzene and 10 mg/ mL in toluene. The electrochemical reduction of PCBM is 

shifted 100 mV to cathodic, what is equivalent to less acceptor strength. This is caused by the 

loss of one double bond in the cage. Nevertheless, PCBM is an excellent electron acceptor. 

 
Figure 1. 6: Structure of 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]methanofullerene PCBM. 
 

The electron mobility in PCBM was investigated recently by several techniques and show values 

in the range of  2*10-3 -4.5*10-3 cm2 V-1 s-1. 21,22,23  

Figure 1.7 shows the optical absorption and photoluminescence of a PCBM film. According to 

the symmetry of the energy levels, the HOMO-LUMO transition is forbidden and the absorption 

is therefore weak around 700 nm. The photoluminescence spectrum at room temperature shows a 

maximum at 740 nm and a shoulder 810 nm. 
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Figure 1. 7: Absorption and luminescence of a PCBM thin film are shown. The inset shows the 
absorption of PCBM around the onset. 
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1.3. The Excited State 

Photoexcitation across the band gap leads in CP´s generally to the first excited singlet state S1. 

Various de-excitation processes can start from this state. Typical processes are 

photoluminescence, radiationless decay, intersystem crossing into the triplet state or interactions 

with other molecules, energy and charge transfer. Figure 1.8 gives an overview of the processes 

involved. 

 

 
Figure 1. 8: Energy diagram for possible relaxation pathways of a photoexcitation. S0 is the groundstate, 
S1 is the first singlet excited state, T1 is the first triplet excited state. 
 

1.3.1. Energy transfer 

Energy transfer is an interaction between two molecules in which the excited state energy from 

one molecule (donor) is transferred to the other (acceptor). Such processes are often described by 

the Foerster mechanism. The rate constant kFET for the Foerster transfer, shown in equation 1.4, 

depends on the inverse distance r of the molecules involved to the power of six. 

6
0

1
dFET )r/R(k −=τ                                              1.4 

�d is the lifetime of the excited state without acceptor and R0 the characteristic transfer radius. R0 

is given by equation 1.5. 

�
∞

−=
0

4
gh0 d)()()(FR υυυευα                          1.5 

Fh and �g describe the donor emission and acceptor absorption spectra, respectively. � is a 

proportionality constant. At the distance R0, transfer probability of 50 %.  
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Spatial closeness and overlap of donor emission and acceptor absorption are the crucial 

parameters for efficient energy transfer. Foerster energy transfer is a radiationless process i.e. 

without emission and re-absorption of photons.   

Alternatively, energy transfer can also be described by an electron exchange mechanism, so 

called Dexter transfer. The transfer rate kDET is described by equation 1.6 

)L
R2exp(*J*Kk DA

DET −=              1.6 

whereas K is a prefactor related to the specific donor-acceptor orbital interaction,  J is the 

spectral overlap integral, RDA is the donor-acceptor separation relative to L, and L are the van der 

Waals radii. Dexter transfer mechanism is important for the interaction of triplet states. 

 

1.3.2. Photoinduced Charge Transfer 

Photoinduced charge transfer is an interaction between an excited state and a ground state. The 

excited state energy is used to separate an electron-hole pair. Figure 1.9 shows an energetic 

scheme for such a process.24,25 Either the donor or acceptor molecule is excited by light h�  > EG 

and is transferred into an excited state. Then, an electron is transferred from the donor LUMO 

into the acceptor LUMO or vice versa ( hole transfer from acceptor HOMO into donor HOMO). 

The energetic requirement is given by the equation 1.7 (electron transfer). 

0IAI CA
*
D ≤−−                                                                                                                         1.7 

Where ID
* is the ionization energy of the photoexcited donor, AA the electron affinity of the 

acceptor and IC is including all coulombic interactions. 

Unlike in inorganic materials, primary photoexcitations in organic materials do not directly lead 

to free charge carriers in general, but to coulombically bound electron-hole pairs (excitons). The 

nature of these excitons in conjugated polymers was heavily discussed in the scientific 

community over the last years.26 Especially, the magnitude of the exciton binding energy (i.e. 

weakly bound Wannier type excitons versus strongly bound Frenkel excitons) plays an important 

role in understanding the nature of the primary photoexcitations.  
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Figure 1.9: Schematic presentation for electron transfer between a PPV and a C60 molecule (to the left); 
energy diagram for an electron transfer (to the right); LUMO of the donor is above the LUMO of the 
acceptor. 
 

In conjugated polymers, it has been estimated that approx. 10% of the photoexcitations lead to 

free charge carriers at room temperature.27 All the other excitons decay via radiative or non-

radiative recombination pathways and their energy is lost for the power conversion. One 

possibility to break these excitons in CP´s into charge carriers is the combination with an 

electron acceptor. Prominent examples for such acceptors are fullerenes.28 Charge separation by 

photoexcitation with high quantum efficiency was demonstrated for many combinations of 

various conjugated polymers with fullerenes. The photoinduced charge transfer in such blends 

happens in a timescale much faster (up to 45 fs) than any competing relaxation process29. The 

efficiency can therefore be close to unity.  

The separated charges are in return metastable at low temperatures and their lifetime at room 

temperature is sufficiently long (up to milliseconds) to be transported to the electrodes in a thin 

film photovoltaic device.  

Whereas the absorption spectrum of these donor/acceptor blends is in the first approximation the 

linear combination of the single component’s absorption spectra, the photoinduced charge 

transfer leads to drastic changes in the absorption/emission behaviour as observed via excited 

state spectroscopic techniques:30 
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(i) The photoluminescence of the CP´s is heavily quenched: conjugated polymers show a 

strong photoluminescence as well as electroluminescence. In a blend with fullerenes, 

the depopulation of the photo-excited state of the conjugated polymer by the charge 

transfer to the fullerenes is much faster than the radiative decay (τ~500-800 ps). The 

addition of 10 % w/w fullerene to the polymer is sufficient to quench the 

luminescence of the conjugated polymer by a factor  >100. 

(ii) Two strong light induced electron spin resonance (LESR)31 signals are observed due 

to the radical nature of the photoinduced charge carriers. The signal with the g-value 

g = 2.0026 is assigned to a positive polaron on the conjugated polymer. The signal 

with the g value g = 1.9997 is assigned to the negative fullerene anion.32,33 The g-

value of the C60
- is unusually low as compared to other carbon based organic radical 

ions. 

(iii) Two photoinduced absorption bands within the optical bandgap are observed by 

pump-probe techniques. These two bands are assigned to the high- (HE) and low 

energy (LE) absorption of the polaronic state of the conjugated polymer. The 

formation of the polaronic bands occurs in a time scale of 45 fs. The stimulated 

emission, as probe for the excited state, is quenched at a similar timescale.20 The 

signal of the polaronic peaks is observable up to the µs and even ms time regime, 

showing the long lifetime of the photoinduced charges.34 In the mid infrared regime 

(MIR), photoinduced infrared active vibrations (IRAVs) are observed as a signature 

of polaronic relaxation of the lattice. Due to the formation of charged polarons, 

symmetry forbidden Ag vibrations of the polymer are activated in the IR and thus 

observed in the photoinduced IR absorption spectra.35,36,37 

(iv) Time resolved transient photocurrent spectroscopy shows strong sensitization of the 

photoconductivity of the conjugated polymer upon addition of small percentage of 

fullerenes.38 Both, the magnitude and the lifetime of the photocurrent are increased 

significantly.  

These experimental results show undoubtedly the formation of separated and long living charge 

carriers in poly-para-phenylene vinylenes (PPV) or poly- thiophene (PT) -fullerene blends. The 

quantum efficiency of this process is close to 100 % at the donor-acceptor interface. The 

presented techniques are useful probes for photoinduced charge transfer in polymer-acceptor 

blends and are used routinely for the investigation of new materials and materials 

combinations.39 
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2. Organic and Polymeric Solar Cell Devices 
 

Organic materials gained broader interest for implementing in photovoltaic solar cells in the last 

decade.1,2,3,4 Since the report of the first organic thin film solar cell by Tang,1 several concepts 

have been presented using small molecules,1,2 conjugated polymers,5 conjugated polymer 

blends,4,6,7 polymer-small molecule bilayers8,9 and blends3,10,11 or combinations of organic-

inorganic materials.12,13 Organic materials have several advantages like low cost synthesis and 

comparably easy manufacturing of thin film devices by vacuum evaporation or solution cast 

technologies.  

Furthermore, organic thin films may show optical absorption coefficients14 exceeding  

105 cm-1, what makes them good chromophores for optoelectronic applications. 

Among these materials, conjugated polymers are of special interest due to several reasons: 

(i) The possibility of an all polymer device (plastic solar cell). 

(ii) Possibility of using solution cast processes like spin coating or doctor blade15 or 

screen-printing16 or roll to roll processes for thin film fabrication. 

(iii) Solution cast processes offer an easy way for forming blends of materials, i.e. bulk 

heterojunction devices by processing from common solutions. 

 

2.1 Photovoltaic Device Architectures 

Bilayer devices, consisting of a p- and n-type (donor and acceptor, respectively) organic 

semiconductor materials, were realized for many combinations.1,2,8,9,17,18 The conversion 

efficiency of such devices is limited by the charge generation at the donor/ acceptor interface. In 

the case of PPV type materials, the interfacial photoactive layer thickness is in the range of 5-10 

nm 18,19,20,21 i.e. only excitons created within this distance to the interface can reach the 

heterojunction interface. This leads to the loss of photons absorbed further away from the 

interface and consequential to low quantum efficiencies. Antibatic behaviour of the photocurrent 

action spectra as compared to the optical absorption spectrum of the active material is observed 

due to optical filter effects. Most of the light is absorbed to far from the interface.22  

Further, the film thickness has to be optimised for interference effects23,24 and charge transport.   

With the invention of the bulk heterojunction,3,6 blending the donor and acceptor material, the 

exciton diffusion bottleneck could be overcome and efficient charge generation in the whole 

volume of the active layer is ensured. For soluble materials, such blends can be easily realized by 

casting the composite film from a common solution of the donor and acceptor.  
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The driving force for the transport of the photoinduced charges to the opposite electrodes in such 

bulk heterojunction solar cells is still unclear. Several concepts have been proposed, attributing 

the charge transport either to electric field induced drift of charge carriers or concentration 

gradient induced diffusion of them, respectively.25  

The metal-insulator-metal picture (MIM),26 was introduced by Parker to describe current-voltage 

curves of polymeric light emitting diodes. The charge transport is attributed to an electric field 

induced drift. The work function difference of the contacts induces the electric field.  

The diffusion-limited concept sees the diffusion of charge carriers induced by concentration 

gradients as driving force for transport. The directionality of the diffusion is attributed to 

selective electrodes.27 Common for both concepts is that the charge transport is directed by the 

asymmetry of the electrodes properties.  

Recently, Gregg and Hanna28 proposed a new model of an excitonic solar cell, describing all 

types of organic solar cells. The driving force for the charge transport is assigned to the chemical 

potential gradient, formed by the charge generation at the interface. The charges are moving 

away from this interface to the opposite electrodes. In contrast to the classical inorganic solar 

cells, the built in field is not limiting the open circuit potential, but the photoinduced quasi fermi 

level difference for positive and negative charges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1: Device architecture for a thin film bulk heterojunction photovoltaic device. 
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Figure 2.1 shows the device structure, which is typically used today for bulk heterojunction 

devices. As positive electrode, indium-tin-oxide ITO coated glass or plastic is used.  

ITO belongs to the class of transparent and conductive oxides (TCO) and is widely used as 

electrode in photovoltaic and LED application. 

The ITO is further coated with a layer of poly-(3,4-ethylene-dioxy)-thiophene: polystyrene-

sulfonic acid (PEDOT:PSS) blend, see Figure 2.2. PEDOT is, highly p-doped, a water-soluble 

conjugated polymer. In solid state, PEDOT:PSS can be considered as a metal and therefore as a 

quasi electrode. The PEDOT: PSS influences and increases the work function of the positive 

electrode. The workfunction of PEDOT: PSS is at ~ 5eV vs. vacuum,29 whereas the 

workfunction of ITO is rather undefined and reported to be between 4.7 and 4.9 eV dependent on 

the treatment.30,31 Both materials, the ITO and the PEDOT:PSS are highly transparent in the 

region between 350 and 900 nm. 
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Figure 2. 2: Chemical structure of pEDOT-PSS (poly-(3,4- ethylendioxy)-thiophene:polystyrene-
sulfonic-acid). 
 

On top of the bottom electrode, the active layer, consisting of the conjugated polymer-fullerene 

mixture, is coated. An excess of fullerene is favourable for the percolated transport of the 

negative charges. So, an optimised polymer to fullerene ratio of 1:4 w/w has been reported for 

MDMO-PPV and PCBM and 1:2 for P3HT: PCBM, respectively. These two systems show 

power conversion efficiencies of 2.5 % for MDMO-PPV 10,32 and over 3 % for P3HT.33,34 
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As top (negative) electrode, a metal layer, like Al, Ca or Au, is evaporated.35 An interfacial layer 

of thermally evaporated LiF was demonstrated to be favourable between the organic and the 

metal layer in combination with Al and Au.36 LiF is known to form better electron 

injecting/collecting contacts with organic thin films in LED devices. 37,38  

  

2.2 Improving the Solar Cell Device Efficiency 

The photovoltaic power conversion efficiency �e is defined by equation (2.1). 

 

(2.1)       
in

SCOC
e P

FF*I*V=η    

 (2.2)      
SCOC

mppmpp

I*V
V*I

FF =   

VOC is the open circuit voltage, ISC is the short circuit current, and FF is the fill factor, defined 

after equation 2.2 and Pin the incident light power. The incident light power is standardized for 

solar cell testing as AM 1.5 (air mass 1.5) spectrum. This is the solar irradiation (diffuse and 

direct) on sea level on a 37° tilted, sun facing surface and attenuated by the earth atmosphere.39 

In incident power is 1000 W m-2. Impp and Vmpp are the current and voltage at the maximum 

power point in the fourth quadrant of the current-voltage characteristics. For the testing in the 

laboratory, solar simulators are used to imitate the AM1.5 solar irradiation.  

The critical cell parameters will now discussed in detail: 

• Open Circuit Voltage: The thermodynamic limit for the VOC is given by the bandgap of 

the active materials. The band gap is limiting the splitting of the quasi fermi level of 

electron and hole, induced by the light absorption.40 For heterojunction devices, the 

energetic distance between the HOMO of the donor and the LUMO of the acceptor has to 

be considered as the limitation for the VOC.  

For bulk heterojunction devices containing fullerene acceptor, it was shown that the open 

circuit potential is directly dependent on the LUMO level of the fullerene derivative. The 

dependence of the VOC on the top electrode metal workfunction is shown to be neglible.35 

The metals electrodes Ca, Al, Ag and Au were used with a workfunction range from 5.1 

to 2.9 eV vs. vacuum. The experimental findings were attributed to Fermi level pinning 

of the metal to the C60 anion. 

Mihailetchi, Blom et al41 studied the same system, using LiF/Al, Ag, Au and Pd as 

electrode materials. They concluded a strong dependence of the Voc on the metal 



 2-5

workfunction for non ohmic contact, but no dependence in the case of an ohmic contact. 

For the non ohmic contact, a MIM like picture is favoured. For the ohmic contact case, 

Fermi level pinning is assumed.  

Ramsdale42 et al observed a linear relation of the negative electrode workfunction and the 

observed open circuit voltage for donor-acceptor polyfluorene bilayer devices. An 

additional contribution of 1 V to the workfunction difference of the electrodes was 

observed. This contribution was attributed to the photoinduced dipole formed at the 

interface due to the charge transfer. 

ITO coated with PEDOT: PSS is regularly used as positive contact. The workfunction of 

the PEDOT can be manipulated by adjusting the doping level. A strong dependence of 

the open circuit voltage on the work function of the PEDOT:PSS43 was demonstrated.  

In contrast to this, Kwanghee Lee et al44 and Ole Inganäs et al45 observed a linear 

dependence of the open circuit voltage on the HOMO level of the polymeric donor used 

in the bulk-heterojunction device. 

• Short Circuit Current: The ISC is determined by the amount of absorbed light and the 

internal conversion efficiency. Experimentally accessible is the external quantum 

efficiency or incident photon to current efficiency, IPCE [%]. It is defined and calculated 

after equation 2.3.  
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� [nm] is the incident photon wavelength, ISC [µA cm-2] is the photocurrent of the device 

and PIn  [W m-2] is the incident power. IPCE values up to 76 % at the absorption 

maximum are reported for bulk heterojunction solar cells. 33,34 The internal quantum 

efficiency is estimated to be close to 100 % for conjugated polymer-fullerene blends.32 

For an increase in the photocurrent, the light absorption has to be increased.  

The absorption profile of the active layer shows a strong mismatch to the solar photon 

flux, as compared in Figure 2.3. Materials absorbing in the maximum of the solar photon 

flux, between 600 and 800 nm, are needed to increase the short circuit current. New 

concepts to overcome this problem are the major part of this thesis.  



 2-6

 
Figure 2. 3: The terrestrial AM1.5 sun spectrum (——) and the integrated spectral photon flux (starting 
from 0 nm) (-•-) in comparison with the absorption (---) of an MDMO-PPV:PCBM 1:4 blend.   
 

• Fill factor FF: The FF is defined by equation 2.2 and describes the quality of the diode in the 

4th quadrant. The fill factor is mainly influenced by the series and shunt resistances, see the 

simplified equivalent circuit for a photovoltaic device in Figure 2.4. The equivalent circuit is 

described by equation 2.4  
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(exp(II −−+−−=                      2.4 

The current I consist of following three parts:  

i) Diode current: The diode is described by the exponential Shockley equation. I0 is the 

saturation current of the diode, q the elementary charge, n the diode ideality factor, k the 

Boltzmann constant and T the temperature. The applied voltage U is reduced by the series 

resistance RS of the diode. RS should ideally be low. 

ii) The shunt current through the shunt resistance RSH. The applied voltage is again reduced 

by the series resistance. RSH should be ideally high. 

iii) The photo generated current IPH, representing the current generation of the solar cell 

under illumination. 
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Figure 2. 4: Equivalent circuit for a single junction solar cell. The photogenerated current Iph shows in the 
inverse direction of the diode. Shunt resistance RSH and series resistance RS are important for the fill 
factor. Ideally, series resistance should be low and shunt resistance high. 

 

The nanomorphology of donor/acceptor composite is known to have an important influence for 

the device efficiency.46 The conditions for the film preparation, i.e. the choice of solvent, are 

crucible for the domain size in the interpenetrating network. On the one hand, a large interface 

between the donor/acceptor phases is desired for efficient charge separation. The domain size 

should be not larger the exciton diffusion length (approx. 10 nm for most CP´s) On the other 

hand, interpenetrating paths of the individual phases are required for the charge transport to the 

electrodes. It is also expected that a larger interface increase recombination of charge carriers. 

The blend morphology is investigated by several techniques like atomic force microscope47, 

transmission electron microscope,48,49 scanning electron microscopy,47 photoluminescence47 and 

near field optical microscope. It is generally found that smaller domain sizes lead to higher 

efficient devices in the case of solution cast processes. 

Several approaches were suggested in the literature to control or manipulate the morphology: 

• “Double cables” are materials, which are consisting of a conjugated polymer backbone with 

acceptor molecules covalently attached. They can be seen as a molecular heterojunction.50 

The field of double cables has been recently reviewed be Cravino et al.51  

• Block copolymers are materials which consist of alternating conjugated donor and fullerene 

bearing blocks.52 It was shown that these materials are able to form supramolecular self-

assemblies.53  

• The composite nanomorphology can be influenced by changing the conditions during film 

formation. 10,54,55  Shaheen et al observed for the system MDMO-PPV: PCBM power 

conversion efficiencies of 1 % devices cast from toluene and 2.5 % for devices cast from 

chlorobenzene.  

RS
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• Diffusion bilayers were demonstrated, formed by either lamination of a donor-rich and an 

acceptor-rich layer4 or by temperature induced diffusion of an acceptor molecule into the 

donor polymer matrix.56,57  

• Jenekhe et al demonstrated the formation of encapsulated fullerene nanoparticles.58  

• Kietzke et al showed the formation of nanospheres by a miniemulsion process to control 

phase separation and demonstrated the application for photovoltaic devices.59   

 

2.3 Production of Bulk Heterojunction Devices 

2.3.1 Experimental 

Organic thin film photovoltaic devices are fabricated in a sandwich structure, as shown in Figure 

2.1. As substrates, glass sheets of 1.5x1.5 cm2 covered with indium tin oxide ITO, from Merck 

KGaA Darmstadt, with an ITO thickness of d = 125 nm and a sheet resistance <15 	cm-2 are 

used.  

The ITO is structured by etching with an acidic mixture of HClkonz:HNO3 konz:H2O 4.6:0.4:5 for ~ 

15 minutes. Half of the substrate is coated with a commercial varnish to protect the active ITO 

area against the etching acid. The varnish is removed afterwards by acetone in an ultrasonic bath. 

Then, the ITO is cleaned in an ultrasonic bath again with acetone and finally in  isopropanole as 

cleaning solvents.  

On the ITO substrate, a layer of PEDOT:PSS, Baytron PH, purchased from H.C. Starck, is spin 

cast twice. PEDOT:PSS, for the structure see Figure 2.2 is an aqueous dispersion with a mean 

particle size of 80 nm. (0.5 w%, PEDOT: PSS 2:3).  

The active layers are also spin cast. Solutions were stirred and heated up to ~ 50° for at least 

twelve hours. For the spin casting, the substrate is mount in the spincoater, Spincoater Model P 

6700 Series from SCS Inc. For all spin casting processes a two-step program is used, if not 

otherwise referred. First spinning speed is 1500 rpm for 40 sec, followed by 2000 rpm for 30 sec. 

The spin cast process is done in ambient conditions unless otherwise referred. The following 

evaporations and the characterisation of the devices are done in an argon glovebox, MB 200 

from Mbraun. 

The top electrode is a two-layer deposition of LiF/Al. The deposition is done by thermal 

evaporation at a pressure 
 10-5 mbar. Tungsten boats are used as source. The average thickness 

of the LiF and Al layer is 0.6 nm and 60-100 nm, respectively. The deposition rate of the 

materials is monitored by a quartz balance, Intellemetrics IC 600. The evaporation is done 

through a shadow mask in order to define the device area.  
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2.3.2 Device characterization 

Thin layers are characterized by an atomic force microscope (AFM), Dimension 3100" 

instrument from Digital Instruments, Santa Barbara, CA, in the tapping mode. The AFM is also 

used to determine the film thickness, by measuring the height difference at a scratch.  

I-V characteristics of the devices are measured in the dark and under illumination from a 

Steuernagel solar simulator (with a metal halogen lamp as light source with an AM 1.5 filter) 

under an illumination density of 80 or 100 mW cm-2, respectively. The I-V curves are measured 

with a Keithley 2400. ITO is connected to the positive electrode, Al to the negative. The curves 

are recorded by continuously sweeping from –2V to +2V and recording data points in 10 mV 

steps.  

The spectral photocurrent is detected by a Lock-in amplifier. The sample is illuminated with 

monochromatic light with ~ 200 µW cm-2 and a FWHM of ~ 4 nm from a 80 W Xenon lamp. 

The spectrum of the light source is measured each time with a calibrated monocrystalline silicon 

diode.  

 

2.3.3. PPV: fullerene bulk heterojunction devices 

The material combination of poly-para-phenylene vinylene and fullerene is probably the most 

and best investigated organic heterojunction solar cell.  Bulk heterojunction of MDMO-PPV and 

PCBM were investigated by several groups in the recent years and the power conversion 

efficiency could be pushed up to 2.5 %.10,25,32,35,60,61,62,63,64  

The short-circuit current shows nearly linear dependence on the illumination dependence Pin;  

Isc = Pin
�, with � = 0.92.65,66 This power law dependence with � close to one shows that 

bimolecular recombination is negligible.  

The open circuit voltage VOC shows a logarithmic behaviour on the illumination dependence,25 as 

predicted for classical pn junction by Equation 2.5.  

)
I
I

ln(*
q
Tk

V
0

SCb
OC =                                  (2.5) 

where kb is the Boltzmann constant, T the temperature, q the elementary charge and I0 the 

saturation current density. The saturation current shows an exponential dependence on the 

temperature, see Equation 2.6. 
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The incident photon to current efficiency (IPCE) is 50 % at the absorption maximum of 500 nm. 

The internal quantum efficiency IQE is estimated for thin devices to be close to 1.32 Further 

improvements of the photocurrent are only possible by increasing the amount of absorbed light. 

For thin film devices with a reflecting back electrode, the absorption is not a logarithmic 

function of the absorber thickness, but highly influenced by interference effects. Hoppe et al67 

calculated the absorption profile vs. absorber thickness for the combination MDMO-PPV: 

PCBM 1:4 and found a nearly steplike function. A conversion efficiency of 1, independent of the 

thickness, was assumed for this calculation. 

For thicker devices, parasitic recombination is expected. Only charge carriers, which are created 

within their mean free path to the electrode are contribution to the photocurrent. In other words, 

only charge carriers, which can reach the electrode in their lifetime.  

The influence of the active layer thickness on the photocurrent and photovoltaic efficiency is 

discussed in the following. The composition of the blend is kept constant. 

Figure 2.5 compares the light and dark curves of MDMO-PPV: PCBM 1:4 solar cells for device 

thicknesses from 34.5 to 127.5 nm. The photovoltaic efficiency and device parameter are 

summarized in Table 2.1.  
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Figure 2. 5: Thickness dependence of the I-V curves under illumination with 80 mW cm-2 (upper graph) 
and in the dark (lower graph) for MDMO-PPV: PCBM 1:4 w/w devices. 
 
The rectification at +/- 2V is found to increase with the device thickness. Such behaviour can be 

assigned to a decreased saturation current I0 and to an increased shunt resistance.  

The maximal power conversion efficiency is found for a thickness of 93 nm, similar as found by 

Shaheen et al. The ISC and FF show a maximum for the thickness of 93 nm. The Isc and FF are 

decreasing for the thicker device. This is assigned to bimolecular recombination and an increased 
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series resistance. The VOC is constant with the thickness, only decreasing for the thinnest device 

due to shorts. 

 
Table 2. 1: Diode and photovoltaic parameters are shown as a function of the active layer thickness for a 
MDMO-PPV: PCBM 1:4, spin cast from chlorobenzene, illumination density is 80 mW cm-2  

d / nm VOC  / V ISC  / mA cm-2 FF  Efficiency / % R (+/- 2) 

127.5 0.81 3.67 0.44 1.6 210 

93 0.81 4.57 0.50 2.3 190 

68 0.81 4.46 0.42 1.9 146 

61 0.77 4.51 0.44 1.9 53 

34.5 0.24 2.23 0.27 0.2 8 

 

 
Figure 2. 6: Photocurrent spectra (IPCE) for MDMO-PPV: PCBM 1:4 devices as a function of layer 
thickness. 
 

Figure 2.6 shows the photocurrent spectra for the MDMO-PPV: PCBM devices for different 

thicknesses. As predicted from optical simulation, the shape of the photocurrent spectrum is 

changing with the thickness. In bulk heterojunction devices, the photogeneration rate of charge 
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carriers should be constant throughout the thickness. Optical filter effects can be ruled out.22 It is 

concluded that the difference of shape are originating from interference effects.  

 

2.3.4 P3HT: fullerene bulk heterojunction devices  

Polythiophenes are among the best and most investigated conjugated polymers.68 The possibility 

of synthesis of polymers with regioregular-ordered side chains leads to high mobility polymers. 

These polymers show high charge carrier mobilities.69,70  

Until recently, polythiophenes could not be successfully implemented in bulk heterojunction 

photovoltaic cells. In the year 2002, Brabec et al and Padinger et al reported independently 

power conversions efficiency of 3.5 % from P3HT: PCBM solar cells.33,34  P3HT shows a 

broader and red shifted absorption compared to MDMO-PPV, resulting in a doubling of the 

photocurrent under AM 1.5 conditions.  

Further, the higher mobility of P3HT allows thicker absorbing layer without recombination 

losses due to limited transport. IPCE of 76 % at the absorption maximum are reported. 

Of special interest is the so-called post production treatement reported by Padinger et al. The 

device is annealed at a temperature of 80° and simultaneously a voltage of 2.7 V is applied for 4 

min. This leads to an improvement in the power conversion efficiency from around 0.5 % to 3.5 

%. The detailed photovoltaic data are given in Table 2.2. 

 

Table 2. 2: Photovoltaic parameter for P3HT: PCBM 1:2 devices from chlorobenzene, illumination with 
80 mW cm-2. 

 Voc / V Isc / mA cm-2 FF Efficiency / % 

Without treatment 0.3-0.7 2.5 0.3 0.3-0.7 

Thermal treatement 0.49 8.3 0.55 2.8 

Post production treatment 0.56 9.0 0.6 3.7 

  

Within this thesis, the effect of the post production treatment is investigated. Part of this work 

was carried out at the Interuniversity Microelectronic Center IMEC in Leuven, Belgium. The 

absorbance ( in reflection geometry) and photocurrent spectra were measured with an integrating 

sphere. Devices with an active are of ~1 cm-2 were prepared for these measurements. The 

devices are sealed with a glass plate. 
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Figure 2. 7: Photocurrent spectrum (left) and absorbance spectrum in reflection geometry (right) of 
P3HT: PCBM 1: 2 devices, spin cast from chlorobenzene.  
 
Figure 2.7 shows the photocurrent and absorbance spectra of P3HT: PCBM blend devices with 

and without post production treatment. The maximum of the photocurrent spectrum is shifted 

after the thermal annealing from 350 to 550 nm, an additional shoulder is rising at 600 nm. The 
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same effect is observed in the absorbance for this device. The additional electrical treatment is 

not changing the photocurrent spectrum nor the absorbance as compared with the thermal 

treatment. The latter is increased in its strength. 

The increased and structured absorption in the range from 450 to 650 nm is assigned to an 

interchain -ordered phase in polythiophene.71  

Blend of P3HT and PCBM with a high fullerene content (> 50 %) show as spin cast only weak 

absorptions in the red. The absorption is less than the simple sum of the individual components 

absorption. This absorption can be regained by thermal annealing. One might conclude, that the 

thermal treatment provides the activation energy for the formation of the interchain ordered 

phase. 

The electrical treatment does not change the absorption properties of the material. Generally, the 

diode behaviour of the device is improved by the post production treatment. 

The thickness dependence of the photovoltaic parameters for P3HT: PCBM devices is shown in 

Table 2.3. Untreated and thermally annealed devices are compared in a range from 52 to 240 nm. 

 
Table 2. 3: Photovoltaic and diode parameter of P3HT: PCBM devices as a function of active layer 
thickness, thermally treated devices are annealed at 120° C for 5´. 

 Untreated Thermally annealed 

d / nm U /V i / 

mA cm-2 

FF Eff. / 

% 

R 

(+/-2 V) 

U /V i /  

mA cm-2 

FF Eff. / 

% 

R 

(+/-2 V) 

240 0.64 1.9 0.36 0.44 1714 0.41 9.5 0.36 1.4 213 

195 0.69 1.6 0.34 0.38 526 0.59 6.1 0.50 1.8 231 

124 0.61 1.5 0.30 0.27 87 0.62 4.2 0.41 1.1 72 

52 0.47 1.8 0.30 0.25 71 0.58 3.1 0.41 0.7 58 

 

For the untreated devices, the highest efficiency is observed for the thickest device, but the 

overall efficiency is low. The low rectification values reflect bad diode behaviour due to shunts, 

which become less probable for thicker devices. After the thermal treatment, the devices with a 

thickness over >100 nm show good diode behaviour. These devices have sufficient high parallel 

resistance. The efficiency maximum is observed for a  thickness of 195 nm. For the thicker 

device, the Isc is increasing, but losses in Voc and FF are observed. 

The short circuit current is increasing with the active layer thickness. This is also reflected in the 

photocurrent spectra for the annealed devices, see Figure 2.8.  
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Figure 2. 8: Thickness dependence of the  IPCE spectra for P3HT: PCBM 1:2 devices, spin cast from 
chlorobenzene and thermally treated, 5´ 120°. 240 nm for the thick full line, 195 nm for dashed line, 124 
nm for the thin line and 52 nm for the dotted line. 
 

P3HT: PCBM blend devices allow generally higher thicknesses compared to MDMO-PPV. This 

observation might be assigned to the higher charge carrier mobility in the P3HT phase. The 

increased thickness lead to increased absorption and consequently to higher external quantum 

efficiencies. In contrast, P3HT: PCBM device show a lower Voc after the post production 

treatment in the range of 600 mV. The diode behaviour of these devices is excellent, what is 

reflected in the extraordinary high FF. 
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Figure 2. 9: I-V characteristics as a function of active layer thickness is shown for P3HT: PCBM 1:2 
devices, spin cast from chlorobenzene and thermally treated, 5´ at 120 °. Active layer thickness are 240 
nm (thick full line), 195 nm  (dashed line), 124 nm (thin line) and 52 nm (dotted line). 
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3. Photoinduced Absorption Spectroscopy 

Photoinduced absorption (PIA) spectroscopic techniques are widely used to identify 

photoexcited species. Generally, PIA can be measured in two different ways.  

• Transient photoinduced absorption, where the sample is excited by a short light pulse and 

photoinduced changes are probed in the time domain.1,2,3,4  

• Photomodulation PIA technique, where the sample is excited by a modulated continuous 

wave (cw) light source and the probe is detected in the frequency mode by a lock-in-

amplifier.5,6,7  

For this thesis, generally photomodulation spectroscopy is used and the application of this 

technique will be discussed in this chapter.  

 

3.1. Steady State PIA 

3.1.1 Principles 

Figure 3.1 shows a schematic setup of a photomodulation PIA setup, as it is used for most 

experiments in this thesis. Experimental details will be given later. The specimen is excited 

across its band gap by the pump beam. Generally, a cw laser is used. The pump is modulated 

periodically. Photoexcited states are created in the sample by the pump beam. The density of the 

photoexcited species modulates with the modulation frequency of the  pump. Changes in the 

transmittance of the specimen, induced by the photoexcited states, are detected with the cw 

probe light. The probe beam is spectrally resolved by a monochromator and measured by a diode 

detector. The detector signal is amplified and detected by a two channel lock-in amplifier. The 

reference signal for the lock-in amplifier is the modulation frequency.   

The main unit of a lock in amplifier is the phase sensitive detector (PSD). The PSD detects only 

signals modulating with the frequency of the reference input. This is mathematically achieved by 

multiplying the signal input Vin and reference signal Vref, giving the output signal VPSD of the 

phase sensitive detector. The basic equation for the PSD is shown in equation 3.1. 

[ ] [ ]{ }unrefrefinrefinrefinrefin

refrefrefinininrefinPSD

t*)(cost*)(cos*V*V*2
1
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−−+−−+−=
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    3.1 

�in  is the frequency of the input signal,  �ref is the frequency of the reference signal and � the 

phase of the signal. 
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The output signal VPSD is filtered by a low pass filter, as a consequence only the first cosinus 

term for �in 
 �ref will contribute to the PSD output signal X (in phase signal).  

In a second PSD, the input signal is multiplied with the reference signal, shifted for 90°, giving 

the output signal Y. Signals at the frequency �ref , but a phase shift of 90°, will contribute to the 

output signal Y (out of phase signal).  

The total output signal can be regarded as complex number and is alternatively described by a 

radius R and phase �, with R = (X2+Y2)^0.5 and �= arctan (Y/X). 

 
Figure 3. 1: Schematic scheme for a photomodulation setup in transmission geometry.  
 

The measured photoinduced signal �Tm may consist of several contributions.  

• New absorptions can be observed from photoexcited species. The photoinduced 

absorption signal is  –�TPIA ~N*�*d, whereas N is the number of photoexcited states, � 

their absorption cross-section and d the film thickness.  

• Photobleaching �TPB. The sample can become more transparent. The ground state is 

depopulated as a consequence of the high pump beam 
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• Luminescence �TL can be induced by the pump excitation. This contribution can be 

corrected by subtracting the luminescence, which is determined in a separate 

measurement. 

• Stark effect or electroabsorption �TEA can occur in the region of the band-band 

absorption, in the case charges are created. These charges are modulating with the pump 

and cause an alternating electric field, which causes the Stark effect. The spectrum for the 

Stark effect is the first derivative of the groundstate absorption 

 

The photoinduced spectrum is than calculated by equation 3.2 

T
)TT(

T
)TTTT(

T
T LmLLPBPIA ∆−∆−

=
∆−∆+∆+∆−

=∆−                                     ( 3.2) 

Additional information is got from the signal dependence on the modulation frequency � and the 

pump power I. 

The dependence of the photoinduced signal on the pump modulation frequency can be used to 

estimate the recombination time of the observed species.8,9,10,11,12 Epshtein et al have introduced 

recently the analysis for dispersive dynamics9,10, as it is observed in amorphous systems like 

conjugated polymers. The frequency response is described by equation 3.3. 

αϖτ
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Where R(�) is the complex frequency response, R0 the steady-state response at zero frequency, � 

the mean lifetime and � the dispersion factor. The dispersion factor describes the distribution of 

lifetimes and  vary between 0 for the broadest inhomogeneous distribution and 1 for a 

homogeneous distribution.  

The in-phase (X, dTx) and out-of-phase frequency (Y, dTy) response are fitted simultaneously by 

equation 3.4 and 3.5, respectively.  
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Generally, the in phase component X is decreasing with �, whereas Y shows a maximum. 

The pump power dependence �T ~I�  can be used to determine the recombination behaviour of 

the detected states. � = 1 for first order kinetic (monomolecular type recombination), � = 0.5 

second order kinetic (bimolecular type recombination). 

 

3.1.2 Experimental Setup 

For a schematic view of the setup, see Figure 3.1. As pump sources, an Ar+ laser, INNOVA 400, 

at the wavelength of 476 nm or 514 nm is used, typically in a power range between 40 and 100 

mW. The illumination spot on the sample is around 4mm2.Alternatively, diode lasers with a 

wavelength at 664 nm, Iout = 45 mW, or 685 nm, Iout = 30 mW, is used. The pump beam is 

modulated by a mechanical chopper, Standford SR 540, with a frequency between 5- 4000 Hz. 

The samples are mounted in a homemade N2 cold finger cryostat or a He continuous flow 

cryostat Oxford CF 204, Oxford Instruments plc, respectively. As probe, a halogen lamp with a 

power of 120 W is used. The light beam is focused on the sample and on the entrance of the 

monochromatic unit. The monochromator consists of a turret with 3 gratings, which are blazed at 

300, 1000 and 2000 nm. In front of  the monochromator is an additional set of cut-off filters to 

block the pump excitation and higher order from the gratings. The detector is mounted on the 

monochromator exit slit. It is a sandwich diode detector, consisting of Si for the VIS and NIR 

<1100 nm and an InGaAsSb for the range between 1100 and 2200 nm. The signal is amplified 

and detected by a lock in amplifier, Standford Model SR 830.    
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3.2 Photophysics of MDMO-PPV and MDMO-PPV: PCBM 

In Figure 3.2, the photoluminescence of MDMO-PPV and its blend with PCBM is shown. The 

pristine material shows a strong luminescence with peaks at 600 and 650 nm. The addition of a 

small amount of the fullerene derivative PCBM (3.3 % w/w) quenches the photoluminescence by 

approximately a factor of 10. Further addition of PCBM (33.3 % w/w) leads to a quenching of a 

factor > 100. No photoluminescence from PCBM is detected (peak at 750 nm) for films cast 

from chlorobenzene. 

 

Figure 3. 2: Photoluminescence of pristine MDMO-PPV (squares), blends of  MDMO-PPV: PCBM 30:1 
(circles) and 3:1 (triangles) blends, samples are cast from chlorobenzene solutions. Samples are excited at 
476 nm with 40 mW at room temperature. 
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Figure 3. 3: Comparison of PIA spectra of MDMO-PPV (triangle) and MDMO-PPV: PCBM 1.1 blend ( 
squares), excited at 476 nm at 100 K. Spectra a normalized at their maximum for comparison. 
 

Figure 3.3 shows the PIA spectra of a pristine MDMO-PPV film and MDMO-PPV: PCBM 1:1 

blend in comparison. The PIA of MDMO-PPV shows a single absorption peak at 1.4 eV (890 

nm), which is assigned to a T1� Tn excitation of the polymer.13,14 The features around 2 eV are 

most probable uncompensated photoluminescence of MDMO-PPV. 

The MDMO-PPV: PCBM blend shows two photoinduced absorption peaks, a broad one on 

between 1.1 and 2.1 eV, and a second one < 0.6 eV. These two peaks are assigned to the sub 

band gap polaronic absorption (HE, LE), for the energy diagram see Figure 1.3. The strong 

negative signal around 2.3 eV is assigned to photobleaching. The origin of the broad HE polaron 

absorption will be discussed later. 

Strong indications are found for photoinduced charge transfer as the dominant de-excitation 

pathway for photoexcitation in MDMO-PPV: PCBM blends.6,7,15 The polymer 

photoluminescence and the triplet state of the polymer are quenched in blends with PCBM. 

Further, polaronic transition of MDMO-PPV are found in the blend.  
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Figure 3.4.a shows the PIA spectrum (in and out of phase) of a MDMO-PPV: PCBM 1:1 film at 

16 K, recorded with a modulation frequency of 330 Hz. At this chosen frequency, both 

components are of similar magnitude and show mirror image like features.  
Figure 3.4.b shows the PIA at a modulation frequency of 2970 Hz. The in-phase (X) component 

of the high energy absorption decreases by approximately one order of magnitude and shrinks to 

 

 
Figure 3. 4: a) Photoinduced absorption spectra at 16K of MDMO-PPV/PCBM acquired at a) 330 Hz 
and b) 2970 Hz. In both spectra in-phase (solid line) and out-of-phase (dashed line) components are 
plotted. 
 

b) 

a) 
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a small peak around 1.24 eV. The shape of the out-of-phase part (Y) remains unchanged (Figure 

3.4.b). 

  

 
Figure 3. 5: Modulation frequency dependence of the PIA signal recorded at 0.6 eV, 1.24 eV, 1.36 eV, 
and 1.8 eV. Measurements were performed at 16 K normalized at the lowest recorded modulation 
frequency. 
 

In Figure 3.5, the frequency dependencies of several features in the spectrum are shown (0.6 eV, 

1.2 eV, 1.36 eV, 1.8 eV). For better comparison, the curves are normalized at the lowest 

modulation frequency. By increasing the modulation frequency, the PIA signal at 1.36 eV and 

1.8eV are decreasing more than the signals at 0.6 eV and 1.24 eV. This is equivalent to a slower 

decay of the species causing the 1.8 and 1.36 eV PIA as compared the species causing the 1.2 

and 0.6 eV PIA. This finding contradicts the assumption that the peak between 1.1 eV and 2.1 

eV originates from only one type of photoexcited species.  

The recombination process at T< 40 K is known to be tunnelling dominated. Lifetimes up to 

hours are observed in CP: fullerene blends.16 

Recently, Beljonne et al17 calculated the influence on the optical signature of polarons by 

interchain interaction in CP. Figure 3.6.a and 3.6.b shows schematically the energy diagram for a 

polaron on a isolated chain and for a delocalised polaron on a co-facially aggregated dimer of 
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two five-unit PPV oligomers separated by four angstrom. For such aggregates, the polaronic 

levels are split and a new absorption (C3) is possible. 

One may conclude, that the photoinduced absorptions in MDMO-PPV: PCBM blends are 

originating from localized and delocalised polarons. The delocalised polarons show a longer 

lifetime compared to isolated chain polarons, at least at the temperature of 16 K. As a 

consequence, the signals become easier over-chopped in photomodulation experiments and are 

not detectable at high modulation frequencies. 

  
 
 
 
 
 
 
 
 
 
a)                                                    b) 
 
 
Figure 3. 6: Allowed optical transitions in a localized (intramolecular) polaron and b) delocalised (on two 
conjugated segments, intermolecular) polaron. Energetic positions of different levels are only schematic 
Thick lines are indicating states of the neutral molecule, thin lines additional states of the polaron. Dashed 
arrows are indicating optical transitions. 
 

3.3 Electric field effects on the photoexcitations. 

The influence of an electric field on the photoexcitations in organic materials and conjugated 

polymers was investigated by photoluminescence and pump-probe experiments by several 

groups.  

For the photoluminescence, field induced quenching was observed.18,19,20 This effect is generally 

assigned to electric field assisted exciton dissociation.   

In steady state pump-probe experiments, triplets are the primarily detected species in pristine 

conjugated polymers.21 Upon applying an electric field and charge injection, faster decay of the 

triplets was found.22 This effect was assigned to the interaction of injected charges with the 

triplets. Furthermore, Zenz et al showed in ps pump probe experiments23 the hexaphenylene 

triplet signal increasing due to the effect of an external electric field. The increased triplet signal 

Eg 
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was assigned to the formation of additional triplets by recombination of polarons, which are 

formed by field induced breaking of excitons.  

Fewer studies are known on the photophysical behaviour of conjugated polymer: fullerene 

blends under bias electric field. Liess et al24 found in C60 doped conjugated polymer films with 

low C60 concentration enhancement of the photoinduced polaronic signal under bias. This effect 

was attributed to enhanced dissociation of excitons due to tunnelling of the negative charge to 

the fullerenes. Further, faster decay of the fullerene anion photoinduced signals under the 

influence of the electric fields was found. 

In this thesis, a detailed study of the steady state photoinduced absorption in conjugated 

polymer/fullerene bulk heterojunction solar cells with high fullerene concentration is presented. 

Photoinduced absorption was measured either in transmission/absorption with thin, transparent 

electrodes or in reflection/absorption with thick, reflecting electrodes. Significant enhancement 

of the photoinduced polaronic absorption signal by applying an external field of several Volts/ 

100 nm is observed. At higher positive voltages (forward bias, injection regime), the 

photoinduced signal is reduced again due to recombination with injected charges. The 

temperature dependence of this effect is discussed in comparison with the temperature 

dependence of the current-voltage characteristics of the devices. Furthermore, we analysed the 

charge carrier lifetimes as a function of the applied field using a dispersive recombination model. 

This analysis clearly shows the shortening of the average lifetime of the photoexcited polarons 

under applied electric field. 

 

3.3.1 Experimental 

The device structure and the light beam pathways for the optical measurements are shown in 

Figure 3.7. As top electrode, 0.6 nm of LiF and subsequently a layer of Au or Al were 

evaporated. LiF is known to improve the electron injection between Al or Au and organic 

materials.25,26 Au and Al show similar behaviour as top electrode material in conjugated 

polymer/fullerene bulk heterojunction devices.27 30 nm of Au or Al were used as top electrodes 

for semi-transparent devices. Whereas thin Au devices show good stability, thin Al devices show 

degradation after a short time period. All electrodes with a thickness over 60 nm show sufficient 

stability and were used for spectroscopic measurements in reflection/absorption geometry. The 

active area of the device is approx. 2x4 mm². 
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Figure 3. 7: The device structure of a bulk heterojunction photovoltaic cell and optical beam paths for the 
pump-probe experiments in transmission and reflection geometry are shown. The 476 nm line of an Ar+ 
laser, modulated with a mechanical chopper, was used as pump beam. It illuminated the sample through 
the ITO electrode. For the transmission measurements, the probe beam entered through a semitransparent 
top electrode. For the reflection measurements, the probe beam entered from the ITO side and was 
reflected at the metal electrode. 
 

Photoinduced absorption spectra (PIA) were measured in two different setups: in transmission 

geometry with the semi-transparent electrodes and in reflection geometry with devices with 

reflecting back contacts. In both setups, the 476 nm line of an Ar+ laser was used as pump, 

typically chopped at 73 Hz, and with a power between 40 and 100 mW on a spot diameter of 

approx. 2 mm. Under this illumination conditions, a current of 7-20 mA in the area of the laser 

spot of approx. 3-4 mm² is induced. The devices absorb roughly 50 % of the incident light in the 

active layer and show quantum efficiency for the current extraction of 1. As probe, a tungsten- 

halogen lamp was used. In the transmission setup, the monochromator was set after the sample, 

in the reflection setup the monochromator was in front of the sample; in this case an additional 

1.8 eV cut-off filter was used in front of the detector. The probe was measured with a Si-

InGaAsSb sandwich detector or a N2 cooled Ge detector in transmission and reflection geometry 

setups, respectively, and recorded with a lock-in amplifier. The PIA spectra were corrected for 

the photoluminescence.  

The DC bias was applied between the ITO and Al electrode. 

Active layer
 (~100 nm) 

Glass
PEDOT: PSS (~80nm)

LiF (0.6 nm)

Al / Au 
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Probe 
transmission 

Probe 
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3.3.2 Results 

Photoinduced absorption spectra from MDMO-PPV: PCBM devices, recorded at 80 K are 

compared in Figure 3.8. The photovoltaic devices were measured under open circuit conditions, 

corresponding to the flat band condition. The photoinduced spectra of such blends are well 

known and show the polaronic absorption of MDMO-PPV with a maximum at 1.3 eV, assigned 

to the high-energy (HE) polaronic transition and a peak arising below 0.6 eV, assigned to the low 

energy polaronic (LE) transition, which is around 0.3- 0.4 eV.3-5 No differences in the spectral 

positions of the PIA bands were observed, showing the possibility to measure photoinduced 

absorption in device structures.  

 
Figure 3. 8: Photoinduced absorption (PIA) spectra of MDMO-PPV: PCBM blend at 80 K, normalized to 
the peak maximum of the HE polaron peak. Spectra were measured in the different device geometries and 
thin film on glass. The photovoltaic devices were measured under open circuit conditions. 
 

Figure 3.9 shows the photoinduced spectra, measured in transmission in a photovoltaic device 

with a thin Al top electrode, under different external bias voltages. An increase of the 

photoinduced signal of a factor 2-3 is observed upon applying an external voltage of +/- 3V. The 

open circuit potential at this temperature is approx. 1V. The corresponding field strength is 1x 
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105 V cm-1 at short circuit, 2 x 105 V cm-1 at +3 V and 4x 105 V cm-1 at – 3V. Constant electric 

field drop over the active layer is assumed. 

 

Figure 3. 9: Photoinduced absorption at 80 K of a photovoltaic device in transmission with a thin Al 
electrode under open circuit, short circuit and positive and negative applied bias. 
 

Figure 3.10a shows the photoinduced signal at 1.25 eV as a function of the external applied 

voltage at different temperatures. At low temperature, the photoinduced signal is increasing 

symmetrically around a voltage of ~ 1 V, what is close to the open circuit potential of these 

devices. The open circuit potential can be used as a measure for the built in field. The PIA signal 

shows a minimum around this field free case. Generally, the open circuit voltage of MDMO-

PPV: PCBM bulk heterojunction photovoltaic devices shows an increase with the light intensity 

and saturation for higher illumination intensities. The threshold for this saturation is around the 

solar illumination intensity. Under the illumination conditions in this experiments the cells 

operate at high intensities, far beyond the threshold of this saturation. The temperature 

dependence of the open circuit voltage in the saturation regimes shows a shift with temperature 

from 1 V below 100 K down to 800 mV at room temperature.28,29 Such small variations are 

beyond the resolution of the photoinduced absorption measurements.  
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Figure 3. 10: PIA at 1.25 eV in reflection geometry on a device with 60 nm Al back electrode at different 
temperature, (b) I-V curve in the dark of the corresponding device. 
 

For higher applied voltages, an asymmetry is observed; the signal shows a maximum in forward 

bias and is decreasing again for higher positive voltages. The voltage, where this maximum 

occurs, is decreasing with increasing temperature. At the highest measured temperature of 280 

K, no maximum but a saddle point is observed for positive voltage and the PIA vs. voltage curve 

becomes completely asymmetric. Furthermore, at temperatures above 160 K the curve flattens 

for higher negative voltages.  

For the same device, current voltage curves in the dark were recorded, shown in Figure 3.10b. 

The I-V curves of the devices show a rectification and good diode behaviour. At 280 K, an onset 

for the current injection at 1 V is observed. This onset for the forward bias charge injection is 

steadily shifting for lower temperature to a value of ~ 6 V at 80 K. This onset shift corresponds 

remarkably with the shift of the maximum of the photoinduced signal in forward bias. 
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Table 3.1: Calculated mean polaron lifetimes �0 and dispersion factors � for different applied voltages. 
 

Applied Voltage /V �0 / ms � 

-6  0.29 0.62 

-4  0.32 0.64 

-2  0.38 0.69 

0  0.51 0.7 

Voc 0.53 0.72 

+2  0.43 0.69 

+4  0.37 0.66 
 

 

Figure 3.11 shows the fitted chopping frequency dependence for a device with thin Au top 

electrode at 80 K and different bias voltages. For comparison, the in-phase curves have been 

normalized to the steady state value at low frequency and the out-of-phase values have been 

normalized to their maximum. Table 3.1 sums up the determined lifetimes and dispersion 

factors. For positive as well as negative applied bias voltages, the in phase component become 

more flat and the out of phase component shifts its maximum to higher chopping frequencies. 

The calculated mean lifetime is decreasing from 3.3 ms down to 1.8 ms for negative bias 

voltages. 
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Figure 3. 11: Fitted dependence of the PIA signal on the chopping frequency at 1.3 eV at different bias 
voltage, normalized to the low frequency part for the in phase component (X) and to the maximum for the 
out of phase component (Y). Measurement is done in transmission with a thin Au electrode.  (a) in-phase 
component (b) out-of-phase component for short circuit (SC) and increasing negative Bias (c) in-phase 
phase component and (d) out-pf-phase component for increasing positive Bias. The open circuit (OC) 
case is shown for comparison. The “in-phase” curves are normalized to the steady state value at low 
chopping frequencies, the “out-of-phase” curves to their maximum. 
 

3.3.3. Discussion 

The photoinduced signal under steady state conditions is given by the following equation 3.6:  

                                                           τσ **ndT =                                                             (3.6) 

Where dT is the photoinduced signal, n is the number of photoexcitation generated per time, � is 

the absorption cross section of the photoexcitations and � their lifetime. In our measurements,  

positive polarons on the conjugated polymer are observed. The change in the photoinduced 

signal by the electric field should now be assigned to a change in one of these quantities.22 For �, 

we don’t expect any change due to the action of the electric field.24 Furthermore, we don’t see 

any change in the spectra by applying a voltage and can rule out significant Stark effect on the 

photoinduced signal. Also for the number of photo-generated polarons, no significant change can 

be expected, since the quantum efficiency for the photoinduced charge transfer is close to unity. 

We measured at 80 K a decrease of the lifetime by applying an electric field, see Figure 3.11 and 
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Table 3.1. This decrease in the lifetime reflects the collection of the charge carriers at the 

electrode as additional relaxation pathways for the charge carriers.  The maximum lifetime is 

observed under open circuit conditions, what is close to flat band conditions. Under these 

conditions, we presume that most of the photoinduced charge carriers recombine in the bulk and 

a few are reaching the electrodes by simple diffusion processes. Upon applying an external bias 

voltage, more charge carriers are drifting to the electrodes under the action of this bias field and 

recombine at the electrodes. This decrease of lifetimes seems to be in contrast with the increased 

signal for the photoinduced charge carriers under applied bias. This is not so by taking into 

account the persistent charge carriers. These charge carriers are not observable in modulation 

experiments. 

The existence of such persistent charge carriers was observed at low temperature by light 

induced electron spin resonance.30 These persistent charge carriers show lifetimes in the range of 

seconds and longer at low temperatures and can therefore not be detected by the modulation 

techniques we use in our PIA experiments. The origin of these persistent charge carriers is deep 

trap states with a low probability of thermally activated recombination. However, these deeply 

trapped persistent charge carriers will be influenced by the electric field, escape from the traps 

and will drift towards the electrodes. We propose therefore electric field assisted enhanced 

recombination of long living charge carriers as a reason for the increase in the photoinduced 

signal reported here. The lifetime of these persistent charge carriers is too long to be detected by 

the modulation technique, but under the influence of the electric field they can be liberated, 

recombine and become detectable for the modulation experiment. 

For higher positive voltages, the photoinduced signal is decreasing again. The onset for this 

decrease is shifting to smaller voltages at higher temperatures. This point is coinciding with the 

onset for current injection into the device. Both effects, the turning point of the PIA vs. voltage 

and the current injection show the same temperature behaviour. We assign the decrease of the 

photoinduced signal at higher positive bias voltages to recombination of the photoexcitations 

with injected charge carriers, resulting lowering the PIA signal. 

 

3.3.4. Conclusion 

We studied the electric field effect on the photoinduced charge carrier recombination in 

conjugated polymer/ fullerene bulk heterojunction solar cells by means of photoinduced 

modulation spectroscopy. The magnitude of the photoinduced spectra is increasing by a factor of 

two to three upon applying an electric field on the order of 105 V/cm. We assign this increase to 
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the accelerated recombination of persistent charge carriers, which can than be detected by the 

modulation spectroscopy, otherwise they are invisible for the modulation spectroscopy. A 

decrease of the mean lifetime of the photoexcited charge carrier is observed due to this applied 

field.  

For higher applied voltages, the photoinduced signal is decreasing due to injected charge 

carriers. The onset for this current injection coincides with the turning point for the PIA spectra 

vs. voltage and is shifted to higher voltages at lower temperature. 
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4. Low Band Gap Polymers 

4.1 Band Gap Tuning of Conjugated Polymers 

Conjugated polymers are 1-dimensional atomic systems. Rudolf Peierls predicted already in the 

year1 in the year 1956 the instability of such systems. Peierls predicted in his theorem the lifting 

of the bond length degeneracy, leading to significant bond length alternation. As a result, one 

dimensional systems show a significant band gap.  

The first conductive polyacetylene was reported by Shirakawa et al much later in 1977.2  

In the case of trans-polyacetylene, the band gap is around 1.4 eV.  

The intrinsic band gap of conjugated polymers is generally ascribed to four contributions related 

to the conjugated polymer backbone.3,4 A schematic picture is shown in Figure 4.1. Additional, 

intermolecular interactions can further influence the band gap in the solid state.  

 

Figure 4. 1: Relation of the chemical structure and the conformation with the band gap is show. As 
example, poly-para-phenylene PPP is shown. El is the contribution from the bond length alternation, RE 
the aromatic energy, EROT the contribution from tilting between adjacent rings and ESUB the influences 
from substituents. 
 

The individual factors and their impact on the synthesis of low band gap polymers will be 

discussed in the following: 

• Bond length alternation: The origin of a Peierls gap is directly related to the bond length 

alternation. Figure 1.1 shows the potential energy as a function of the bond length 

alternation. Two distinct minima can be seen. In the case of conjugated polymers with a non-

degenerate ground state, like most polyaromatic conjugated polymers are, these two minima 

have different energy values. The two minima correspond to an aromatic and a quinoid form. 

For a detailed discussion see chapter 1.1.  
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Figure 4. 2: Band gap as a function of the bond length alternation (�r) (diagram drawn after Lit.5 ). �r is 
defined as the difference between C-C bonds parallel to the chain axis and C-C bonds inclined with 
respect to the axis. Lower part shows the aromatic and quinoid form of poly-thiophenes (PT) and poly-
isothianaphtene (PITN). 
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Manipulating the bond length alternation was shown to be a powerful tool to manipulate the 

band gap. Figure 4.2 shows the band gap as a function of the bond length alternation, as 

calculated for a poly-thiophene backbone.5 Changes of the bond length alternation are 

equivalent to the change from an aromatic character to a quinoid one. The band gap shows a 

minimum at �r = 0.06 Å. At this point, the band gap is very small.  

This concept could be realized in poly-isothianaphtenes (PITN´s). 6,7,8,9 PITN´s have a band 

gap of 1.0 eV. The parent structure poly-thiophene has a band gap of ~ 2.0 eV. The lower 

part of Figure 4.2 shows the resonant structures of PT and PITN. In PT, the aromatic 

structure is favoured as compared to the quinoid. In PITN, the aromaticity is an interplay 

between the thiophene and benzene ring. The thiophene and benzene ring cannot preserve 

aromaticity in the same resonant structure. Since the six-ring is aromatic, the [c] bond is 

shorter than in the PT case. This stabilizes the quinoid form of the PT part.10,11  

• Aromaticity: Most conjugated polymers have aromatic units as monomers; the aromaticity is 

preserved in the polymer structure. The aromaticity energy is defined as the energy 

difference between the aromatic structure and a hypothetic reference structure, consisting of 

isolated double bonds. Aromaticity leads to a confinement of the �-electron on the ring and 

competes with the delocalisation. Further, it leads to a stabilisation of the binding orbitals in 

the monomer. The inherent HOMO-LUMO gap of the monomer is increased. 

• Conjugation length: The longer the conjugation on the backbone, the smaller the band gap.  

It was generally found that the band gap is decreasing with increasing conjugation length, 

approaching a finite value for infinite conjugation length.12 Torsion between the adjacent 

rings partially interrupts the conjugation and leads to an increase of the band gap. 

• Substituent effects: Substituents can change the energetic position of the HOMO or LUMO 

level, respectively, via mesomeric or inductive effects. Electron donating groups raise the 

energetic position of the HOMO. Electron withdrawing groups lower the energetic position 

of the LUMO.  

Intermolecular interactions: Conjugated polymers show in the solid state generally a red shifted 

absorption as compared to the solution phase. This is attributed to an increased interaction 

between the chains. Furthermore, mesoscopically ordered phases of conjugated polymers could 

occur. Such phases lead to a significant decrease of the band gap as compared to the disordered 

phases.  

For example, bulky side chains can hinder intermolecular interactions between the backbones. 

The regio-stereochemistry has an important influence on the formation of mesoscopic ordered 
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phases. As example, regioregular substituted poly-3-alkylthiophenes show in general a lower 

band gap compared to their regiorandom counterparts.13,14  
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Figure 4. 3: (a) shows the resonant stabilization in a push-pull polymer. Only two resonant structures are 
shown of the example cyano- phenylene vinylene. (b) shows the stabilization of the quinoid form in poly-
methine-thiophene. (c) shows the planarization of the conjugated backbone by either a chemical bond 
(ladder type poly phenylene, to the left) or by a H-bonding linkage between pyrrole N-H and 2,1,3, 
benzothiadiazole (to the right).  
 
Different concepts have been proposed and realized to influence the band gap of conjugated 

polymers:15 

• Push-pull polymers have altering electron rich (donor) and electron poor units (acceptor). 

Interaction between these two units stabilizes the quinoid, low band gap, form.16,17 Also, 

electron donating and electron withdrawing substituents are used to form donor and acceptor 

units, respectively.18,19 A schematic drawing for such resonant stabilization is shown in 

Figure 4.3a. 

• Introduction a methine group between the rings can lead to a significant decrease of the band 

gap.20,21,22 By this approach, the double bond character of the bridging bond leads to a more 

flat structure and hinders angular rotation between the rings. Further, quinoid character is 

induced in every second unit. Figure 4.3b shows the resonant structure for poly methine 

thiophene. 
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• Planarization of the conjugated backbone increases the conjugation length. This can be 

achieved by either a bridge via a chemical bond (ladder type polymers)23,24 or by a 

zwitterionic structure.25 For examples see Figure 4.3c. 

 

4.2 Low Band Gap Polymers for Bulk Heterojunction Solar Cells 

Due to better theoretical understanding, 5,26,27 and much synthetic effort,28,29,30,31, several new 

polymers have been proposed as possible low band gap polymers. In the following, CP´s with a 

band gap 2 eV (absorption edge > 640 nm) will be considered as low band gap polymer for bulk 

heterojunction solar cells.  

The most interesting and promising materials are benzodiazathiole32,33,34,35,36,37   push-pull 

copolymers, isothianaphtene polymers38 and copolymers39,40  or EDOT-based copolymers41. For 

examples see the Figure 4.4 and Table 4.1. 

Table 4. 1: material and photovoltaic parameters for several low band gap polymers used in bulk 
heterojunction devices , chemical structures see Figure 4.4 

Materials Voc / V Isc / mA cm-

2 

FF Efficiency / % Absorption edge / nm 

EDOT-PPV: PCBM 0.28 0.731 0.28 -- 800 

PTV: PCBM 0.41 1.4 0.30 0.18b 800 

PFD-DBT: PCBM 1.04 4.66 0.46 2.22 650 

P3HT: PCBM 0.56 9.3 0.6 3.53 650 

PEDOT-EHIITN: PCBM 0.13 1.0 0.34 0.06c 1100 

PTPTB: PCBM 0.72 3.1 0.37 1c 750 

 

                                                 
1 Measured with a halogen lamp 
2 AM 1.5 simulated illumination, 100 mW cm-2 
3 AM 1.5 simulated illumination, 80 mW cm-2 
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Figure 4. 4:Poly-[2,7-(9-(2éthylhexyl)-9hexyl-fluorene)-alt-5,5-(4´,7´,di-2-thienyl-2´,1´,3´-
benzothiadiazole] (PFDTBT) EDOT-PPV, (3,4-ethylenedioxythiophene-N-2´ethylhexyl-4,5-dicarboxylic-
imide-benzo[c]thiophene (PEDOT-EHI-ITN), poly(3-(4-(1´´,4´´,7´´-trioxaoctyl)phenyl)thiophene 
(PEOPT), poly N-dodecyl-2,5-bis(2´thienyl)-pyrrole- (2,1,3-benzothiadiazole) (PTPTB), poly- (3´,4´-
ethylenedioxy)- thienyl-(2´cyano) vinylene-alt-1,4-(2,5,di-decyloxyl)-phenylene-(1´-cyano)-vinylene 
EDOT-PPV, TTV-PTV 



 4-7

4.3 PEOPT-a Polythiophene with a Tuneable Band Gap 

Polythiophenes are a versatile class of conjugated polymers and have been investigated for a 

wide range of applications.42 For some 3-alkyl-substituted thiophenes, a thermally activated 

absorption shift was observed.43 This shift was attributed to a conformational change of the 

polymer backbone, induced by a side chain ordering. Longer effective conjugation length by 

decreased steric hindrance and increased interchain interactions leads to a reduction of the 

HOMO-LUMO gap. X-ray diffraction studies on a wide range of phenyl-substituted thiophenes 

proved the occurrence of ordered crystalline phases in this class of polymers.44,45  

In the absorption, a significant redshift is observed, which is attributed to the occurrence of  

crystalline phases.  

The recently discovered postproduction treatment in bulk heterojunction photovoltaic devices 

using poly-3-hexylthiophene is partially explained by such effects .42 

 

4.3.1. Optical Properties 

The regioregular poly-3-(4´-(1´´,4´´,7´´-trioxaoctyl)phenyl)thiophene PEOPT46,47 (Figure 4.2) 

shows the specific case that both, the non-crystalline and partially crystalline phases, are 

metastable and the non-crystalline phase can be transferred into the partially crystalline one 

easily. This transformation can be seen by eye due to the colour change from orange to blue, 

going from the non-ordered to the ordered phase. The band gap is changing from the non-

ordered to the ordered phase from 2.1 to 1.75 eV, see for the absorption and emission spectrum 

Figure 4.5.  

The non-ordered form shows a single absorption peak, whereas the ordered form shows several 

shoulders at the low energy side end, which are typical vibronic satellites for crystalline phases 

in conjugated polymers.66 The photoluminescence is shifted for the different phases coincidently 

with the absorption. Interestingly, a strong solvatochromism can be observed. The absorption 

spectra in good solvents like chloroform resemble the orange phase, whereas the absorption 

spectra in benzene, a relative poor solvent for PEOPT, shows shoulders to the low energy end, 

typically for the ordered phase. 
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Figure 4. 5: Optical absorption and photoluminescence of PEOPT films in the non-ordered and ordered form. The 
photoluminescence is measured at 100 K and excitation at 488 nm. 
 

The two phases of PEOPT are observed also in blends with PCBM.  

The orange phase is got by spin casting from chloroform. This can be transferred to blue phase 

by heat treatment at 100 ° C for ten minutes or by treatment with chloroform vapour. 

Furthermore, the blue phase is got by spin casting from solvents like chlorobenzene or toluene. 

Drop casting lead generally to the blue phase.48 

 

4.3.2 Photophysical Properties 

The change in the nanoscopic order of the polymer shows corresponding changes in the 

photophysics and the interaction of the excited state with fullerene. Figure 4.6 shows the 

photoinduced absorption spectra of the pristine material in the ordered and non-ordered phase, 

and the corresponding spectra in the blends with the PCBM.  

The non-ordered material shows spectra as observed for many conjugated polymers.  

In the pristine material, a single excited state absorption peak is observed below the band gap, 

which is generally assigned to a T1�Tn transition.49 This peak is quenched in the mixture with 
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fullerene and two new absorption transitions are observed, which are assigned to the polaronic 

state absorptions of the polymer cation. 

 

Figure 4. 6:  Photoinduced Absorption spectra of PEOPT in the non-ordered and ordered phase (upper 
graph);  Photoinduced Absorption Spectra of PEOPT: PCBM 1:1 blends with the polymer in the ordered 
and non-ordered phase (lower graph); spectra were recorded at 100 K and excitation at 488 nm. 
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The photoinduced absorption spectra of the ordered from is much more complicated. In the 

pristine material, see Figure 4.6, a complicated pattern with peaks at 1.5, 1.2 and 0.9 eV is 

observed. By addition of fullerene acceptor, for the PIA spectra see Figure 4.6, the low energy 

peak at 0.9 eV is quenched, and a new peak is arising below 0.6 eV. In the blend with PCBM, all 

transitions are assigned to polaronic absorption. The splitting of the high energy polaron peak 

was attributed to the existence of two-dimensional delocalised50 charged photoexcitations.  

Recent calculations by Beljonne et al.51 showed interacting chains may give rise to splitting of 

the polaronic levels. Figure 3.6 shows a schematic Figure for the one-excitation levels for a 

polaron on a single chain and for a polaron with co-facial interaction with an adjacent chain. 

This splitting, which will be heavily dependent on the interchain coupling of the polarons, is 

presumably much stronger in the ordered phase of the PEOPT and thus can explain this observed 

splitting in the high energy photoinduced absorption band. We specifically compare our 

experimental Figure 4.6 with the theory of Beljonne et al., calculated for charged polarons, since 

the efficient photoinduced electron transfer results in charged polarons on the polymer backbone 

in the blends with fullerenes.  

 

4.3.3 Photovoltaic Devices 

Figure 4.7 shows the photocurrent action spectra of photovoltaic devices of PEOPT in its two 

forms. The spectra of the ordered form are extended to the red as compared to the disordered 

form, confirming the lower band gap of the ordered form.  

As shown by the photoinduced absorption experiments, interaction of the photoexcited PEOPT 

with PCBM leads to efficient charge creation. Photovoltaic devices of PEOPT with fullerene 

acceptor have been demonstrated in bilayer with C60 as evaporated acceptor layer well as for 

bulk heterojunction blends with PCBM. The photocurrent of both forms can be significantly 

enhanced forming bilayer devices with C60.52  Blending of the two distinct forms of PEOPT with 

PCBM fullerene acceptor in bulk heterojunction type photovoltaic devices resulted in solar cells 

with short circuit responses up to 0.5 mA/cm2 (see Figure 4.8). In the ordered phase of PEOPT, 

however, the quality of the films were poor and the devices lost both in short circuit current and 

open circuit voltage as compared to the non-ordered phase. 
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Figure 4. 7: Photocurrent spectra of a photovoltaic cell of pristine PEOPT in the orange (not-ordered) and 
blue (ordered form). Inset show the I-V curve, following values were measured: ordered phase Voc = 0.91 
V, Isc = 1.9 µA cm-2, FF = 0.30; not-ordered phase Voc = 1.06 V, Isc = 2.2 µA cm-2 and FF = 0.24.  
 

 
Figure 4. 8: Current- Voltage curve of PEOPT: PCBM 1:1 diodes with the polymer in the ordered and non-ordered 
form, under illumination from a solar simulator; for the non-ordered polymer, Voc = 0.62 V, Isc  = 0.480 µA cm-2  
and FF = 0.28; for the ordered form polymer Voc = 0.38 V, Isc = 125 µA cm-2 and FF = 0.49; films were spin cast 
from chloroform, top contact Al without LiF. 
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4.4 PTPTB- a Novel Low Band Gap Polymer53 

PTPTB, consisting of alternating electron-rich N-dodecyl-2,5-bis (2´-thienyl)pyrrole (TPT) and 

electron-deficient 2,1,3-benzothiadiazole (B) units, for the chemical structure see Figure 4.4, was 

synthesized for the application as electron donor polymer in bulk heterojunction solar cells. The 

material shows an optical band gap of 1.7 eV, which is in good agreement with the value 

determined by electrochemical voltage spectroscopy of 1.8 eV.54 A reversible oxidation is found 

with an onset at  +0.54 V vs. Ag/Ag+. No reversible reduction is found. Spectroscopic 

investigation of blends of PTPTB with fullerene acceptor PCBM demonstrates photoinduced 

charge transfer. The polymer photoluminescence is quenched and polaronic transitions occur in 

the blend due to photoexcited charges on the polymer backbone.91,55  

Figure 4.9 shows the I-V curves and the photocurrent spectra, in comparison with the optical 

absorption, of a bulk heterojunction device from PTPTB / PCBM (1:3 wt ratio). In the dark the 

current-voltage curve shows a rectification ratio of about 102 at +/- 2V. Under simulated AM 1.5 

illumination, a strong photoeffect is observed.  

The spectral photocurrent peaks at 600 nm,56 coinciding with the absorption maximum. The 

onset of the photocurrent is around 750 nm, demonstrating the low band gap nature of PTPTB 

and the efficient photon harvesting. 
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Figure 4. 9: Photocurrent spectra IPCE of a photovoltaic device with PTPTB: PCBM 1:3 as active layer 
in comparison with the thin film transmission spectrum, thickness of the active layer is approx. 100 nm 
(upper graph).  Current voltage curve under illumination from a solar simulator with 80 mW cm-2 and in 
the dark from the same device (lower graph). 
 

The open circuit voltage of 0.72 V is just 0.1 V less than the highest values observed for 

MDMO-PPV/fullerene devices although the band gap of PTPTB is reduced by approx 0.5 eV as 
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compared to MDMO-PPV. The position of the HOMO level of PTPTB is close to that reported 

.for HOMO of MDMO-PPV. Since the energetic position for the positive charge is mainly 

determined by the HOMO of the donor and the energetic position for the negative charge by the 

LUMO of the fullerene, this explains the similar values for the open circuit voltage between 

MDMO and PTPTB based solar cells. The energetic splitting between the donor HOMO and the 

acceptor LUMO is the thermodynamic maximum, which can be got from this photovoltaic 

device and can be lowered by several reasons, for example low parallel resistance of the device. 

Instead, the offset between the LUMO levels of the donor and acceptor is lower in the case of 

PTPTB and PCBM with approx. 0.4 eV instead of MDMO-PPV/PCBM with approx. 1 V. This 

offset is required for the charge separation, but is on the other hand also an energetic loss. The 

short circuit current ISC is measured with 3 mA cm-2 and the fill factor FF is calculated to be 

0.37. From these values, the power conversion efficiency �AM1.5 is calculated with ~ 1 %.  

While the short circuit current of the device is already high, the overall efficiency of the device is 

limited by the low fill factor. Generally, low FF can be induced by high series resistances or by 

small shunt resistances. For PTPTB/PCBM devices we find serial resistances below  10 Ohm 

cm-2, which cannot explain the low FF. Therefore, the low FF is expected to originate from a 

small parallel shunt resistance in the device. Most likely, the low molecular weight of the 

polymer, determined with 5-16 aromatic units by size exclusion chromatography, causes the low 

film forming quality and the many pinholes that lead to nanoshorts.57  

 

4.5 Thienylene Vinylene based polymer TTV-PTV 

Thienylene vinylene based oligomers58,59,60,61 and polymers62,63 have been studied in the last 

years as promising candidate for low band gap materials. Optical absorption onsets < 1.5 eV 

have been reported for such material systems.64  

Here, a novel thienylene vinylene (PTV-TTF) polymer with a tetrathiafulvalene condensed to the 

thiophene ring is presented. For the structure, see Figure 4.4. Its electrochemical and 

photophysical properties are investigated and, in combination with device results, are discussed 

for its suitability for solar cells.  

 

4.5.1 Optical and Electrochemical Properties 

The optical absorption of PTV-TTF, see Figure 4.10, shows a maximum around 630 nm and an 

onset around 850 nm (EG  = 1.5 eV). The photoluminescence is weak and shows a broad 

maximum at 800 nm and a relatively sharp peak at 670 nm, for the spectra see Figure 4.10 as 
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well. The origin of the 670 nm peak in the photoluminescence is unclear. The absorption and 

photoluminescence spectra are overlapping. A similar effect was reported for poly-(2,5-

thienylene vinylene) films.65 The photoluminescence of PTV-TTF is preserved in blends with 

PCBM, see Figure 4.10. 

Cyclovoltammetry of a PTV-TTF film on ITO glass shows an irreversible oxidation and a 

reversible reduction. The onset for the oxidation is at Eox = 0.49 V vs NHE and for the reduction 

at Ered = -0.97 V vs NHE. The electrochemical band gap of 1.46 eV is in good agreement with 

the optical one. From these electrochemical potentials, energy values for the HOMO with 5.24 

eV and for the LUMO with 3.78 eV are determined.  

The LUMO of PTV-TTF shows only a small energy offset to PCBM LUMO. Therefore, the 

energetic possibility for photoinduced electron transfer from PTV-TTF to PCBM is unclear.  
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Figure 4. 10: Absorption and photoluminescence of a PTV-TTF thin film. In comparison, the 
photoluminescence of a PTV-TTF: PCBM 1:2 blended film. Photoluminescence spectra were recorded at 
80 K, excitation with 40 mW at 514 nm. 
 
4.5.2 Photophysical Properties 

The PIA spectrum of PTV-TTF, see Figure 4.11, shows a peak at 1.35 eV with a shoulder at 1.2 

eV. In the near infrared region between 1.0 and 0.6 eV, a significant offset without any distinct 

feature is observed. The modulation frequency dependences of the PIA at 1.38 and 1.22 eV are 

weak and no crossing of the in and out-of-phase is observed. This indicates relatively short 

lifetimes (� < 0.1 ms) with a broad inhomogeneous distribution. No model could be found to fit 

this modulation dependence  satisfactorily.  
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Figure 4. 11: PIA spectrum of PTV-TTF and PTV-TTF: PCBM 1:2 thin films, drop cast on glass. 
Spectra were recorded at 20 K, illumination at 514 mW with 40 mW. 

 
Figure 4. 12: Modulation frequency dependence of the PIA of PTV-TTF at 1.38 eV (upper part) and 1.22 
eV (lower part), measurements were done at 20 K, illumination 40 mW. Lines are guide for the eyes. 
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PIA spectrum of a PTV-TTF: PCBM blend film is shown in Figure 4.11. The 1.4 eV PIA of the 

pristine polymer is preserved in the blend, but additionally, two new absorption peaks at 0.8 and 

<0.55 eV are observed. 

The modulation frequency dependences, see Figure 4.13, show differences for the 1.4 eV and the 

new absorption at 0.8 and <0.55 eV. The peak at 1.46 eV could be fitted by the dispersive 

recombination model with a mean lifetime of  � = 0.7 ms. The lifetime shows a broad 

distribution (� = 0.64). The two low energy peaks show a weaker dependence on the modulation 

frequency, what indicates shorter lifetimes. Their dependence could not be fitted satisfactorily, 

the lines in the graph are guide for the eye. Interestingly, also the shoulder at 1.24 eV shows a 

distinct modulation frequency dependence as the 1.46 eV peak. 

 
Figure 4. 13: Modulation frequency dependence of the PIA of PTV-TTF: PCBM 1:2 at 1.46 eV, 1.24 eV, 0.83 eV 
and 0.59 eV measurements were done at 20 K, illumination 40 mW. For 1.46 eV, an excited state lifetime of 0.7 ms 
and a dispersion factor of � = 0.64 is calculated. For the other measurements, the fitting procedure does not lead to a 
satisfying result. Lines are guide for the eyes. 
 

Excited state interactions between oligo- thienylene vinylenes and fulleropyrrolidines MP-C60 in 

solution were investigated by Apperloo et al.66 The PIA spectra for PTV-TTF and blend with 

PCBM will be compared with spectra for hexyl-substituted dodeca thienylene vinylene (12TV): 

MP-C60 mixed solution. The optical absorption of 12TV in CH2Cl2 shows a maximum at 2.11 
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eV, as compared for PTV-TTF in chlorobenzene solution 2.06 eV. In solid state, the absorption 

maximum is shifted to 1.96 eV.  

PIA of 12 TV and MP-C60  in the non-polar solvent  toluene shows a peak at 1.42 eV. This peak 

is assigned to a T1�Tn absorption of triplet excited 12TV. In the more polar solvent o-

dichlorobenzene, two additional peaks at 0.46 and 1.00 eV are observed besides the 1.42 eV 

peak. These two new absorptions are assigned to the 12TV radical cation. This assignment is 

confirmed by in-situ electrochemical absorption measurements.67 Further, for poly-thienylene 

vinylene polaron absorptions were determined by Lane et al by Photoinduced Absorption 

Detected Magnetic Resonance with 1.1 eV and 0.4 eV.68   

Apperloo et al determined that the triplet and the charge separated state of 12TV possess  

comparable energies. It is therefore assumed that the triplet state of 12TV and charge separated 

state can be formed and observed simultaneously.67  

In the PIA, for both materials a peak at 1.4 eV is observed. This peak was assigned to a T1�Tn 

absorption. Further, the 0.8 eV and <0.55 eV peaks are comparable with the cation absorption of 

12TV at 1 eV and 0.46 eV and therefore assigned to the polaron absorption of PTV-TTF. Similar 

to the optical absorption, a redshift is observed for the positive polaron.  

In blends of PTV-TTF and PCBM, the coexistence of triplets and charge separated state is 

concluded. The quantum efficiency for the charge separation is unclear.    

 

4.5.3 Photovoltaic Devices from PTV-TTF 

Pristine PTV-TTF shows non-favourable film forming properties, no electro-optical 

characterization could be obtained.  

In combination with PCBM, thin films of sufficient quality can be spin cast from chlorobenzene 

solution. The I-V characteristics shows good diode behaviour with a rectification factor R(+/- 

2V) = 250, see for the I-V characteristics Figure 4.14. Under illumination, a photovoltaic effect 

is observed with a power conversion efficiency of 0.13 % under solar simulated light. This is 

comparable with literature values reported poly-(thienylene vinylene) based bulk heterojunction 

devices. 69 

The photocurrent spectrum, see Figure 4.15, shows peaks at 350 and 650 nm, corresponding to 

PCBM and PTV-TTF absorption, respectively. The onset for the photocurrent is around 850 nm, 

corresponding to the absorption onset of PTV-TTF.  
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Figure 4. 14: Current –Voltage characteristics for a PTV-TTF: PCBM 1:2 device, spin coat from 
chlorobenzene, in the dark (dotted line) and under illumination from a solar simulator with 80 mW cm-2. 
Active area thickness is approx. 50 nm.  

 
Figure 4. 15: Photocurrent spectrum of a PTV-TTF: PCBM 1:2 device, in comparison the optical 
absorption spectrum of a film, prepared under same conditions, on glass.  
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5. Electron Acceptor Polymer 
 
In this chapter, conjugated polymers are presented which have electron accepting properties. 

Such materials are cheap alternatives for C60 based acceptors. Further, absorption range, electron 

affinity and solubility are important parameter, which can be tuned much easier and over a larger 

range as compared to C60. Ellen Moons recently reviewed properties and device applications of 

conjugated polymer blends.1  

A wide range of electron acceptor polymers has been presented in the literature. Most of them 

contain electron-withdrawing groups like cyano, nitro or halogen substitutions. These 

substitutions lower the electron density in the polymer backbone and stabilize therefore the 

negative charge. Most prominent materials, which were presented for photovoltaic applications, 

are MEH-cyano-PPV,2,3 showing in combination with polythiophenes 1.8 % conversion 

efficiency, polyfluorene-2,1,3-benzoethiadazole copolymers4,5,6 and poly-(benzamidazobenzo 

phenanthroline) BBL.7,8,9 

 

5.1 Poly(p-Phenylene vinylene) Fluorinated Copolymer 

The polymer copoly- 2,3,5,6-tetrafluoro-1,4-phenylene vinylene-2,5-dioctyloxy-1,4-phenylene 

vinylene, TFPV-DOPV, was synthesized at the university of Bari, group of Prof. Gianluca 

Farinola, and provided to the University of Linz. The ratio of the tetrafluoro substituted and 

dialkoxy substituted monomers is TFPV: DOPV 60:40. The monomers are randomly distributed 

in the chain. The synthesis is performed via the Stille cross-coupling reactions, as described in 

the literature.10,11,12  

 

5.1.1 Photophysical and Electrochemical Properties 

The polymer is tested as possible donor as well as acceptor material. The chemical structure and 

the absorption-emission of a thin solid film are shown in Figure 5.1. The absorption coefficient 

at the maximum �max = 450 nm is 1.3* 105 cm –1, see Figure 5.1. The absorption is slightly blue-

shifted compared to parent homopolymer dialkoxy-substituted para-phenylene vinylene PDOPV 

(�max =  460 nm), but red-shifted in comparison with the poly-tetrafluoro-phenylene vinylene 

PTFPV(�max =  335 nm). Interestingly, the photoluminescence maximum (�max =  660 nm) is red-

shifted in comparison to PDOPV (�max =  580 nm) and PTFPV (�max =  530 nm). This large 

Stoke shift in solid state is assigned to an increased interchain interaction in the copolymer.11 
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This is further confirmed by the large redshift of the photoluminescence from CHCl3 solution 

(�max = 530 nm) to solid state (�max = 660 nm).11  

*

n
 

F F

FF *

OC8H17

OC8H17

m
 

n = 0.6
m= 0.4

 Figure 5. 1: Chemical structure of copoly- 2,3,5,6-tetrafluoro-1,4-phenylene vinylene-2,5-dioctyloxy-
1,4-phenylene vinylene, TFPV-DOPV (upper part); optical absorption and photoluminescence of TFPV-
DOPV thin film. Photoluminescence is measured at 80 K, excitation with 476 nm and 40 mW (lower 
part). 
 

Cyclic voltammetric experiments were carried out with a platinum foil working electrode (WE) 

with a dip-coated film from chloroform solutions (5mg/ml). As a counter electrode (CE) a 

platinum foil and as a quasi-reference electrode (RE) a silver wire coated with AgCl were used.  

The electrolyte solution, a 0.1 M Bu4NPF6-acetonitril solution, was kept under argon flow to 

exclude moisture and oxygen during the electrochemical processes. It can be seen that the 

material is both oxidized and reduced with p-doping/dedoping onset potential at about 0.9 V 

(HOMO 5.8 eV) and n-doping/dedoping onset potential at about -1.0 V (LUMO 3.9 eV) versus 

the quasi Ag/AgCl reference electrode.  

Infrared spectroelectrochemical studies show the optical signature of positive and negative 

charges. Both charge carriers show different IRAV bands. Photoinduced infrared active vibration 

spectroscopy shows predominantly absorption of negative charge carriers.13  
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Figure 5. 2: PIA (circles) of TFPV-DOPV drop cast film on glass at 80 K, excitation with 40 mW at 476 
nm. Photoluminescence response is shown for comparison (dashed line). 
 

PIA of TFPV-DOPV shows a broad single peak at 1.55 eV, see Figure 5.2. The small dip around 

1.75 eV might origin from overcompensated photoluminescence. The photoluminescence 

response of the film is shown for comparison. In the spectral range between 1.7 and 2.0 eV, it is 

stronger than the PIA signal. 

The modulation frequency dependence, see Figure 5.3, is measured at 1.38 eV. At this energy, 

the contribution from the photoluminescence is negligible. A well defined (� = 0.90) exited state 

lifetime of � = 0.13 ms is calculated. The PIA might be attributed to a T1�Tn transition. 
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Figure 5. 3: Modulation frequency dependence of the PIA of TFPV-DOPV at 1.38 eV, at 80 K and 40 
mW excitation. Fit (thin line) is done by a dispersive recombination model. 
 

5.1.2 Devices 

 

Figure 5. 4: I-V characteristics of a TFPV-DOPV single layer device, spin cast from chlorobenzene, 
under solar simulated illumination and in the dark. The active layer thickness is approx. 35 nm. 
 
Figure 5.4 shows the I-V characteristics of a TFPV-DOPV single layer device. No photovoltaic 

effect is observed, but photoconductivity. Interestingly, the device shows inverse rectification 

under illumination.  
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5.1.3 TFPV-DOPV: MDMO-PPV blends 

The possibility of reversible reduction and the formation of negative charges under illumination 

show the electron accepting properties of TFPV-DOPV. Therefore, the material is tested as 

possible electron acceptor towards MDMO-PPV. A schematic energy diagram is shown in 

Figure 5.5. It shows a large offset between the MDMO-PPV and TFPV-DOPV levels. This is 

required for photoinduced charge separation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 5: Energy levels of HOMO and LUMO of MDMO-PPV, TFPV-DOPV and PCBM, derived 
from electrochemical measurements in solution. The LUMO level of MDMO-PPV and the HOMO of 
PCBM are estimated by the optical band gap, since this processes are not observed.  
 

Figure 5.6 shows the photoluminescence for different blends of MDMO-PPV and TFPV-DOPV 

and the pristine materials. Small additions of TFPV-DOPV quench the MDMO-PPV 

photoluminescence. The second vibronic peak of MDMO-PPV seems to gain intensity with 

increasing of TFPV-DOPV concentration, which might be photoluminescence contribution from 

the latter one. At higher concentration of TFPV-DOPV, only the TFPV-DOPV 

photoluminescence is observed. Interestingly, the photoluminescence of the 1:1 blend is slightly 

red shifted compared to pristine TFPV-DOPV. This might be originating from the different 

environment in the blends as compared to the pristine material. The strong quenching of the 

MDMO-PPV luminescence shows interaction of the photoexcited state with TFPV-DOPV. 

Further, the photoluminescence of TFPV-DOPV is solely observed in the blends. Such 

behaviour is commonly explained by energy transfer. But no increase of the TFPV-DOPV is 

observed, as would be expected for such interaction.  

Further, the MDMO-PPV photoluminescence, peak at 600 nm, shows no overlap with the TFPV-

DOPV absorption, which shows its peak at 450 nm. Such an overlap is necessary for efficient 

energy transfer (see Chapter 1.3).  
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Alternatively, photoinduced electron transfer form MDMO-PPV to TFPV-DOPV can rationalize 

the photoluminescence quenching. For the photoexcited state of TFPV-DOPV, no interaction 

with MDMO-PPV is assumed, since its photoluminescence is not influenced.   

 

 
Figure 5. 6: Photoluminescence of MDMO-PPV: TFPV-DOPV blend films (to the right), spincast form 
chlorobenzene. Measurements are done at room temperature and vacuum p < 10-5 mbar, excitation with 
40 mW at 476 nm. On the left, the photoluminescence spectra are shown normalized to their maximum. 
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The PIA of the blend, see Figure 5.7, shows a peak at 1.4 eV with a shoulder at 1.2 eV and a 

long tail up to 2 eV. A weak absorption feature is observed for probe energies <0.5 eV. In 

comparison, the PIA spectra of the MDMO-PPV polaron (from MDMO-PPV: PCBM blends) 

and a calculated spectrum of two the two triplet absorption of MDMO-PPV and TFPV-DOPV is 

shown. The PIA feature of the polymer blend matches the HE polaron feature of MDMO-PPV. 

The low energy feature of the polymer blend is much weaker than the low energy absorption of 

the MDMO-PPV polaron. Alternatively, the PIA of the blend is compared with the triplet 

features of the pristine material. None of the triplet absorption nor the sum of both match the PIA 

of the blend. The absorption spectrum in the VIS-NIR spectral range of TFPV-DOPV polaron 

could not be measured. 

From the modulation frequency dependence at 1.38 eV, see Figure 5.8, a broad distributed (� = 

0.68) and a mean lifetime of � = 0.13 ms is determined. The laser power dependence is fitted by 

a power law and shows a gradient of k = 0.53. This indicates bimolecular type recombination 

behaviour of the photoexcitation, which is expected for charge carriers.   

 

 
Figure 5. 7: PIA of a TFPV: MDMO-PPV 1:1 (squares) blend film at 80 K, excitation with 40 mW at 
476 nm. In comparison the mathematical sum spectrum of TFPV-DOPV and MDMO-PPV triplet (full 
line), and MDMO-PPV positive polaron (dashed line). 
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Figure 5. 8: Modulation frequency dependence of the PIA at 1.38 eV (upper graph) of TFPV-DOPV: 
MDMO-PPV, spin cast from chlorobenzene solution, at 80 K and excitation with 40 mW at 476 nm; lines 
show fit after a dispersive recombination model. Excitation power dependence of the PIA at 1.38 eV 
(lower part) for the same film, modulation frequency 37 Hz, is shown. The line show fit after a power 
law.  
 
In summary, photophysical experiments of TFPV-DOPV: MDMO-PPV blends show strong 

indications for photoinduced charge transfer. The PIA spectrum of this blend resembles most the 

absorption of MDMO-PPV polaron. The laser power dependence indicates bimolecular type 
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recombination. And the lifetime shows a broad distribution, which is typical for polaronic charge 

carriers in conjugated polymer. Further, the photoluminescence of MDMO-PPV is quenched in 

blends with TFPV-DOPV.  

 
 
Figure 5. 9: I-V curve of an MDMO-PPV: TFPV-DOPV 1:1 blend device under solar simulated light 
(full line) and in the dark (dotted line). Active layer thickness is approx. 60 nm. 
 
Figure 5.9 shows the current voltage characteristics of an MDMO-PPV: TFPV-DOPV blend 

device. No photovoltaic effect is observed. Interestingly, the device shows an inverse 

rectification. This might originate from a wrong choice of contacts. 
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5.1.4 TFPV-DOPV: PCBM blend 

Blends from TFPV-DOPV and PCBM are investigated to test TFPV-DOPV as possible electron 

donor material in combination with fullerenes.  

The photoluminescence of a blend with a TFPV-DOPV: PCBM 1:3 ratio, see Figure 5.10, shows 

two peaks at 650 nm and 750 nm, assigned to TFPV-DOPV and PCBM, respectively.   

 
Figure 5. 10: Photoluminescence of TFPV-DOPV: PCBM 1:3 blend (thick line), in comparison with the 
photoluminescence of the pristine materials. Excitation is at 476 nm and 40 mW, spectra are recorded at 
80 K. Spectra are normalized for comparison. 
 

The PIA spectrum of the same blend, see Figure5.11, shows a broad peak between 1 eV and 2.2 

eV, with a maximum around 1.6 eV. The PIA of TFPV-DOPV is shown for comparison. The 

two spectra match well, but the dip around 1.8 eV is not observed in the blend.  

For the peak at 1.59 eV, a rather defined lifetime of 0.1 ms, dispersion factor � =  0.93, is 

determined from the modulation frequency dependence, see Figure 5.12. These values are 

comparable with the pristine material (� = 0.13 ms, � =  0.90) as well. It is therefore assumed, 

that in blends of TFPV-DOPV and PCBM, the triplet state of TFPV-DOPV is preserved and the 

predominant photoexcitation. 
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Figure 5. 11: PIA spectrum of TFPV-DOPV: PCBM 1:3 blend, in comparison with the pristine polymer 
spectrum. Spectra are recorded at 80 K, excitation at 476 nm and 40 mW. 

 
Figure 5. 12: Modulation frequency dependence of the PIA signal at 1.59 eV, excitation at 476 nm and 
40 mW. For the fit, only Y values for modulation frequencies >100 Hz are taken into account. 
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5.2  3-Cyano-substituted poly-hexylthiophene P3CN4HT  

Several polythiophenes (PT´s) with an high electron affinity have been proposed in the 

literature.14,15,16,17,18 Substitution of PT´s on the 3 or 3,4 position with electron withdrawing 

groups like cyano, nitro or halogen lowers the electron density in the backbone and increases the 

electron affinity. For 3,4-Cyanothiophene, HOMO and LUMO levels of 6.7 eV and 3.6 eV are 

reported.19 The LUMO is lowered for 0.6 eV as compared to alkyl-substituted PT. The material 

acts as electron acceptor towards photoexcited MEH-PPV. 19 

Such materials without any solubilizing alkylchain show often poor solubility in common 

organic solvents. Therefore, a novel cyano substituted alkyl-thiophene poly-(3-cyano,4-

hexyl)thiophene P3CN4HT was synthesised at the Patras University and tested for photophysical 

and device application. For the chemical structure see Figure 5.13.  

 

5.2.1 Optical and Electrochemical Properties 

P3CN4HT shows an absorption maximum around 380 nm and an onset around 500 nm. The 

absorption is clearly blue-shifted compared to regioregular poly-3-hexylthiophene P3HT, see for 

both spectra Figure 5.13 as well. Further, the absorption of P3CN4HT shows no shoulder at the 

red end like rr P3HT. Such features are generally indications for ordered phases in the solid state. 

Sterical hindrance by the 3,4 substitution of the backbone might hinder such structures. Also, 

thermal annealing at 100° for 5 minutes does not change the absorption spectrum of P3CN4HT. 

Such procedure was reported to induce ordering in polythiophenes films and lead to a redshift in 

absorption.  

The absorption spectra of P3CN4HT: P3HT blends are linear superposition of the individual 

component absorption, even at 80 % P3CN4HT content. Thermal annealing shows no significant 

change. The occurrence of the well structured P3HT absorption shows that the formation of the 

highly ordered P3HT phase is not hindered in this composition, as observed in P3HT: PCBM 

blends. 

Electrochemical voltage spectroscopy of  a P3CN4HT film shows oxidation and reduction at 

+1.35 eV vs. NHE (HOMO 6.1 eV) and -1.45 eV vs. NHE (LUMO 3.3 eV), respectively. The 

electrochemical band gap of 2.8 eV is slightly higher as the optical with 2.5 eV. 
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Figure 5. 13: Chemical structure of poly-(3-cyano,4-hexyl)-thiophene P3CN4HT (left), absorption 
spectrum of P3CN4HT, P3HT and blend of both materials. Films are spincast from 2 % chlorobenzene 
solutions. 
 

5.2.2 Photophysical and Device Properties 

The photoluminescence of P3CN4HT shows its photoluminescence with a peak beyond 560 nm. 

In blends with P3HT, the photoluminescence of P3CN4HT is quenched below the sensitivity of 

the setup. Also the P3HT photoluminescence is quenched in the blend by a factor >10. 
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Figure 5. 14: Photoluminescence of P3CN4HT, P3HT and a 1:1 blend from both materials (upper part). 
On the lower graph, the same spectra, normalized to their maximum. Photoluminescence is recorded at 
room temperature under vacuum, excitation at 476 nm with 40 mW.  
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P3CN4HT shows an extraordinary strong single peak PIA absorption at 1.5 eV, see Figure 5.15. 

Modulation frequency dependence shows a rather defined lifetime of t = 0.2 ms, dispersion 

factor � = 0.94. The excitation power dependence shows a gradient of k = 0.9, indicating 

primarily first order type recombination. All these facts let conclude that the PIA in P3CN4HT is 

originating from a T1�Tn transition. Triplets were identified earlier in PT and acceptor 

substituted PT unambiguously.20,21,22  

Further, blends of P3CN4HT and P3HT are investigated. The PIA shows a rather broad feature 

with several peaks between 1.8 and 1.2 eV. Further, a weak absorption feature is observed for 

probe energies <0.8 eV.  

For rr- P3HT, a broad photoinduced absorption spectrum is reported between 1 and 1.9 eV. 

Several peaks are observed at 1.1 eV, assigned to an interchain exciplex, 1.25 eV, assigned to the 

high energy polaron absorption and at 1.8 eV, assigned to the high energy two dimensional 

polaron absorption, are reported. 23,24  

The peaks at 1.8 eV and 1.25 eV can be found in the PIA spectrum of the P3HT: P3CN4HT 

blend. No PIA is observed at 1.1 eV, therefore no interchain exciplex can be observed in the 

blend. The low energy transition for the polaron and two dimensional polaron are found at 0.35 

eV and 0.1 eV. These peaks are beyond the range of the setup, but a PIA < 0.8 eV is observed, 

which can be attributed to the low energy polaron absorption. The other PIA features in the 

P3HT: P3CN4HT blend between 1.5 and 1.7 eV might origin from P3CN4HT negative polaron, 

but its spectrum is not known yet.  

Modulation frequency dependence of the blend at 1.44 eV shows rather short lifetime (� = 0.18 

ms) with a wide distribution (� = 0.50). Fit is only done with the in phase component since the 

out of phase signal is rather small and its maximum is out of the measurement range. Excitation 

power dependence shows a gradient of k = 0.77. No conclusion on the recombination mechanism 

can be drawn. 
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Figure 5. 15: PIA spectrum of P3CN4HT (full line) and P3HT: P3CN4HT 1:1 (open triangle) spin cast 
films on glass. Spectra are recorded at 80 K  , excitation with 40 mW at 476 nm. 
 

 
Figure 5. 16: Modulation frequency dependence (left) with 40 mW excitation power and excitation 
power dependence (right) with 37 Hz modulation frequency of the PIA signal at 1.44 eV of P3CN4HT. 
Measurements are done at 80 K. 



 5-17

 
Figure 5. 17: Modulation frequency (left) with 40 mW excitation power and excitation power 
dependence (right) with 37 Hz modulation frequency of the PIA signal at 1.44 eV of P3HT: P3CN4HT. 
Measurements are done at 80 K. Fit for the modulation frequency dependence is only done with in phase 
data.  
 
In summary, it can be concluded that photoinduced charge separation in P3HT: P3CN4HT  

blends is observed. The photoluminescence is quenched for both materials. Photoinduced charge 

transfer shows T1�Tn excitation in the pristine P3CN4HT and polaronic absorption in the blend 

with P3HT. 

Devices from P3HT :P3CN4HT blend devices give a photocurrent of 50 µA cm-2 under solar 

illuminated light. The photovoltage is 170 mV.25 
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6. Donor-Acceptor Dyads 
 
Dyad molecules1,2,3,4, consisting of an electron acceptor moiety covalently linked to an electron  

donor, are possible candidates for photoactive systems5. Many of these molecules perform 

photoinduced charge separation, resulting in long living (up to few hundred �s in solution)6 

intra-molecular charge separated state.  

 

6.1. �-extended tetrathiafulvalene-fullerene dyad exTTF-C60 

�-extended tetrathiafulvalene-bridge-fullerene dyad molecules are potential candidates for 

photoinduced charge transfer, leading to a long-living charge separated state.7,8 The aim of this 

work is to study the charge transfer process in a particular �-extended tetrathiafulvalene-

fullerene dyad, bridged by two phenylene vinylene units, ex-TTF-C60 and test it for its suitability 

for organic solar cells.9 As reference compounds, the ex-TTF with the bridge and the 

fulleropyrrolidine are investigated. Further, the interaction with MDMO-PPV is investigated and 

the possibility to exploit such blends in photovoltaic cells. 

 

6.1.1. Electrochemistry 

Electrochemical measurements are performed in a dichlorobenzene: acetonitrile 4:1 solution 

with 0.1 M Bu4NClO4 as electrolyte. A glassy carbon electrode serves as working electrode, a 

SCE as reference electrode and a platinum wired as counter electrode. Scan rate is 200 mV/s. 

From the electrochemical measurements, an energy diagram for the dyad is drawn, shown in 

Figure 6.2.  

The electrochemical band gap of ex-TTF is determined with 1.98 eV, which is slightly lower 

than the optical band gap of 2.1 eV.  

The reduction peak of fulleropyrrolidine (C60-P) at -700 mV vs. SCE is a comparable range with 

other [6,6] methanofullerenes.  

The oxidation and reduction potential of the dyad are in the range of the ex-TTF (donor) 

oxidation and C60-P (acceptor) reduction, respectively. 
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Figure 6. 1: Chemical structure of the �-extended tetrathiafulvalene with a phenylene vinylene bridge 
(ex-TTF) and the �-extended tetrathiafulvalene-bridge-C60 dyad (ex-TTF-C60) is shown. 
 

The energy diagram of the dyad system, see Figure 6.2, is derived from the electrochemical 

measurements, combined with optical absorption. The distinct offset of the LUMO and HOMO 

levels between the ex-TTF and C60-P lets expect photoinduced charge separation.
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Figure 6. 2: Energy diagram for ex-TTF, C60-P and the dyad structure ex-TTF-C60, energy values are 
taken from electrochemical measurements, the first reduction peak is assigned to the LUMO, the first 
oxidation peak to the HOMO, for C60-P, no oxidation is observed. The band gap is assumed from the 
absorption with 1.8 eV. 
 

6.1.2 Photophysical Properties 

Figure 6.3 shows the absorption and emission of ex-TTF and the ex-TTF- C60 dyad. Ex-TTF-C60 

shows the absorption around 450 nm of the ex-TTF and around 330 from C60.  

Ex-TTF films, excited at 476 nm, shows a luminescence with a maximum around 700 nm. The 

dyad shows no photoluminescence. The photoluminescence is measured with excitation at 476 

nm, where the ex-TTF part is predominantly excited, and 664 nm, there the C60 is exclusively 

excited.  
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Figure 6.3: Absorption and luminescence of ex-TTF and ex-TTF-C60 spin cast film, thickness 50-70 nm, on glass 
substrates. Photoluminescence is measured at 80 K, excitation at 476 nm and 40 mW. 
 

Figure 6.4 shows the PIA spectra of ex-TTF and ex-TTF-C60 in comparison. Ex-TTF shows a 

broad peak around 1.7 eV with a shoulder at 0.8 eV. The dependence on the modulation 

frequency at 1.57 eV and 0.83 eV is shown in Figure 6.5. Different behaviour is observed for the 

two features. For the maximum at 1.57 eV, a broad distribution of lifetimes around a mean 

lifetime � = 0.17 ms is observed. The signal at 0.83eV could not be fitted by the dispersive 

recombination model. The PIA around 1.57 eV might be assigned to a T1�Tn transition. The 

shoulder at low energies is from a different species, but its nature is not clear. 

The PIA spectrum of the dyad molecule is different to the ex-TTF ones, see the comparison in 

Figure 6.4. A series of peaks in the range between 1.8 eV and 2.3 eV is observed. A second peak 

is observed around 1 eV with a side peak at 1.2 eV and a shoulder at 0.8 eV. All peaks show 

similar dependence on the chopper frequency with lifetimes around 0.8 ms, see Figure 6.6. The 

high energy feature of the ex-TTF-C60 PIA is comparable with the spectrum of the ex-TTF 

cation, taken from literature,7,8 see the comparison in Figure 6.7. From this comparison, the 

formation of single oxidized ex-TTF after photoexcitation in the dyad can be assumed. 

The absorption at 1.2 eV is well known for the C60
-. The low energy peak at 1 eV is tentatively 

assigned to the ex-TTF cation as well.  
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The quenching of the peak at 1.6 eV in the ex-TTF, which is assigned to the triplet state, and the 

quenching of the ex-TTF photoluminescence are further indication for photoinduced charge 

separation in the dyad. 

 

 
Figure 6. 4: PIA of ex-TTF and ex-TTF-C60 at 80 K, excitation at 476 nm (2.6 eV) with 40 mW, inset 
shows the low energy range between 0.5 and 1.6 eV. 
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Figure 6. 5: Modulation frequency dependence of ex-TTF at 80 K, excitation with 40 mW at 476 nm (2.6 
eV). The signal at 1.57 eV is fitted by the dispersive recombination model, � = 0.57 ms and � = 0.74. The 
signal at 0.83 eV could not be fitted by this model, the lines are guide for the eye. 
 

 
Figure 6. 6: Modulation frequency dependence of ex-TTF-C60 at 1.24 eV and 1.97 eV. Measurements are 
performed at 80 K, excitation with 40 mW at 476 nm (2.6 eV). Fits are done by the dispersive 
recombination model. 
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Figure 6. 7: High energy part of the PIA spectrum of ex-TTF-C60 in comparison with the differential 
absorption spectrum of the ex-TTF cation, induced by pulse radiolysis, in CH2Cl2. Solution spectrum is 
taken from literature.8 

 

6.1.3 Photovoltaic Devices 

Photovoltaic devices are made with ex-TTF-C60, spin cast from a chlorobenzene solution. The 

devices show a clear photovoltaic effect, see Figure 6.8. The power conversion efficiency is 0.02 

% under solar simulated light with 80 mW cm-2. The photocurrent spectrum is in good 

agreement with the absorption spectrum, The maximum is at 400 nm, which is slightly blue-

shifted to the ex-TTF absorption maximum at 450 nm. The onset of the photocurrent matches 

with the absorption onset around 600.   
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Figure 6. 8: I-V characteristics (upper graph) of an ex-TTF-C60 dyad device in the dark and illumination 
from a solar simulator with 80 mW cm-2, active layer thickness is around 50-70 nm. Photocurrent 
spectrum of the same device in comparison with the absorption spectrum of a  thin film (lower graph). 
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6.1.4. Sensitizing MDMO-PPV 

Blends of MDMO-PPV and ex-TTF-C60 are investigated for their photophysical and 

photovoltaic device properties. Blending with MDMO-PPV increases the light absorption 

between 500 and 600 nm, additional it should help forming better films.  

An important question for such blends is the nature of the photophysical interaction between the 

two component. PIA is recorded at 80 K of a blend of MDMO-PPV : ex-TTF-C60 1:2, see Figure 

6.9. The PIA of MDMO-PPV: PCBM is shown for comparison. Both spectra shows the MDMO-

PPV polaron absorption between 1.2 eV and 2 eV and < 0.8 eV. The maximum for the high 

energy peak is shifted for the ex-TTF-C60 blend from 1.35 to 1.2 eV. This absorption might 

originate from C60
- anion, which is not observed in the case of PCBM. 

 
Figure 6. 9: PIA of MDMO-PPV: ex-TTF-C60 1:2 blend in comparison with MDMO-PPV: PCBM 1:2 
blend; both spectra are recorded at 80 K and excitation at 476 nm. 
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Photovoltaic devices from MDMO-PPV: ex-TTF-C60 blends. Figure 6.10 shows the I-V 

characteristics and the photocurrent spectra. An enhanced photovoltaic effect is observed in 

comparison with the dyad itself. The power conversion efficiency is mainly limited by the poor 

fill factor. The photocurrent spectra shows a broad feature between 350 and 550 nm with several 

peaks. The different contribution of C60, ex-TTF and MDMO-PPV cannot be clearly 

distinghished.  

 
 
Figure 6. 10: I-V characteristics under solar simulated light (80 mW cm-2 full line) and in the dark 
(dotted light) (to the right) and photocurrent spectra (to the left) of a MDMO-PPV: exTTF-C60 1:2 device. 
Active layer thickness is approx. 100 nm. 
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6.2. Phthalocyanine-C60 dyad 

Phthalocyanines are attractive and widely investigated materials for solar cell application due to 

their broad absorption between 600 and 800 nm, which is the range of the maximal solar photon 

flux.10,11,12,13 Photovoltaic conversion efficiencies up to 3.5 (+/- 0.2) %4 have been reported 

recently.14  

Covalently linked phthalocyanine-fullerene dyads combine the attractive absorption profile of 

phthalocyanine with the electron accepting and transport properties of fullerenes. But, previous 

studies on phthalocyanine-fullerene dyads did not show photoinduced charge separated 

states.15,16  

Recently, charge transfer states with lifetime of 3 ns in solution has been reported in a stronly 

coupled phthalocyanine-fullerene dyad compound for the first time.17 For the structure of this 

compound, see Figure 6.11. 

In this thesis,  this specific compound is investigated for its photophysical properites in the solid 

state and its application in photovoltaic devices.18 A short outline on published results on the 

photophysics will be given.19,20 Application of the dyad molecule in photovoltaic systems is 

demonstrated. Further, photovoltaic devices of blends with MDMO-PPV and fullerene 

derivatives are discussed. In chapter 7, sensitization with MDMO-PPV and three component 

blends of Pc-C60, MDMO-PPV and PCBM will be presented. 
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Figure 6. 11: Chemical structure of fulleropyrrolidine-Zn-phthalocyanine Pc-C60.  

                                                 
4 Uncorrected efficiency measured on a solar simulator at approx. 1 sun. 
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6.2.1 Photophysics of Pc-C60 

Figure 6.12 shows the absorption spectra of Pc-C60 and the individual components of the dyad, 

the Zn-phthalocyanine (ZnTBPc) and the fulleropyrrolidine (C60-P). The dyad absorption 

spectrum can be seen in first approximation as a superposition of the single component spectra. 

However, the photoluminescence of the phthalocyanine is quenched in the dyad molecule by a 

factor of ~ 50. 

 
Figure 6. 12: Absorption coefficient of Pc-C60 (full line) and the individual components, Zn-tetra-(tert.-
butyl)-phthalocyanine ZnTBPc (dotted line) and fulleropyrrolidine C60-P (dashed line).The absorption is 
fitted by a dielectric function model by the software SCOUT. 
 
Figure 6.13 shows the PIA spectra of Pc-C60 and the individual components, ZnTBPc and C60-P. 

C60-P, excited in the UV, shows a single peak around 1.75 eV, which is assigned to T1�Tn 

absorption. ZnTBPc shows a single peak around 1 eV, which is also assigned to a T1�Tn 

absorption as well. Further, bleaching of the ground state absorption for E >1.5 eV is observed.  

In the dyad molecule, both T1�Tn absorption of the phthalocyanine is quenched, instead two 

new absorption around 1.2 eV and <0.6 eV are observed. The 1.2 eV absorption is typical for the 

C60 anion; the absorption at low probe energies might be assigned to the phthalocyanine cation. 

Further, bleaching is observed in the region of the phthalocyanine groundstate absorption. For 
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the photoexcitations in the dyad, typical lifetimes of 0.2 ms are determined for the solid state 

from the modulation frequency dependence. 

 

 
Figure 6. 13: PIA of Pc-C60 and the individual components ZnTBPc and C60-P at 80 K. Pc-C60 and 
ZnTBPc are excited at 685 nm, C60-P by a multiline UV laser.  
 

6.2.2 Photovoltaic Devices from Pc-C60 

The I-V characteristics of a Pc-C60 device is shown in Figure 6.14. Diode behaviour with a 

rectification ratio of ~10 is observed in the dark. Under white light illumination  

with 80 mW cm-2 , an open circuit voltage VOC = 0.46 V and a short circuit current  

ISC = 0.51 mA cm-2 have been measured in the best case. The fill factor FF = 0.26 and a power 

conversion efficiency �e = 0.08 % are determined. The Voc (0.46 V) is in a similar range to the 

high efficient cells reported for evaported phthalocyanine:C60 mixture (Voc = 0.53 V), but the Isc 

is lower in the device containing the dyad molecule compared to the evaporated cells.  

The spectrally resolved photocurrent of the Pc-C60 device, see Figure 6.14 as well, shows a 

maximum around 700 nm and 360 nm. The photocurrent spectra matches the absorption of the 

dyad. The maximal quantum efficiency is 3 %, showing the possibility for improvement of the 

device performance. 
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Figure 6. 14: Photocurrent spectrum  (open circles) of a Pc-C60 device, thickness approx. 40 nm, spin cast 
from chlorobenzene, in comparison with the optical absorption (full line) (upper graph), current-voltage 
characteristics of the same device under illumination by a solar simulator, 80 mW cm-2 ( thick line) and in 
the dark (thin line) (lower graph).  
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6.3 Hexa-thiophene-fluorene dyad 6TDTF 

Poly-thiophenes with incorporated �-conjugated 1,3 Dithiole-2-ylidenefluorene have been 

reported as possible �-conjugated donor- acceptor structures.21, 22, 23 The large variety of fluorene 

substitution chemistry opens the possibility to tune the electron affinity of the fluorene unit over 

a wide range. It was shown that the reduction potential, a measure for the electron affinity, can 

be described as a function of the substitution pattern by a Hammett type correlation.22,24 Long 

lived photoinduced charge carriers were demonstrated for such polymers with trinitro-substituted 

fluorene acceptors.22  

Since the solubility of this polymer systems is low, a novel hexa-thiophene oligomere structure 

with two 9-(thienodithiino[3,4-c:5,6-4]-1,3-dithiole-2-ylidene)-4,5-dinitro-2,7-

(didodecyloxycarboxy)-fluorene units, 6TDTF, for the structure see Figure 6.15, was developed. 

The material was synthesized at the University of Manchester, group of Dr. Skabara. This 

material shows sufficient solubility in common organic solvents like chloroform or 

chlorobenzene. 
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Figure 6. 15: Chemical structure of 6TDTF 
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6.3.1 Photophysical and Electrochemical Properties 

The optical absorption of 6TDF, see Figure 6.16, shows an onset around 650 nm (Eg =  1.9 eV) 

in solution as well as in solid state. This is significant lower than the optical band gap of the bare 

hexa-thiophene 6T, �max = 540 nm ( Eg = 2.3 eV).24 The photoluminescence shows a single peak 

around 620 nm in a toluene solution and 700 nm in the solid state.  

Cyclovoltammetry of 6TDTF shows oxidation and reduction at EOX = 0.85 V and ERED = -0.8 V 

vs Ag/AgCl, respectively. The electrochemical band gap is significantly lower than the optical, 

showing the dyad character of the molecule. 

 
Figure 6. 16: Absorption (thick line) and photoluminescence spectrum (thin line) of 6TDTF in a 10-2 M toluene 
solution (upper part) and as solid film (lower part). Photoluminescence is excited at 500 nm for the solution and 476 
nm for the thin film. 
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The PIA spectrum of 6TDTF, see Figure 6.17, shows a broad peak between 0.9 and 1.9 eV with 

a plateau between 1.2 and 1.5 eV and a shoulder at 1.0 eV. Additional, a raising PIA feature for 

small probe energies is observed. Figure 6.18 shows the expansion of the PIA for the NIR-MIR. 

A PIA peak around 0.4 eV and infrared active vibration (IRAV) bands in the MIR. The IRAV 

bands are clear indication for charged species. The PIA at 0.4 eV might be assigned to the cation 

absorption of 6TDTF.   

 
Figure 6. 17: PIA spectra of 6TDTF thin film (full line, left axis) and a 6TDTF: PCBM 1:1 blend film 
(open squares, right axis), spectra recorded at 80 K, excitation at 476 nm with 40 mW. 
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Figure 6. 18: PIA spectrum in the MIR-NIR infrared spectrum of a 6TDTF drop cast film on KBr. 
Spectra are recorded at 80 K, 30 mW illumination at 476nm. The PIA is obtained by subtracting the 
spectrum under illumination  from the spectra in the dark. 
 
The modulation frequency dependence of the PIA feature at 0.62 is shown in Figure 6.19. This 

feature can be correlated to the low energy absorption of the cation. The dependence is weak, 

this indicates long lifetimes. The curve could not be fitted by any applied model. The signal 

increases linear with the excitation power, see Figure 6.20. Such a dependence is assigned to 

monomolecular behaviour, which let conclude to intramolecular charge separated state.  
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Figure 6. 19: Modulation frequency dependence of the PIA of 6TDTF at 1.38 eV, 1.1 eV and 0.62 eV. 
No satisfying fits could be obtained for these frequency dependencies. For the 1.1 eV PIA, the in phase 
component (squares) is fitted, giving a lifetime of 0.07 ms and a distribution factor of 0.4. 
 

The PIA at 1.1 eV and 1.38 eV shows different modulation frequency dependencies, see Figure 

6.19 as well. Therefore, it is concluded that the broad absorption in the VIS-NIR origin from 

more than one photoexciation. The shoulder at 1.1 eV shows a rather weak dependence on the 

modulation frequency, indicating short lifetimes. Fitting of the in phase component (X) results in 

a lifetime of � = 0.07 ms and a distribution factor of � = 0.40. The measured range for the out-of-

phase signal (Y) could not be fitted by any modulation frequency model.  

The PIA at 1.38 eV shows a much stronger dependence, which indicates longer lifetimes.  

At both probe energies, the PIA scales linear with the excitation power as well, see Figure 6.20.  
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Figure 6. 20: Excitation power dependence of the PIA of 6TDTF at 1.38 eV, 1.1 eV and 0.62 eV. Fits 
(thin line) are done by a power law. For high excitation intensities, saturation is observed. These points 
are not included into the fitting procedure. 
 

In order to find out more on the cation species of 6TDTF, a blend with PCBM as strong electron 

acceptor is investigated. PIA show peaks at 1.47 eV with a shoulder around 1.7 eV and at 0.7 

eV. All peaks in the blend show quite similar dependence on the modulation frequency at all 

investiged probe energies, see Figure 6.21. None of them could be fitted by a modulation 

dependence model. The excitation power dependence, Figure 6.22, varies in a small range 

between k = 0.55 and k =0.65, fitted by a power law.  

This indicate bimolecular recombination as dominant recombination mechanism. The 

recombination behaviour of the photoexcitations is quite different in the fullerene blend and the  

pristine 6TDTF. Different photophysical processes are involved.  

For 6T cation, absorption at 1.55 and 0.8 eV are reported.25,26,27,28 This energies are quite 

comparable with the PIA of the 6TDTF: PCBM blends. Although the two systems, 6T and 

6TDTF, are not direct comparable, it might be concluded that the positive charge is primarily 

located on the hexa-thiophene backbone. Further, the PIA around 1.1 eV in 6TDTF is quenched 

in the blend with PCBM. The lifetime of this feature is found to be rather short and different to 

the positive charge. We assume therefore that this migth be correlated to a triplet state or to an 

charge transfer state. 
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Figure 6. 21: Modulation frequency dependence of the PIA of 6TDTF: PCBM 1:1 blend at 1.71 eV, 1.46 
eV and 0.69 eV. 
 

 
Figure 6. 22: Excitation power dependence of the PIA of 6TDTF:PCBM 1:1 at 1.71.eV, 1.46 eV and 
0.69 eV. Measurements are done at 80 K with 37 Hz modulation. Fits are done by a power law (thin line). 
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6.3.2 Photovoltaic Devices 

Photovoltaic devices are prepared for 6TDTF: PCBM blends. The I-V characteristics and 

photocurrent spectrum are shown in Figure 6.23. Devices show a photoeffect with a power 

conversion efficiency �e = 0.1 %. The device performance is mainly limited by the low fill 

factor. The photocurrent spetrum matches the absorption spectrum in the well and show its onset 

around 650 nm, coinciding with 6TDTF. 

 
Figure 6. 23: I-V characteristics (left) under solar simulated light, 80 mW cm-2 and in the dark of a 
6TDTF: PCBM 1:3 blend, spin cast from chlorobenzene. Photocurrent spectrum  in comparison with the 
absorption spectrum (right). 
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7. Photon Harvesting by Multi-Component Blend 

7.1 Sensitization Mechanism 

By shifting the polymer absorption to the red part of the VIS spectrum or even to the near 

infrared, the absorption in the blue-green region of the spectrum is lowered concurrently. An 

additional component can be added to the blend, absorbing in this spectral range. 1,2,3  Such 

components are for example organic dye molecules or wide band gap conjugated polymers. 

Alternatively, the two photoactive absorber can be linked by a �-bond. Such dyad systems were 

introduced to avoid problems of three component mixtures.4,5  

The excited state of the wide band gap absorber ought to make an energy transfer to the lower 

band gap polymer. Then, the low band gap material makes subsequently the charge transfer. 

Alternatively, the mechanism of an individual electron transfer by the dye molecule to the 

fullerene and hole transfer to the polymer is possible. The two mechanism are shown 

schematically in Figure 7.1. 

hv

dye
LBP

acceptor

e-

Sensitisation by
Energy Transfer

hv dye

LBP

acceptor

h+

Sensitization by 
Charge Transfer

 

Figure 7. 1: Sensitizing mechanism for bulk heterojunction solar cells by a wide band gap absorber. 
Sensitization by energy transfer from the dye to the low band gap polymer (left); sensitization by separate 
electron and hole transfer from the dye on the acceptor and polymer, respectively.  
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7.2 Sensitized Organic Solar Cells 

Different photon harvesting systems containing more than two organic absorbers have been 

proposed in the literature.  

Roman et al showed blends containing two polythiophenes and C60.6  

This route was followed later, sensitizing PTPTB: PCBM (see Chapter 4) photovoltaic cells with 

MDMO-PPV.7 Significant contribution from both polymer to the photocurrent was found, also 

the overall efficiency was smaller as compared to the parent systems. Alternatively, the 

sensitization with the highly absorbing dye molecule 9-(Diethylamino)-5-H-

benzoe[a]phenoxazin-5-one (nile red), chemical structures see Figure 7.2, was investigated. The 

photocurrent spectra of this system show contribution from the dye absorption as well as the 

absorption of the polymer. The overall power conversion efficiency of this system is � = 0.5 %. 

For all this systems, energy transfer is assumed as dominant sensitization mechanism.  

O

N

ON         (CH3CH2)2

Nile Red  

Figure 7. 2: Chemical structure of  9-(Diethylamino)-5H-benzo[a]phenoxazin-5-one (nile red). 
 

Chen reported polymer blend/ C60 bilayer devices.1 Different polymer blends were used, 

typically containing a wide band gap PPV derivative and a low band gap PT derivative. Energy 

transfer was demonstrated as sensitization mechanism by photoluminescence experiments. 

Photocurrent measurements show a broad coverage of the spectrum and contribution from both 

polymers. Maximal conversion efficiency of IPCE = 38 % at 430 nm and enhanced conversion 

efficiency is reported. 

Takahashi reported sensitization of PT: perylene bilayer devices.8 Porphyrine was used to 

sensitize the perylene acceptor layer. All three materials are shown to contribute to the 

photocurrent. Sensitization by charge transfer is assumed to be the sensitizing mechanism. 
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7.3. MDMO-PPV: Pc-C60  blends 

7.3.1 Photophysics of Pc-C60 : MDMO-PPV blends 

The combination of Pc-C60 and MDMO-PPV shows absorption over the whole visible range. In 

this blend, three photophysical and electronically active components, C60, MDMO-PPV and 

ZnTBPc are present and can interact with each other. C60 is known to be electron acceptor 

towards both the other two components.  

Unknown is the excited state interaction between the two donors ZnTBPc and MDMO-PPV. A 

5% ZnTBPc doped MDMO-PPV film, excited at 476 nm, shows only ZnTBPc 

photoluminescence. At the excitation wavelength, MDMO-PPV primarily absorbs. This 

indicates energy transfer from MDMO-PPV to ZnTBPc.  

In time resolved photoinduced absorption measurements, the bleaching of the MDMO-PPV as 

well as of the ZnTBPc groundstate absorption can be observed. The bleaching of the MDMO-

PPV absorption is quenched in a timescale of about 10 ps. This band is taken as indication for 

the MDMO-PPV excited state, which is primarily excited. In a similar timescale, the ground 

state bleaching of the ZnTBPc raises.  

Further, the blend of  MDMO-PPV and Pc-C60 is investigated. No steady state 

photoluminescence could  be observed. Steady state photoinduced absorption, excited at 476 nm, 

shows absorption peaks at 1.1 eV, which is unambiguously assigned to C60
-, and around 0.7 eV. 

Further bleaching is observed around 1.8 eV, indicating a long lived excited state of ZnTBPc. 

Time resolved measurements are performed on a MDMO-PPV film with 10 % Pc-C60 (the 

phthalocyanine concentration is equivalent to the 5 % ZnTBPc in MDMO-PPV). The 

groundstate bleaching of MDMO-PPV vanishes in a timescale of 10 ps, the groundstate 

bleaching of the phthalocyanine arise is the same timescale.  

The decay time for the MDMO-PPV excited state and the raising time for the phthalocyanine 

excited state are in a similar timescale for blends with ZnTBPc and Pc-C60 . It is therefore 

concluded, that in the photoexcited state of MDMO-PPV makes primarily an energy transfer to 

ZnTBPc, followed from an electron transfer to the C60.  
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7.3.2 Photovoltaic devices from MDMO-PPV: Pc-C60 blends 

Photovoltaic devices from the Pc-C60 dyad were discussed in Chapter 6.2. The photophysical 

interaction of MDMO-PPV and Pc-C60 shows energy transfer from MDMO-PPV to 

phthalocyanine, with subsequent charge transfer. This sensitization mechanism should be 

exploited for solar cell devices. 

A series of photovoltaic devices are prepared, containing different ratios of MDMO-PPV and Pc-

C60.  Long living, positive charge carriers on the phthalocyanine molecule are demonstrated for 

such combination. Therefore, the positive charges are expected to be primarily transported by the 

phthalocyanine.  

Figure 7.3 shows the I-V characteristics for the MDMO-PPV: Pc-C60 blend devices under 

illumination and in the dark. For this representation, the best device is chosen out of a series of 6 

devices. In Table 7.1, the average values of a this series are shown.  

The addition of MDMO-PPV leads to a significant decrease of the photocurrent. Also the current 

injection at positive bias is decreased, the 1:1 blend device shows a nearly symmetric behaviour 

without reaching the injection regime up to a forward bias of +2 V.  
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Figure 7. 3: Current voltage curves for MDMO-PPV: Pc-C60 devices with different ratios, under 
illumination from a solar simulator 80 mW cm-2 (upper graph), best device from a series of six, in the 
dark for the same device (lower graph).   
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The maximal observed Voc is not significantly affected by the addition of MDMO-PPV. The 

distribution of the VOC is smaller in the blends with MDMO-PPV. which might originate from a 

better film quality. This indicates a lower possibility for shunts for the MDMO-PPV containing 

devices. These shunts are decreasing the Voc. The addition of MDMO-PPV increases the film 

forming property. 

Table 7. 1: Photovoltaic parameters of photovoltaic devices of MDMO-PPV: Pc-C60 with different ratios. 
Voc, Isc and FF are the average values of a series of six devices, � is the efficiency calculated from these 
values. The quantum efficiencies IPCE are for one representative device. 
 

MDMO-PPV: 
Pc-C60 

Voc [V] Isc [mA 
cm-2] 

FF � [%] IPCE %  
(350 nm) 

IPCE %  
(480 nm) 

IPCE  %  
(700 nm) 

0:1 0.320 0.46 0.26 0.048 3.4 0.6 3 

1:10 0.400 0.33 0.26 0.043 2.5 1.6 2.2 

1:4 0.420 0.28 0.24 0.035 1.7 1.5 1.4 

1:1 0.370 0.07 0.25 0.008 1.3 1.2 0.8 

 
The photocurrent spectra, see Figure 7.4, show for the MDMO-PPV: Pc-C60 blend devices three 

peaks at 350 nm, 500 and 700 nm, which can be assigned to the absorption of C60, MDMO-PPV 

and ZnTBPc, respectively. The IPCE efficiencies of C60 and ZnTBPc are decreased in the blends 

more, as would be expected by the dilution with MDMO-PPV. For the latter, maximal 

conversion efficiency is observed at the smallest addition of 10%.  
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Figure 7. 4: Photocurrent spectra of MDMO-PV: Pc-C60 blend devices with different ratios. The 
photocurrent spectrum of Pc-C60 is shown in comparison. 
  
In summary, it was shown that MDMO-PPV: Pc-C60 blend devices can cover the whole visible 

range. Contribution of all three components to the photocurrent is shown. No improvement of 

the power conversion efficiency of Pc-C60 devices is found by blending with MDMO-PPV. From 

the I-V characteristics, significant decrease of the charge injection and transport is observed for 

the blends. It is concluded that the charge transport is hindered in the blends due to unfavourable 

morphology and dilution of charge transport pathways. Blending with MDMO-PPV lead to 

better film forming properties by spin cast techniques. As a consequence, shunt are less probable 

and a better reproducibility of the device fabrication could be achieved. 
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7.3.3 MDMO-PPV:Pc-C60: PCBM blends 

The photophysics of para-phenylene vinylene, phthalocyanine and fullerene mixtures was 

discussed in chapter 7.3.1. Energy transfer from MDMO-PPV to phthalocyanine with subsequent 

charge transfer to fullerene was demonstrated. This mechanism can be applied in photovoltaic 

devices, as was demonstrated in chapter 7.3.2. But addition of MDMO-PPV led to a decrease of 

the overall photovoltaic performance. This was assigned to reduced hole mobility.  

In this chapter, Pc-C60 in blends with MDMO-PPV and PCBM is investigated for bulk 

heterojunction devices.  

 
Figure 7. 5: IPCE spectra from MDMO-PPV: fullerene 1:4 devices, for the fullerene, different ratios of 
PCBM and Pc-C60 are used, 0 % Pc-C60 (thin line), 10 % (dotted line), 30 % (thick line), 60 % (open 
circles) and 100 % (slashed line). 
 
The photocurrent spectra for several three component blends with a constant MDMO-PPV : 

acceptor ratio of 1:4 (w/w) is shown in Figure 7.5. The overall fullerene concentration is varying 

only slightly in these experiments. The devices containing Pc-C60 show two peaks at 500 and 

700 nm in the photocurrent. These two peaks are assigned to MDMO-PPV and phthalocyanine. 

The IPCE efficiencies are increasing with increasing PCBM addition.  

Figure 7.6 and Table 7.2 show the I-V characteristics and photovoltaic parameters for the three 

component blends, respectively. The VOC is decreased by addition of Pc-C60 from ~800 mV for 
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the MDMO-PPV: PCBM to VOC ~ 500 mV for the three component devices. Similar values for 

the VOC have been reported in Chapter 7.3.2 for different phthalocyanine fullerene blends. The 

VOC seems to be limited to this value for the phthalocyanine: fullerene combination. 

 
Figure 7. 6: I-V characteristics of  MDMO-PPV: fullerene 1:4 devices, for the fullerene, different ratios 
from PCBM and Pc-C60 are used, 0 % Pc-C60 (thin line), 10 % (dotted line), 30 % (thick line), 60 % (open 
circles) and 100 % (slashed line). 
 

Interestingly, the forward bias current at +2V is increasing with increasing PCBM concentration 

and varies over more than two orders of magnitude. All devices are of comparable thickness 

around 100 nm. Therefore, this increase can be attributed to the current transport and electrode 

injection property of Pc-C60 and PCBM by the different substitution.  

Likewise, the ISC is higher for the PCBM containing devices, even the absorption is less. The 

different electrical behaviour of PCBM and Pc-C60 can only be rationalized by the different 

substitution pattern of the two molecules.   
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Table 7. 2: Photovoltaic parameter of MDMO-PPV: Pc-C60: PCBM devices under illumination from a 
solar simulator 80 mW cm-2 
Pc-C60  / % Voc / V Isc / mA cm-2 FF Eff. / % 
0 0.79 4.3 0.56 2.4 
10 0.37 2.8 0.32 0.41 
30 0.51 3.1 0.32 0.63 
60 0.54 2.7 0.31 0.56 
100 0.45 0.34 0.25 0.05 
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8. Conclusion, Summary and Outlook 

The efficiency of polymer based bulk heterojunction devices could be steadily increased over the 

last decade. Several strategies are used for photon harvesting in organic solar cells. In this thesis, 

several novel materials have been investigated by spectroscopic means and have been tested for 

implementation into devices: 

• Low band gap polymer: Due to increased theoretical understanding and much synthetic 

effort, the absorption of CP´s could be shifted to the red part of the VIS and even into the 

NIR. 

• Acceptor polymers are a cheap alternative for C60 based structures. Further, they show a 

much stronger absorption bands compared to fullerenes. 

• Dyad molecules, combination of donor and acceptor molecules, are implemented into 

photovoltaic devices. They show inherently negligible phase separation and can combine 

the absorption profile of tetrathiafulvalene or phthalocyanine with the electron accepting 

and transport properties of fullerenes. 

• Multicomponent blends to carpet a wider range of the solar spectrum. 

. 

 Several other approaches have been proposed in the literature for increased photon harvesting:  

• Multiple layer solar cells with materials of different band gaps, similar to the tandem 

cells for inorganic materials. Serial connection of organic solar cells could be 

demonstrated by implementing a thin metal layer as tunnelling layer between individual 

cells1,2. 

• The use of light scattering nano or micro particles embedded in the optically active layer 

to enhance the optical pathways in the film due to scattering.  

• The use of light trapping mechanisms by structuring the interface of the photovoltaic 

devices as presented by Niggemann et.al.3,4 and Roman5 

• Hybrid solar cells6,7 are a combination of conjugated polymer donors and inorganic 

nanoparticles acceptors. Power conversion efficiency of P3HT: CdSe blend devices with 

1.7 % have been demonstrated for such devices. This approach combines the easy 

processability of polymer materials with the advantageous absorption profile of inorganic 

materials. Additional, the inorganic materials show good transport, which can be 

optimised by tuning their shape.  

• Dye sensitised solar cells, which are using organic dyes with an absorption onsets around 

800 nm on a nanoporous electrode, typically TiO2. This approach is widely used in 
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photoelectrochemical cells with an electrolyte as hole conductor. For such cells, power 

conversion efficiency of 10 % were demonstrated.8 Recently, an all-solid-state dye 

sensitized cell, replacing the liquid electrolyte by an organic hole transport layer, with 

efficiencies of 3.2 % was shown9. 
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