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CHAPTER 1
Introduction

Summary

Organic photovoltaics (OPV) is one of the emerging renewable technologies that
has demonstrated a dramatic growth in the past two decades. Currently, OPV appears
to be chasing other well-established and emerging photovoltaic technologies such as Si
and perovskites, in terms of power conversion efficiency. In this introductory chapter, a
performance limiting factor for organic photovoltaics is discussed and an approach for
addressing the problem is proposed. In the final section, an overview of this thesis is
given.
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Chapter 1. Introduction

1.1 Renewable energies

Increased energy consumption caused by expanding population, economic growth and
structural changes, lead to depletion of fossil fuels, increased CO2 emission and global
warming. Stimulated by these long standing global issues and driven by economic ben-
efits and energy security, many countries are moving toward renewable energies. The
most recent decision related to reducing fossil fuel use is agreement at the Paris climate
summit in 2015. [1] In this historic climate agreement, 197 countries* committed to limit-
ing the temperature increase to well below 2 ◦C. In preparation of the agreement, more
than 80 countries submitted national plans to expand their use of solar and/or wind
power as a way of reducing greenhouse gas emissions.

1.2 Solar energy

Solar energy stands out among other renewable energy sources because of the unique
abundance of Sun power on earth and the dependence of other renewable energy
sources on it. The most straightforward way to produce power in a green manner can
be directly tapping into this infinite source of energy. Photovoltaics (PV) and solar ther-
mal are the most important technologies developed for harnessing solar energy in the
form of radiant light and heat, respectively. After wind, hydro and bio-power, solar PV
holds the fourth share of global renewable electricity production at end-2015. [2] From
end-2010 to end-2015, solar PV has shown the highest growth rate of renewable energy
capacity as compared with other renewable energy sources. [2] The exponential growth
of worldwide PV power production over the past 20 years is the outcome of technology
development, increased production, government programs and cost drop. By 2030, at
present rates, 20% of total world electricity consumption is predicted to be supplied by
solar power. [3] The most up-to-date energy finance oulook suggests that solar power is
pushing coal and natural-gas plants out of business even faster than previously fore-
cast. [4] These predictions translate into practically free power per kW for consumers,
however, the solar power technology would not be able to fully conquer oil and gas
power supplies in terms of total costs. The dependency on seasonal and regional weather
conditions and high cost of installation and transport are a few reasons that hold photo-
voltaics back in the cumulative market. Some of the issues entangled to the present PV
technology can be addressed by introducing solar cells that are more efficient at lower
cost, can operate in different lighting conditions and are lighter in weight and are more
flexible for installation in comparison to silicon solar cells. Solution processed solar cells
are an emerging photovoltaic technology that can potentially offer all or part of these ad-
vantages to push the envelope of solar power production. The present thesis focuses on
organic PV as a branch of emerging PV technologies. Herein, OPV is referred to solution

*The number of countries is not definitive. On June 1, 2017, United States President Donald Trump an-
nounced the withdrawal from all participation in the 2015 Paris Agreement.
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1.3. Solar cell efficiency and characteristic parameters

Figure 1.1: Typical current-voltage characteristic of a solar cell.

processed polymer/fullerene solar cells to avoid confusion with other organic or hybrid
photovoltaics.

1.3 Solar cell efficiency and characteristic parameters

A solar cell is the building block of a solar energy generation system where light power is
directly converted to electrical power. The process of power conversion is called photo-
voltaic effect, therefore a solar cell is also known as a photovoltaic cell. A PV cell is com-
posed of semiconductor material(s) for light absorption/charge carrier generation sand-
wiched between electrodes for charge extraction. The photons absorbed in the semicon-
ductor create electrons and holes that migrate toward cathode and anode, respectively,
and build up a potential difference in the device called open circuit voltage (Voc). Provided
that the electrodes of illuminated solar cell are connected by an external circuit, current
will start flowing in the circuit called short circuit current (Jsc). A conventional method to
characterize the photovoltaic performance of a solar cell is current-voltage (J-V) measure-
ment. Figure 1.1 depicts the typical J-V characteristic of an illuminated solar cell. The
ratio of the maximum power output to the product of Jsc and Voc is referred as fill factor
(FF). Power conversion efficiency (PCE) is the ratio of the maximum power output (Pmax)
to the incident radiation power (Pin) quantified by

PCE =
Pmax

Pin
=

JscVocFF
Pin

. (1.1)

Variations in the power and the spectrum of the incident light influences PCE therefore,
a standard illumination condition is defined for quantifying PCE as intensity of 1000
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Chapter 1. Introduction

W/m2 and solar spectral distribution of air mass 1.5 Global or AM1.5G.*
Quantum efficiency is a different efficiency measure of a solar cell based on electron gen-
eration efficiency instead of power generation efficiency. External quantum efficiency
(EQE) is the ratio of collected electrons to incident photons. EQE is a wavelength depen-
dent parameter which is obtained by measuring the photocurrent (Iph) generated by a
monochromatic light source:

EQE(λ) =
Iph

qΨλ
, (1.2)

where q is the elementary charge and Ψλ is the spectral photon flow incident on the
solar cell. The shape of EQE curve versus wavelength provide information on optical
and electrical losses of the device. Furthermore, EQE measurement is used as a tool to
calibrate illumination lamp of a test cell to AM1.5G taking the spectral response of the
solar cell into account. IQE refers to the efficiency of electron generation by photons that
are not optically lost in the device. Therefore, IQE is obtained by dividing EQE to the
fraction of the incident monochromatic light power that is absorbed.

1.4 Organic photovoltaics

The photovoltaic effect in organic molecules was initially observed in the 1950s and al-
most two decades later power conversion efficiencies (PCEs) of 1% were reported for
organic solar cells. [5] Despite the very small starting efficiency, organic solar cells were
appealing to scientists for convincing reasons: Instead of atomic crystals (Si at the time),
π-conjugated molecules† were the building blocks of organic solar cells. The production
of molecules could potentially become very cheap considering the possibility of mass
production by chemical companies. Furthermore, assuming the development of syn-
thetic methods and relying on the versatility of organic molecules, they could be tailored
for efficient light absorption which in turn could reinforce thinner, lighter and cheaper
production of solar cells compared with their inorganic crystalline counterparts. Ulti-
mately, the solution processability of organic compounds could promise for low temper-
ature, large scale roll to roll production. Therefore, organic photovoltaics continued its
progress mainly driven by economies of scale prospects. In the beginning of the current
decade, the industrial perspectives of OPV were sketched based on their PCE growth
road map and first real-world outdoor data. [6–8] An achievable market competitiveness
was predicted for organic solar cells with 5 years of lifetime and 7% large-area module
efficiencies. [7] To date, organic solar cell efficiencies and lifetime have exceeded these

*The Air Mass quantifies the reduction in the power and spectrum of light as it passes through the atmo-
sphere and is absorbed by air and dust.

†In π-conjugated organic molecules, pz orbitals overlap across an intervening σ bond allowing for π elec-
trons delocalization. Electron delocalization create properties similar to inorganic semiconductors, therefore
π-conjugated organic molecules are called organic semiconductors. The filled π band is called the highest
occupied molecular orbital (HOMO) and the empty π∗ band is called the lowest unoccupied molecular orbital
(LUMO), resembling valence and conduction bands in inorganic semiconductors.
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1.5. Efficiency limits of OPV

values, [9,10] nonetheless the grid share of OPV is still zero. This means that the main
challenges hindering OPV commercialization need to be addressed including low PCE,
stability and batch-to-batch inconsistency of modules. [11] Among these challenges, the
low efficiency captures the headlines, although it is not the only factor to consider. [12,13]

1.5 Efficiency limits of OPV

To improve the performance of organic solar cells, knowing their efficiency limits is the
first step. The underlying limitation of the current OPV cells is their excitonic nature.
Unlike inorganic solar cells where free charge carriers are generated upon light absorp-
tion, in organic solar cells bound electron-hole pairs (excitons) are generated. The exciton
binding energies (Eex

b ) in Si, GaAs, CdTe and (CH3)3NHPbI3 are well below the ther-
mal energy (15.0 meV, 4.2 meV, 10.5 meV, [14] and 10 meV, [15] respectively). Whereas in a
typical organic solar cell, Eex

b is several hundreds of meVs. [16] The high exciton binding
energy of organic semiconductors arises from real space localization of exciton and low
electric permittivity (≈ 2–4), hence weak electronic screening. [17] Considering this fact
as a boundary condition, current OPV cells have adopted the bulk heterojunction (BHJ)
architecture to make use of Coulombically bound photogenerated electron-hole pairs.
In this design, the photoactive layer comprises two semiconductors referred as donor
and acceptor in a three dimensional heterojunction system. The energy offset between
electron affinities and/or ionization potentials of donor and acceptor facilitates exciton
dissociation. The donor, which is often a light absorbing conjugated polymer, transports
holes while the acceptor, which is usually a fullerene derivative, accepts and transports
electrons.
In a BHJ organic solar cell, the photocurrent is generated after multiple processes that
can be divided into four main steps depicted in Figure 1.2. The foremost process is
light absorption which is followed by exciton generation. Excitons, whether diffused
to or located at the donor/acceptor interface, dissociate into free charge carriers as an
energetically favorable process and are transported through respective phases towards
electrodes to be extracted. Several loss mechanisms accompany photocurrent gener-
ation. As indicated in Figure 1.2, only at the interface of donor/acceptor, have exci-
tons the chance to dissociate into electron and hole. The exciton diffusion length in
organic semiconductors is rather small (ca. 10 nm), [18,19] therefore the donor and accep-
tor should be intimately mixed to avoid excitonic losses and afford an adequately thick
active layer for efficient light harvesting. Geminate recombination and bimolecular re-
combination are other loss processes that occur for electron-hole pairs and free charge
carriers mainly because of strong Coulombic interaction between them which is not ad-
equately screened in a low dielectric constant environment. Considering the complex-
ity of the photocurrent generation process within a BHJ structure, the fulfilled PCEs of
above 10% [9] are an impressive achievement. This accomplishment is a good stimulus to
pursue research aiming at performance improvement of OPV following the vast amount
of research performed on morphology, energy structure and device design optimization.
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Figure 1.2: Schematic illustration of photocurrent generation in a BHJ solar cell.

Furthermore, no fundamental limit is recognized for OPV except the upper efficiency
limit that Shockley-Queisser theory sets for single junction solar cells. [20–22] Theoretical
models suggest that reducing loss processes can push organic solar cells to their theoret-
ical efficiency limit. [23–25] Based on a device simulation study, Koster et al. [23] outlined
pathways to organic solar cells with PCEs in excess of 20% by considering controlled
charge-transfer state (CT) emission, reduced reorganization energy in the dissociation
of excitons, utilization of optical absorption by both electron donor and acceptor and
finally the increased dielectric constant. In this study, increasing the dielectric constant
is introduced as a central strategy because most of losses in an operating organic solar
cell are originated from or related to the strong Coulombic attraction between opposite
charge carriers. Dielectric constant enhancement at a certain frequency domain would
diminish specific losses depending on the dynamics of the loss processes. This subject
will be discussed in more detail in Chapter 3.

As discussed in the previous pragraphs, the donor/acceptor BHJ architecture is adopted
by OPV to facilitate dissociation of photogenerated excitons into free charge carriers.
Such a design has a counterproductive role on the overall performance of a solar cell:
The energy offset between donor and acceptor facilitates exciton dissociation on the cost
of open circuit voltage (Voc) loss. The intimately mixed donor/acceptor keeps opposite
charge carriers in close proximity, hence it increases the chance of recombination loss
due to weak dielectric screening by the embedding environment. Accordingly, the per-
formance of OPV cells is extremely dependent on the bulk morphology which is difficult
to control. Reduced Coulombic interaction between opposite charge carriers can poten-
tially reduce recombination losses, [23] and the strong performance dependence of or-
ganic solar cells on bulk morphology. [26,27] More ambitiously, in organic materials with
adequately high dielectric constant, the Coulomb interaction may diminish to such an
extent that the need for BHJ structure can be ruled out.
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1.6. Objective and outline of this thesis

1.5.1 Enhancement of the dielectric constant

Clausius-Mossotti, [28,29] Debye, [30] and Onsager models [31] show that microscopic po-
larization mechanisms including electronic, distortional and orientational polarizations
contribute to the dielectric properties of materials. These models are sufficient only in
describing dilute systems like gases and liquids, and developing models to describe the
dielectric properties of solids is an active field of research at the present time. Recent
advances in computational power and methodology allows for predicting the dielectric
response of molecular systems. [32–37] In the present piece of research, the quest for high
dielectric constant organic materials remains highly empirical and classical theories and
computational methods are used as rough guidelines.

1.6 Objective and outline of this thesis

To date, the PCE of 13% [38] is achieved for single junction organic solar cells as a result
of identifying and suppressing performance limiting factors. [24] Nevertheless, the efforts
for dielectric constant enhancement of organic PV materials play a very small role in the
research history of OPV. The inadequacy of the knowledge on this subject sets the stage
for performing the present piece of research. The central theme of this thesis is tuning
the dielectric constant of organic π-conjugated semiconductors via polar side chains.
In Chapter 2 a brief theory on the dielectric properties of materials is provided and the
applied methods to determine the dielectric constant and charge carrier mobility of the
materials are explained. At the end, a list of materials used in this thesis is provided.
In Chapter 3, a strategy for enhancing the dielectric constant of known OPV materials is
outlined. The suitable frequency domain for tuning the dielectric constant is discussed
based on the dynamics of loss processes. Relying on the quantum computational estima-
tions, a new set of materials are introduced with side chains altered to increased polarity
and flexibility. The electrical capacitance measurement is proposed as a suitable tech-
nique for determining the dielectric constant of the materials. The experimentally de-
termined dielectric constant of the designed materials versus their reference compounds
show enhanced values. It is also shown that solubility and charge carrier mobility are
not degraded in the altered compounds.
Chapter 4 and Chapter 5 are dedicated to studying two important interface effects that
influence the electrical capacitance of capacitors. The purpose of both chapters is to
emphasize the susceptibility of the dielectric properties, determined from capacitance
measurement method, to extrinsic interface effects present in thin film capacitors.
In Chapter 4, the rise of the dielectric constant is reported due to mobile ion percolation
from LiF interfacial layer into the bulk of the capacitor. A sub-nanometer layer of LiF is
usually used in organic solar cells and light emitting diodes for improved electron ex-
traction/injection. However, the real reason for the improvement has been the subject of
long standing debates in organic electronic community, revisited in this chapter. Based
on current voltage and electrical capacitance measurements and conductive atomic force
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Chapter 1. Introduction

microscopy data, it is concluded that LiF acts as a doping agent in fullerene-based de-
vices.
In Chapter 5, it is theoretically and experimentally proven that interface roughness cre-
ates an additional capacitance in thin film parallel plate capacitors. Consequently, the
dielectric constant of a material determined by capacitance measurement is overesti-
mated in rough capacitors. An extended parallel plate capacitor formula is provided to
correct for the rough interface effect. Furthermore, practical protocols are suggested for
the reliable use of the parallel plate capacitor equation and obtaining a reliable dielectric
constant value.
In Chapter 6, the BHJ solar cells of fullerene derivatives with oligo(ethylene glycol) side
chains are studied in the blends with a high performing polymer. The polarity and flex-
ibility of these side chains were proposed earlier, in chapter 3, as a strategy for dielectric
constant enhancement. The focus of this chapter is on the blend morphology optimiza-
tion pathways for the tailored fullerene derivatives. Compared with the reference accep-
tor, [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM), the newly designed fullerene
derivatives show better miscibility with the polymer, so that the need for using a high
boiling point solvent additive is diminished. The increased polarity by oligo(ethylene
glycol) side chains is proposed as a potential approach for moving towards water solu-
ble compounds for organic electronics.
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1.6. Objective and outline of this thesis

Table 1.1: List of symbols and abbreviations used in this thesis.

Symbol description
[60]PCBM phenyl-C61-butyric acid methyl ester
[70]PCBM phenyl-C71-butyric acid methyl ester
A acceptor
ac size of the smallest feature of the surface
AM1.5G air mass 1.5 global
α molecular polarizability
BHJ bulk heterojunction
C0 capacitance of an empty capacitor
Cf capacitance of a capacitor with ideally flat and smooth electrodes
Cg geometrical capacitance of a filled capacitor
Cm capacitance determined from impedance measurement
Cr capacitance of a capacitor with one flat and one rough electrode
D donor
D electric displacement vector
∆ activation energy
∆G Gibbs free energy
E electric field
ε dielectric constant (permittivity)
ε0 vacuum permittivity
ε′ real component of the dielectric function
ε” imaginary component of the dielectric function
ε∗ complex dielectric function
εeff effective dielectric constant
εr relative dielectric constant (relative permittivity)
Eex

b exciton binding energy
EG ethylene glycol
EQE external quantum efficiency
FF fill factor
γ field activation parameter
h Planck constant
h0 film thickness
H roughness exponent
HOMO highest occupied molecular orbital
I current
Iph photocurrent
IQE internal quantum efficiency
IS impedance spectroscopy
ITO indium tin oxide
J current density
Jsc short circuit current density
kb Boltzmann’s constant
kc upper cutoff of the spatial frequency
χe electric susceptibility
LUMO lowest unoccupied molecular orbital
MEH-PPV poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
µ zero field mobility
µ∞ universal mobility
ND doping density
OEG oligo(ethylene glycol)

Continued on the next page
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Chapter 1. Introduction

Symbol description
ω angular frequency
p dipole moment
P electric polarization
PCE power conversion efficiency
PEDOT:PSS poly(3,4-ethylenedioxythiophene)polystyrene sulfonate
PTB7 Poly({4 ,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-

diyl}{3 -fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})
PV photovoltaics
q elementary charge
r in-plane positional vector
R gas constant
Rp parallel resistance
Rs series resistance
SCL space charge limited
σ root-mean-square roughness
T temperature
V applied voltage
Voc open circuit voltage
ξ lateral correlation length
Y∗ complex conductance
Y′ real part of complex conductance
Y” imaginary part of complex conductance
Z impedance function
Z∗ complex impedance
Z′ real part of complex impedance
Z” imaginary part of complex impedance
z(r) surface height
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