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1 
 

Introduction into the field of organic photovoltaics 
 
 
1.1 Technology and energy market 
 

One of the biggest challenges nowadays is to generate sustainable energy. Sustainable 
energy covers both renewable, i.e., natural and inexhaustible, energy sources like wind, 
water and solar energy, and non-renewable energy sources like nuclear power. Solar energy 
is an attractive sustainable and renewable energy source for which effective and low-cost 
solar cells are needed. Currently, (mono- and polycrystalline) silicon solar cells are the 
most conventional ones because of their high efficiencies. Standard industrial cells usually 
reach a power-conversion efficiency (PCE) of 15-18% and industrial modules of 12-15%. 
These industrial cells typically have simple cell designs in order to fabricate them from 
low-cost materials using high-speed automated methods. PCEs of ~20% can be reached, 
but with more complex cell structures. These so-called high-efficiency cells cannot be 
fabricated using simple manufacturing technologies.1 Therefore, according to Saga,1 
innovative and simple manufacturing technologies are needed to produce commercially 
competitive high-efficiency and low-cost silicon solar cells in the near future. 

An attractive alternative is the organic photovoltaic (OPV) device. This type of solar cell 
has several potential advantages compared to the silicon one: it can be produced from 
cheap and abundant materials using low-cost, i.e., solution-processing, and large-scale 
fabrication methods, e.g., roll-to-roll printing. Fabrication of OPV devices by processing 
the photoactive layer from solution is a key advantage, which enables the production of 
cheap, flexible, and light-weight solar cells that can open up new application markets for 
photovoltaics.2 

Different classes of organic solar cells exist based on the different types of molecules that 
can be applied in the solar cell device like conjugated polymers, small molecules and 
dyes.3, 4 This last class is better known as the dye-sensitized solar cell.5, 6 Recently, a new 
class of organic solar cells is being developed in which both organic and inorganic 
components are integrated. So strictly speaking, this organic-inorganic hybrid perovskite 
solar cell is not a ‘pure’ organic solar cell.7, 8  

The PCEs vary between these different classes. State-of-the-art lab sized single-junction 
polymer-based and small-molecule-based devices can have PCEs above 9% and above 8% 
respectively.9 The record PCE of a lab sized dye-sensitized solar cell is above 11%.10 
Recently, for a lab sized organic-inorganic hybrid perovskite solar cell a PCE above 17% 
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has been reported.11 This high efficiency increases the future expectations for this new 
class of organic solar cells.8, 11  

Despite the attractive features of OPV, its usefulness becomes questionable when one 
considers the typical PCEs of ~5% of square meter sized modules and their short 
operational lifetimes of 5 years under outdoor conditions. On the other hand, OPV has 
significant advantages when compared to other renewable energy technologies, like an 
energy payback time of less than a few months, energy return factors of more than 100, and 
fast manufacture of a given energy producing unit. One has to consider these specific 
advantages of OPV too when drawing conclusions about the chances for successful 
commercialisation. Because of these specific advantages, Jørgensen et al.12 conclude that 
OPV technology is already competitive with other solar cell technologies. Its low 
performance, which requires the use of large landmass, is the reason why this technology is 
not in use yet.12 

Successful commercialisation of a solar technology will only happen when three basic 
requirements are fulfilled at the same time, namely reasonable PCE, lifetime and cost.2 In 
future all these requirements have to be met, but the problem of the low PCE is a good one 
to start with because solving this issue very likely needs the development of a new 
generation of molecular semiconductors. Issues like lifetime and cost price should be kept 
in mind when developing these new molecular semiconductors. 
 
 
1.2 Operating principle 
 

A photovoltaic cell is a so-called photodiode, which is a semiconductor device that 
converts light into a current and/or voltage. In the dark, an exponential increase in the 
current density is measured under forward bias, i.e., when the voltage at the cathode is 
higher than the one at the anode. Under reverse bias, i.e., when the voltage at the anode is 
higher than that at the cathode, a small reverse saturation current density J0 is measured that 
suddenly increases exponentially when a large forward bias is applied. The dark current 
density Jdark (in A/m2) is related to the applied bias voltage V (in V) in the following way: 
 

!!"#$ = !! !
!"
!!! − 1 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.1) 

 
where J0 is the reverse saturation current density (in A/m2), i.e., the maximum value 
(typically very small) of the reverse bias current density for large negative voltages in the 
dark, q the elementary charge, kB the Boltzmann’s constant (in eV/K) and T the absolute 
temperature (in K). A typical J-V curve in the dark is shown in Fig. 1.1 (dotted line).3, 4 

When the photovoltaic cell is illuminated, the J-V curve shifts down. Due to this shift, the 
solar cell can generate power. By definition, under short-circuit conditions the applied 
voltage is zero and the output photocurrent density is at a maximum equal to the short-
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circuit current density labelled as Jsc, and under open-circuit conditions no photocurrent 
density flows through the cell and the output voltage is at a maximum equal to the open-
circuit voltage labelled as Voc. The point of maximum power (MP) on the J-V curve is 
defined as the point where the product of current density and voltage is maximised. Fig. 1.1 
shows a typical J-V curve under illumination (solid line) and illustrates all these 
characteristic points.3, 4 

 

 
Fig. 1.1 Current density – voltage (J–V) curves of a photovoltaic cell under dark (dotted line) and under 
illumination (solid line). The J0, Jsc, Voc and maximum power points JMP and VMP are shown. Picture reproduced 
from ref.3. 
 

A solar cell becomes efficient when it absorbs light over a broad range of the solar 
spectrum from visible to near-infrared (~350-900 nm), converts the absorbed photons 
effectively into free charges, and collects these charges at a high voltage with suitable 
current in order to do useful work.7 To measure and compare the PCEs of terrestrial flat 
solar cells and submodules a standard solar spectrum is used, namely the global (global = 
direct and diffuse radiation) AM1.5 spectrum. AM stands for air mass and is the path length 
of light through the atmosphere normalised to the shortest possible path length. AM1.5 
corresponds to solar radiation incident at 48.2° with respect to the normal on the surface of 
the earth and has an integrated power of 1000 W/m2.13 The ‘Solar cell efficiency tables’ 
(version 46) of Green et al.10 report for a single-junction, i.e., a solar cell configuration 
consisting of one cell, organic thin film research cell a highest confirmed PCE of 
11.0±0.3% (for 1 cm2 area under the global AM1.5 spectrum), which is low compared to 
the reported highest confirmed PCE of a silicon (monocrystalline) research cell, namely 
25.6±0.5% (for 144 cm2 area under the global AM1.5 spectrum).  

The PCE of a solar cell is determined by the ratio of the maximum power generated by 
the solar cell Pout (in W/m2) and the total incident power under the global AM1.5 spectrum 
Pin (in W/m2):  
 

PCE = !!"#
!!"

∙ 100% = !!" ∙ !!" ∙ !!
!!"

∙ 100%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.2) 

J0#
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where Voc is the open-circuit voltage (in V), Jsc the short-circuit current density (in A/m2) 
and FF the fill factor (dimensionless). The FF is defined by: 
 

!! = !!" ∙ !!"
!!" ∙ !!"

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.3)!
 
where JMP is the current density at the maximum power point and VMP the voltage at the 
maximum power point. The FF is an indication of how easily charges can be collected 
from a solar cell.2, 3 The Shockley-Queisser14 model, which establishes a detailed balance 
(theoretical) limit for the efficiency of single (p-n) junction solar cells, sets a theoretical 
limit to the FF as a function of the Voc. It turns out that the FF never reaches one. For 
example for a Voc of ~800 meV, which can be observed for polymer-based devices,2 the FF 
is ~0.86.14, 15 

The incident-photon-to-current efficiency2, 3, 16 (IPCE) is a different kind of efficiency 
that is also used to characterise solar cells. It is related to the number of generated electrons 
and not to the generated power. Two different types can be considered: the external (EQE) 
and internal quantum efficiency (IQE). The EQE is a measure of how much current is 
produced at a particular wavelength of light, i.e., the probability that the absorption of one 
photon results in the generation of one electron that is able to flow through an external 
circuit. This quantity is determined by the ratio of the measured current Jphoto (in A/m2) 
multiplied by 1240 (conversion factor between wavelength and energy, in eV nm) and the 
power of the incident monochromatic light Pin (in W/m2) multiplied by its wavelength λ (in 
nm): 
 

EQE = 1240 ∙ !!!!"!! ∙ !!"
∙ 100%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.4)!

 
The EQE typically is integrated over the solar spectrum.3 Although for organic solar cells a 
high EQE does not guarantee a high PCE, it is an essential requirement. The EQE of 
inorganic solar cells often approach unity. For organic solar cells based on the so-called 
bulk heterojunction concept (vide infra), which is currently the most applied device 
architecture for organic solar cells, the EQE can reach values of ~80%.2 

The IQE is determined by the same ratio as the EQE, but this quantity considers only the 
incident photons of a given wavelength that are absorbed in the device. So the IQE can be 
obtained from the EQE by dividing this number by the total absorptance A, i.e., the fraction 
of the power of the incident monochromatic light that is absorbed: 
 

IQE = EQE
! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.5) 

 
For considerably thick devices, A can be approximated because the sum of total 
absorptance A, transmittance T and reflectance R must be one. For thick devices, T can be 



Introduction into the field of organic photovoltaics 

! 15 

considered zero, so A can be replaced by (1−R) in eq. 1.5.2, 3, 16 In organic solar cells based 
on the bulk heterojunction concept (vide infra), the IQE can approach 100% meaning that 
every absorbed photon results in the generation of a separated pair of charge carriers that 
are collected at the electrodes.17  

A simple measure of the solar cell effectiveness for generating a voltage is the difference 
in energy between the optical band gap of the absorbing material and the Voc that is 
generated by the solar cell under the global AM1.5 spectrum. For example, for inorganic 
solar cells based on GaAs (optical band gap of 1.4 eV and Voc ~1.11 eV), this difference is 
~0.29 eV. For organic solar cells this difference is 0.7-0.8 eV, which is significantly larger. 
This large loss is predominantly caused by the low dielectric constant of organic 
semiconductors, which leads to the generation of tightly bound electron-hole pairs, i.e., 
excitons, after light absorption.7, 18  
 
 
1.3 Device architecture  
 

Different options in device architecture exist to split these excitons into separate electrons 
and holes. In 1986, Tang et al.19 discovered that at the interface of donor and acceptor 
molecules excitons dissociate due to electron transfer from donor to acceptor. These so-
called bi-layer heterojunction devices resulted in a major breakthrough in the PCE of OPV 
devices up to 1%. One of the limiting factors for the PCE of these devices appeared to be 
the relative short distances that excitons are able to travel before they recombine. For most 
organic semiconductors, these diffusion lengths are in the range of 10 nm, which limits the 
thickness of the absorbing layer in these bi-layer heterojunction solar cells also to ~10 nm. 
However, thicknesses of at least 100 nm are necessary to absorb most of the light.4  

To improve the PCE by decreasing the distance that excitons have to travel to the nearest 
donor-acceptor interface, a new device architecture concept was introduced by Yu et al.20 
in 1995. In this type of solar cell the bi-layer structure is replaced by an active layer 
consisting of bi-continuous and interpenetrating networks of phase-separated donor and 
acceptor domains that ideally should not be larger than the exciton diffusion length. In this 
way, all excitons are able to reach the interface before they recombine. This so-called three-
dimensional (bulk) heterojunction (BHJ) is one of the most applied device architectures 
today (Fig. 1.2). Currently the best performing single-junction OPV devices are based on 
this concept.4  

In conventional BHJ solar cell devices the active layer is sandwiched between a 
transparent anode, commonly composed of indium-doped tin oxide (ITO), poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) – a conductive water 
processable polymer mixture that improves the electrical contact and surface wettability – 
and a cathode, often composed of lithium fluoride (LiF) and aluminium (Al) (Fig. 1.2). 
PEDOT:PSS and LiF serve as respectively the electron and hole blocking layer. These 
layers are particularly useful when both the donor and acceptor are in contact with the 
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electrodes.21 To transport and collect the different charges at the particular electrodes, the 
anode consists of a high work function material and the cathode of a low work function 
material.4 This asymmetry in the work functions provides the necessary selective contacts 
for the holes and electrons.22 Furthermore, depending on the mode of operation, an electric 
field can result by which the charges drift to their respective electrodes.  

 

 
Fig. 1.2 Schematic representation of a BHJ organic solar cell. The active layer usually is composed of conjugated 
polymers with side-chains (drawn schematically) and PCBM molecules. 
 
 
1.4 Typical donor and acceptor molecules 
 

The hole-conducting donor typically is a conjugated polymer that absorbs most of the 
light. Conjugated polymers are characterised by an alternating single-double bond structure 
that gives rise to their semiconductor properties. In both bi-layer and BHJ solar cells, 
homopolymers were used in the first years.23 The most studied homopolymers were poly(3-
hexylthiophene) (P3HT), poly[2-methoxy-5-(2!-ethyl-hexyloxy)-1,4-phenylvinylene] 
(MEH-PPV) an the better processable poly[2-methoxy-5-(3!,7!-dimethyloctyloxy)-1,4-
phenylvinylene] (MDMO-PPV) (Fig. 1.3).4 A large disadvantage of homopolymers is their 
large band gap, which limits light absorption.  

 
Fig. 1.3 Structures and abbreviated names of the most studied homopolymers in solar cells. 

e- polymer

side-chain

PCBM

bulk

glass substrate

anode: ITO
PEDOT:PSS

cathode: LiF/Al

active layer

O

O

S
O

O

O

O

P3HT MEH-PPV MDMO-PPV



Introduction into the field of organic photovoltaics 

! 17 

To increase the absorption towards the near infrared spectral region, polymers with a 
smaller band gap were synthesised.24 These polymers are the so-called donor-acceptor co-
polymers25 in which alternating electron-rich donating and electron-poor accepting 
fragments are coupled together in one monomer unit. Typical donor and acceptor building 
units are given in Fig. 1.4.23, 26-29  

 

 
Fig. 1.4 Structures and abbreviated names of typical donor and acceptor building units for donor-acceptor co-
polymers.23, 26-29 
 

The interaction between the frontier molecular orbitals (MOs) of the donor and acceptor 
building units, i.e., their highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO), leads to a very small HOMO-LUMO energy 
difference for the combined donor-acceptor unit (Fig. 1.5). Further interaction between the 
frontier MOs of the repeating units in the polymer chain results in the characteristic small 
band gap of this class of polymers.25 Currently, record PCEs are obtained with OPV 
devices that contain these donor-acceptor co-polymers.30, 31 For example, solar cells based 
on PBDT-TPD32 and PBDT-TT33 have shown PCEs above 6%.  
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Fig. 1.5 Molecular orbital energy level diagram illustrating the small band gap of donor-acceptor co-polymers 
originating from the interaction between the frontier molecular orbitals of the separate donor and acceptor building 
units. 
 

The ideal acceptor for BHJ solar cells should easily accept electrons, support electron 
transport in three dimensions, have a good electron mobility in composites with the donor, 
a favourable nanoscale morphology, a considerable energy offset between the LUMO of 
the donor and acceptor, be stable, and cheap.34, 35 This energy offset needs to be of ~0.3-0.4 
eV to enable exciton dissociation and charge separation. Lower offsets lead to incomplete 
exciton dissociation.36 

One of the most used acceptor molecules is Buckminsterfullerene (C60, Fig. 1.6). C60 has 
the advantage of a high electron affinity and a good electron conductance.4 Its 
disadvantages are weak absorption of light and relative low solubility in normal solvents. In 
1995, Hummelen et al.37 synthesised soluble derivatives of C60 with both hydrophilic (for 
applications to biology) and hydrophobic (for applications to physics) functional groups 
attached indirectly to the cluster. Among these synthesised derivatives is the well-known 
fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM, Fig. 1.6). This 
fullerene derivative is currently one of the most applied acceptor molecules in BHJ solar 
cells, together with its C70 analogue [70]PCBM.  
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Fig. 1.6 Structures and abbreviated names of the fullerene molecule C60 and the fullerene derivative [60]PCBM.  
 

The disadvantage of the weak absorption of C60 is solved to a large extent upon using 
[70]PCBM. A strong absorption of the acceptor that ideally is complementary to the 
absorption of the donor is preferred because absorption of the acceptor can contribute to 
charge generation too.34 Besides electron transfer, hole transfer from acceptor to donor can 
take place in organic solar cells. The contribution of this process to charge generation 
becomes significant when an acceptor is used with strong optical absorption in the visible 
region, like [70]PCBM.38 For this process the offset between the HOMO of the donor and 
acceptor needs to be of ~0.3-0.4 eV to enable exciton dissociation and charge separation.21 

Currently, many C60 and C70 derivatives have been synthesised to improve the 
processability, the morphology and to optimise HOMO-HOMO and LUMO-LUMO 
offsets. Besides fullerene derivatives that the majority of OPV devices use,35 other 
molecules can in principle also be used as the acceptor like polymers, perylene 
derivatives,39 carbon nanotubes, and inorganic semiconducting nanoparticles.34 
 
 
1.5 Models for the description of electronic properties 
 

Because organic molecules have their electrons organised in discrete MO energy levels, 
the electronic properties of typical donor and acceptor molecules are usually described with 
one-electron models like MO energy level diagrams that contain the HOMO and LUMO of 
the organic molecule. This description is different from the one that is typically used for 
conventional inorganic semiconductor photovoltaic materials like silicon.25 Their electronic 
properties are usually described with one-electron models like the ‘band structure’ (see 
Chapter 2, section 2.9 for more details) in which the highest occupied energy band is called 
a valence band and the lowest unoccupied energy band a conduction band. The energy 
difference between the lowest point of the conduction band, i.e., the conduction band edge, 
and the highest point of the valence band, i.e., the valence band edge, is called the band 
gap.40  
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Typically the electronic properties of conjugated polymers are also described using the 
band structure, which originates from the interaction between the π-MOs of the repeating 
units in the polymer chain. Therefore, the description of electronic and optical properties of 
conjugated polymers is often in terms of the band gap, the highest occupied energy band 
and the lowest unoccupied energy band.25 However, when conjugated polymers are 
considered as donor in BHJ solar cells, the donor-acceptor interface is often described in a 
one-electron picture using a MO energy level diagram that contains the HOMO and LUMO 
of both donor and acceptor.18, 21, 41 This simplified viewpoint to describe the photo-
excitation often has the goal to clarify certain energy level offsets that are needed to drive 
exciton dissociation. 
 
 
1.6 Photovoltaic process 
 

To understand why the PCE of organic solar cells is rather low, we need to know in detail 
their working mechanism. The commonly accepted scheme consists of the following steps: 
light absorption by (mainly) the donor or the acceptor leading to the formation of local 
excitons, diffusion of these excitons towards the donor-acceptor interface, electron or hole 
transfer between the donor and the acceptor, transport of free charges to the electrodes and 
finally, charge collection.21, 42 Exciton diffusion takes place via a Förster resonance energy 
transfer mechanism, i.e., non-radiative transfer of excitation energy from an excited 
molecule to a ground state molecule driven by dipole-dipole interactions.  

The time scales of the steps of the OPV working mechanism and possible competing 
processes span several orders of magnitude: the absorption event takes place 
instantaneously on a time scale of the order of fs, the lifetime of local excitons typically is 
of the order of 100 ps, the electron transfer step typically takes place on a much shorter 
time scale namely within 150 fs, internal conversion that can compete with the electron 
transfer step typically happens on a longer time scale namely of the order of ps, the creation 
of free charges after electron transfer typically takes place within 150 fs, and the 
recombination of these free charges typically happens on a time scale of several ns.43  

Despite this attained understanding of the working mechanism, the generation of free 
charges in OPV devices is still not fully understood. Besides intra-molecular local excitons, 
many experimental studies44-47 demonstrate the presence of inter-molecular charge-transfer 
(CT) excitons that may be generated at the donor-acceptor interface by electron transfer. 
The interfacial CT state ((D+!A−!)CT, Fig. 1.7) can be seen as an intermediate state between 
the initially excited state at the donor (D*A, Fig. 1.7) or acceptor (DA*, in Fig. 1.7 omitted 
for clarity) and the final charge-separated (CS) state consisting of two fully dissociated 
charges in the donor and acceptor ((D+! A−!)CS, Fig. 1.7).18, 45, 48 Often the lowest CT 
(CT1) state of the CT manifold is lower in energy than the final CS state. The energy 
difference is believed to be one of the most important parameters that limit the PCE of 
OPV devices. 21, 42 
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The CT state can be populated via photo-excitation of the donor or acceptor, or via direct 
excitation into the CT manifold. After population, both radiative and non-radiative 
relaxation to the ground state or dissociation into free charges can happen. It turns out that 
population of the CT state can depend on the crystallinity of the donor and acceptor, the 
donor-acceptor character of the polymer, the electron and hole mobilities,18 and, as 
suggested by Loi et al.,45 on the dielectric constant.  

In P3HT/PCBM blends49 the population of the CT state depends on the crystallinity. 
Howard et al.49 showed for this blend that the percentage of the CT state population 
depends on the degree of disorder in the sample. Annealing of the sample leads to increased 
order, which results in a greater generation of free charges. According to their study, 
quenching of the local excitons on the polymer leads to two populations: CT excitons and 
the immediate formation of free charges. The CT excitons all recombine and therefore do 
not contribute to the photocurrent. Thus free charges are generated without passing through 
the CT state as intermediate state. This study suggests that population of the CT state 
should (and could) be avoided because it limits the number of extracted free charges.49  

Also Koster et al.50 found evidence in favour of avoiding CT state population. They 
showed theoretically that by preventing CT state action, i.e., CT absorption and CT 
emission being responsible for most of the electroluminescence, organic solar cells could 
be as efficient as inorganic solar cells. It appeared that the Shockley-Queisser limit is 
retained in both limiting cases of 0% and 100% CT state action. Current BHJ organic solar 
cells operate in the first limit, so by reducing the CT state action even further – without 
introducing non-radiative recombination – improved PCEs are expected. For ‘(pure) CT 
state materials’ that operate in the second limit, it was pointed out that reaching high PCEs 
will be very difficult in practice, because of the very strong non-radiative recombination in 
this limit.50 

Instead of constructing a MO energy level diagram that is based on the one-electron 
HOMO and LUMO energy levels of both donor and acceptor, an electronic state diagram 
can be constructed that contains the energies of the many-electron states involved in the 
charge generation process. This description gives therefore different information than a MO 
energy level diagram. An electronic state diagram of the solar energy conversion to free 
charges is shown in Fig. 1.7, together with illustrations showing the differences between 
the (intra-molecular) local exciton, the (inter-molecular) CT exciton and the CS state. Due 
to the Coulomb attraction between the charges in the CT exciton a so-called CT exciton 
binding energy labelled Eb

CT arises (vide infra). The final CS state energy is equal to the 
energy difference between the ionisation potential (IP) of the donor and the electron affinity 
(EA) of the acceptor. The charge separation process illustrated in Fig. 1.7 is initiated by a 
local excitation on a donor molecule (D*A). A similar scheme can be drawn for charge 
separation initiated by a local excitation on an acceptor molecule (DA*).21, 42 
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Fig. 1.7 Electronic state diagram of the first steps of the OPV working mechanism. Blue arrows show the basic 
steps to create free charges assisted by hot (grey lines) and higher energy electronic CT states (black line labelled 
CTn) (vide infra). Green arrows show the energy difference defined as Eb

CT and as the CS state energy. Vibrational 
energy levels within the CT manifold are depicted in grey. Higher energy electronic D* states, as well as 
electronic acceptor excited states, are omitted for clarity.  
Left top: local exciton where the electron and hole are both localised on the same molecule. Left bottom: CT 
exciton where the hole is located on the donor and the electron on the acceptor. Right top: CS state consisting of 
two fully dissociated charges in the donor and acceptor molecules. (D* = donor excited state, D+! = radical cation 
of donor, A−! = radical anion of acceptor, blue: positive charge, red: negative charge) 
 
 
1.7 Exciton binding energy and charge-transfer exciton binding 

energy 
 

Clarke et al.41 define two different binding energies of the intra-molecular local excitons 
and the inter-molecular CT excitons to emphasise their difference. Some discussions about 
these binding energies include entropy contributions (ΔS), but most of them consider the 
binding energies as Coulomb attraction energies and therefore address potential energies 
(enthalpies, ΔH).29 

The first definition of Clarke et al.41 considers the binding energy of the initially formed 
local exciton. This property is equal to the energy difference between the CS state 
consisting of two fully dissociated charges in the same system, with the hole on a donor 
molecule and the electron on a distant acceptor molecule, and the initially excited state. 
This binding energy is labelled Eb

exc from now on (Fig. 1.8). 
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Fig. 1.8 Local exciton D*A at the donor monomer CPDTTBT illustrating the exciton binding energy Eb

exc and the 
CT exciton (D+!A−!)CT at CPDTTBT and the acceptor [60]PCBM illustrating the CT exciton binding energy Eb

CT. 
(blue: positive charge, red: negative charge) 
 

Estimates of Eb
exc for conjugated polymers range from less than 0.1 eV to over 1 eV. Due 

to the disordered nature of conjugated polymers direct experimental measurements of the 
magnitude are difficult.29 Typically electric field quenching of the polymer photo-
luminescence is used to determine its value.44 However, consensus about the value for a 
particular system is often not obtained.29 If Eb

exc is smaller than the available thermal 
energy kBT, which is a few hundredths of an eV, the primary photo-excitations are 
considered to be mobile charges.29 Usually Eb

exc is larger, namely of the order of 0.3-0.5 
eV.18 Therefore, as a rule of thumb for BHJ solar cell devices, one considers a LUMO-
LUMO offset of ~0.3-0.4 eV to be sufficient to drive local exciton dissociation.36 

Several experimental and theoretical studies have shown that different types of excitons 
with varying exciton binding energies are formed as the primary photo-excitations in 
polymers.24 The less bound excitons are believed to play a significant role in the 
photovoltaic process because they might decrease the energy and voltage loss for charge 
separation24, reduce geminate recombination and make electron transfer from donor to 
acceptor easier.51 The sometimes immediately formed free charges after light absorption 
can contribute directly to the yield of free charges. Therefore, polymers in which less 
bound excitons and mobile charges are formed after light absorption are preferred above 
polymers in which tightly bound excitons are formed. Szarko et al.52 showed for 
PTB7/PCBM blends that free charges are generated via a combination of intra- and inter-
molecular charge transfer mechanisms. They expect that a (possible) interplay between 
intra- and inter-molecular CT states has significant implications for how to optimise the 
BHJ morphology to obtain better performing OPV devices.52 

The second definition of Clarke et al.41 considers the binding energy of the CT exciton. 
The energy difference between the CS state consisting of two fully dissociated charges in 
the donor and acceptor molecules and the nearest neighbour CT1 state at the donor-acceptor 
interface, is called the charge-transfer exciton binding energy (Eb

CT, Fig. 1.8). Usually Eb
CT 
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is lower than Eb
exc because of the increased electron-hole distance.29 Its value is estimated 

to be of a few tenths of an eV,41, 53 which is higher than the usually available thermal 
energy. Consequently, the electron and hole are not able to escape from their Coulomb 
attraction in order to generate free charges. Therefore, Eb

CT is one of the most important 
parameters that limit the PCE of an OPV device.18!

Besides the high Eb
CT also other losses limit the performance of OPV devices. Kirchartz 

et al.54 analysed the losses for BHJ solar cells and found that optical losses due to 
insufficient light trapping and absorption in solar cell layers that do not collect charge 
carriers, exciton losses due to insufficient transport of excitons to the donor-acceptor 
interface or due to inefficient exciton dissociation, non-radiative recombination losses at 
the donor-acceptor interface, and charge carrier collection losses due to insufficient 
mobilities, lead to a great reduction in the PCE. Of all these possibilities, the most 
dominant one is the non-radiative recombination at the donor-acceptor interface.54, 55 
 
 
1.8 Proposed mechanisms for charge separation  
 

Currently the biggest challenges lie at the heart of the organic solar cell: the donor-
acceptor interface. The question of how the charge generation process at this interface can 
overcome the high Eb

CT has so far been unanswered. Several options have been proposed, 
like the assistance of hot CT states,47, 56, 57 the role of structural heterogeneity leading to 
relatively delocalised charge carriers,47, 58, 59 the assistance of an interfacial electric field,60 
an increase in the entropy when charges move away from each other,41, 61 and the 
possibility that quantum coherence controls charge separation.62-64 Hereafter, all these 
options will be discussed. 

One of the most considered options assumes that excess photon energy leads to hot CT 
states that assist in charge separation.56, 65 Bakulin et al.56 find experimental evidence in the 
enhancement of the photo-current due to re-excitation in the CT manifold. A computational 
study that supports this possible mechanism is the recent work of Jailaubekov et al.57 who 
performed mixed quantum mechanics/molecular mechanics simulations of the charge 
separation dynamics. These simulations show preference for the formation of more 
delocalised CT excitons because these higher-energy CT states have better overlap of their 
electronic density of states (DOS) distributions with the DOS of the initially excited states 
(it is emphasised that the excess energy in the hot CT excitons is predominantly electronic 
in nature and not vibronic).57 Still, the question whether or not this hot CT state-assisted 
mechanism is common to photo-induced charge separation processes in general, remains 
challenging to answer. Recently, an experimental study performed by Vandewal et al.47 
reports for a wide range of OPV devices (polymer/fullerene, small-molecule/C60, and 
polymer/polymer) that excess electronic or vibrational energy does not affect the IQE. 
These results indicate that free charge carriers are generated and collected with nearly 
identical efficiencies regardless of whether the charges are generated on excitation directly 
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into the CT1 state or on excitation into higher energy unrelaxed (i.e., vertical) CT states, 
higher energy donor excited states and higher energy acceptor excited states. It is proposed 
that all hot CT states relax within the CT manifold and are in thermal equilibrium with the 
CT1 state, which suggests that excess energy cannot be exploited to improve the charge 
separation yield.47 

The study performed by Vandewal et al.47 suggests another option for efficient charge 
separation to explain their experimental findings: large IQE can only be reached when the 
CT1 state is sufficiently delocalised and has an energy close to the CS state. Several 
theoretical studies58, 59 support this option when the local morphology of the interface is 
modelled properly, i.e., not in a very localised fashion. For example, McMahon et al.58 
show that the electronic structure of P3HT in contact with PCBM is more disordered 
compared to bulk P3HT, which leads to an increase in the band gap of P3HT near the 
interface. The exciton is therefore repelled by the interface. Consequently, electron transfer 
leads to the splitting of the exciton in a hole a few layers away from the interface and an 
electron in one of the partially delocalised states of PCBM. It is suggested that this provides 
a possible explanation for the high quantum yields of free charges of certain donor-acceptor 
combinations.58 

Another popular option to explain charge separation assumes that a local electric field at 
the interface lowers the barrier for charge separation. This local electric field exists due to 
the presence of interfacial dipoles that originate from electronic polarisation effects, i.e., 
reorganisation of the electron density within the molecules across the interface, or from 
(partial) charge transfer between the ground state donor and acceptor molecules. The 
interfacial dipole causes a vacuum level shift that strongly modifies the alignment of donor 
and acceptor electronic levels at the interface. For example, in a tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) complex, the interfacial dipole results in a 
stabilisation of the TTF frontier molecular orbitals by a few tenths of an eV and a 
destabilisation of the TCNQ frontier molecular orbitals by the same amount. Therefore, 
Beljonne et al.60 emphasise the importance of taking fully into account interfacial effects 
when constructing energy diagrams for describing interfacial electronic processes. 
Inclusion of interfacial effects in the description of the OPV working mechanism will likely 
alter driving forces for charge separation and Voc.60, 66 

The increase in entropy ΔS when charges move away from the donor-acceptor interface is 
also proposed to be essential for charge separation. Clarke et al.41 show quantitatively that 
for equilibrium processes the contribution from ΔS can substantially decrease the Coulomb 
barrier for charge separation. In this regard, one should consider changes in Gibbs free 
energies ΔG instead of changes in potential energies ΔH (note that ΔG=ΔH−TΔS). 
However, Gregg61 states that for non-equilibrium processes like an illuminated solar cell, 
the magnitude of entropic effects should diminish considerably compared to equilibrium 
processes. Clearly some controversy exists about the role of entropy in the charge 
separation process in organic solar cells. 



Chapter 1 

!26 

Very recently, a lot of effort has gone into the time-dependent modelling of the early 
stages of the charge transfer dynamics to model this process as realistic as possible.62-64 
Falke et al.63 combined experimental and theoretical studies on P3HT/PCBM blends and in 
this way found strong evidence for an important role of coherent vibronic coupling between 
electronic and nuclear degrees of freedom in this process. After excitation of the polymer 
leading to the formation of local excitons, electron transfer to PCBM takes place by 
delocalisation of the electronic wave packet across the interface. This step appears to 
trigger coherent vibrational motion of the fullerene. Correlated oscillations within 25 fs of 
the electron density and the nuclei on the same time scale were found that enable ultrafast 
charge transfer.63 Eisenmayer et al.62 argue that a broader investigation is necessary to 
verify the generality and the role of this correlated oscillatory behaviour in photo-induced 
charge transfer processes, and the possibility of optimising these coherences to increase the 
efficiency of photon-to-charge conversion.  

Also for electronic energy transfer processes, quantum coherence is expected to play a 
role. For example, the very high efficiencies reached for excitation energy transfer in 
biological light-harvesting complexes are often attributed to long-lived electronic quantum 
coherence in these systems, which manifests itself in observable quantum beating signals.67 
However, recently Tempelaar et al.68 question this as they found by numerical simulations 
strong indication that the quantum beating signals are induced by vibrational (nuclear) 
motion instead of electronic quantum coherence. 

In general one can conclude that further investigation of the exact mechanisms that 
underlie charge separation in organic blends is needed. According to Moses,69 research that 
aims at identifying the molecular properties that make some organic blends more efficient 
in creating free charges is required. In parallel, models should be developed that can unify 
the sometimes seemingly contradicting experimental results.69 These steps are believed to 
be necessary in order to improve the performance of organic solar cells in future.  

Since OPV is a multidisciplinary research field, several studies18, 21 have already 
underlined the importance of a multidisciplinary approach that involves materials science, 
(theoretical) chemistry and physics to provide understanding of the OPV working 
mechanism. Therefore, a multidisciplinary research team at the University of Groningen 
started a large research programme called the FOM-focus group ‘Next generation organic 
photovoltaics’. 
 
 
1.9 Aim and approach of the research programme 
 

Recently a promising route to increase the efficiency of OPV devices has been suggested: 
developing new organic materials with a high dielectric constant. Koster et al.50 showed 
that the Shockly-Queisser limit of 33% that sets a maximum to the efficiency of single (p-
n) junction solar cells, also applies to OPV devices. In their study based on a drift-diffusion 
model the key parameter enabling PCEs of more than 20% for OPV devices is the dielectric 
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constant (or relative permittivity). According to Koster et al.,50 a high dielectric constant is 
expected to lower exciton binding energies and to reduce all forms of geminate (or 
monomolecular) and nongeminate (or bimolecular) recombination.50 Therefore, the aim of 
the research programme at the University of Groningen is to develop a new generation of 
molecular semiconductors that are characterised by a high dielectric constant. 

In contrast to inorganic materials having high dielectric constants (e.g., 11 for silicon70, 

71), most organic semiconductors have low dielectric constants (εPCBM≈3.972 and 
εpolymer≈373). This low dielectric constant has a large effect on the photo-physical properties, 
because it is responsible for the formation of local excitons. Weak Van der Waals 
interactions between neighbouring molecules lead to narrow energy bandwidths, low 
mobilities and hopping-like charge transport. This unfavourable situation for charge 
separation does not occur in, e.g., silicon where the high dielectric constant screens charges 
very effectively. Strong (covalent) interatomic interactions lead to broad energy 
bandwidths, high mobilities and band-like charge transport. Immediately after light 
absorption highly delocalised excitons are formed from which free charges are generated.74 
Consequently, the highest confirmed PCE of a silicon research solar cell is ~25%.10 

Within the Debye model, the dielectric constant εr is related to the properties of its 
constituting molecules/atoms according to the following equation: 
 
!! − 1
!! + 2

= !
3!!

!! + !! +
!!
3!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.6) 

 
where N is the number of atoms/molecules (per m3), ε0 the permittivity of vacuum (in 
C2/Jm), αe the electronic polarisability of the molecule (in C2m2/J), αd the distortion 
polarisability of the molecule (in C2m2/J), µ the permanent electric dipole moment of the 
molecule (in Cm), kB the Boltzmann’s constant (in J/K) and T the absolute temperature (in 
K). The term (µ2/3kBT) is called the orientation polarisability of the molecule. Without this 
term, the Debye equation becomes the Clausius-Mossotti equation.75 

The Debye equation illustrates the three different microscopic mechanisms of polarisation 
that can exist in a dielectric material: the electronic polarisation depending on the 
displacement of the electron cloud with respect to the nuclei in an applied electric field, the 
distortion polarisation depending on the displacement of the nuclei in an applied electric 
field, and the orientation polarisation – which only exists for polar molecules – depending 
on the (modification of the) permanent electric dipole moment of the molecule in an 
applied electric field. The first two mechanisms result in an induced dipole moment of the 
molecule.75, 76 

These three polarisation phenomena all show different frequency dependencies. The 
motion of complete molecules (maximum frequency is ~109 Hz) and the displacement of 
nuclei (maximum frequency is ~1013 Hz) need more time than the available time at optical 
frequencies (~430-790×1015 Hz) to respond to the alternating electric field. Due to this 
fact, a static (dielectric constant in static electric field, i.e., all polarisation mechanisms 
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determine εr) and optical dielectric constant (dielectric constant at optical frequencies, i.e., 
only electronic polarisation determines εr) can be defined for a material.75, 76 

Within the Debye model, a high dielectric constant can originate from molecules that are 
highly electronic polarisable (i.e., molecules containing atoms with high polarisability), 
highly distortion polarisable (i.e., molecules containing a large number of ionic bonds) and 
posses a dipole. An increase in the density N can also contribute to a higher dielectric 
constant.75!In general the Debye model should rather be used as guideline to understand the 
origin of dielectric response at the molecular scale, especially for molecule-based systems 
like organic blends.77 

Recently, Van Duijnen et al.78 studied the behaviour of charge distributions in dielectric 
media. In this work the validity of a screened Coulomb law at microscopic length scales 
was investigated. Often the expected higher PCE of organic solar cells based on high 
dielectric constant organic materials is explained by arguments41, 79, 80 based on the concept 
of a screened Coulomb law: 
 

!!" =
!!!!(!! − !!)
4!!!!!!!"!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.7) 

 
where Fij is the interaction force (in N) between two point charges with charges Qi and Qj 
(in C), ε0 the permittivity of vacuum (in C2/Jm), εr the dielectric constant, and Rij the 
distance between the charges (in m). The interaction energy can be obtained by integration 
of the force. In contrary to the well-known Coulomb law, the screened Coulomb law (eq. 
1.7) is not an exact formula but an effective one, which can only be applied when all 
parameters are macroscopic, including the interaction distance between the charges 
(distance should be ~100 Å). Van Duijnen et al.78 illustrated for charges in different 
environments that one cannot use a screened Coulomb law at length scales of electron-hole 
separation in local and CT excitons, i.e., 10-20 Å. Instead, a full treatment of all 
interactions on a microscopic scale is needed to correctly describe the early stages of 
charge dissociation of the local and CT excitons.78 

However, this does not imply that increasing the dielectric constant of organic materials 
will not lead to a higher PCE, as Koster et al.50 showed. Van Duijnen et al.78 also showed 
that the exciton binding energy decreases with increasing dielectric constant, but the 
relation between the two is not inversely proportional, as a screened Coulomb law would 
predict. So the PCE of OPV devices based on high dielectric constant organic materials is 
expected to be higher than the PCE of the current devices.  

Heitzer et al.81 pointed out that the rational design of high dielectric constant organic 
materials is challenging, mainly because many questions have remained unanswered about 
how molecular chemical properties affect the bulk dielectric response. In their studies77, 81 
they address this problem by applying a first-principles approach to compute the dielectric 
response of molecule-based materials by taking into account the effects of position, 
orientation and packing of the constituent molecules. The change in charge density as a 
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function of the applied electric field determines the dielectric response. It was shown that 
large packing density and alignment of π-systems parallel to the applied electric field lead 
to a high dielectric constant. So controlling the molecular ordering may be the key to 
design high dielectric constant molecule-based materials.77, 81 With regard to highly 
disordered media like organic blends, Heitzer et al.77 argue that in these systems the 
polarisation response of a single molecule, i.e., local dielectric response, in a specific 
orientation may be important for certain chemical and physical processes that happen at the 
nanoscale. It is possible that the local dielectric response deviates from the bulk dielectric 
constant.77 

Until now several synthetic chemical approaches to develop high dielectric constant 
materials for application in OPV devices have been reported. Jahani et al.82 shortly review 
some of these approaches, like blending the polymer with inorganic, conductive fillers or 
electron-rich organic dopants, and installing polar pendant groups in the materials, e.g., 
cyano groups and terthiophene groups. The approach applied in the research programme at 
the University of Groningen is to install polarisable side-groups and permanent dipoles in 
both the conjugated polymers and fullerene derivatives, without modification of the π-
conjugated system in order not to affect the mobility or band gap. Ideally, the electronic, 
optical and solubility properties of the molecules should not change.82 

Several promising outcomes of this approach have recently been reported. Jahani et al.82 
report an increase in the dielectric constant of fulleropyrrolidines with triethylene glycol 
monoethyl ether (TEG) side-chains (εr≈5.5) and the excellent solubility of these 
functionalised fullerenes in organic solvents without any significant changes in electron 
mobility, UV-vis absorption and electrochemical properties. Torabi et al.83 report 
impressive doublings of the dielectric constant up to ~5-6 for poly(p-phenylene vinylene) 
and diketopyrrolopyrrole based polymers also functionalised with TEG side-chains. 
Donaghey et al.84 synthesised two non-fullerene acceptors with short ethylene glycol chains 
and measured an enhancement in the dielectric constant (up to 9.8) compared to their 
alkylated counterparts, while the optical and electrochemical properties and electron 
mobilities did not change. 

An enhancement of the dielectric constant up to frequencies of 109 Hz can diminish 
losses originating from Coulomb interactions between charges, because these losses are not 
beyond the ns time scale. Due to the flexibility and swiftness of the TEG side-chains, 
reorientations of their dipoles, i.e., orientation polarisation, can potentially increase the 
dielectric constant in this frequency range and diminish these loss processes.83 Therefore, 
Torabi et al.83 expect that application of donor and acceptor molecules functionalised with 
TEG side-chains in real OPV devices will result in higher PCEs. Donaghey et al.84 report 
some encouraging outcomes of initial OPV device testing. Application of their synthesised 
high dielectric constant non-fullerene acceptors with P3HT as donor in an OPV device 
resulted in a slight enhancement in the short-circuit current. Further study is required to 
disentangle whether the improvement in the OPV device performance is due to the increase 
in the dielectric constant or due to other factors like changes in the blend morphology.84  
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1.10 Aim of the theoretical research within the programme and 
thesis outline 

 
The central aim of this theoretical and computational research project, which is part of the 

research programme at the University of Groningen, is to find strategies for lowering 
exciton binding energies in OPV materials. Chapter 2 explains the theory of the 
computational methods that are used for the research described in this thesis.!

The thesis discusses the results of three proposed strategies. The first strategy is to 
incorporate permanent dipoles in polymer side-chains to lower Eb

CT (Chapter 3). The 
second strategy is to install permanent dipoles in PCBM analogues to lower Eb

CT (Chapter 
4). In these studies the primary interest is the influence of the local environment including 
these dipoles on the interaction between charges that are present in this environment and 
not the effect of these dipoles on the properties of the molecule itself. The third strategy is 
to introduce push-pull group substitution patterns on donor-acceptor co-monomers and 
their corresponding trimers to lower Eb

exc (Chapter 5). In this study the primary interest is 
the influence of structural changes on (excited state) properties of the donor molecule itself. 

The study described in Chapter 6 investigates whether a relation exists between Eb
exc and 

Eb
CT. Furthermore, detailed information on the amount of charge transfer upon excitation 

and on the separation between the positive and negative charge formed upon excitation, 
called the charge-transfer excitation length, is provided for the same series of donor-
acceptor co-monomers studied in Chapter 5 and their corresponding trimers.  

The thesis ends with an outlook giving an overview of interesting directions for future 
research based on the studies described in this thesis and based on the research that is 
currently ongoing in the field of OPV (Chapter 7). 
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