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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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Chapter 2. Theory, Methods
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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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2.2. Experimental determination of the dielectric constant
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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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Chapter 2. Theory, Methods

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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2.3. Determining the dielectric constant from IS data

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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2.3. Determining the dielectric constant from IS data
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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
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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.

26



2.6. Materials

12

3
4

Glass

ITO

PEDOT:PSS

Filler material

Al

12

3 4

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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