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Summary

Solar technology is a necessary component of the movement toward renewable energies.
The major part of today’s solar electricity generation is provided by photovoltaic (PV)
facilities. However, the total share of photovoltaics in the global electricity generation is
still very little. A reduction in the module and balance of system costs can help PV to
increase its share of energy generation among other renewables. For this prospect, thin
film solar technology is likely a suitable candidate.
Organic photovoltaics (OPV) is one of the emerging thin film solar technologies that uti-
lize earth abundant materials and hold promise for cost reduction because of flexibility
and light weight. However, organic solar cells need to overcome their current limitations
in terms of power conversion efficiency (PCE), stability and manufacturability to secure
a serious place in the PV market.
The excitonic nature of the current organic semiconductors is one of the reasons that
holds the PCE of organic solar cells behind their inorganic counterparts. In an organic
solar cell, light absorption leads to the formation of bound electron-hole pairs (excitons)
instead of free charge carriers. To facilitate exciton dissociation, the photoactive com-
ponent of organic solar cells comprises a combination of at least two semiconductors
referred to as donor and acceptor. The high electron affinity of the acceptor assists ex-
citon dissociation and the intimate mixing of acceptor molecules with donor in a bulk
heterojunction (BHJ) structure increases the chance of exciton dissociation. The compli-
cated process of free charge carrier generation in a BHJ organic solar cell is associated
with several loss mechanisms.
Chapter 1 gives an introduction into the working principle of organic BHJ solar cells.
It links a number of important performance limiting loss factors to the low dielectric
constant (εr ≈ 2–4) of current organic semiconductors comprising the photoactive layer.
Provided that OPV materials are engineered so that the value of their dielectric constant
approaches that of Si (≈ 12), the PCE of organic solar cells would approach a comparable
value to that of inorganic solar cells (in excess of 20%) with no fundamental constraint.
Furthermore, the need for a mix of two materials for free charge carrier generation in
BHJ architecture would then be diminished. This pathway was proposed in 2012 in a
device simulation study with realistic device parameters and set the stage for the present
experimental work. The focus of this thesis is on the dielectric constant enhancement of
organic semiconductors for photovoltaic application.
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Before discussing the design protocol for increasing the dielectric constant, a suitable
method for determining εr should be followed. Understanding the theory of the di-
electric constant in connection to the photovoltaic effect is a prerequisite for selecting a
suitable measurement technique. Chapter 2 provides the theoretical definition of εr and
introduces polarization mechanisms as the origin of the dielectric properties of materials.
Depending on the active polarization mechanism, a material under the influence of an
external alternating electric field shows different εr. Therefore, over the wide frequency
spectrum from below 10 Hz to optical frequencies, there is no unique method to deter-
mine the dielectric constant. For optical, microwave and below microwave frequency
domains, different characterization methods have been developed. Chapter 2 elaborates
on impedance spectroscopy as the most conventional method for determining the elec-
trical capacitance from which εr in the frequencies below GHz range is obtained.
Is the dielectric constant enhancement below GHz frequency domain beneficial for pho-
tovoltaic performance? To answer this question, Chapter 3 starts with a discussion on
the dynamics of loss processes originating from or linked to the Coulombic attraction
between oppositely charged carriers. Bimolecular recombination, one of the important
loss processes in organic solar cells, is inversely proportional to εr and occurs within mi-
crosecond timescale. Enhanced dielectric constant below MHz range leads to reduced
bimolecular recombination loss. Excitonic losses occur in nanosecond timescale and are
linked to the weak dielectric screening by the embedding environment. It is likely that εr
maintains a relatively enhanced value in the GHz domain if an enhancement in the MHz
domain is observed. Therefore, studying εr of the designed materials with impedance
spectroscopy is relevant to our study. Chapter 3, then continues with introducing a strat-
egy to enhance the dielectric constant of well-known donors and acceptors. The criteria
include not to break the conjugation, alter the transport gap or degrade the charge car-
rier mobility. To comply with these criteria, replacing conventional alkyl side chains with
oligo(ethylene glycol) (OEG) units is proposed. Density functional theory calculations
show that OEG side chain bears high polarity and reorient rapidly with the charge redis-
tribution in the environment. As expected, fullerene derivatives and phenylenevinylene
and diketopyrrolopyrrole based polymers functionalized with OEG side chains show di-
electric constant enhancement compared with their reference compounds bearing alkyl
side chains according to the electrical capacitance measurement results. Electron mo-
bility of the fullerene derivatives and hole mobility of polymers show no degradation
compared with their reference compounds which proves the proposed strategy as a
promising method for tailoring organic compounds for a higher εr while maintaining
their essential electronic properties unchanged.
Reliability of the determined εr values is essential to identifying the right path towards
materials with enhanced dielectric constant. Chapter 4 and 5 study certain interface
effects that influence the electrical capacitance of thin film capacitors and result in mis-
leading values of the determined dielectric constant. Chapter 4 shows that commonly
used LiF cathode interlayer, when deposited onto films of fullerene derivatives, leads to
bulk doping. As a result of doping, the electrical capacitance of the influenced film is in-
creased and therefore an enhanced εr is obtained. Depending on the chemical structure



and molecular packing of the studied fullerene derivatives, the level of doping, hence
the level of εr enhancement is different. Obviously this extrinsic effect, if ignored, can
give rise to misleading information about the dielectric and transport properties of the
newly designed fullerene derivatives.
Chapter 5 investigates the effect of roughness of electrode on the electrical capacitance
of thin film capacitors. It theoretically proves that the nanoscale roughness of electrode
interface introduces excess capacitance due to increased effective electrode area and en-
hanced electric field at the sharp hills and valleys of the metallic surface. Our experi-
mental investigations demonstrate that thin film capacitors with a rough electrode show
a higher electrical capacitance than the value predicted from the parallel plate capacitor
formula. Some of the capacitors show deviations of up to 50% among the investigated
capacitors. The level of deviation depends on the roughness characteristics of the sur-
face determined from atomic force microscopy and topography analysis. We present an
extended capacitance formula in which the excess capacitance originated from the weak
roughness of an electrode is calculated by incorporating the roughness parameters. In
this way, the adverse impacts of unreliable information obtained from the parallel plate
capacitor method including the inaccurate εr are avoided.
Having discussed two experimental issues that complicate the measurement of εr, it is
clear that reliable determination of εr is not a trivial matter. Based on the strategy out-
lined in chapter 3, our collaborators synthesized and characterized a number of fullerene
derivatives that show εr ≈ 7 without the influence of the interface doping and rough-
ness effect. Therefore, OEG-functionalization for enhancing εr appears to work. Nev-
ertheless, the extent of the enhancement depends on many factors, such as the exact
molecular structure and molecular packing.
The next step is to use the OEG-functionalized fullerene derivatives in BHJ solar
cells. In Chapter 6, the pathway for optimizing the morphology of OEG-functionalized
fullerene derivatives with side chains of different length in the blends with thieno[3,4-
b]thiophene/benzodithiophene (PTB7) is investigated. The fullerene derivatives with
a single OEG side chain show very good miscibility with the polymer, whereas the
reference fullerene derivatives require the high boiling point solvent additive, 1,8-
diiodooctane (DIO) for optimal blend morphology and photovoltaic performance. The
residual effect of a high boiling point solvent additive causes instability issues of the
active layer in solar cell. All the new fullerene derivatives in blends with PTB7 present
PCEs above 5% under simulated AM1.5G with optimized morphology. Therefore, the
polarity of the acceptor molecules does not necessarily cause undesired phase separation
with the donor polymer.
In summary, by investigating a strategy for enhancing the dielectric constant of or-
ganic semiconductors, studying the reliability of the dielectric constant characterization
method and exploring morphology optimization routes for efficient solar cells, this the-
sis covers a complete pathway from material design to implementation.
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