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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

3



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.

5
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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

7



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.

8



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

9



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

10
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CHAPTER 2
Theory, Methods

Summary

In this chapter a brief theory on dielectric properties of materials is provided and
the experimental methods to investigate the materials designed for the dielectric
constant enhancement are explained. The protocols for finding the intrinsic dielectric
constant of a semiconductor material by the capacitance method are outlined. Finally
the theory and the experimental methods to determine the charge carrier mobility are
described.

-

+ + +

- -
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Chapter 2. Theory, Methods

2.1 Definition of the dielectric constant

The dielectric constant of a material is conventionally defined based on the amount of its
effect on the capacitance of an empty capacitor. The electrical capacitance of an empty
capacitor (C0) depends only on the geometrical dimensions of it calculated from

C0 = ε0
A
h0

, (2.1)

where ε0 = 8.85× 1012 Fm−1 is vacuum electric permittivity, A is the area of the material
sandwiched between the plates and h0 is the thickness of it. When a dielectric medium
is inserted between the metallic plates of a capacitor, its capacitance increases by a factor
called the relative dielectric constant, εr:

Cg = εrε0
A
h0

. (2.2)

This factor is a measure of the field reduction by a material in an external electric field,
which is called relative permittivity. The subscript g refers to geometrical capacitance
which depends only on the geometrical dimensions of the capacitor and the dielectric
constant of the filler material. In SI units, the dielectric constant of a material (ε) is a
product of its relative dielectric constant εr (or relative permittivity) and the permittivity
of vacuum. Throughout this thesis, εr refers to the relative dielectric constant which is at
times referred as the dielectric constant, for brevity.
The dielectric response depends on the interaction of an external field with the existing
electric dipole moments. Therefore, reviewing the polarization mechanisms gives
insights into understanding the dielectric properties of different substances. When an
electric field is set up within a material, the charge distribution is perturbed by the
following basic polarization mechanisms:

Electronic polarization: The displacement of the negative electron cloud with re-
spect to the positive atomic nuclei of an atom or molecule in response to an external
electric field is common to all materials. Induced polarization is the result of this charge
separation which is vanished after removal of the field (Figure 2.1a).

Vibrational polarization: When bond distortions (Figure 2.1b) occur within an
ionic crystal or molecular system in response to an external electric field, a net dipole
moment in a finite volume can be formed. Vibrational polarization is the result of
vibrating permanent or induced dipole moments following the alternating frequency of
the external electric field.

Orientational polarization: Orientational polarization is intrinsic to a material
consisting of permanent dipoles (Figure 2.1c). The presence of an external electric field
helps randomly oriented dipoles to align their dipole moment in the direction of the
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2.1. Definition of the dielectric constant

+ +

Figure 2.1: Polarization mechanisms; a) electronic, b) atomic and c) orientational.

applied field. The effect of the orientational polarization is significant specially in case
there is a big separation between positive and negative poles.

2.1.1 Static dielectric constant
When a material fills the space between the plates of an empty capacitor, the charge
storage capacity will be increased by neutralizing charges at the electrode surfaces (Fig-
ure 2.2a,b). This arises from the dielectric polarization under the influence of the external
electric field (E) which forces induced and permanent dipoles to orient parallel to the ap-
plied field and bind countercharges to the metallic plates of the capacitor. The electric
displacement vector (D) is the parameter associated with both free and bound charges
(Figure 2.2c) defined as

D = ε0E + P, (2.3)

where P is the electric polarization characterized by

P = χeε0E, (2.4)

where χe is proportionality factor referred as electric susceptibility. Electric susceptibility
is related to the relative dielectric constant by

χe = εr − 1. (2.5)

Microscopically, a parameter similar to the polarization vector relates the magnitude of
the induced or permanent dipole moment p of an individual molecule to the strength of
the locally acting field Elocal:

p = ε0αElocal, (2.6)

where α is molecular polarizability, a sum of the contributions from three polarization
mechanisms:

α = αelectronic + αatomic + αorientational . (2.7)
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-
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(a) (b) (c)

0

Figure 2.2: a) Free charges collected on the plates of an empty capacitor connected to an external
voltage, b) Chains of polarized molecules within the dielectric under the influence of the electric
field, c) Electric field is reduced within the dielectric in presence of the dipoles.

Polarization per unit volume is
P = Np, (2.8)

where N is the number of molecules or dipoles per unit volume. Provided that Elocal =
E, a relation between the dielectric constant and the total polarizability can be derived as

(εr − 1) = Nα. (2.9)

In general, the assumption for deriving equation 2.9 does not hold and classical theo-
ries such as Clausius-Mossotti, Lorentz-Lorenz, Debye and Onsager build a more com-
plex relation between the dielectric constant and the total polarizability depending on
the type of material and based on certain assumptions. [1] The rough conclusion of the
developed theories is that the electric field screening of a medium is strengthened by
increased number of polarizations.

2.1.2 Dielectric constant in alternating field
One can apply an alternating electric field to distinguish polarization mechanisms acti-
vated at different frequency domains (see Figure 2.3). The reason is based on the ability
of each polarization effect to switch adequately fast to follow the oscillation frequency
of the applied field. Space charge polarization* is generally not observed at frequencies
higher than ca. 1 kHz. At low enough frequencies (<1 MHz), all polarization mecha-
nisms are active, but at frequencies of ca. 109 Hz, orientational polarization fails to reori-
ent with the alternating field. At frequencies higher than ca. 1013 Hz, atomic polarization
ceases to oscillate with the switching field and when the frequency is further increased

*Space charge polarization is not categorized as a mechanism intrinsic to the material. This polarization
referred also as interfacial polarization occurs when mobile charge carriers (space charge) or ions migrate
through the bulk due to applied electric field. The separation of space charge or ions as a result of applied
electric field leads to increased effective electrical capacitance.
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Figure 2.3: Frequency dependence of a) total polarizability and b) power loss.

(above ca. 1016 Hz), no polarization mechanism can keep up the pace with the frequency
of the field. In time dependent electric field, a dielectric undergoes loss mechanisms,
therefore a complex dielectric function is expected. Once the field changes its direction,
dipoles realign with the new direction of the field or positive/negative poles of ions
should switch their position which is in general an energy dissipating process. Taking
Fourier transform of Equation 2.3, assuming a linear medium, gives a complex dielectric
function ε∗(ω) in the presence of an alternating field:

ε∗(ω) = ε′(ω) + îε”(ω), (2.10)

where i2 = -1, the real component, ε′(ω), is sum of free-space contribution and the di-
electric response of the medium and the imaginary component ε”(ω), includes the dis-
sipative effect of the alternating field on the polarization mechanisms intrinsic to the
material. As can be seen in Figure 2.3, dielectric properties vary over the entire spec-
trum. However, the real part of the dielectric function remains almost constant over a
wide frequency window as such the term dielectric constant is used.

2.2 Experimental determination of the dielectric constant

There are several experimental methods to determine the dielectric properties of a ma-
terial, each covering a certain frequency range of the spectrum. Ellipsometry is based on
the phase information analysis of the reflected light from the test material coated on a
known substrate versus the incident light. [2] This method covers the optical frequency
range where only electronic polarizations are active. Waveguide methods are used to
determine the complex dielectric function at microwave frequencies. These methods
are based on the analysis of transmitted or resonating microwave signals from material
placed in a transmission line or a resonant cavity. Normally, characterizing materials in
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low quantities or nanoscale thicknesses is challenging with these techniques. [3–5] In the
Impedance Spectroscopy (IS) method, the test materials sandwiched between two metallic
parallel electrodes is subject to a small perturbation of low amplitude (ca. 10mV) AC sig-
nal with sweeping frequency usually from MHz range to tenths of Hz. For the following
advantages, IS is used throughout the research process presented in this thesis to de-
termine the dielectric constant of the designed materials: 1. Below MHz frequencies all
polarization mechanisms are active, therefore we obtain the dielectric constant encom-
passing all active polarizations. 2. IS is a well-established technique which can be readily
applied for materials in small quantities in thin film capacitors. 3. Thin film capacitors
are similar in device architecture to organic solar cells studied in our lab. Therefore the
effective dielectric constant obtained from this geometry will be the most relevant to the
solar cells.

2.2.1 Impedance spectroscopy
Impedance spectroscopy is a relatively simple electrical measurement technique to study
electronic properties of a material arranged between a set of electrodes by applying an
alternating voltage and analyzing the impedance response. [6] Conventional impedance
characterization is carried out with an AC measurement system including a generator
which applies a monochromatic signal V(t) = Vm sin(ωt) fed to the sample and a fre-
quency response analyzer that compares the magnitude (Im) and phase (θ) of the steady
state output current I(t) = Im sin(ωt + θ) with the excitation signal. Two synchronous
reference signals, one in phase and the other phase shifted by 90 ◦ make this compari-
son possible and by integrating over sufficient number of cycles, statistically consistent
in-phase and out-of-phase time-domain components of the response are produced. To
extract physical properties of the system such as capacitance (C) or inductance (L), calcu-
lation of I(t) = [dV(t)/dt]C and V(t) = [dI(t)/dt]L is required respectively. A Fourier
transform is performed to simplify the equations to a current-voltage relation similar to
Ohm's law:

I(îω) =
V(îω)

Z(îω)
, (2.11)

where Z(îω) or simply Z(ω) is defined as the impedance function indicating the
impedance value at a particular frequency.

2.2.2 Definitions, notations and representations
Immitance is a general term signifying several measured or derived quantities with IS
including impedance, admittance, capacitance and complex dielectric function. Impedance is
a complex quantity derived from the ratio of the AC voltage applied to the terminals of
a measurement sample to the resulting current flowing between the terminals:

Z∗ ≡ Z′ + îZ” =
îωV
îωI

. (2.12)
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Admittance is a complex quantity also called complex conductance given by

Y∗ ≡ Y′ + îY” =
1

Z∗
. (2.13)

The capacitance is determined from

Cm =
−Z”

ω|Z|2 . (2.14)

The index m refers to the capacitance determined from measured impedance. The com-
plex dielectric function is derived from

ε∗r =
1

îωZC0
=
−Z”

C0ω|Z|2 + î
Z′

C0ω|Z|2 . (2.15)

Therefore, the real component of the dielectric function is calculated from

εr =
Cm

C0
=
−Z”

ωC0|Z|2
. (2.16)

There are several ways to plot immitance data. The Bode plot displays the measured
or calculated immitance data such as phase, absolute value of the impedance, real or
imaginary part of the dielectric constant, etc. versus frequency. The Complex plane plot is
another way of presenting the immitance data. In this type of plot, the x-axis represents
the real and the y-axis indicates the imaginary part of the selected immitance parameter
as a function of applied frequency. The complex plane plot is a very useful representa-
tion for understanding the conduction processes however, the frequency is not directly
displayed and one should indicate the direction of the increase of the applied AC volt-
age frequency on the output curve. When the dielectric function is displayed in a com-
plex plane plot, it is called a Cole-Cole plot which provides useful information about loss
mechanisms involved with the dielectric response such as relaxation time.

2.3 Determining the dielectric constant from IS data

Despite the simplicity of IS in terms of running the experiment, the interpretation of
the results and derivation of the material variables are faced with difficulties in some
cases. To extract the physical properties of a material-electrode system a rigorous theo-
retical approach which can model the experimental impedance spectra is not available
yet. Nevertheless, a proper equivalent circuit model employing several resistors, capac-
itors, inductors and distributed elements which can approximate experimental data, by
producing the same Z(ω), can be used for data analysis. For instance, a process involv-
ing energy dissipation is represented by a resistance and energy storage is modeled by
a capacitance in the equivalent circuit. There is sometimes ambiguity in the selection of
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Figure 2.4: The real and imaginary components of the dielectric function for a conjugated poly-
mer sandwiched between parallel plates of a capacitor with 16.16 mm2 surface area and 118 nm
thickness. DC conductivity is 6.5×10−4 S/m.

an individual equivalent circuit which models the obtained impedance data correctly. In
other words, several circuit elements with different interconnections might lead to same
impedance output that can model the experimental data. One should use physical intu-
ition and carry out multiple sets of experiments in varied external conditions to resolve
the best model. [7] For the materials investigated in this thesis, the only material variable
which is determined from IS is the dielectric constant. In this section, the reliability of the
equivalent circuit model for determining the dielectric constant of organic semiconduc-
tors is discussed through the experimental IS data of a sample semiconductor polymer.
The sample is given only as an example, yet the conclusions can be generalized to all of
the materials studied in this thesis.
Figure 2.4 shows the real and imaginary components of ε∗r calculated from Equation 2.15
using the capacitor impedance data. The obtained curves should not be misinterpreted
as complex dielectric function because the data are influenced by series resistance and
conductivity. A step in the real part and a peak in the imaginary part are present at high
frequencies which disappear by subtracting the series resistance of the contacts from Z′.
Therefore, IS data is dominated by series resistance of the contacts at the high-end of
the frequency window. The dielectric constant can be derived from the plateau part of
the ε′ curve which is not influenced by the series resistance of the contacts. The upturn
of ε” occurring at low frequencies is attributed to DC conductivity. By subtracting the
DC conductivity of the polymer from the dielectric loss term, ε” is reduced to zero. This
means that migrating charge carriers which follow the frequency of switching electric
field play a dominant role in loss mechanisms present in semiconductor materials.
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Figure 2.5: Equivalent circuits for a simple capacitor. C, Rs and Rp are capacitance, series resis-
tance, and parallel resistance, respectively.

2.3.1 Equivalent circuits for a simple capacitor

Up to this point, the information is derived merely from the measured impedance re-
sponse of the capacitor without assistance of the equivalent circuit model. Using an
equivalent circuit model simplifies interpreting IS data by identifying dominant capaci-
tive or resistive effects in a certain frequency range. In general, there is no ideal capacitor
in which the energy is stored without dissipation. A capacitor in series with a resistor
(Figure 2.5a) is a simple model that can be used for impedance response of a capacitor
specially at high frequencies. In Figure 2.4, the blue line is the simulated complex di-
electric function which models the raw data when the series resistance of the contacts is
subtracted. If the capacitive impedance is adequately large to outweigh the series resis-
tance, a resistor parallel to the capacitor (Figure 2.5b) gives a good fit over the impedance
data. Particularly, in the case of semiconductors where conductive behavior is notable, a
parallel resistance should be accompanied with the capacitance to model conductive and
any possible energy dissipative processes. For organic capacitors, the equivalent circuit
shown in Figure 2.5c gives the best fit in which the series resistance of the contacts and
bulk conductivity are represented by Rs and Rp, respectively (black line in Figure 2.4).
Therefore, the equivalent circuit model of Figure 2.5c provides meaningful values for the
physical parameters C, Rs and Rp.
Once the capacitance is quantified, the dielectric constant can be determined from Equa-
tion 2.2. The obtained value is affected neither by the series resistance of the contacts nor
by the conductivity of the sample.

2.3.2 Biasing and contacts

Once the organic semiconductor lies in between the metallic plates of a capacitor, the
energy bands bend to an extent such that a unified Fermi level is established through
the sample (Figure 2.6b). In general, charge injection does not occur unless an applied
voltage compensates for the band bending (Figure 2.6c) and injection barrier up to a
point that charge carriers are able to be injected into the device (Figure 2.6d). Under

23



Chapter 2. Theory, Methods

Anode

Cathode

Figure 2.6: Schematic band diagram of an organic material sandwiched between metallic contacts
with low work function cathode and high work function anode. a) before contact, b) after contact
at VDC = 0, c) flat band condition, VDC = Vbi, d) forward bias, VDC > Vbi and e) reverse bias,
VDC < 0. (Vbi is the built-in voltage due to work function difference of the electrodes).

this condition the capacitance is highly influenced by the accumulation of space charge
filling the bulk and interfacial trap states, [8,9] recombination processes [10,11] or purely
conductive behavior of the bulk. At reverse DC bias the bulk is depleted from charge
carriers (Figure 2.6e). Therefore, biasing the device reversely should be up to an extent
that the active layer is almost entirely depleted. Under this condition, the capacitance
approaches to the geometrical value.

In general, insensitivity to the applied bias is a characteristic of the geometrical capaci-
tance, the parameter which is required for extraction of the dielectric constant. The DC
bias which should be applied over the course of IS to obtain geometrical capacitance de-
pends on the built-in voltage (Vbi). To find a suitable DC bias, IS can be performed at
constant frequency and varied DC bias. The onset voltage, where the voltage dependent
behavior starts, can be selected as an upper limit for the suitable DC bias (see Figure 2.7).

Computational and experimental studies [13,14] on organic films indicate that their ca-
pacitance response is dependent on the selection of the contacts as well. For instance,
once the film is sandwiched between two Ohmic contacts with zero Vbi, no specific bias
voltage at which the capacitance value converges to Cg is applicable. In contrast, once
the film is sandwiched between two Ohmic contacts with nonzero built-in voltage, at
V < Vbi capacitance converges to Cg. Regarding the injection issue, therefore, applying
steady voltages well below Vbi can keep the charge carriers away from being injected
into the device. In the presence of ionic impurities, the application of a reverse bias is
not helpful to decouple bulk response from ionic impurities. [12] A substantial increase
in the capacitance at lower frequencies is indicative of ionic contributions, since ions are
too slow to influence higher frequency impedance response. Current-voltage measure-
ment can be performed as supplementary experiment to approve the absence of ionic
conduction. In chapter 4, this subject is covered in more details.
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Figure 2.7: Capacitive response of a conjugated polymer normalized to the calculated geometrical
value assuming εr = 3. The capacitance obtained from IS converges to the geometrical value at
reverse bias.

2.4 Determining the charge carrier mobility

Good electron and hole mobility are essential to polymer/fullerene OPV devices, for
efficient charge carrier transport and extraction. Therefore, determining charge carrier
mobility is a crucial characterization step for newly designed donors and acceptors. To
determine the mobility of electrons/holes of fullerenes/polymers in a solar cell struc-
ture, the space charge limited current (SCLC) method is used in this thesis. In the case of a
Poole-Frenkel type mobility, the SCLC is given by [15]

JSCL =
9
8

ε0εrµ(T) exp

(
0.89γ(T)

√
Vint

h0

)
V2

int

h3
0

, (2.17)

where JSCL is the electron (hole) current density, µ is zero field mobility of the electrons
(holes), γ is an empirical parameter describing the field activation which depends on the
temperature, Vint is the internal voltage (applied voltage corrected for Vbi and voltage
drop through the series resistance of the connections) and h0 is the thickness of the active
layer. The current-voltage measurements are performed in e-only and h-only devices
using proper electrodes that can inject only electrons to fullerene derivatives and holes
to polymers, respectively.
By measuring current density versus voltage at different temperatures and modeling
the results with Equation 2.17, SCL mobility values of each material together with their
temperature dependence are determined. For typical charge concentrations in organic
semiconductors, the charge carrier mobility exhibits an Arrhenius temperature depen-
dence, [15]

µ = µ∞ exp
(
−∆
kbT

)
, (2.18)
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Figure 2.8: AFM images of (left) PEDOT:PSS with a film thickness of 60 nm and rms roughness of
0.9 nm and (right) ITO with film thickness of 110 nm and rms roughness of 2 nm. The ITO surface
is scrubbed for 5 min to minimize the roughness.

where µ∞ is a universal value for the mobility (30–40 cm2/Vs) at infinite temperature, [16]

kb is Boltzmann’s constant and ∆ is the activation energy. The activation energy is de-
termined from Equation 2.18 using the temperature dependent mobility values for each
compound.

2.5 Layout of capacitors

The fabrication procedure of the capacitors include solution processing of the test ma-
terial over the bottom electrode followed by thermal deposition of the top electrode.
The processed filler film should be adequately thick to avoid leakage. On the other
hand, dimensional errors are minimized when the thickness and area of the capacitor
are adequately large. We use ITO (indium tin oxide) covered with PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate) as bottom electrode. Compared to a
metallic electrode, ITO provides better wetting for the solution-processed compounds
and is more stable toward the common solution processing solvents. Because the coarse
surface of ITO might cause leakage, we cover it with PEDOT:PSS to form a smooth inter-
face at the bottom electrode (see Figure 2.8). The capacitors are patterned in four different
areas on a glass substrate as indicated in Figure 2.9. The capacitance of each capacitor is
determined from equivalent circuit model indicated in Figure 2.5c after impedance mea-
surements. The dielectric constant is then extracted from the slope of capacitance versus
area of electrodes according to Equation 2.2.
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Figure 2.9: Device layout of the test capacitors in four area dimensions: 9 mm2, 16 mm2, 36 mm2

and 100 mm2.

2.6 Materials

The fullerene derivatives and polymers used throughout this thesis are depicted below.
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CHAPTER 3
Strategy for enhancing the dielectric constant

Summary

In this chapter we introduce a strategy to enhance the dielectric constant of well-
known donors and acceptors without breaking conjugation, degrading charge carrier
mobility or altering the transport gap. The ability of ethylene glycol (EG) repeating
units to rapidly reorient their dipoles with the charge redistributions in the environment
is proven via density functional theory (DFT) calculations. Fullerene derivatives
functionalized with triethylene glycol side chains are studied for the enhancement of
εr together with poly(p-phenylene vinylene) and diketopyrrolopyrrole based polymers
functionalized with similar side chains. The polymers show a doubling of εr with
respect to their reference polymers with identical backbone. Fullerene derivatives
present enhancements up to 6 compared with phenyl-C61-butyric acid methyl ester as
the reference.
∗ This chapter has been originally published in Adv. Funct. Mater. 25 (1), 2014, pp 150-157. DOI:
10.1002/adfm.201402244
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Chapter 3. Strategy for enhancing the dielectric constant

3.1 Introduction

As discussed in chapter 1, the power conversion efficiency is one of the most important
features that should be improved for organic photovoltaics to realize large scale com-
mercialization. In contrast to inorganic photovoltaics where the absorption of light leads
to the formation of free charge carriers, in OPV excitons are created upon excitation by
light. This is mainly due to the low dielectric constant of current OPV materials where
electrons and holes cannot overcome their binding energy, which exceeds the thermal en-
ergy at room temperature. Taking this fact into account, bulk heterojunction solar cells
were designed in which exciton dissociation is facilitated at the interface of so called
donor-acceptor materials bearing favorable ionization potential-electron affinity for ex-
citon dissociation. [1,2] Upon the introduction of the BHJ concept, a turning point was
achieved in the progress map of OPV followed by impressive efficiency enhancements
approaching the value of 13%. [3] This improvement has been achieved due to the vast
amount of research dedicated to morphology, band structure and device design opti-
mization. Nevertheless, the dielectric constant enhancement of organic materials cap-
tured less attention in these optimization efforts, which demands more research being
devoted to this issue.
In a simulation study, Koster et al. [4] have predicted efficiencies of more than 20% by
taking an increased dielectric constant of up to 10 into account. The enhancement of εr
up to frequencies of GHz can diminish loss processes in OPV devices originating from
Coulomb interactions between oppositely charged carriers as follows:
a) Bimolecular recombination is reversely proportional to εr and occurs within ≈ µ s
timescale. [5] An increased εr in the ≈MHz range, therefore, leads to a reduced bimolec-
ular recombination rate hence improved charge carrier extraction. The reduced bimolec-
ular recombination enables the production of OPV devices with thicker films for better
light harvesting. [6] Moreover, the thicker films will be favorable for upscaling the OPV
technology for printing processes. b) Exiton lifetime is ca. 10−9 s in BHJs based on low
dielectric constant materials. [7] Increasing εr in the frequency range relevant to exiton
lifetime can lead to a reduced exciton binding energy. c) The lifetime of the charge trans-
fer exciton is in ≈ ns time domain. [8,9] A better screening for the charge transfer state
can result from increased εr. [10,11] d) The increased εr reduces the singlet-triplet energy
splitting which allows for smaller band offsets without relaxation to the triplet state. [12]

The smaller band offset leads to the increased open circuit voltage. To sum up, an en-
hancement of εr below the GHz range is adequate to address the major loss factors of the
photocurrent originating from Coulomb interactions considering the timescale of the
loss processes.
In optimized OPV cells ca. 100% internal quantum efficiency has been reported [13] how-
ever, it is worth noting that a significant open circuit voltage loss as a direct consequence
of the band offset between the donor and acceptor compounds is still required for cur-
rent low dielectric constant OPV materials. Moreover, the recombination in optimized
BHJ systems is minimized at the cost of the reduced thickness of the active layer, hence
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3.2. Materials

the loss of light absorption efficiency. [6]

Therefore, tailoring organic materials for enhanced εr is a viable route for efficiency en-
hancement of current OPV systems while potentially benefiting other applications of
organic semiconductors that currently suffer from their poor dielectric properties. In a
more ambitious perspective, the enhancement of εr for organic materials can rule out the
need for the BHJ structures upon a reduction of the exciton binding energy, directing the
progressive pathway of OPV to a new milestone.
To date, only very few attempts at increasing the dielectric constant of organic semicon-
ductors have been published. [14–17] Non-synthetic approaches such as physically mixing
organic semiconductors with high-εr molecules or ion doping seem to be straightfor-
ward yet less likely to keep the absorption, transport and morphology unaffected. In a
recent study, the physical addition of known high-εr molecules to a donor material has
led to a reduced exciton binding energy, at the cost of significantly lower mobility and
absorption. [16] Ion doping, another approach, can lead to an undesirable phase sepa-
rated morphology of the donor-acceptor network. [17] In addition, ionic polarizations are
not fast enough to screen Coulomb forces even within the timescale of the slowest loss
processes such as bimolecular recombination. Breselge et al. [14] introduced triethylene
glycol (TEG) side chains in a poly(p-phenylene vinylene) (PPV) derivative and showed
an enhancement of εr. When blended with a fullerene derivative, this polymer yielded
enhanced charge dissociation as compared with a less polar PPV derivatives. [15] How-
ever, the BHJ solar cell did not present efficiency enhancement reportedly due to the
incompatible polarities of the donor and acceptor leading to the formation of large do-
mains in the donor-acceptor network. [14] Therefore, in order to provide better mixing
for the donor-acceptor blend it is beneficial to functionalize both components with iden-
tical polarities. Moreover, when the whole medium consists of donors/acceptors with
enhanced εr, loss processes arising from Coulomb interaction become unfavorable.
Here we enhance εr of both fullerene derivatives and conjugated polymers through com-
patible functionalization approaches. For this purpose, we choose to use pendant groups
bearing higher polarities without modifying the -conjugated system, so as not to affect
the mobility or band gap. The dipoles in these pendant groups should be able to freely
rotate even at relatively high frequencies (≈GHz). We show that ethylene glycol repeat-
ing units fit these criteria and yield high dielectric constant organic semiconductors.

3.2 Materials

Molecular dynamic studies on poly(ethylene glycol) (PEG) have confirmed their high
chain flexibility and rapid motion of polar components. [18] EG and TEG yield εr values
in the range of 5–40 in the liquid phase at drive frequencies of 1-20 GHz. [19] According
to density functional theory (DFT) calculations (B3LYP/6-31G**) applied for a model
triethylene glycol (TEG) chain (Figure 3.1), using GAMESS-UK [20], rotation around the
H2C–CH2 and H2C–O bonds can be very fast at room temperature. The rotational pro-
files (Table 3.1) around these bonds show two low barriers of ca. 0.11 and ca. 0.08 eV
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Chapter 3. Strategy for enhancing the dielectric constant

Figure 3.1: Repeating units of EG. Indicated are the rotations around the H2C–CH2 and H2C–O
bonds and the axes of the direction of the dipole moment with respect to the molecule (θ, φ).
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Figure 3.2: a) The energy with respect to the minimum as a function of the dihedral angle of the
H2C–CH2 and H2C–O bonds, b) the angle θ of the dipole moment as a function of the dihedral
angle of the H2C–CH2 and H2C–O bonds and c) the angle φ of the dipole moment as a function of
the dihedral angle of the H2C–CH2 and H2C–O bonds.

for H2C–CH2 and H2C–O rotations and larger barriers of ca. 0.35 and ca. 0.29 eV respec-
tively (Figure 2a). The activation energy of 0.11 eV corresponds to a reaction rate of
0.95× 109s−1 at 175 K according to Equation 3.1 [21]

krate =
kbT

h
exp

(
−∆G

RT

)
, (3.1)

where krate is the reaction rate, kb, h and R are Boltzmann, Planck and gas constants re-
spectively, T is the temperature and ∆G is the Gibbs free energy difference. Thus the
rotation of angles φ between ca. 75◦ and ca. 285◦ of all bonds at low temperatures oc-
curs readily. Full rotation is still active at 175 K to overcome the barrier of 0.35 eV. The
reaction rates of 1.7×1011 s−1 and 1.7×107 s−1 correspond to the activation energies of
0.11 eV and 0.35 eV respectively at 298 K. Hence, at room temperature, rotations of φ
between ca. 75◦ and ca. 285◦ are active in GHz frequency-domain and full rotation in
MHz range occurs readily. During these rotations, the magnitude of the dipole mo-
ment barely changes, but the direction of this dipole moment changes considerably (Fig-
ure 3.2b,c). The swiftness and flexibility of TEG chains can provide easier reorientations
for dipole moments, and thus potentially increase εr when being added to donors or ac-
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Table 3.1: Rotational rates of H2C–CH2 and H2C–O bonds at T=175 K and T=298 K with B3LYP/6-
31G** and MP2/cc-pVTZ calculations. The difference between two calculations is insignificant.
All stationary points were characterized as either minima (zero imaginary frequencies) or transi-
tion states (one imaginary frequency).

H2C–CH2

B3LYP/6-31G**

φ◦ E G(175 K) G(298 K) ∆ E ∆G(175 K) ∆G(298) k(175K) k(298K)

[Hartree] [Hartree] [Hartree] [eV] [eV] [eV] [s−1] [s−1]

0.0 462.6921 462.5084 462.5275 0.35 0.37 0.39 0.1074×103 0.1653×107

72.1 462.7046 462.5210 462.5405 0.02 0.03 0.03

121.2 462.7011 462.5173 462.5362 0.11 0.12 0.15 0.9575×109 0.1689×1011

180.0 462.7052 462.5219 462.5418 0.00 0.00 0.00

MP2/cc-pVTZ

0.0 461.9832 461.7944 461.8110 0.35 0.36 0.38 0.1607×103 0.2520×103

72.0 461.9958 461.8074 461.8266 0.00 0.00 0.01

123.3 461.9922 461.8033 461.8219 0.10 0.12 0.14 0.1751×1010 0.3155×1011

180.0 461.9960 461.8076 461.8269 0.00 0.00 0.00

H2C–O

B3LYP/6-31G**

0.0 462.6944 462.5108 462.530 0.29 0.30 0.32 0.8226×104 0.25021×108

76.9 462.703 462.5201 462.5403 0.06 0.05 0.04

119.6 462.7023 462.518 462.5368 0.08 0.10 0.13 0.3695×1010 0.3263×1011

180.0 462.7052 462.5218 462.5417 0.00 0.00 0.00

MP2/cc-pVTZ

0.0 461.9855 461.7967 461.8153 0.29 0.30 0.31 0.1096×105 0.2962×108

78.5 461.9939 461.8053 461.8246 0.05 0.06 0.06

119.9 461.9926 461.8040 461.8226 0.09 0.10 0.12 0.1516×1010 0.6409×1011

180.0 461.9960 461.8076 461.8269 0.00 0.00 0.00
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Figure 3.3: Chemical structures of fullerene derivatives and polymers functionalized for enhance-
ment of εr and their reference compounds. R1=(CH2CH2O)3CH2CH3, R2=(CH2CH2O)2CH3 ,
R3=C8H17, R4=C10H21, R5=2-ethylhexyl, R6=(CH2CH2O)3CH3.

ceptors in the GHz range. The water solubility of EGs is another advantage which brings
about new possibilities towards water processable OPV. To follow the effect of EG side
chains on the dielectric constant of three important OPV materials, a set of fullerene
derivatives and polymers functionalized with TEG side chains were studied, namely PP,
PTEG-1, PTEG-2, 2DPP-OD-OD, 2-DPP-OD-TEG, MEH-PPV, PEO-PPV (see Figure 3.3).

Fullerene derivatives are known as very efficient acceptors in OPV and show excel-
lent electron transport properties. [22] In order to enhance the dielectric constant, TEG
side chains were added to C60, to obtain the fullerene derivatives PTEG-1 and PTEG-
2. [23] To differentiate the role of TEG on the dielectric constant of fullerene derivatives,
an analogous fullerene derivative (PP) without TEG side chains was synthesized. [23]

The influence of TEG side chains was studied for diketopyrrolopyrrole (DPP) and PPV
based polymers as well. The former shows very good ambipolar transport yielding field
effect mobility exceeding 10−2 cm2/Vs. [24,25] It also has an absorption spectrum extend-
ing to the near infrared region. The latter lies in a well-studied class of polymers for
a wide range of electronic applications. [26] 2DPP-OD-OD, the studied DPP based poly-
mer, was used as the reference compound for 2DPP-OD-TEG in which two of the side
chains of the monomer were TEG substituted. Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) was used as the reference compound for PEO-PPV in

36



3.3. Results and Discussions

Table 3.2: The relative dielectric constant of fullerene derivatives and polymers.

Fullerene derivatives εr tested capacitors#

PP 3.6±0.4 8
PTEG-1 5.7±0.2 6
PTEG-2 5.3±0.2 16
PCBM 3.9 ±0.1 8
Polymers εr tested capacitors#

2DPP-OD-TEG 4.8±0.1 10
2DPP-OD-OD 2.1±0.1 8
PEO-PPV 6±0.1 20
MEH-PPV 3±0.1 12

which 2-ethylhexyloxy side chain is replaced with TEG. The synthetic routes to prepare
PTEG-1, PTEG-2 and PP are reported in the reference 22. The synthetic routes of TEG
functionalized DPP and PPV based polymers are published in references 23 and 13 re-
spectively.

3.3 Results and Discussions

Table 3.2 lists εr values of all test materials determined via IS in the frequency range of
100 Hz to 1 MHz. The equivalent circuit of Figure 2.5c depicts the circuit elements that
modeled the impedance response of all tested samples with estimated error of less than
1% (Figure 3.4) .
The relative dielectric constant of tested materials were calculated from dividing the
fitted capacitance value to C0. To resolve the effectiveness of the functionalization of
donors and acceptors with EG side chains, they were studied comparatively to their
reference chemical structures, differing only in their side chains. PTEG-1 and PTEG-
2 presented relative dielectric constants up to ca. 6 while [60]PCBM as a widely used
acceptor in OPV and PP as the reference compound yielded εr ≈ 4. Likewise, the TEG-
functionalized polymers were compared to their reference polymer with identical back-
bone, but with hydrocarbon side chains. PEO-PPV proved εr enhanced to ca. 6 in com-
parison to its reference polymer MEH-PPV with εr ≈ 3. 2DPP-OD-TEG also showed the
enhancement of εr to a value more than twice as 2DPP-OD-OD with εr ≈ 2 . In general,
the fast change in the direction of the dipole moment can account for the high εr of ma-
terials with incorporated ethylene glycol chains. Figure 3.5 depicts εr versus frequency
calculated by Equation 2.16 while the series resistance of the contacts was subtracted
from Z∗(ω). As can be seen, εr is weakly dependent on the frequency, which means that
the obtained values are attributed to the polarization mechanisms of the materials rather
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C = 2.9 nF, Rs  = 63 Ω, Rp= 20 MΩ   C = 11.5 nF, Rs  = 35 Ω, Rp= 32 kΩ  

          
C = 3.5 nF, Rs  = 50 Ω, Rp= 2.7 MΩ  C = 6 nF, Rs  = 57 Ω, Rp= 2 MΩ  

          
C = 9.3 nF, Rs  = 40 Ω, Rp= 135 MΩ  C = 5.9 nF, Rs  = 71 Ω, Rp= 11 kΩ 

         
C = 9.4 nF, Rs  = 25 Ω, Rp= 3 MΩ  C = 2.4 nF, Rs  = 123 Ω, Rp= 2.8 MΩ  
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Figure 3.4: Experimental impedance and phase angle versus frequency (symbols), correlated
equivalent circuit fit (solid lines) and the fit values of the circuit elements depicted in Figure 2.5c
for a) [60]PCBM, b) PP, c) PTEG-1, d) PTEG-2, e) 2DPP-OD-OD, f) 2DPP-OD-TEG, g) MEH-PPV
and h) PEO-PPV. The inset shows the complex plain plot. One selected test capacitor for each
material is indicated. 38
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Figure 3.5: The relative dielectric constant of a) tested fullerene derivatives and b) polymers versus
frequency.

than space charge polarizations or ionic movements. However, 2DPP-OD-TEG shows a
frequency dependence at frequencies below 10 kHz which might be due to the presence
of ionic contributions. Nevertheless, ionic polarizations are less probable to remain ac-
tive at frequencies higher than 10 kHz where the value of εr is still higher than that of
the reference compound evident from Figure 3.5b. As is clear from the DFT calculations
in section 3.2, the reaction rate for the change in the dipole moment direction is strongly
temperature dependent for a model TEG chain. Speculated from these calculations the
temperature dependence of εr was studied for TEG-functionalized compounds. As can
be seen from Figure 3.6, εr of PEO-PPV and PTEG-2 is temperature dependent. However
the temperature dependence for 2DPP-OD-TEG and PTEG-1 is not detectable similar to
their reference compound. This might be due to the presence of steric effects in the solid
state and different molecular packing of each compound that can influence the dipole
moment alignments. The enhancements of εr were confirmed by the measurements up
to frequencies of MHz which can effectively diminish bimolecular recombination rate.
Referring to the literature values [19] and our DFT calculations, one may not expect a
drop of εr values at frequencies from 1 MHz up to GHz range (at room temperature).
Therefore, enhancement of εr is likely to contribute in diminishing the loss processes
occurring in the time domain of ns as discussed in section 3.1.
The electron mobilities of PTEG-1 and PTEG-2 were determined to be 2×10−7 m2/Vs
and 3.5×10−7 m2/Vs respectively with the apparent activation energy of ca. 0.2 eV
(Figure 3.8a,b) which are similar to that of [60]PCBM (µe-PCBM = 2 × 10−7 m2/Vs,
Eact-PCBM ≈ 0.2 eV). [27] For 2DPP-OD-TEG polymer the study of SCL transport yielded
mobility values for both electrons and holes as 2×10−8 m2/Vs with activation energy of
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Figure 3.6: Temperature dependence of the relative dielectric constant. a) PTEG-1 and PTEG-2
compared with PCBM b) 2DPP-OD-TEG and PEO-PPV compared with MEH-PPV. The lines are
guides to the eye.

0.2 eV (Figure 3.7d,c). Figure 3.8 depicts the Arrhenius plot of obtained mobilities for ex-
traction of the activation energy. An earlier study of the hole transport in PEO-PPV also
retrieved a similar value for the hole mobility as MEH-PPV (µh−MEH−PPV = 1.4×10−10

m2/Vs). [15,28] The absence of hysteresis in the current-voltage characteristics and the
quadratic dependence of the current to the voltage indicate a trap-free SCLC for the
tested compounds.

3.4 Conclusion

In this chapter the relative dielectric constants of conjugated polymers and fullerene
derivatives, previously restricted to the range of 2-4, were boosted to the range of ca. 5
to ca. 6 via functionalization with highly polar EG side chains. This enhancement was
realized without breaking conjugation, degrading charge carrier transport, introduction
of trap states and reducing solubility. Since loss processes originating from Coulomb
interactions between oppositely charge carriers are not beyond the ns timescale, there-
fore the applied strategy is an effective neat method for tailoring organic compounds
for a higher εr in the frequency range up to GHz. Additional to their great potential in
enhancing the performance of OPV devices through increased εr, the studied fullerene
derivatives and polymers can provide desirable morphologies in BHJ donor/acceptor
network owing to a higher miscibility resulting from their compatible polarities. In ad-
dition, the hydrophilic character of TEG side chains, can open up new possibilities for

40



3.4. Conclusion

101

102

103

104

0 1 2

101

102

103

104

0 1 2

 1×10-5

 1×10-5

 1×10-5

 1×10-5

 4×10-5
 

J 
(A

m
-2

)

(a)

 2×10-5

 3×10-5

 6×10-5

 2×10-4

 4×10-4

(b)

 1×10-5 
 4.9×10-5 
 8.8×10-5 
 1.3×10-4 
 1.8×10-4 

J 
(A

m
-2

)

V-Vbi (V)

(c)

 5×10-5

 1.3×10-4

 2.1×10-4

 2.9×10-4

 4×10-4

 295 K
 275 K
 255 K
 235 K
 215 K

V-Vbi (V)

(d)
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solution processing from renewable solvents as a long term impact for tailoring state of
the art organic materials.

3.5 Experimental
Device fabrication: Commercially available glass substrates patterned with ITO in four different
dimensions (9 mm2, 16 mm2, 36 mm2 and 100 mm2) were used to function as bottom electrode
for capacitors. The substrates were cleaned by soap/water solution scrubbing, de-ionized water
flushing, sonication with acetone and isopropyl alcohol followed by oven drying and UV-OZONE
treatment. PEDOT:PSS (VP AI4083, H.C. Starck) was spin cast in ambient conditions and oven
dried at 140 ◦C for 10 minutes. All films (fullerene derivatives or polymers) were spun from chlo-
roform under N2 atmosphere. Metallic top contacts including interlayers (LiF(1 nm), Ba (5 nm),
MoO3 (10 nm)) were deposited at a pressure less than 106 mbar with thermal evaporation. Device
Characterization: Impedance spectroscopy was performed in the range of 100 Hz to 1 MHz using
a Solartron 1260 impedance gain-phase analyzer with an AC drive voltage of 10 mV. Current-
voltage characterization was conducted with Keithley 2400 source meter. All measurements were
performed in N2 at stable temperature.

42



References chapter 3

References

[1] Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J. Polymer photovoltiac cells: Enhanced
efficiencies via a network of internal donor-acceptor heterojunctions. Science 1995, 270, 1789.

[2] Halls, J. J. M.; Walsh, C. A.; Greenham, N. C.; Marseglia, E. A.; Friend, R. H.; Moratti, S. C.;
Holmes, A. B. Efficient photodiodes from interpenetrating polymer networks. Nature 1995,
376, 498.

[3] Zhao, W.; Li, S.; Yao, H.; Zhang, S.; Zhang, Y.; Yang, B.; Hou, J. Molecular Optimization
Enables over 13% Efficiency in Organic Solar Cells. Journal of the American Chemical Society
2017, 139, 7148.

[4] Koster, L.; Shaheen, S. E.; Hummelen, J. C. Pathways to a new efficiency regime for organic
solar cells. Advanced Energy Materials 2012, 2, 1246.

[5] Guo, J.; Ohkita, H.; Benten, H.; Ito, S. Charge generation and recombination dynamics in poly
(3-hexylthiophene)/fullerene blend films with different regioregularities and morphologies.
Journal of the American Chemical Society 2010, 132, 6154.

[6] Lenes, M.; Koster, L. J. A.; Mihailetchi, V. D.; Blom, P. W. M. Thickness dependence of the
efficiency of polymer: fullerene bulk heterojunction solar cells. Applied Physics Letters 2006,
88, 243502.

[7] van der Horst, J.-W.; Bobbert, P.; de Jong, P.; Michels, M.; Siebbeles, L.; Warman, J.;
Gelinck, G.; Brocks, G. Predicting polarizabilities and lifetimes of excitons on conjugated
polymer chains. Chemical physics letters 2001, 334, 303.

[8] Choi, J. H.; Son, K.-I.; Kim, T.; Kim, K.; Ohkubo, K.; Fukuzumi, S. Thienyl-substituted
methanofullerene derivatives for organic photovoltaic cells. Journal of Materials Chemistry
2010, 20, 475.

[9] Veldman, D.; Ipek, O.; Meskers, S. C.; Sweelssen, J.; Koetse, M. M.; Veenstra, S. C.;
Kroon, J. M.; Bavel, S. S. v.; Loos, J.; Janssen, R. A. Compositional and electric field de-
pendence of the dissociation of charge transfer excitons in alternating polyfluorene copoly-
mer/fullerene blends. Journal of the American Chemical Society 2008, 130, 7721.

[10] Loi, M. A.; Toffanin, S.; Muccini, M.; Forster, M.; Scherf, U.; Scharber, M. Charge transfer
excitons in bulk heterojunctions of a polyfluorene copolymer and a fullerene derivative. Ad-
vanced Functional Materials 2007, 17, 2111.

[11] Bernardo, B.; Cheyns, D.; Verreet, B.; Schaller, R.; Rand, B.; Giebink, N. Delocalization and
dielectric screening of charge transfer states in organic photovoltaic cells. Nature communica-
tions 2014, 5.
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CHAPTER 4
Deposition of LiF onto films of fullerene derivatives leads

to bulk doping

Summary

One of the most commonly used cathode interlayers for increasing the efficiency
of electron injection/extraction in organic electronic devices is an ultra-thin layer of LiF.
Our capacitance measurements and electrical conductivity analysis show that thin films
of fullerene derivatives and their mixtures with polymers are unintentionally doped
upon deposition of LiF. The level of doping depends on the chemical structure of the
fullerene derivatives. The doping effect on polymer:fullerene mixtures is significant
only for the blends in which the fullerene content is greater than the polymer content
by weight. The findings have profound implications for the development and charac-
terization of OPV devices, including a negative impact of doping on the stability of the
device and erroneous estimations of properties such as charge carrier mobility and the
dielectric constant.
∗ This chapter has been originally published in ACS Appl. Mater. Inter-
faces 2016, 8 (34), pp 2262322628. DOI: 10.1021/acsami.6b05638

0.1 S/cm

4 μS/cm

Au Au

Au Au

N

O

O
C6H13

C6H13

N O O3

W LiF

W/O LiF

47



Chapter 4. Deposition of LiF onto films of fullerene derivatives leads to bulk doping

4.1 Introduction

Low-work-function metals are desirable as electron injecting/extracting electrodes for
organic electronic devices such as organic light-emitting diodes (OLEDs) and organic
solar cells. However, the reactivity of these metal electrodes toward atmospheric oxy-
gen or adjacent organic materials limits their application as stable contacts. Al, a rela-
tively corrosion-resistant metal, is a widely used electrode material in many electronic
devices. Nevertheless, the high work function of Al and its high reactivity to organic
materials, [1–3] make it unfavorable as a cathode material for most organic electronic
devices. [4–10] For this reason, Al is normally used as a capping metal for lower-work-
function metals such as Ba, Ca or Mg. [5,6,9–11] Alkali halide interlayers are used to com-
pensate for the high work function of Al through different electronic mechanisms. [12,13]

Amongst these interlayer materials, LiF has attracted great interest because the incor-
poration of an ultra-thin film (<1 nm) of LiF drastically improves the performance of
photovoltaic cells and OLEDs. [4,5,7,8,14–16] Despite the wide band gap of LiF (≈13 eV) [17],
which makes it a superior insulating material, an ultra-thin LiF film inserted between Al
and an organic film enhances the electron injection/extraction.
The underlying mechanism by which LiF interlayers improve the performance of Al
cathodes is a subject of ongoing debate. We summarize the hypotheses proposed thus
far into three major scenarios: a) A reduction of the barrier height for the injection of
electrons through either a voltage drop at the interface or band bending; [5–7,15,18] b)
the dissociation of LiF at the interface resulting in doping of the adjacent organic layer,
thereby enhancing electron injection; [4,8,18–20] and c) the formation of interface dipoles,
resulting in a vacuum-level downshift between the organic layer and Al. [2–4,12,20] De-
pending on the active layer material(s) and the techniques used to investigate their
interface with LiF/Al, different scenarios have been proposed. For instance, tris(8-
hydroxyquinolinato)aluminum, (Alq3) is the most extensively investigated compound
for which tunneling injection [5,6], band bending at the interface [5,21] and doping [8,18]

have been suggested as the major reasons for the enhancement of the electron injection
through LiF/Al contact. For poly(9,9-dioctyl-fluorene) (PFO), the formation of a sur-
face dipole at the PFO/LiF/Al interface has been suggested. [2] By contrast, in the case
of another polyfluorene copolymer mixed with [6,6]-phenyl C61 butyric acid methyl es-
ter ([60]PCBM), either Li doping of the active layer or the formation of a dipole layer
at the interface has been reported. [20] In the case of solar cells with poly[2-methoxy-5-
(3,7-dimethyloctyloxy)-1,4-phenylenevinylene](MDMO-PPV):PCBM, doping of the ac-
tive layer has been explicitly rejected on the basis of the observation that doping
results in a substantial decrease in the photoluminescence of the fluorescent poly-
mers. [3,12,14] Because no such degradation was observed in previous studies on poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) diodes with a LiF/Al
contact, [22] LiF was concluded to similarly remain intact when in contact with MDMO-
PPV:PCBM.Under this argument, however, the MDMO-PPV:PCBM blend is not directly
inspected for the doping effect. Further support for the rejection of the doping scenario

48



4.2. Capacitance measurements reveal doping

is based on the speculations of Heil et al., [8] who proposed that reactions between LiF
and Al can lead to the dissociation of LiF and to subsequent doping of the underlying
film, independent of the composition of the film. Because secondary-ion mass spec-
tra of both PCBM/LiF/Al and MDMO-PPV/LiF/Al interfaces showed no such reaction
products [3], LiF was concluded to remain intact at the interface. However, this argument
assumes that LiF can dope the underlying film only through a reaction with Al involving
dissociation of LiF.
In summary, no convincing argument disproving the doping scenario regardless of the
active layer composition has been put forward. Therefore, the possibility of doping
should be considered in the characterization of organic materials used in devices that
require a LiF interlayer. Disentangling the extrinsic effects of LiF deposition that poten-
tially influence the properties of the active organic compound is important. For instance,
if the deposition of LiF involves the doping of the active layer, then the LiF interlayer will
do more than just facilitate the injection of electrons.
In this work, we study the doping effect of LiF on different fullerene derivatives as im-
portant components of organic and perovskite solar cells. Unlike most previous studies
based on interfacial spectroscopy carried out in an environment that differs from the
operational conditions of a device, our work is focused on device measurements that
reflect both bulk and interface properties. We study fullerene derivatives and their mix-
tures with polymers through capacitance and current-voltage (J-V) measurements. By
investigating various fullerene derivatives, we observe that the doping effect occurs and
is not specific to the chemical structure or the molecular packing of the fullerene deriva-
tives. All of our macroscopic observations from the capacitance and current density mea-
surements, as well as the local and bulk conductivity measurements, show that films of
fullerene derivatives are doped after the deposition of a LiF layer. The extent of doping
varies for different fullerene derivatives.

4.2 Capacitance measurements reveal doping

We studied the possible doping effect of LiF deposition on fullerene derivatives through
capacitance measurements and compared the electrical capacitance of the fullerene
derivatives in diodes with LiF/Al contacts to the electrical capacitance of diodes with
different interlayers or without any interlayer. By dividing the capacitance of the diode
by the capacitance of the corresponding empty capacitor, we calculated the relative effec-
tive dielectric constant (εr-eff) of the studied fullerene derivative. This parameter there-
fore reduces to the relative dielectric constant of the pristine fullerene derivative (εr) in
the case of no doping and/or mixing. We performed Mott-Schottky analysis of the (C-V)
measurements to determine the doping densities (ND) of the affected fullerene deriva-
tives. [24]

We started with [60]PCBM and [70 ]PCBM, which are the most commonly used fullerene
derivatives in organic electronics, to determine the possible doping associated with LiF
deposition. Figure 4.1a shows the variation of εr-eff of PCBM sandwiched between

49



Chapter 4. Deposition of LiF onto films of fullerene derivatives leads to bulk doping

Table 4.1: The effective dielectric constants of PCBM extracted from the as-cast diodes and from
the diodes post-annealed at 115 ◦C for 10 min. ITO/PEDOT:PSS was used as the bottom contact
for all of the diodes.

cathode εr−eff ± 0.3 εr−eff ± 0.3 annealed

[60 ]PCBM LiF/Al 6 12.5

(92 nm) Ba/Al 4.1 4

Al 3.9 4

[70 ]PCBM LiF/Al 9 25.1

(70 nm) Ba/Al 4.8 4.7

Al 4.5 4.4

ITO/PEDOT:PSS and LiF/Al contacts versus the film thickness. As evident in this figure,
the deposition of only 1 nm of LiF on top of the PCBM films increased their relative di-
electric constants compared to those of pristine films. The values for the pristine films, as
determined from standard capacitors (without a LiF interlayer) were 4± 0.3 and 4.5± 0.3
for [60]PCBM and [70]PCBM, respectively. To quantify the doping level, we analyzed the
C-V results using Mott-Schottky analysis, through which we calculated the dopant den-
sity in the space charge region. [24] At thermal equilibrium, the space charge region is
formed by the ionization of the dopants to provide Fermi-level alignment between the
metal and the semiconductor via band bending. As shown in Figure 4.1b, the dopant
density in the space charge region increases with decreasing film thickness. Therefore,
in the case of the PCBM films, the deposition of LiF appears to provide similar amounts
of dopants that can diffuse inside the film instead of remaining at the interface. Notably,
the dopant density in the space charge region will be equal to the dopant density in the
bulk if the doping is uniform. Therefore, the ND values shown in Figure 4.1b represent
the upper limits of the dopant density for all thicknesses of the bulk. Furthermore, an
upper limit for the dopant density can be determined from the Mott-Schottky analysis
in the case of films thinner than 100 nm. [23,24]

Table 4.1 lists the effective dielectric constants of [60]PCBM and [70]PCBM, as extracted
from the as-cast and post-annealed diodes fabricated with different cathodes. Post-
annealing clearly only influences the diodes with LiF/Al contacts, whereas diodes with
Al and Ba/Al remain unaffected. Thus, annealing appears to facilitate doping.
To study the doping influence of the LiF insertion into a fullerene derivative with a dif-
ferent chemical structure, we used F2M (Figure 4.2). Unlike PCBM, F2M can be pro-
cessed into uniform films with thicknesses as high as 300 nm, thus enabling us to observe
whether the doping effect also occurred in thicker films. A comparison of the values of
εr-eff determined from the capacitance measurements of diodes with various cathodes
reveals that doping was evident only in the diodes with LiF/Al contacts (Table 4.2). The
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Table 4.2: The apparent doping density and the effective dielectric constants of F2M.

Cathode d [nm] εr−eff ± 0.3 ND [1021 m-3]
Ba/Al 345 3.9 0.4
Ba/Al 276 4.1 7
Ca/Al 345 4.6 -
LiF/Al 280 6.8 60
LiF/Al 228 8.4 160
Al 95 3.3 -
Al 231 3.7 -

formation of an Ohmic contact, which implies an accumulation of charges at the inter-
face of Ca/Al and Ba/Al cathodes, also does not give rise to a substantial difference in
the value of εr-eff compared with the εr extracted from standard capacitors with an Al
contact. Our measurements of F2M (film thickness≈230 nm) resulted in εr-eff values as
high as 8 and doping densities similar to those of PCBM films as thin as 60 nm from
capacitors with a LiF/Al contact (Table 4.2). Thus, F2M is apparently more strongly
affected by doping than is PCBM.
To cover an even broader range of chemical structures, we chose PTEG-1 [9,26](Figure 4.2)
for studying the doping influence of the LiF deposition. Similarly, we aimed to find εr-eff
through the capacitance measurements of PTEG-1 in the diodes with a LiF/Al contact.
However, the diodes exhibited very low electrical resistances; we therefore could not
determine their electrical capacitance. We instead measured the in-plane conductivity to
quantify the extent of doping; the results are reported in section 4.3.3.

4.3 Current-voltage characterizations reveal doping

4.3.1 Diodes with different cathodes
J-V characterization is an established method for qualifying the efficiency of electrodes.
To discriminate between the electron injection enhancement effect of LiF and its doping
effect, we compared the J-V curves of diodes with a LiF cathode interface to those of
diodes with other cathode interfaces with ohmic character. As illustrated in Figure 4.3a,
F2M with a LiF/Al top contact exhibits a higher current density in forward bias com-
pared to F2M with an Al top contact, which can be explained by the removal of the
injection barrier. However, the nearly symmetrical current density of F2M/LiF/Al can-
not be explained by the asymmetry of the work function of the contacts unless doping
of the active layer is involved. We observed a temperature dependence of the current
in the case of the post-annealed F2M/LiF/Al diodes (Figure 4.4); therefore, we expect
that the symmetrical current is not due to shorts occurring in the device after annealing.
We assumed that annealing facilitates ordering of the molecules, thereby enhances the
transport, which increases the current density as a consequence. However, in the case
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Figure 4.3: Current-voltage characteristics of F2M in diode structures of a) ITO/PEDOT:PSS/F2M
(230 nm)/cathode and b) Au/PEDOT:PSS/F2M (280 nm)/cathode.

of diodes with LiF/Al, annealing not only enhances the current density but also reduces
the current rectification. Figure 4.3b shows that the influence of the LiF interlayer is not
merely the elimination of injection barriers, as in the case of the Ba interlayer. The F2M
diodes with identical anodes and identical active-layer thicknesses exhibit substantially
different current densities. The enhanced current density for devices with a LiF/Al top
contact is therefore not due to the high electron mobility of this fullerene derivative but
is the result of doping; this effect intensifies upon post-annealing of the device.

4.3.2 The role of an Al capping layer in the doping effect of LiF

According to previous studies corroborating the doping scenario, LiF dopes the organic
film when it is capped with Al; whereas in the case of capping with a noble metal, LiF
remains inert. [8,20] The authors of these previous studies proposed that a reaction occurs
between Al and LiF that releases Li to dope the underlying organic layer, whereas no
such reaction occurs with a noble metal and, hence, no doping occurs.
To test this hypothesis, we designed four diodes with different configurations, as shown
in the legend of Figure 4.5. In device A, Al and LiF layers were physically separated by
a PCBM layer that prevented chemical reactions between Al and LiF. To fabricate this
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Figure 4.4: Current-voltage characteristics of F2M in before and after annealing at 70 ◦C. Current-
voltage characteristics of the post annealed diode are measured at varied temperatures. The device
structure is Au/PEDOT:PSS/F2M(270nm)/LiF/Al.

device, we first cast a layer of PCBM, then evaporated 0.7 nm LiF on top of it, and then
cast another layer of PCBM to isolate the LiF layer from the subsequent Al film that
was evaporated over all of the layers. We compared the performance of this diode with
that of another diode (device C) with a configuration that enabled reactions between LiF
and Al. To fabricate device C, after depositing the LiF film onto PCBM, we immediately
evaporated Al to coat the whole structure. We compared the current density of these two
diodes with that of another PCBM diode with an Al-only cathode (device B). As shown
in Figure 4.5, device C, in which LiF and Al were in contact, did not exhibit a higher
current density than device A, which demonstrates that a chemical reaction between Al
and LiF is not necessary to initiate doping. On the contrary, the current density of device
A was nearly two orders of magnitude greater than that of B, even though both devices
had an Al cathode. We attribute this greater current density of device A to the presence
of LiF (0.7 nm) sandwiched between PCBM in this device, which dopes the PCBM. By
contrast, in the case of device B, the PCBM remains pristine and Al as a Schottky contact
limits the injection of electrons, thereby leads to a lower current density. Device D, with a
silver cathode, exhibited current densities similar to those of device C at voltages above
the built-in voltage. This result further demonstrates that PCBM did not remain inert
upon the deposition of LiF, even when capped by a noble metal.

From our local conductivity measurements via C-AFM, we derived the same conclusion
as from the macroscopic J-V characteristics (Figure 4.6). Although no Al layer was de-
posited on top of the films, the PCBM film sandwiching a 0.7 nm LiF layer exhibited a
higher tunneling current compared to that of the pristine film, indicating doping in the
absence of Al.
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Figure 4.5: Current-voltage characteristics of [60 ]PCBM diodes with LiF at different positions
compared with a [60 ]PCBM diode without LiF. The overall thickness of [60 ]PCBM in device
A, B, C, and D is 140 nm, 120 nm, 100 nm, and 120 nm, respectively. All four diodes have
ITO/PEDOT:PSS anodes.
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Figure 4.6: Local conductivity measurements of (a) pristine [60]PCBM and (b) [60]PCBM sand-
wiching a 0.7 nm LiF layer. The tunneling current was measured between an Au substrate and an
Au tip. The scale bar at the right indicates the TUNA current according to the color code.
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n-Doped Si
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Au PTEG-1
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Figure 4.7: Cross sections of in-plane capacitors/diodes of a) pristine PTEG-1 and b) doped PTEG-
1. c) I-V curves of pristine (blue) and doped PTEG-1 (red) after annealing at 115 ◦C for 10 min. The
legend shows the corresponding conductivity values.

4.3.3 The conductivity of PTEG-1 doped with a LiF interlayer

As discussed in section 4.2, we were unable to determine the εr-eff of PTEG-1 because
of a high leakage of the capacitors with a LiF/Al contact. Therefore, we investigated
the in-plane conductivity of PTEG-1 in the in-plane capacitor/diode structures shown
in Figure 4.7a and b. We extracted a similar conductivity for the as-cast PTEG-1 film
with a LiF sandwich layer and the as-cast pristine PTEG-1 (Figure 4.8). Through post-
annealing, the conductivity of the former increased by 4 orders of magnitude, whereas
the latter exhibited almost no change in conductivity (Figure 4.7 c). We cannot explain
the difference in the conductivity values of PTEG-1 extracted from the in-plane diodes
a and b unless we consider doping originating from the LiF layers deposited onto the
PTEG-1 film. Because we do not know the dopants, explaining why PTEG-1 with a LiF
interlayer exhibits such a strong doping effect is difficult.

4.4 Deposition of LiF onto films of fullerene/polymer
blend can lead to doping

Because fullerene derivatives are widely used in blends with donor polymers for
photovoltaics, we studied the doping effect of the insertion of a LiF layer for two
types of polymer:PCBM blends. Our tests on pristine MEH:PPV and poly[(4,8-
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Figure 4.8: Current-voltage curves of a) pristine PTEG-1, b) pristine PTEG-1 post-annealed at
115 ◦C, c) doped PTEG-1, d) doped PTEG-1 post-annealed at 115 ◦C. The legends show the channel
length and corresponding conductivity values, W and D indicate channel width and thickness of
PTEG-1 film respectively.
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bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b)dithiophene)-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)], (PTB7) showed no evidence of
doping in the device structures with a LiF/Al top contact. However, the εr-eff values that
we extracted for MEH-PPV:[60]PCBM (1:4) blends from the devices with LiF/Al, Ba/Al
and Al cathodes were 4.7, 3.9 and 3.6, respectively. A comparison of these values reveals
that the MEH-PPV:[60]PCBM (1:4) blend was doped in the device with a LiF/Al contact.
In the case of PTB7:[70]PCBM(1:1.5), however, we observed no difference in the values
of εr-eff extracted from devices with a LiF/Al contact compared with those extracted
from standard devices with an Al contact. Because PCBM is the only component of
the blends that is affected by the doping effect of LiF insertion, we concluded that its
content in the blend may determine the level of doping. The content of PCBM was
less in the PTB7:PCBM (1:1.5) blend than in the MEH-PPV:PCBM (1:4) blend; therefore,
the doping appears to be insignificant in the former case. Nevertheless, regarding the
complex phase composition and diffusion pathways for dopants for the polymer:PCBM
blends, attributing the doping level merely to the PCBM-to-polymer weight ratio is not
straightforward. We have demonstrated that doping, upon deposition of LiF, is likely
for some polymer:PCBM films. To obtain further insights into the dependence of the
doping on the phase composition of the polymer:PCBM films, a C-AFM study on the
films before and after the deposition of LiF would be useful. [27]

4.5 Possible doping mechanisms

Our macroscopic observations reveal substantial doping associated with LiF deposition
onto fullerene derivative films, but cannot resolve the underlying molecular mechanism.
Future spectroscopic analyses of the doped versus undoped films would provide in-
sights into the nature of the doped species. In the following section, we speculate on
the possible mechanisms underlying our observations. To this end, we note two key
findings of our study:
a) The enhancement of current density and the loss of current rectification are more pro-
nounced for the diodes with doped F2M films than they are with PCBM. Moreover,
the εr-eff of doped F2M is similar to PCBM in thicker films. Therefore, F2M undergoes
stronger doping than PCBM upon the deposition of LiF.
b) The conductivity of the doped PTEG-1 is sufficiently high for the measurements of in-
plane current, however, we could not measure the in-plane current of the doped PCBM
beyond the noise level of our measurement equipment. Thus, the doping effect on PTEG-
1 is stronger than that on PCBM. On the basis of these findings, we propose the following
speculative mechanisms:
1) The stronger doping effect observed for F2M and PTEG-1 is attributable to their lower
packing density caused by longer side chains. Dopants expectedly exhibit greater dif-
fusivity in loosely packed films (F2M and PTEG-1) compared to closely packed films
(PCBM).
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2) The strongest doping effect that we observe for PTEG-1, compared with those of
PCBM and F2M, suggests that a form of Li (i.e., Li atoms, as in the metal) could be active
as n-doping agent(s) in the described experiments. When the fullerene cage is reduced
by Li, the resulting Li+ ions can then be solvated by the ethylene glycol groups. However,
the formation of Li from LiF seems quite unlikely.
3) Because post-annealing facilitates further doping in all of the cases, we conclude that
the doping does not merely occur throughout the deposition of LiF, but the dopants
remain active in the film after the deposition. Apparently, annealing activates further
reactions, which lead to additional doping or facilitate diffusion of the dopants deeper
inside the fullerene film.

4.6 Conclusions

We have shown that the evaporation of LiF onto thin films of fullerene derivatives leads
to bulk-doping. The level of unintentional doping varies depending on the chemical
structure of the fullerene derivatives and their matrix in the film. The presence of Al
is not necessary to activate the doping, as indicated by our observation of the doping
effect in the films without a metallic contact. We also observed that annealing possibly
facilitates the doping by enabling easier diffusion into the bulk, leading to the doping
of additional fullerene molecules. Because we did not observe the doping of pristine
polymers, we conclude that the mixtures of polymer:fullerene show the doping effect
only because of the presence of the fullerene molecules.
Our results have important implications for organic electronic devices because we have
shown that the intrinsic properties of fullerene derivatives can substantially deviate from
their pristine values when extracted from devices incorporating LiF interlayers. More-
over, the devices containing fullerene derivatives may face stability issues because of
the unintentional doping effect of LiF deposition. Alkali metals and their salt or alloy
compounds can give rise to unintentional doping similar to LiF, which should be inves-
tigated in future works.

4.7 Experimental

Commercially available indium-tin-oxide (ITO)-patterned glass substrates with different dimen-
sions (9 mm2, 16 mm2, 36 mm2, and 100 mm2) were used as the bottom electrode for capaci-
tors/diodes. For in-plane capacitors/diodes, n-doped silicon substrates (doping at wafer surface:
n ≈ 3× 1017 cm-3 ) with a 230 nm SiO2 insulating oxide layer were used. The in-plane electrodes
were patterned with 30 nm thick Au. The channel lengths were 10, 5 and 2.5 µm. The chan-
nel widths were 10 mm. The ITO substrates were cleaned by being scrubbed with soapy water
solution, flushed with de-ionized water, separately sonicated in acetone and isopropyl alcohol
and then oven dried and subjected to a UV-ozone treatment. Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) was spin cast under ambient conditions and dried at 140 ◦C
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for 10 min. Metallic top contacts including interlayers (LiF(1 nm), Ba (5 nm), Ca (10 nm) were de-
posited at a pressure less than 106 mbar. To determine the capacitance, we conducted impedance
spectroscopy in the frequency range from 10 Hz to 1 MHz using a Solartron 1260 impedance gain-
phase analyzer with an AC drive voltage of 10 mV and an applied DC bias of -2 V or -1 V to keep
the capacitors free of charge-carrier injection. The capacitance-voltage (C-V) measurements were
conducted at drive frequencies of 1 and 10 kHz for Mott-Schottky analysis. Current-voltage char-
acterizations were performed with a Keithley 2400 source meter for diodes and a Keithley 4200 for
in-plane current measurements. We carried out conductive AFM (C-AFM) measurements by ap-
plying a TUNA module to a MultiMode 8 atomic force microscope (Bruker) equipped with System
Controller V and operated in contact mode. NPG-10 probes with a spring constant of k = 0.06 N/m
and a tip radius of 30 nm were used for the electrical measurements of both samples. Each fabri-
cated sample was characterized using a new probe and an applied contact force less than 2 nN. All
of the sample processing steps and measurements were carried out under an N2 atmosphere at a
stable temperature, except for the C-AFM measurements, which were performed under ambient
conditions.
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CHAPTER 5
A rough electrode creates excess capacitance in thin film

capacitors

Summary

The parallel plate capacitor equation is widely used in contemporary material research
for nanoscale applications and nanoelectronics. In this chapter, we experimentally and
theoretically show that the electrical capacitance of thin film capacitors with realistic
interface roughness is significantly larger than the value predicted by the parallel
plate capacitor equation. By applying an extended parallel plate capacitor equation
that includes the roughness parameters of the electrode, we are able to calculate the
excess capacitance of the electrode with weak roughness. Moreover, we introduce
the roughness parameter limits for which the simple parallel plate capacitor equation
is sufficiently accurate for capacitors with one rough electrode. Our results imply
that the interface roughness beyond the proposed limits cannot be dismissed unless
the independence of the capacitance from the interface roughness is experimentally
demonstrated.
∗ This chapter has been originally published in ACS Appl. Mater. Inter-
faces 2017, 9 (32), pp 2729027297. DOI: 10.1021/acsami.7b06451
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Chapter 5. A rough electrode creates excess capacitance in thin film capacitors

5.1 Introduction

The parallel plate capacitor equation is one of the most basic equations in electrostatics.
The equation states that the electrical capacitance is linearly proportional to the area of
the plates and the relative dielectric constant of the filler material and is inversely pro-
portional to the spacing between the plates. This textbook formula is widely used in con-
temporary material research and electrical engineering for nanoscale applications. For
instance, the determination of the electrical capacitance and the dielectric constant of a
material is a crucial characterization step for development of memories [1,2], energy stor-
age devices, [3,4] embedded capacitors, [5,6] electroluminescent devices, [7] organic solar
cells, [8,9] artificial muscles, [10,11] actuators, [12] smart skins, [13–15] and electronic packag-
ing technology, [16] which is shrinking in size to the nanoscale. Most of these applications
use the dielectric properties below the GHz frequency range, and therefore impedance
spectroscopy (IS) is used to determine the electrical capacitance of the material in a par-
allel plate capacitor or to determine the dielectric constant of the material under inves-
tigation. The capacitor equation is also frequently used in the characterization of field
effect transistors for determining parameters such as charge carrier mobilities, [17–20] and
transconductance. [18,21,22] In Mott-Schottky analysis, the flat capacitor equation is im-
plicitly applied to determine the doping density of semiconductors, the width of the de-
pletion region and the flat band potential for the semiconductor/metal interfaces. [23,24]

Considering its broad application, the accuracy of the capacitor equation is very im-
portant, especially for finding credible routes for designing novel materials for nano-
electronics. The accuracy of the equation is often considered to be associated with the
uncertainty of the contributing parameters in the equation. [25] Among these parameters,
the reliability of the capacitance has been addressed the most by introducing experimen-
tal strategies for performing the capacitance measurements correctly. [25–28] However, the
precision of the individual parameters of the equation does not guarantee the accuracy
of the relation between them, in case the assumptions made in deriving the relation it-
self are not completely met. One of these assumptions is that the parallel plate capacitor
electrodes are ideally smooth and flat electrodes. In a simplistic picture, the degree of the
smoothness of a surface depends on the distance at which the surface is observed. An
electrode with micro or nanoscale roughness can be considered smooth for a capacitor
with macro-scale thickness, while for a thin film capacitor the assumption of a flat and
smooth electrode is violated.
In a theoretical study, Zhao et al. have discussed the interface roughness effect on the
electric field, the capacitance and the leakage current of an insulating film in a parallel
plate capacitor [29]. In this work, and several following theoretical and computational
studies, the capacitance was shown to be electronically coupled to the roughness char-
acteristics of the electrodes. [30–34] Even though the presence of surface roughness is very
common for solid state thin films, apart from a few studies on specific systems, no gen-
eral experimental work on the influence of the realistic roughness of the electrodes on
the electrical capacitance of thin film capacitors has been reported. [35–37] This means that
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the impact of the interface roughness on the electrical capacitance of thin films has been
grossly overlooked within the nanoelectronic community.
In this chapter, we experimentally 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 including amorphous dielectric polymer thin films and small
molecule semiconductors. To study the connection between the interface roughness and
the electrical capacitance enhancement, we exploit the extended parallel plate capaci-
tance formula derived by Zhao et al. [29] In this formula, the excess capacitance origi-
nated from the weak roughness of an electrode is calculated by incorporating the rough-
ness parameters. Experimentally, we determine the roughness parameters by analyz-
ing the topography images of the rough electrode obtained by atomic force microscopy
(AFM). Independently, we determine the electrical capacitance of the capacitors using
impedance spectroscopy. The observed correlation between the capacitance values and
roughness characteristics of the electrodes agrees with the predictions of the extended
parallel plate capacitor formula.

5.2 Theory

The capacitance of an empty parallel plate capacitor is calculated from Equation 2.1. This
formula is derived from Gauss’s law with two important assumptions: 1) the area of the
plates is infinitely large compared to the distance between the plates and 2) the plates
are flat and smooth. If a dielectric material fills the space between the metal plates, the
capacitance increases by a factor of εr called the relative dielectric constant or the relative
static permittivity:

Cf
C0

= εr, (5.1)

where Cf denotes the capacitance of the capacitor with ideally flat and smooth electrodes.
The dielectric constant of a material generally depends on the chemical structure, de-
fects, temperature, pressure and the frequency of the applied alternating field. As long
as these factors remain identical for the filler, it can be seen from equation 5.1 that the
dielectric constant of the filler and the geometrical dimensions of the capacitor are the
only factors playing a role in the electrical capacitance of the capacitor with two smooth
plates. In practice, thin film capacitors meet the first assumption for the parallel plate
capacitor formula since the thickness of the films is usually orders of magnitude smaller
than the lateral dimensions of the plates. However, the second assumption may not be
met for some thin film capacitors due to the roughness of the interface (see Figure 5.1). It
is necessary to reformulate the capacitance equation for thin film capacitors with rough
interfaces.
To determine the electrical contribution of a rough electrode to the total capacitance of
a capacitor, we must first characterize the roughness. Similar to most surfaces found
in nature, the topology of a wide variety of thin films is well described by self-affine
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Figure 5.1: Schematic cross section of the capacitors with one rough contact. The dashed line
shows the average thickness of the film, h0. h(x, y) is height fluctuations in xy surface around h0.

roughness, regardless of their growth technique. Self-affine fractals remain statistically
similar, but are scaled differently in different directions. [38–40] Three characteristic pa-
rameters are defined to describe a self-affine rough surface: 1) the root-mean-square (rms)
roughness, σ, which is the root mean square average of the profile height deviations
from the mean height; 2) the lateral correlation length, ξ, which is an upper in-plane scal-
ing cutoff indicating the length at which a point on the surface follows the memory of its
initial value upon moving on the surface; and 3) the roughness exponent, H, which defines
the irregularity of the surface and has a value between 0 and 1. Small values of H (≈ 0)
represent extremely jagged surfaces while larger values (≈ 1) represent smooth hills and
valleys.
The roughness parameters can be determined by correlation functions of the surface. The
height difference (or height-height) correlation function (HHCF) is defined as H(r) =<
[z(r)− z(r0)]2 >, where r is the in-plane positional vector, z(r) is the surface height and
<> is the indicative of a spatial average over the planar reference surface. For the self-
affine roughness, the HHCF follows the scaling behavior given by

H(r) ∝ r2H , r � ξ, (5.2a)

H(r) = 2σ2 , r � ξ. (5.2b)

These parameters are required to describe the roughness of the electrode.
To derive the roughness dependent capacitance formula, Zhao and coworkers followed
an analytic approach [29,30] that we briefly summarize here. In this approach, the Laplace
equation (52Φ(x, y, z) = 0) is solved for a capacitor with one rough and one smooth
electrode to determine the electrostatic potential between the plates (see Figure 5.1).
Φ(x, y, z = 0) = 0 for the smooth plate and Φ(x, y, z = h0 + h(x, y)) = V for the rough
plate with surface height fluctuations of h(x, y), used as the boundary conditions. The
perturbation method is applied for the potential on the rough boundary to solve the
Laplace equation. Since a weak roughness is assumed, perturbation orders greater than
2 are dropped from the calculations. For a weak roughness, the rms local surface slope
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is small (
√
〈| ∇h |2〉 � 1). [29,30] The remaining terms depend on the height fluctuations

are replaced by the roughness spectrum derived for self-affine fractal scaling. The elec-
trostatic potential of the rough electrode is then derived depending on the roughness
parameters. The electric field within the capacitor is calculated from the electrostatic
potential difference between the plates. Ultimately, an extended parallel plate capacitor
equation is derived which includes the excess capacitance of the rough electrode:

Cr/f ≡
Cr

Cf
= 1 + f (σ, H, ξ), (5.3)

where Cr is the capacitance of a capacitor with one rough electrode and f (σ, H, ξ) fol-
lows:

f (σ, H, ξ) ≡ fr1 + fr2 ≈

σ2

aξ2 {
(1 + ak2

cξ2)1−H − 1
1− H

− 2a}+ 1
h0

∫ kc

0

cosh(kh0)

sinh(kh0)
k2 σ2ξ2

(1 + ak2ξ2)1+H dk,

(5.4)

where kc = π/ac is the upper cutoff of the spatial frequency, with ac as the size of the
smallest feature of the surface, and a is a normalization parameter calculated from:

a = (1/2H)[1− (1 + ak2
cξ2)−H ]. (5.5)

The fr1 and fr2 coefficients, determine the contribution of increased effective area and
enhanced electric field to the capacitance, respectively. In other words, the effective area
of a rough electrode is larger than that of a flat and smooth electrode, therefore more
charge can be stored on the electrode leading to an increased capacitance. Furthermore,
the electric field is enhanced at the sharp hills and valleys of the rough interface leading
to charge accumulation at these spots and thereby enhanced electrical capacitance.
The knowledge of the Cr/f value allows us to correct the overestimated dielectric con-
stant of the filler material after the capacitance measurement of a capacitor with a rough
electrode. Conversely, the knowledge of the roughness parameters of the interface al-
lows us to predict the electrical capacitance of a rough capacitor without underestimat-
ing it by using equation 5.1.
It is important to note that in the derivation of equation 5.4, a simple Lorentzian
model [40] is used to describe the roughness spectrum. Other roughness models may
lead to a different formulation, yet the fact that the interface roughness gives rise to a
capacitance in excess of that found for the case of a flat capacitor remains unchanged.
Therefore, it is not generally applicable for all topologies. Moreover, knowledge of the
lower cutoff size of the topology, ac, is essential for correctly estimating the value of the
excess capacitance. In this work, we use equation 5.4 as a guide to understand the link
between the interface roughness and the enhanced capacitance upon roughening the
interface.
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Chapter 5. A rough electrode creates excess capacitance in thin film capacitors

5.3 Results and discussion

To experimentally investigate the excess capacitance of a rough electrode, we fabricate
parallel plate capacitors with one smooth and one rough electrode. For the smooth elec-
trode, we use ITO covered with PEDOT:PSS. Because the coarse surface of ITO is not
ideal for our study, we cover it with PEDOT:PSS to form a smooth interface at the bot-
tom electrode. To vary the roughness at the interface of the metallic top electrode (Al
here), we change the surface roughness of the filler so that the top contact replicates the
topology upon evaporation (Figure 5.1). Processing fillers from solvents with different
volatility allows us to tailor the surface roughness of the filler. Provided that the dielec-
tric properties of the bulk remain unchanged, we are able to compare the roughness de-
pendence of the capacitance exclusively. Solution processable amorphous compounds
are most suited for this purpose because we can alter the surface topology by chang-
ing the processing conditions yet yield films that share the same dielectric properties
due to their amorphous nature. We determine the capacitance of the capacitors using
impedance measurements (referred as Cm throughout the text). A deviation of Cm/C0
from εr, the intrinsic dielectric constant of the filler material, then serves as an indication
of the excess capacitance due to the rough electrode (see equations 5.1 and 5.3).

5.3.1 Smooth capacitors

To distinguish between the deviations arising from the roughness effect and the de-
viations due to measurement errors, we first estimate the overall error of the dielec-
tric constant determined from the ideally smooth parallel plate capacitors. It is known
that as-spun films of [60]PCBM are amorphous. [41,42] Therefore, it is possible to process
PCBM from different solvents in order to obtain different film thicknesses and morphol-
ogy while not altering its intrinsic dielectric constant. We fabricated several [60]PCBM
capacitors using spin coating from orthodichlorobenzene (ODCB), chloroform (CHCl3)
and chlorobenzene. Because all the processed films had smooth surfaces (σ < 1 nm), we
could use equation 5.1 to determine εr. Figure 5.2 shows the values of εr for 44 capacitors
in 11 different film thicknesses with the weighted average of εr = 4.0± 0.1. This means
that, by using an adequate number of measurements, we can minimize the standard
error of the mean to ∆ε = ± 0.1 or the relative error to 3% for εr. We tested the di-
electric constant of thermally evaporated C60 thin films in the ITO/PEDOT:PSS/C60/Al
capacitor structure. All the C60 films showed a smooth surface enabling the reliable de-
termination of εr values from equation 5.1. We found no difference that can be resolved
beyond the error margin between εr of [60]PCBM and C60. Therefore, vis a vis the dielec-
tric constant, the bulk of these fullerene derivatives do not go through a major change
when ordinary growth methods are used.
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Figure 5.2: Cm/C0 versus average film thickness for [60]PCBM using different contacts. For capac-
itors with an Al top contact, [60]PCBM is processed from CHCl3, chlorobenzene and ODCB. For
the remaining capacitors, it is processed from CHCl3. Different processing conditions (spinning
speed and open/closed cap spin coating) are applied for the films. The green line is the weighted
mean of Cm/C0 and the dashed area shows the standard error of the mean.
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Figure 5.3: The chemical structures of fullerene derivatives. (a) PDEG-1 (R=(CH2CH2O)2CH3),
PTeEG-1 (R= (CH2CH2O)4CH2CH3) and (b) PTeEG-2 (R=(CH2CH2O)4CH2CH3)
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(a) (b)

Figure 5.4: The AFM images of (a) smooth and (b) rough interface of PDEG-1 capacitors.

5.3.2 Rough capacitors: determining excess capacitance

By investigating the capacitance of fullerene derivatives with ethyleneoxy side chains
namely PDEG-1, PTeEG-1 and PTeEG-2 (Figure 5.3), we obtained scattered values of
Cm/C0 for different processing conditions (reported in Table 5.1 on page 77). It it is un-
likely that the intrinsic dielectric constant of the tested fullerene derivatives undergoes a
significant change through the variation of simple processing conditions. Therefore, the
variations of Cm/C0 are more likely to originate from the interface effect on the electrical
capacitance.
Figure 5.4 shows sample AFM images of smooth and rough surfaces of PDEG-1 and
Figure 5.5 reports all Cm/C0 values of PDEG-1 processed into smooth and rough films.

The red symbols represent the values obtained from the smooth samples, so that we
find the dielectric constant of PDEG-1 as εr = Cm/C0 = 4.1± 0.1. The blue symbols
show the Cm/C0 values obtained from the rough films that are significantly larger than
those of the smooth films. It is clear that additional capacitance is created by the interface
roughness at the top electrode.
To correct the Cm/C0 values obtained from rough capacitors for the excess capacitance,
we perforemd the following procedure: we analyzed the topography of rough interfaces
acquired by AFM to plot HHCF. Using equation 5.2a,b, we extracted σ, H and ξ from
the HHCF plot as indicated in Figure 5.6. By plugging the obtained roughness parame-
ters into equation 5.4 and assuming ac=1 nm, approximately equal to the size of the C60
molecule [43], we calculated f (σ, H, ξ). Finally, we divided Cm/C0 to Cr/ f from equation
5.3 to eliminate the excess capacitance of the rough interface from the total capacitance.
Black symbols in Figure 5.5 show the corrected Cm/C0 values, which in average give
Cm/C0 ≈ 3.9± 0.2, close to the intrinsic dielectric constant of PDEG-1. This means that
the extended capacitance formula decouples the capacitance of the rough interface from
the total electrical capacitance with good approximation.
We could not obtain accurate dielectric constant values for the two other fullerene
derivatives, PTeEG-1 and PTeEG-2, because we could not fabricate the ideally smooth
films. As listed in Table 5.1, the rough films showed roughness dependent capacitance
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Figure 5.5: Cm/C0 versus average film thickness for PDEG-1. Red symbols indicate the results
obtained from smooth samples; the red filled line shows εr = Cm/C0 = 4.1± 0.1. Blue symbols
attached with dashed lines (guide to the eye) to the black symbols indicate the results from rough
samples before and after the elimination of the excess capacitance. The blue line with the dashed
area shows Cm/C0 = 3.9± 0.2 from rough samples after elimination of the interface capacitance.
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Figure 5.6: The height difference correlation function along fast scanning direction of the rough
topography shown in Figure 5.4. All the roughness parameters can be determined from this func-
tion.
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for which we use the extended capacitance formula to eliminate the excess capacitance
factor from the results. After the elimination, the resulting values show smaller standard
deviation from the mean than the raw values. This proves that the variations of Cm/C0
originate from the interface roughness of the PTeEG-1 and PTeEG-2 capacitors.

5.3.3 Rough capacitors: polymers

For polymers, it is difficult to define a specific atomic or molecular scale as the lower cut-
off length of the topology because of the complex conformations of the chains close to the
surface of the films. Therefore, calculation of the excess capacitance using equation 5.4
becomes problematic for a rough electrode formed at the interface with a polymer. For
instance, we processed polyvinyledenedifluoride-trifluoroethylene P(VDF-TrFE), with
the molar ratio of 70/30 into both smooth and rough films. We did not apply a DC bias
to the capacitors in order not to turn on the ferroelectric property of the copolymer. [44,45]

All the Cm/C0 values converged to ≈11 for smooth and rough capacitors. Compared
to the rough films of the fullerene derivatives, the roughness values of the P(VDF-TrFE)
films were not negligible (see Table 5.1). However, it appears that, unlike the case of the
fullerene derivatives, the interface roughness does not influence the capacitance of the
P(VDF-TrFE) capacitors. We can speculate that the smooth P(VDF-TrFE) films have a
different morphology than the rough films leading to a greater bulk dielectric constant.
However, it is known that the transition of P(VDF-TrFE) to a semicrystalline phase with
enhanced dielectric constant does not occur without thermal annealing. [46,47] Because
we measured all of the capacitors with as-cast P(VDF-TrFE), films, we do not expect that
a different dielectric constant of the bulk for the smooth and rough films leads to iden-
tical Cm/C0 values for all cases. Alternatively, it is possible that the cutoff length for the
rough P(VDF-TrFE) surfaces is larger than that of the tested fullerene derivatives. By
setting ac > 70 nm, we obtain negligible Cr/ f for all of the rough capacitors (presented
in Table 5.1), justifying the similar Cm/C0 values for rough and smooth films. Unfor-
tunately, it is not possible to obtain the real value of ac from the AFM images of the
topology. Moreover, the link between the cutoff length of a surface and the bulk prop-
erties is a subject of an ongoing theoretical study. Therefore, we can only speculatively
evaluate the appropriate value for ac by estimating the lattice spacing or molecule size
in a film, which is difficult to assign for polymers due to their complex morphology.

5.3.4 Dependence of excess capacitance on the roughness parameters

Based on these observations, we conclude that ac and the three major roughness pa-
rameters (H, σ, ξ) collectively contribute to the generation of the excess capacitance at
the rough electrode. Therefore, it is worthwhile to study the contribution of different
roughness parameters on the formation of excess capacitance in more detail. We de-
fine different roughness parameters for an electrode and calculate Cr/ f for the generated
roughness using equation 5.4. As shown in Figure 5.7, Cr/ f increases by increasing the
rms roughness and the lateral correlation length. The increase is sharper for the less reg-
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Figure 5.7: Contour plots of Cr/ f versus σ and ξ for various roughness exponents. The cutoff
length is set to 1 nm and the weak roughness limits are set to σ/ξ < 5% and σ/h0 < 10% for all
graphs. The average thickness of the rough films is assumed as h0 = 100 nm.

73



Chapter 5. A rough electrode creates excess capacitance in thin film capacitors

ular surfaces (smaller H)). For instance, σ = 10 nm can be considered a large rms rough-
ness for a capacitor with average film thickness of 100 nm. However, with the roughness
exponent of 0.8, as long as the lateral correlation length is greater than 700 nm, a negli-
gible excess capacitance is created by the rough electrode. On the other hand, σ = 2 nm
cannot be neglected for an interface with a lateral correlation length smaller than 200
nm and the roughness exponent of 0.7. For identical roughness parameters, the excess
capacitance of the surface with a smaller cutoff length is stronger (not shown in Figure
5.7).

5.3.5 Accuracy of the parameters derived from capacitor equation

It is important to know the roughness limit at which the excess capacitance of the rough
interface becomes negligible. If Cr/ f = 1.04 is considered as the tolerance limit for rough-
ness effect, then σ/ξ should remain roughly below 0.01 for surfaces with the roughness
exponent of 0.6-0.7, whereas this limit is twice as large for the more regular surfaces, with
the roughness exponent of 0.8-0.9 (assuming ac = 1 nm). In general, the rms roughness
of ≈ 1 nm is small enough for most surfaces so that the interface roughness effect can be
neglected for thin film capacitors with h0 > 50 nm. The defined limits may vary based
on the expected accuracy of the parameters extracted from the parallel plate capacitor
equation. For instance, in the determination of the dielectric constant from the capacitor
equation, the roughness effect of the electrode cannot be resolved for Cr/ f up to 1.11 as
long as a 10% relative error for εr is tolerated. Whereas Cr/ f should remain below 1.02
to maintain the relative error of εr below 2%.
Considering that the dielectric constant is one of the most important parameters that is
usually extracted from the parallel plate capacitor equation, it is fruitful to propose a gen-
eral protocol for the reliable determination of εr of a material. The most straightforward
approach is to produce smooth capacitors of the material to ensure that the capacitor
equation is applicable with dependable accuracy. By reproducing the results from sev-
eral capacitors with smooth electrodes, the precision of the εr is guaranteed along with
its accuracy. Under the discussed conditions, εr can be reported with the accuracy of
one decimal place and considering the precision limits and the accuracy of the applied
technique, two decimal places would be meaningless. For the capacitors with rough
interfaces, reproducing the results may make the average outcome precise, but not accu-
rate. This is because we may produce identical roughness by repeating the same growth
method for the films and repeatedly overestimate εr (see Table 5.1, PTeEG-1 processed
from CHCl3). The best approach is to smooth the interfaces prior to capacitance mea-
surement by finding the correct deposition routes. If smoothing the interfaces is not
possible, yet Cm/C0 obtained from rough capacitors does not show any dependence on
the changes of the interface roughness, as we observed for P(VDF-TrFE) copolymer, then
the roughness effect can be ignored. When Cm/C0 changes with the variations of the in-
terface roughness, the roughness effect should not be neglected, otherwise the extracted
εr from the simple parallel plate capacitor equation will be overestimated. Similarly,
the contribution of the film growth technique, bulk morphology or the film crystalline
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structure on the bulk dielectric constant will be misinterpreted by ignoring the interface
roughness effect.
In addition to the dielectric constant, there are other parameters that are determined
using the parallel plate capacitor equation for which the reliability depends on the accu-
racy of the equation. If the roughness of the gate/dielectric interface is neglected in field
effect transistors, the capacitance of the gate dielectric can be underestimated, leading
to the erroneous determination of the charge carrier mobility in the conductive channel.
Therefore, it is advisable to use the direct measurement of the gate capacitance instead
of estimating it from the parallel plate capacitor equation, in case a rough gate/dielectric
interface is present in the transistor structure.
It is practically impossible to avoid the influence of the roughness on the capacitance for
all thin film capacitors. The extended parallel plate capacitor equation presented in this
work can calculate the excess capacitance of the rough interface commonly occurring for
a wide range of thin film capacitors.

5.4 Conclusions

We experimentally showed that the realistic interface roughness of an electrode can give
rise to an enhanced electrical capacitance in thin film capacitors. Using an extended
parallel plate capacitor equation, in which the roughness of the electrode is considered
via a theoretical model, we were able to explain our experimental observations in terms
of the roughness parameters. Using the presented model, we found that the excess ca-
pacitance of the rough electrode not only depends on the rms roughness (which is the
most commonly cited roughness parameter) but also on the lateral correlation length
and the roughness exponent. The roughness model used for the thin films in this study
is applicable to the roughness normally occurring in labs with common film deposition
techniques. Nevertheless, the formulated extended parallel plate capacitor equation is
applicable only to the capacitors with one rough electrode. Further study is required
in order to obtain a complete picture that includes both rough electrodes. Considering
the adverse impacts of unreliable information obtained from the parallel plate capacitor
method with inadequate accuracy, such study is highly necessary.

5.5 Experimental

Materials: PEDOT:PSS water dispersion (Clevios VP AI 4083) was acquired from Heraeus.
[60]PCBM and C60 were purchased from Solenne Co. The synthesis details of PDEG-1, PTeEG-1
and PTeEG-2 will be reported elsewhere. Preparation of capacitors: Commercially available indium-
tin-oxide (ITO)-patterned glass substrates with different dimensions (9 mm2, 16 mm2, 36 mm2, and
100 mm2) were used as the bottom electrode for all capacitors. The ITO substrates were cleaned
by being scrubbed with soapy water solution, flushed with de-ionized water, separately sonicated
in acetone and isopropyl alcohol and then oven dried and subjected to a UV-ozone treatment.
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PEDOT:PSS was filtered through TPFE filters (0.45 m) and spin cast under ambient condition and
dried at 140 ◦C for 10 min. The filler materials were solution processed except C60 which was ther-
mally evaporated. Aluminum top contacts with a thickness of 100 nm were deposited by using a
thermal evaporation process at a pressure less than 10−7 mbar. characterizations: Impedance spec-
troscopy was performed with a Solartron 1260 impedance gain-phase analyzer with gold plated
spring probes from Feinmetal GMBH. AFM topographical images were recorded in tapping mode
using a a Bruker MultiMode AFM-2 with TESP probes. All of the sample processing steps and
measurements were carried out under an N2 atmosphere at a s temperature, except for the AFM
measurements, which were performed under ambient conditions.
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CHAPTER 6
Improving the efficiency of bulk heterojunction solar cells

Summary

In this chapter a series of C60 adducts bearing oligo(ethylene glycol) (OEG) units
are characterized along with a reference fullerene derivative bearing an alkyl side
chain. OEG-functionalized fullerene derivatives are investigated for their photovoltaic
performance in blends with a high-performance polymer. The corresponding blend
morphology optimization pathways are studied and compared with the reference
acceptor and [60]PCBM. The optimized blend morphology for fullerene derivatives
with one OEG side chain is obtained without using a high boiling point solvent additive,
such as the widely used 1,8-diiodooctane. The OEG side chains improve the miscibility
of the fullerene-based acceptors with the donor polymer, and solar cells with efficiencies
above 5% are obtained.
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Chapter 6. Improving the efficiency of bulk heterojunction solar cells

6.1 Introduction

In the chapters up till now, we have investigated how to enhance the dielectric constant
of organic semiconductors. First, a strategy was introduced based on oligo(ethylene-
glycol) side chains, which lead to a modest enhancement of εr. Next, we discussed two
experimental issues that complicate the measurement of εr: inadvertent doping caused
by LiF and surface roughness. These chapters show that the reliable determination of εr
is not a trivial matter.
Meanwhile, our collaborators have succeeded in synthesizing and characterizing a num-
ber of fullerene derivatives that show εr ≈ 7 based on the strategy outlined in chapter
3. These materials can be processed to form very smooth films, such that surface rough-
ness does not influence the result in any way. Moreover, the investigated materials were
tested in capacitors with no interface doping effect. Therefore, the strategy outlined in
chapter 3 for enhancing εr appears to work. Nevertheless, 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.
We anticipate that the processing will be very different compared with PCBM due to
the polar nature of the molecules, which is likely to affect the choice of solvent(s) and
processing additives. We select PDEG-1, PTEG-1, PTeEG-1, PTeEG-2 depicted in Fig-
ure 6.1 with the intention of studying the effects of increased length and/or polarity of
the side chain on the miscibility of the fullerene derivatives with the donor polymer, the
morphology of their blend and ultimately the photovoltaic performance. The reference
fullerene derivatives include [60]PCBM and a counterpart fullerene derivative (PPA) in
which the OEG side chain is changed to an alkyl chain and the donor polymer is [3,4-
b]thiophene/benzodithiophene (PTB7).
Despite the expected phase separation in D/A blends because of the high polarity of
the OEG chains, the fullerene derivatives with a single OEG side chain showed very
good miscibility with the polymer. The reference fullerene derivatives required the high
boiling point solvent additive, 1,8-diiodooctane (DIO) [1] for optimal blend morphology
and photovoltaic performance. The obtained results give insight into the morphology
optimization pathways for materials functionalized with polar side chains for enhanced
dielectric constant and/or water solubility.

6.1.1 Electrochemical properties

Cyclic voltammetry measurements were conducted to investigate and compare the elec-
trochemical properties and LUMO energy levels of the OEG-fulleropyrrolidines with
those of PPA and [60]PCBM. The LUMO energy levels of the compounds are listed in
Table 6.1. The LUMOs are very close but still show small differences among the five
fulleropyrrolidines. Upon increasing the length of the OEG side chains, the LUMO is
slightly up-shifted from 3.61 eV (for PPA) to 3.72 eV (for PTeEG- 2), while the LUMO
of [60]PCBM lies between them. Overall, electrochemical measurements clearly indicate
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Figure 6.1: The chemical structures of PDEG-1, PTEG-1, PTeEG-1, PTeEG-2, PPA, and PTB7.

Table 6.1: Estimated LUMO energy levels of OEG-fulleropyrrolidines together with PPA and
[60]PCBM.

Compounds: [60]PCBM PPA PDEG-1 PTEG-1 PTeEG-1 PTeEG-2

ELUMO (eV): -3.71 -3.61 -3.67 -3.69 -3.72 -3.72

that OEG chains do slightly affect the LUMOs of fulleropyrrolidines, which might result
in a slightly different Voc in the OPV devices.

6.1.2 Electron mobility

Good charge carrier mobility facilitates efficient charge extraction in BHJ solar cells. In
most efficient organic solar cells, fullerene derivatives are both the electron acceptors
and the transport channels towards the corresponding electrode. Therefore, determining
the electron mobility is an important characterization step for newly designed fullerene
derivatives. Using the SCL method described in Section 2.4, the electron mobility values
of the pristine fullerene derivatives were determined listed in Table 6.2. The electron
mobility of PTeEG-1 was slightly lower than those of [60]PCBM and PPA, and that of
PTeEG-2 was one order of magnitude higher. Nevertheless, no significant difference
in the photovoltaic performance of PTB7:PTeEG-1 solar cells compared with others was

85



Chapter 6. Improving the efficiency of bulk heterojunction solar cells

-2 -1 0 1
10-4
10-3
10-2
10-1
100
101
102
103
104

0.1 1
10-1

100

101

102

103

J
(A

/m
2 )

V-Vbi-VRs (V)

295 K
272 K
233 K
214 K
196 K

J
(A

/m
2 )

V -Vbi-VRs (V)

(a)

-2 -1 0 1
10-4
10-3
10-2
10-1
100
101
102
103
104

0.1 1
10-1

100

101

102

103

104

J
(A

/m
2 )

V-Vbi-VRs (V)

295 K
273 K
252 K
235 K
215 K

J
(A

/m
2 )

V -Vbi-VRs (V)

(b)

-2 -1 0 1
10-2

10-1

100

101

102

103

104

0.1 1
10-2

10-1

100

101

102

103

104

J
(A

/m
2 )

V-Vbi-VRs (V)

J(
A/

m
2 )

V -Vbi-VRs (V)

295 K
273 K
252 K
233 K
208 K(c)

-2 -1 0 1 2
100
101
102
103
104
105
106
107
108

0.1 1
100

101

102

103

104

105

J
(A

/m
2 )

V -Vbi-VRs (V)

296 K
270 K
253 K
235 K
214 K

J
(A

/m
2 )

V -Vbi-VRs (V)

(d)

Figure 6.2: Steady state J-V data corrected for Vbi and Rs of a)
Au (80 nm)/PEDOT:PSS (65 nm)/PPA (93 nm)/Ca (7 nm)/Al (100 nm), b)
Au (80 nm)/PEDOT:PSS (65 nm)/PDEG-1 (93 nm)/Ca (7 nm)/Al (100 nm), c) Au (80 nm)/PTeEG-
1 (104 nm)/Ca (7 nm)/Al (100 nm) and d) Au (80 nm)/PTeEG-2 (334 nm)/Ba (5 nm)/Al (100 nm).
lines: J-V curves with Poole-Frenkel-type mobility values set to a) 1×10−7, b) 6×10−7, c) 4×10−8,
and d)7×10−6 m2/Vs at room temperature.

86



6.2. Optimizing solar cells

observed. The PTB7:PTeEG-2 solar cells could not benefit from the high electron mobility
of PTeEG-2, because of the strongly phase-separated morphology. Overall, it is clear that
OEG-functionalization of C60 does not degrade the electron mobility.

6.2 Optimizing solar cells

To study the influence of OEG functionalization on the photovoltaic performance of the
fullerene derivatives, they should be incorporated with a suitable donor polymer. In
recent years, many low band gap, high-performance polymers have been synthesized,
among which PTB7 is one of the first and most studied polymers. [3,4,6,7,27] Therefore,
PTB7 was selected as a modern benchmark polymer to be incorporated with the newly
synthesized fullerene derivatives. The device configuration and blend morphology were
optimized for all the synthesized fullerene derivatives, including [60]PCBM to ensure
a fair and conclusive comparison between the OEG-functionalized and the reference
fullerene derivatives.

6.2.1 Device configuration

Finding an ideal device configuration in which photogenerated charge carriers are effi-
ciently extracted is essential to device optimization. Liang et al. have reported efficient
solar cells of PTB7:[60]PCBM using ITO covered with PEDOT:PSS as hole-extracting and
Ca/Al as electron-extracting electrodes. [3] With this device configuration, the routes
for morphology optimization of the photoactive blend can be well traced because PE-
DOT:PSS is one of the most stable hole-transporting materials that is easy to process
and reproduce. Furthermore, in terms of energy band alignment with contacts, the de-
vice configuration suits PTB7:OEG-fulleropyrrolidine solar cells because of the similar
LUMO energies of the synthesized OEG-fulleropyrrolidines and [60]PCBM. However, as
shown in Figure 6.3, an S-kink appeared in the J-V curves of PTB7:PTEG-1 devices under
illumination, while the corresponding dark currents followed normal diode behavior.
There are many literature reports on the S-shaped J-V curves of solar cells suggesting
different origins for this effect, yet all point towards poor extraction of photogenerated
charge carriers. [8–14] As shown in Figure 6.3, the S-shape appeared on the J-V curves
of all the solar cells, regardless of their cathode type, which is a signature of poor hole
extraction from the bottom contact. It can be speculated that favorable wetting of PTEG-
1 on the surface of PEDOT:PSS or different solvent evaporation kinetics upon solution
processing for PTEG-1 and PTB7 causes a vertical phase segregation of PTEG-1 towards
the PEDOT:PSS layer. Consequently, the interface of the binary blend with PEDOT:PSS
becomes donor deficient, leading to poor hole extraction from the bottom contact, which
in turn gives rise to hole accumulation and increased recombination. The S-shape did
not appear at reverse bias, so the extraction is good, as long as an external electric field
is applied to sweep out the generated charge carriers. However, upon removal of the
external electric field, recombination dominates.
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100 nm

Figure 6.3: Current density versus applied voltage of PTEG-1 solar cells in the blends with PTB7
under simulated AM1.5G illumination at 100 mWcm2. ITO covered with PEDOT:PSS is used as
the hole-extracting contact for all the solar cells. The active layers consist of PTB7:PTEG-1 in a
weight ratio of 1:1 for devices A, B and C and 1:1.5 for device D. The blends are processed from
ODCB for devices A, B and C and from chlorobenzene+3 v% DIO for device D. The thicknesses of
the active layers are 100, 90, 105 and 80 nm for devices A, B, C, and D, respectively. The image to
the right shows the AFM phase image of the 1:1 blend processed from ODCB on a glass substrate.

In an inverted device structure, the vertical phase segregation of PTEG-1 towards the
bottom contact, if present, would no longer cause charge-extraction problems, because
the morphology of the blend would be acceptor dominant close to the electron-extracting
electrode. As expected, PTB7:PTEG-1 solar cells without S-shaped J-V curves were ob-
tained for the inverted structure with ITO covered with zinc oxide (ZnO) for electron
extraction and MoO3 capped with Al for hole extraction. For consistency of morphology
optimization, the inverted device configuration was used for all other investigated solar
cells in the current study.

6.3 Morphology

Morphology not only affects charge carrier collection, as we observed for PTB7:PTEG-
1, but it also influences all the critical mechanisms of light-to-electricity conversion in-
cluding exciton transport and dissociation and free charge generation, transport and
collection. Therefore, morphology optimization is essential to reliably qualify a newly
designed D or A for its photovoltaic performance. Treatments such as thermal anneal-
ing, solvent vapor annealing or processing with additives are widely applied techniques
to obtain optimal morphology for different photoactive D/A blends. The solvent addi-
tive method is the most adopted route for high-performing polymer:PCBM solar cells.
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Table 6.2: The output parameters of the best performing PTB7 solar cells with different fullerene
derivatives under AM1.5G (1000 Wm−2) illumination with spectral mismatch taken into account.
The device structure is ITO/ZnO/active layer/MoO3/Al.

Acceptor µe D:A Solvent Additive Thickness Voc Jsc FF PCE

(m2/Vs) w ratio v:v (%) (nm) (V) (A/m2) (%) (%)

PTeEG-2 7×10−6 1:2 CB:CF anisole 110 0.48 22 0.40 0.43

(1:2) 20%

PTeEG-1 4×10−8 1:2 ODCB:CF anisole 107 0.81 124 0.51 5.2

(1:2) 15%

PTEG-1 2×10−7 1:2.5 ODCB:CF anisole 105 0.80 127 0.54 5.5

(1:2) 12%

PDEG-1 6×10−7 1:2.5 ODCB:CF anisole 100 0.75 132 0.52 5.1

(1:2) 5%

PPA 1×10−7 1:1 CB DIO 3% 135 0.83 129 0.48 5.1

[60]PCBM 2×10−7 1:1.5 CB DIO 3% 120 0.72 140 0.58 5.9

The general guideline developed for PTB7 and similar polymers is to use a host solvent
with high solubility for both components and an additive with a boiling point higher
than the host solvent and selective solubility for PCBM. [15]

Unlike PTB7:PCBM, [6] the films of PTB7:PTEG-1 processed from pure ODCB showed no
phase separated large domains (see Figure 6.3), which proved the better miscibility of
PTEG-1 with PTB7 compared with PCBM. However, the poor fill factor (FF) of the solar
cells (below 40%) was a signature of bad morphology most likely due to the dominance
of closely intermixed PTB7:PTEG-1 domains. Although the intimate mixing of D and A
is favorable for efficient charge transfer, pure D and A domains are necessary to facilitate
free polaron formation; and continuous networks of D and A-rich domains are required
for efficient free carrier transport and extraction. [4] Therefore, the optimal morphology
for PTB7:PTEG-1 could be gained through controlled phase separation between the poly-
mer and PTEG-1. [16] To create a favorable balance between mixed, pure and D/A-rich
phase domains, the processing conditions were modified, and the corresponding mor-
phology changes were macroscopically traced via investigating the photovoltaic perfor-
mance: By using ODCB:chloroform solvent mixtures in different volume ratios, the solar
cells processed from 1:2-3 volume ratios showed improved photovoltaic performance,
with FFs increased to above 40%. By changing the weight ratio of PTB7:PTEG-1 from
1:1 to 1:2-3, the FF values were further improved from 40% to above 50%, leading to
power conversion efficiencies (PCEs) of≈5%. On average, the solar cells processed from
ODCB:chloroform solvent mixture with a 12% volume fraction of anisole additive per-
formed better than those without anisole (see Table 6.2). The Voc of the non-optimized
and optimized PTB7:PTEG-1 solar cells showed consistent values of approximately 0.8 V.
This consistency can be understood from the great dependency of Voc on the energy lev-
els of the D and A, which are constant within different morphologies. However, the FF
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Figure 6.4: Current-voltage curves of the solar cells listed in Table 6.2.

underwent a significant enhancement from below 40% to above 50% upon morphology
optimization.
A similar morphology optimization strategy was followed for PTB7:PDEG-1, PTeEG-1,
PTeEG-2, PPA and [60]PCBM devices. For [60]PCBM and PPA, the solar cells processed
from chlorobenzene with DIO additive were more efficient than those processed from
solvent mixtures of ODCB:chloroform and anisole additive. Table 6.2 lists the output pa-
rameters of the best performing solar cells, and Figure 6.4 shows their J-V curves under
1 sun illumination.
The solar cells of PDEG-1, PTEG-1 and PTeEG-1 presented their optimal performance
with a higher weight ratio to PTB7 compared with those of [60]PCBM and PPA. It
has been suggested that the miscibility of fullerene molecules with the donor polymer
governs the optimal blend ratio. [17] A good miscibility can enable fullerene molecules
to blend with the polymer on a molecular level. At higher fullerene concentrations,
the polymer no longer hosts the fullerene molecules, and therefore, fullerene-rich do-
mains are formed. The suggested scenario suits single chain OEG-fulleropyrrolidine
derivatives because, unlike [60]PCBM and PPA, they showed good miscibility with
PTB7 processed from pure ODCB. Therefore, by increasing the content of the OEG-
fulleropyrrolidine, pure acceptorphase domains are further introduced to the blend mor-
phology upon fullerene phase separation from PTB7. Furthermore, the unbalanced solu-
bility [2,18] of OEG-fulleropyrrolidine and PTB7 in the solvent mixture of ODCB:CF with
the anisole additive and different vapor pressures of the solvent components can lead
to solvent evaporation dynamics that favor phase separation of the solidified species.
PTeEG-2 in the blend with PTB7 showed large phase-separated domains (see Figure 6.5)
despite being processed similarly to its single-chain OEG-fulleropyrrolidine analog,
PTeEG-1. The poor morphology of the PTB7:PTeEG-2 solar cells resulted in their im-
paired performance compared with the other investigated solar cells listed in Table 6.2.
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6.4. Conclusion

Therefore, the number of the OEG side chains on fulleropyrrolidines appears to play a
more critical role than the length of the chain in their ability to percolate into polymeric
domains or in their tendency to aggregate.
All the solar cells of fulleropyrrolidine derivatives, except PDEG-1, exhibited a Voc
greater than that of [60]PCBM. The Voc enhancement correlates with the lower elec-
tron affinity of fulleropyrrolidine derivatives compared with that of PCBM, provided
that the case of PDEG-1 is excluded. The electronic interactions between the lone elec-
tron pair of the pyrrolidine nitrogen atom and the fullerene cage could be the cause of
the reduced electron affinity of the fulleropyrrolidine derivatives. [19] However, accord-
ing to the ELUMO values reported in Table 6.1, the LUMO energy difference between
[60]PCBM and the fulleropyrrolidine derivatives is smaller than the observed Voc en-
hancement. In this case, the experimental uncertainties attributed to the LUMO energy
level of [60]PCBM play an important role. [20] The low Voc of PDEG-1 solar cells com-
pared with those of PTEG-1 and PTeEG-1 is difficult to understand considering the sim-
ilar FF and PCE values of these cells.

6.4 Conclusion

A group of fullerene derivatives with OEG side chains were presented. The essential
properties of PCBM that make it an excellent acceptor for OPV such as electron mobility
and electron affinity were not degraded in the designed fullerene derivatives in pris-
tine form. All the new fullerene derivatives in blends with PTB7 presented PCEs above
5% under simulated AM1.5G with optimized morphology. Morphology optimizations
were based on macroscopic observations of the device performances. No slow-drying
additive such as DIO was required to obtain optimal morphology for single-chain OEG-
fulleropyrrolidine solar cells. Therefore, instability issues arising from residual solvents
in the photoactive layer can potentially be dismissed for the presented novel solar cells.
We demonstrated that increasing the polarity of the acceptor molecules does not neces-
sarily cause undesired phase separation with the donor polymer, as long as morphology
optimization routes are adequately explored for the most suitable process. Functional-
izing donors and acceptors with polar side chains can be considered to be a promising
pathway for moving towards water-soluble and high dielectric constant organic semi-
conductors for photovoltaic applications.

6.5 Experimental

PTB7 (Mn > 23,000; PDI: 1.8≈3.0), 1,8-dibromooctane, PEDOT:PSS and [60]PCBM were purchased
from Solarmer Energy Inc, Sigma-Aldrich, Heraeus, and Solenne, respectively. Organic materials
were weighed and dissolved under an N2 atmosphere. Commercially available ITO-patterned
glass substrates were cleaned by being scrubbed with a soapy water solution, flushed with deion-
ized water, separately sonicated in acetone and isopropyl alcohol, oven-dried at 140 ◦C for 10 min
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6.5. Experimental

and subjected to a UVozone treatment for 20 min. PEDOT:PSS was spin-cast under ambient con-
ditions and dried at 140 ◦C for 10 min. ZnO nanoparticles were synthesized following a published
method. [21] Zinc acetate dihydrate (2.95 g) was dissolved in 120 ml of methanol at 60 ◦C. KOH
(1.48 g) was dissolved separately in 80 ml of methanol. The KOH solution was gradually dropped
into the zinc acetate dihydrate solution for 10 min. The solution was stirred at 60 ◦C for 2.5 h,
and then, the heating and stirring were ended to allow the particles to precipitate within 12 h.
The precipitate was cleaned by centrifugation of the dispersion and washed twice with methanol.
The washed ZnO nanoparticles were dissolved in butanol to form a 10 mg/ml ZnO butanol solu-
tion. The active layers were spin-coated at room temperature under an N2 atmosphere. Metallic
top contacts composed of interlayers of LiF (1 nm), MoO3 (10 nm), and Ca (10 nm) were ther-
mally deposited at a pressure below 10-6 mbar. To optimize solar cells of PTB7 with PTEG-1,
PDEG-1, PTeEG-1, PTeEG-2, PPA and [60]PCBM acceptors by varying solvent, solvent additive,
donor:acceptor weight ratio and solvent mixture volume ratio, 300 samples were fabricated, in
total. J-V measurements were performed in an inert environment using a Keithley 2400 source-
meter. Simulated AM1.5G illumination was provided by a Steuernagel Solarconstant 1200 metal
halide lamp set to 100 mW cm−2 intensity, measured using a silicon reference cell and corrected
for the spectral mismatch. A shadow mask was used to mask 40% of the solar cell edge area under
illumination.
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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.





Samenvatting

Zonne-energie is een noodzakelijk onderdeel van de beweging richting duurzame ener-
gie. Het grootste gedeelte van elektriciteit opgewekt door zonne-energie wordt geleverd
door fotovoltaı̈sche (PV) faciliteiten. Echter, het totale aandeel van PV in het globale
elektriciteitsopwekking is nog steeds erg klein. Een vermindering van de module kos-
ten en de totale kosten van installatie zou PV kunnen helpen om zijn aandeel onder de
duurzame energiebronnen te verhogen. Voor dit doel is de dunne-laag technologie zeer
waarschijnlijk een geschikte kandidaat.
Organische fotovoltaı̈ca (OPV) is één van de opkomende dunne-laag technologieën die
materialen gebruikt die niet schaars zijn, en is veelbelovend voor het terugdringen van
de kosten van PV vanwege hun flexibiliteit en het lichte gewicht van de materialen. Ech-
ter, om een plek in de PV markt veilig te stellen moeten organische zonnecellen eerst hun
huidige beperkingen zien te overwinnen wat betreft zowel de efficiëntie (PCE) waarmee
het licht omzet naar elektriciteit, als de stabiliteit en produceerbaarheid.
De excitonische aard van huidige organische halfgeleiders is een van de redenen dat de
PCEs fan organische zonnecellen achterblijven vergeleken met de anorganische alterna-
tieven. In een organische zonnecel leidt absorptie van licht tot de vorming van gebonden
elektron-gat paren (excitonen) in plaats van vrije ladingsdragers. Om splitsing van deze
excitonen te bewerkstelligen, bestaat de actieve laag van een organische zonnecel uit een
combinatie van tenminste twee componenten die donor en acceptor worden genoemd.
De hoge elektronenaffiniteit van de acceptor en de intieme menging tussen donor en
acceptor moleculen in een bulk heterojunctie (BHJ) structuur vergroot de kans dat de
excitonen gesplitst kunnen worden. Het complexe proces van het opwekken van vrije
ladingsdragers in een BHJ zonnecel gaat gepaard met een aantal verliesmechanismen.
In Hoofdstuk 1 wordt een introductie gegeven van de werking van organische BHJ zon-
necellen. Er wordt een verband gelegd tussen een aantal belangrijke limiterende ver-
liezen en de lage permittiviteit (εr ≈2-4) van de huidige organische halfgeleiders die
de foto-actieve laag vormen. Als OPV materialen zo zouden worden aangepast dat de
waarde van hun permittiviteit in de buurt komt van die van silicium (≈12), dan zouden
organische zonnecellen een vergelijkbare PCE waarde kunnen halen als die van anorga-
nische zonnecellen (meer dan 20%) zonder fundamentele beperkingen. Daarnaast zou
de noodzaak voor een mengsel van twee materialen in een BHJ structuur verminderd
worden. Deze strategie werd in 2012 voorgesteld in een zonnecel-simulatiestudie met re-
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alistische parameters en vormt de basis van het huidige experimentele werk. De nadruk
van dit proefschrift ligt op het verhogen van de relatieve permittiviteit van organische
halfgeleiders voor PV doeleinden.
Voordat het ontwerpprotocol voor het verhogen van de permittiviteit kan worden be-
sproken, moet een geschikte manier worden gevonden om εr te bepalen. Het begrijpen
van de theorie van de relatieve permittiviteit is in die zin een voorwaarde voor het selec-
teren van een geschikte meetmethode. Hoofdstuk 2 geeft de theoretische definitie van εr
en introduceert polarisatiemechanismen als de bron van de diëlektrische eigenschappen
van materialen. Afhankelijk van de actieve polarisatiemechanismen kan een materiaal,
onder invloed van een extern wisselend elektrisch veld, verschillende εr waarden verto-
nen. Daarom is er over het grote frequentiebereik van minder dan 10 Hz tot aan optische
frequenties geen eenduidige methode om de relatieve permittiviteit te bepalen. Voor op-
tische, microgolf en lagere frequentiebereiken zijn verschillende technieken ontwikkeld.
Hoofdstuk 2 geeft een uitwerking van impedantiespectroscopie als de meest gangbare
methode om de elektrische capaciteit waarmee εr, in het frequentiebereik lager dan GHz,
bepaald kan worden.
Is de verhoging van de permittiviteit voor frequenties tot 1 GHz daadwerkelijk gunstig
voor de werking van OPV? Om deze vraag te beantwoorden begint Hoofdstuk 3 met de
discussie over de dynamica van de verliesmechanismen die direct of indirect ontstaan
door de Coulomb aantrekking tussen ladingsdragers. Bimoleculaire recombinatie, één
van de belangrijke verliesmechanismen in organische zonnecellen, is omgekeerd even-
redig met εr en vindt plaats op tijdschalen kleiner dan een microseconde. Verhoogde
permittiviteit in het frequentiebereik tot 1 MHz leidt daarom tot minder verlies door bi-
moleculaire recombinatie. Excitonische verliezen daarentegen gebeuren binnen enkele
nanoseconden en worden veroorzaakt door de zwakke diëlektrische werking van het
omliggend materiaal. Het is waarschijnlijk dat εr een verhoogde waarde heeft in het
GHz bereik wanneer het een hogere waarde in het MHz bereik heeft, waardoor het be-
studeren van de εr in de MHz bereik relevant is voor dit onderzoek. Hoofdstuk 3 gaat
verder met het introduceren van de strategie waarmee de permittiviteit van bekende
donor en acceptor materialen verhoogd kan worden. De criteria hiervoor zijn dat de
conjugatie niet verbroken mag worden, dat de bandkloof niet mag veranderen en dat de
transporteigenschappen niet mogen verslechteren. Om aan deze eisen te voldoen, wordt
voorgesteld om de gebruikelijke alkyl zijketens te vervangen met oligo(ethyleen glycol)
(OEG) eenheden. Berekeningen vanuit de dichtheidsfunctionaaltheorie laten zien dat
OEG ketens een hoge polariteit hebben en zich razendsnel heroriënteren aan de hand
van de ladingsverdeling in de nabije omgeving. Zoals verwacht tonen fullereenderiva-
ten en polymeren op basis van phenyleenvinyleen en diketopyrrolopyrrol die met OEG
zijketens zijn bewerkt een verhoogde permittiviteit vergeleken met hun naaste verwan-
ten die alleen alkyl ketens hebben. De elektronenmobiliteit van de fullereenderivaten en
de gatenmobiliteit van de polymeren laten geen verslechtering van transporteigenschap-
pen zien vergeleken met de referentiematerialen. Dit toont aan dat dit een veelbelovende
strategie is om organische halfgeleiders aan te passen tot hogere εr waarden, terwijl hun
essentiële transporteigenschappen niet worden gewijzigd.



De betrouwbaarheid van de vastgestelde εr waarden is essentieel om de juiste route te
bepalen richting materialen met verbeterde permittiviteit. Hoofdstuk 4 en 5 onderzoekt
bepaalde oppervlakte-effecten die de elektrische capaciteit van dunne-laag condensators
benvloeden en resulteren in misleidende waarden voor de permittiviteit van de halfge-
leiders. Hoofdstuk 4 laat zien dat de veelgebruikte LiF kathode-tussenlaag leidt tot het
doteren van de bulk actieve laag wanneer deze bovenop een laag fullereenderivaten
wordt aangebracht. Als gevolg van deze dotering wordt de elektrische capaciteit van
de beı̈nvloedde laag verhoogd, waardoor er een verhoogde εr waarde wordt gevonden.
Het doteringsgehalte, en daarmee de gevonden εr waarde, is ook afhankelijk van de che-
mische structuur en manier van stapelen op moleculair niveau van de fullerenen. Uiter-
aard zou het negeren van dit extrinsieke effect leiden tot misleidende informatie over de
permittiviteit en transporteigenschappen van de nieuw ontworpen fullereenderivaten.
Hoofdstuk 5 richt zich op het effect van de ruwheid van de elektrode op de elektrische ei-
genschappen van dunne-laag condensatoren. Het bewijst via een theoretisch raamwerk
dat de ruwheid op nanoschaal extra capaciteit introduceert vanwege het toegenomen
contactoppervlak en het verhoogde elektrisch veld in de buurt van de scherpe pieken
en dalen van het metaaloppervlak. Onze experimentele methodes laten eveneens zien
dat ruwe dunne-laag condensatoren een hogere capaciteit tentoonstellen dan de waarde
die voorspeld wordt door de parallelle-plaat-formule. Sommige onderzochte condensa-
toren laten afwijkingen zien van wel 50%. De grootte van deze afwijking hangt af van
de ruwheidseigenschappen van het oppervlak, welke gemeten worden door middel van
atoomkrachtmicroscopie en topografie analyse. We presenteren een uitgebreide formule
voor de capaciteit waarin de toename van de capaciteit, die ontstaat door de ruwheid
van een elektrode, wordt berekend door middel van de gemeten ruwheidsparameters.
Op deze manier kunnen de risico’s van incorrecte bepalingen van de permittiviteit zo-
als berekend met de formule voor een parallelle-plaat-condensator vermeden worden.
Na het bespreken van twee experimentele factoren die de meting van εr bemoeilijken is
het duidelijk dat een betrouwbare meting van εr geen triviale zaak is. Gebaseerd op de
strategie uitgezet in Hoofdstuk 3 hebben onze medeonderzoekers een aantal fullereen-
derivaten gesynthetiseerd en gekarakteriseerd die εr ≈ 7 laten zien zonder invloed van
dotering en ruwheidseffecten. Daarmee lijkt OEG-functionalisatie te werken als mid-
del om de permittiviteit te verhogen. Desondanks hangt de mate van deze werking af
van vele factoren, waaronder de precieze molecuulstructuur en manier van stapelen op
moleculaire schaal.
De volgende stap is om deze OEG-gefunctionaliseerde fullereenderivaten te gebruiken
in BHJ zonnecellen. In Hoofdstuk 6 wordt de beste methode onderzocht om de morfo-
logie van OEG-gefunctionaliseerde fullereenderivaten met zijketens van verschillende
lengtes te optimaliseren in BHJ mengsels met thieno[3,4-b]thiofeen/benzodithiofeen
(PTB7). De fullereenderivaten met een enkele OEG zijketen laten heel goede meng-
baarheid met het polymeer zien, terwijl de referentie fullerenen in het oplosmiddel een
hulpstof vereisen met een heel hoog kookpunt, namelijk 1,8-diiodooctaan (DIO), om de
optimale mengingsgraad en efficiëntie te bereiken. De bijwerking van een hulpstof met
hoog kookpunt is een grotere mate van instabiliteit van de actieve laag in de zonnecel.



Alle nieuwe fullereenderivaten vertonen PCEs van meer dan 5% in combinatie met PTB7
met geoptimaliseerde morfologie. Daarmee wordt aangetoond dat de polariteit van de
acceptormoleculen niet noodzakelijkerwijs ongewenste fasescheiding veroorzaken.
Samengevat, door een strategie te onderzoeken om de permittiviteit van organische half-
geleiders te verhogen, door de betrouwbaarheid van de meetmethodes van de permit-
tiviteit te bestuderen, en door de optimalisatieroutes voor de morfologie van efficiënte
zonnecellen te vergelijken, geeft dit proefschrift een complete routebeschrijving van het
ontwerpen van materialen tot aan de uiteindelijke implementatie.


