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Chapter 1

Motivation

Development of organic photovoltaics and challenges for further progress

According to studies by the International Energy Agency (IEA) it is to be expected

that the global primary energy consumption will increase by about 30% within

the next 25 years.1 This rising energy demand together with the shortage of re-

sources and a massive increase in atmospheric CO2—considerably threatening our

climate—urge us to find alternatives. Thus, the search for environment-friendly,

renewable energy sources can be declared as a central task of the 21st century.

Photovoltaics, i.e. the direct conversion of sunlight into electricity, represents one

of the possible technologies to address this issue. Already today, the global pho-

tovoltaic industry is annually growing by over 100%—and the trend is rising.2

At the moment, solar cells based on inorganic semiconductors dominate the mar-

ket, primarily represented by crystalline or amorphous silicon. An overview of

the temporal development of the highest efficiencies in various solar cell technolo-

gies is shown in Fig. 1.1—demonstrating the steep and sustaining upward trend

in almost any branch of technology.a In the field of inorganic photovoltaics single

pn-junctions based on crystalline silicon are already approaching their theoreti-

cal thermodynamic efficiency limit of approximately 33%3—shifting the focus of

research on new technologies, particularly with respect to cost-efficient manufac-

turing processes. Nevertheless, solar cells provide little noticeable contribution to

the energy market—mainly because of high production costs as result of complex

aIt should be noted that the efficiencies of commercially available solar cells may partly differ
substantially from the specified record values of laboratory-scale devices due to efficiency losses
when upscaling to practicable area and output.

1



2 Motivation

and expensive fabrication. To encounter this drawback an alternative approach is

followed, which is based on a fundamentally different material class: instead of in-

organic semiconductors, conjugated polymers and molecules can be used as active

semiconducting materials in solar cells. These are organic substances whose semi-

conducting properties originate from alternating single and double bonds. Mod-

erate material costs, fast and cheap production at low temperature as well as the

possibility to produce large area flexible modules make organic photovoltaics a

promising technology for thin-film solar cells including the compatibility with role-

to-role processing for high volume output.4,5

In their simplest form, organic photovoltaic cells (OPVCs) comprise two elec-

trodes, enclosing a light-harvesting active layer and blocking layers with total thick-

nesses of only a few hundred nanometers. Thanks to intensive research, power con-

version efficiencies of approximately 10% can already be achieved with laboratory-

scale cells.6 However, the commercial breakthrough of organic photovoltaics as

Figure 1.1.: Development of the best research-cell efficiencies of different solar cell
technologies published by the National Renewable Energy Laboratory
(NREL).2 The inset shows the enlarged part of the temporal development
of organic cells.
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cost-efficient energy source still depends on further progress concerning challenges,

amongst others, improving efficiencies in modules, enhancing long-term stability,

increasing device area and solving encapsulation issues. While the first years of

research on organic photovoltaics were largely dominated by trial and error exper-

iments and material screening, further efficiency improvements require a detailed

understanding of the fundamental processes occurring in organic solar cells.

The scope of this thesis is to develop a detailed understanding of the correla-

tion between structural and electronic properties, microscopic transport phenom-

ena and macroscopic parameters determining solar cell performance for different

prototypes of organic molecular materials. In this context, organic/organic and

electrode/organic interfaces will play a major role—as they crucially influence ex-

citon dissociation, charge carrier recombination and charge extraction.

Polymeric semiconductors which are casted or printed from solution reveal strong

dependence on the respective preparation condition.7,8 While the impact of growth

conditions on vacuum-processed molecular materials are similarly pronounced, this

topic is less extensively investigated in literature. Apart from that, vacuum subli-

mation offers extended possibilities of tuning and controlling these interfaces. One

goal of this thesis is to identify the relation between growth parameters and the

resulting structures and morphologies between molecular materials with different

shapes—either deposited subsequently forming a planar interface or simultane-

ously in molecular blends. Besides morphological aspects, the electronic struc-

ture of these interfaces plays an equally important role in OPVCs. While the

electrode/organic contacts are responsible for charge carrier extraction, efficient

exciton dissociation and charge carrier generation is decisively influenced by the

organic/organic interface. Thus, all processes and device parameters are strongly

dependent on adjusted energy level alignment and optimized offsets at these inter-

faces.

A variety of studies identified the energetics at the organic/organic interface as

limiting factors for the efficiency of polymer devices. The aim in this area is to

provide an experimentally validated understanding for these limitations in OPVCs

based on molecular materials which allows to quantify recombination losses and

work out the peculiarities of crystalline organic thin-film solar cells as compared

to their polymeric counterparts. Altogether, the objective of the present thesis is

to determine the true electronic structure at the relevant interfaces, to investigate

the dependence of film growth conditions on structure and morphology, and finally

identify correlations to device function. Concerning the material choice, pioneering

work on the new donor material diindenoperylene (DIP) in combination with the

fullerene C60 has been carried out. Both molecular species will constitute the focus

material system which is used as reference throughout the thesis.
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Structure of the thesis

The present work is divided into two parts, comprising theoretical basics and ex-

perimental results, and is in detail organized as follows:

Starting with an introduction into the concept of organic solar cells, chapter 2

defines several general aspects of solar cell device physics with a special focus on

fundamentals of organic semiconductors. The latter are characterized by strong in-

tramolecular bonds but comparatively weak forces between the individual molecules

and high binding energies of charge carrier pairs. These striking differences to their

inorganic counterparts are the origin of a number of peculiarities such as optical

excitations or charge carrier transport in organic semiconductors, which decisively

determine the physics of organic solar cells.

Chapter 3 presents basic properties of the materials used in this thesis—with

special emphasis on growth, structure and energetics. It is followed by a brief in-

troduction of the experimental methods including sample preparation and applied

characterization techniques.

Comprehensive studies—including structure, morphology and energetics—were

performed for the heterojunction DIP/C60. However, at various parts of the the-

sis alternative material combinations—all assigned to the class of small-molecular

semiconductors—serve as comparison systems. An overview of the donor/acceptor

(D/A) combinations is given in chapter 4 and contrasts their specific properties

such as growth phenomena, energetic positioning and absorption.

The organization of the subsequent experimental part follows the gradual device

structure: Different interfaces are considered concerning their specific properties

and their impact on the functionality of the cell. Chapter 5 starts with the

interface between anode and donor which comprises the influence of substrate tem-

perature and different hole injection materials. The results emphasize the critical

impact on the energy level alignment between anode and donor being crucial for

achieving highest possible fill factors.

In organic solar cells, photogenerated charges have to be transported efficiently

through the active materials to be extracted at the electrodes and contribute to

a current flow. In other words, high charge carrier extraction efficiencies require

acceptable electron and hole mobilities. The charge-transport properties critically

depend on the degree of ordering in the thin film as well as on the density of chem-

ical and structural defects. As mobility studies within DIP films—especially in

diode configuration—are very limited, this topic will be addressed in chapter 6.

Chapter 7 is dedicated to the D/A interface: Studies on different material com-

binations emphasize the strong correlation between interface morphology and solar

cell performance. Stacked as well as mixed layers are examined and reveal the vital

impact on interfacial structure—both traced back to growth conditions but also to
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the molecular shape of the constituents. Moreover, electronic states at the D/A

interface play a major role for limiting mechanisms in organic solar cells, especially

concerning the open-circuit voltage (Voc). In this context, temperature dependent

measurements of Voc and impedance data serve as observables to assess recombi-

nation losses in the device. Apart from that, photothermal deflection spectroscopy

and electroluminescence measurements are performed to detect the spectroscopic

signature of the charge transfer state.

Finally, the influence of top contact variation will be presented in chapter 8.

Amongst others, the effect of different exciton blocking layers and their impact on

device degradation will be shown. The studies emphasize the protective effect of

a widely-used exciton blocking layer—independent of its role as exciton diffusion

barrier.

This thesis was supported by the German Research Foundation within the Pri-

ority Programme SPP 1355, focusing on Elementary Processes in Organic Photo-

voltaics (DFG Schwerpunktprogramm 1355 “Elementarprozesse der Organischen

Photovoltaik”9). The interdisciplinary research within this program was carried

out in close collaboration with university research groups in Berlin, Tübingen and

Würzburg—contributing to the present work by enriching investigations on struc-

tural and electronic properties as well as microscopic transport phenomena. Es-

sential results of these cooperative studies will be included where necessary for the

overall understanding.
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Physical background and methods
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Chapter 2

Device physics of organic solar cells

In the following chapter several aspects of solar cell device physics will be briefly

presented. Subsequently, a short introduction into the fundamentals of organic

semiconductors will cover their binding behavior, the peculiarities of excitation and

charge carrier transport as well as some aspects concerning the organic/organic and

metal/organic interface. Thereafter, basics of organic solar cells will be explained,

including the donor/acceptor concept, the role of the charge transfer state and

some fundamental loss mechanisms.

2.1. Solar cell basics

The basic property common to all photovoltaic cells is that they convert sunlight

into electrical power. Independent of the type of solar cell, this is achieved by

light-induced creation of an electron-hole pair inside an active layer, followed by

its dissociation into free charge carriers. The electrical behavior of any solar cell

can be best described by its current-voltage (j-V ) characteristics, including the

most relevant parameters. Under dark conditions, the j-V curve resembles a diode

characteristic with a rectifying behavior. When illuminating the solar cell, an

additional contribution to the net current is provided by the generated charge

carriers, viz. the photocurrent density jph. Thus, the dependence of current density

j on the applied voltage V of an illuminated solar cell can be described by the

9
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Figure 2.1.: Typical j-V characteristics of an idealized solar cell in the dark (dashed line)
and under illumination (solid line). The short-circuit current density (jsc)
and open-circuit voltage (Voc) are shown. The maximum output power
density Pmax is given by the rectangle jMPP ·VMPP, defining the maximum
power point MPP.

Shockley equation, extended by jph:

j(V ) = j0

[

exp

(
eV

nkBT

)

− 1

]

− jph, (2.1)

where j0 is the dark saturation current, e the elementary charge, n the diode

ideality factor and kB Boltzmann’s constant.10

The upper part of Fig. 2.1 depicts the simulated j-V characteristics of an ideal

solar cell in dark (dashed line) and under illumination (solid line). The product of

current density and voltage results in the power density shown in the lower graph

of Fig. 2.1. It is in the fourth quadrant, i.e. the voltage regime between 0 and Voc,

where the cell generates power. For voltages above Voc, charge carriers are injected

into the device and power is consumed. This is the regime where light-emitting

diodes are operated and where also in some organic solar cells electroluminescence

is detectable as will be shown in Sec. 7.2.3. Marked parameters as the open-circuit

voltage Voc, the short-circuit current density jsc as well as the resultant parameters

fill factor FF and power conversion efficiency η are discussed in the following.
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2.1.1. Open-circuit voltage

The open-circuit voltage Voc is defined as the voltage at which the net current under

illumination vanishes. As the total current can be seen as superposition of dark

and light current, Voc is reached when the photocurrent is entirely compensated

by the dark recombination current which is carried by recombination of injected

charge carriers without light exposure. From Fig. 2.1 it becomes clear that Voc

marks the voltage beyond which power is consumed rather than generated by the

device. In OPVCs, the open-circuit voltage is determined by the energy levels of

the used active organic semiconductors as will be discussed in Sec. 2.3.2.

2.1.2. Short-circuit current

The photocurrent shifts the diode curve towards the negative current regime with

the short-circuit current jsc being the intersect with the negative part of the current

axis (see Fig. 2.1). Accordingly, jsc can be detected under short-circuit condition

without external voltage (V = 0V). In this context, it has to be mentioned that

the maximum photocurrent is usually not reached at jsc but only at higher internal

fields at additional negative bias. However, a prevalent simplification considers

jph to be constant and equal to jsc, even though a field dependence of the pho-

tocurrent is necessary to precisely describe most organic solar cells. Moreover, a

commonly observed intersection of dark and light curves under forward bias cannot

be explained by a constant photocurrent. Even though it was found that the field

dependence of jph can be ascribed to both dissociation of Coulombically bound

excitons and extraction of the resulting free charges, its exact origin is still part of

ongoing research.11 The magnitude of jsc depends on the number of photons which

are absorbed by the solar cell. To cover a largest possible part of the sunlight in-

frared absorbers have been applied to organic solar cells to realize optimized light

harvesting.12,13

2.1.3. Fill factor

As can be seen from Fig. 2.1, Voc and jsc specify the points on the j-V curve between

which the product of current and voltage is negative and the cell delivers power.

The point of highest possible power output Pmax is denoted as maximum power

point (MPP). This occurs at some voltage VMPP and the corresponding current

density jMPP and designates the operating point of the solar cell (see Fig. 2.1). The

ratio of the maximum power density Pmax and the product of Voc and jsc defines
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the fill factor FF as

FF =
VMPP · jMPP

Voc · jsc
(2.2)

which describes the “squareness” of the j-V curve.

On the way to highest possible efficiencies, most approaches pursue the strategy

to maximize Voc and jsc while the fill factor is taken for granted. Yet, besides

Voc and jsc, the overall device efficiency depends linearly on the fill factor. In

inorganic solar cells, fill factors are usually in the range of 75% to 88%,6 whereas

organic solar cells often suffer from low fill factors with typical values between 60%

and 70% hardly reaching 75%, which still leaves room for improvement.14 Among

others, reasons for low fill factors can be found in high series resistances as will be

discussed in Sec. 2.1.6.

2.1.4. Power conversion efficiency

The power conversion efficiency η of a solar cell is the maximum achievable output

power as a fraction of the incident light power density IL:

η =
Vmax · jmax

IL
. (2.3)

By using Eq. (2.2), η can be expressed as

η =
Voc · jsc · FF

IL
, (2.4)

underlining the need to simultaneously maximize Voc, jsc and FF for getting efficient

devices.

Since the sensitivity and thus the conversion efficiency of solar cells strongly

depend on the spectrum of the light source IL(λ), standard test conditions have

been defined including a designated spectrum with an incident power density of

100mW/cm2.15 The reference spectrum is a simulated AM1.5 (AM: air mass)

global spectrum (cf. Fig. 2.2) which corresponds to an angle of incidence of solar

radiation of 48◦ relative to the surface normal of the earth.

2.1.5. External quantum efficiency

The external quantum efficiency (EQE)—also known as incident photon to cur-

rent efficiency (IPCE)—is another measure of the performance of a solar cell. In

contrast to the power conversion efficiency, which is an integral quantity over all
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Figure 2.2.: Spectral irradiance of the AM1.5 g standard terrestrial solar spectrum.
Data taken from Ref. 16.

wavelengths, the EQE is a spectral measure and is defined as the ratio of the num-

ber of charge carriers collected by the solar cell to the number of incident photons

of a given energy. The wavelength dependence is mainly a result of the absorp-

tion spectrum of the solar cell but also of spatially inhomogeneous photovoltaic

response: the efficiency of charge carrier transport to the electrodes can depend on

the position where these charges have been generated, i.e., where the photon was

absorbed inside the device.17 This is closely related to interference effects causing

standing waves inside the thin organic layers.

The EQE can be determined from a wavelength dependent measurement of the

short-circuit current

EQE(λ) =
hc

e λ
· jsc(λ)
IL(λ)

, (2.5)

where c is the speed of light and λ the wavelength.

In contrast to the internal quantum efficiency ηint, the EQE accounts for re-

flection losses but can be converted into ηint, if only the fraction of the actually

absorbed photons are considered:

ηint =
EQE(λ)

1−R(λ)− T (λ)
, (2.6)

with R(λ) denoting the fraction of reflected light and T (λ) the fraction of trans-

mitted light.
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2.1.6. Equivalent circuit

In order to figure out the relation between device modification and its impact on

performance it can be helpful to make use of a model to fit the measured j-V curves.

The equivalent circuit model as shown in Figure 2.3 (a) was originally derived for

the electrical simulation of inorganic solar cells but is commonly adapted to organic

photovoltaics.18,19 This very simple equivalent circuit consists of a current source

(accounting for the photocurrent density jph) and a diode (representing the dark

current density jdark(V )) connected in parallel. Based on this model the net current

density of a solar cell under illumination can be approximated by a superposition

of jdark(V ) and jph as was already introduced in the previous section by Eq. (2.1).

jph RP

RS

j

jdark Vjph jdark V

(a) (b)

Figure 2.3.: (a) Equivalent circuit of an ideal solar cell consisting of a current source
generating jph in parallel with a diode, which generates the dark recombi-
nation current jdark. (b) Equivalent circuit of a real device including series
resistance RS and shunt resistance RP.

However, in real devices the equivalent circuit has to be extended by two parasitic

resistances (cf. Fig. 2.3 (b)); a specific series resistance RSA accounting for the

voltage drop at the contacts and a specific parallel resistance RPA as consequence

of leakage currents (A denotes the area of the cell). Consequently, the internal

voltage V ′ has to be modified by the voltage drop at the series resistance, as

V ′(V ) = V − j(V )RSA and an additional current contribution jP caused by the

shunt has to be taken into account with jP = V ′/RPA. When both parasitic

resistances are included, the diode equation (2.1) then takes the form

j(V ) = j0

{

exp

[
eV ′(V )

nkBT

]

− 1

}

+ jP − jph

= j0

{

exp

[
e (V − j(V )RSA)

nkBT

]

− 1

}

+
V − j(V )RSA

RPA
− jph. (2.7)

In order to visualize the influence of n, j0, RSA and RPA on the shape of

j-V characteristics, simulations have been performed based on Eq. (2.7) with vary-

ing parameters. The impact of n on the dark and light j-V characteristics is shown
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in Fig. 2.4 (a). Especially the fill factor of the j-V curve is negatively affected by

high values of n. The ideality factor is connected to the slope of the exponential

curve, where an ideal diode shows an ideality factor of n = 1. Compared to ideal

devices, the dark current of real cells usually depends more weakly on bias with n

typically lying between 1 and 2.20 As will be further discussed in Sec. 7.2.4, ideality

factors larger than unity can be assigned to recombination currents.21

The dark saturation current j0 is given by the current density in reverse direction

of the diode in dark. Figure 2.4 (b) graphically illustrates the influence of the reverse

saturation current j0 on device characteristics and points out that smaller values of

j0 shift the j-V curve to the left resulting in lower Voc. However, the short-circuit

current is not affected by j0. The crucial dependence of Voc on the dark saturation

current will be discussed in more detail in Sec. 7.2.1. At this point, it has to be

mentioned that in real devices the exponential increase of dark current above the

onset voltage depends both on the diode ideality factor as well as on the dark

saturation current. Thus, a separate analysis of n and j0 as it is shown here is only

a simplified representation visualizing the impact of both parameters as if they

could be viewed in isolation from each other.

Figure 2.5 illustrates how the extrinsic behavior of the cell is affected by varying

RSA and RPA. As can be seen from (a), the addition of a simple series resis-

tance has a tremendous effect on the fill factor, while the short-circuit current is

almost unaffected by RSA until it becomes very large. The greatest influence of

the curve is observed near the open-circuit voltage. However, RSA does not af-

fect the Voc value itself since, at open circuit, the overall current flow through the

device is zero. A first approximation of the series resistance can be received from

the slope of the j-V curve at Voc. Reasons for non-vanishing values of RSA can

be found in additional lead resistances of the electrodes, contact resistances at the

electrode/semiconductor interface or the resistance of the semiconductor itself.22

The effect of a finite parallel resistance can slightly reduce Voc but mainly affects

the fill factor, as shown in Fig. 2.5 (b). In an ideal device, the specific parallel

resistance is infinite (RPA = ∞). Deviations may originate from leakage currents

bypassing the cell or shunt currents through small short paths. The slope of the

j-V curve near the short-circuit current can serve as a first approximation of RPA.

It can be seen that both parasitic resistances, separately or combined, reduce

the fill factor but have minor influence on Voc. An expression for the open-circuit

voltage can be derived by neglecting the influence of RSA and RPA, setting the
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Figure 2.4.: Effect of (a) the ideality factor n and (b) the dark saturation current j0 on
the j-V characteristics of a solar cell. The upper parts show the simulated
j-V curves under illumination (i.e., in consideration of a photocurrent jph,
solid lines) and in dark (dashed lines) while the lower parts depict the
logarithmic plot of the dark j-V characteristics. Unless otherwise indicated,
the following parameters have been used for simulation: RSA = 0, RPA =
∞, T = 300K, j0 = 5 · 10−7mA/cm2, n = 1, jph = 4mA/cm2.

ideal equation (2.1) to zero and solving for the voltage:

Voc = n
kBT

e
ln

(
jph
j0

+ 1

)

. (2.8)

From this it can be expected that—apart from jsc—the parameters with the largest

impact on Voc are j0 and n as demonstrated in Fig. 2.4.21

Besides the above described comparatively straightforward model, several au-

thors report on more complex approaches to refine the simulation. One important

work was done by Sokel and Hughes, who numerically analyzed the photoconductiv-

ity in insulators by taking diffusional forces and their impact on charge extraction

into account.23 Comparisons to experimental data indicate that diffusion plays an
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Figure 2.5.: Effect of (a) the specific series resistance RSA and (b) the specific parallel
resistance RPA on the j-V characteristics of a solar cell. The upper parts
show the simulated j-V curves under illumination (i.e., by accounting for
a photocurrent jph, solid lines) and in dark (dashed lines) while the lower
parts depict the logarithmic plot of the dark j-V characteristics. Unless
otherwise indicated, the following parameters have been used for simula-
tion: j0 = 5 · 10−7mA/cm2, n = 1, T = 300K, RPA = ∞, RSA = 0,
jph = 4mA/cm2.

important role for the photocurrent—especially at low effective fields.24 By means

of rate equations for electron transfer, probabilities for charge carrier recombina-

tion and accounting for field-dependent photocurrents new models are developed

to address the peculiarities of organic photovoltaic devices.11,25–28 Based on charge

extraction as calculated by Sokel and Hughes combined with a field dependent

polaron pair dissociation after Onsager and Braun,29,30 Mihailetchi et al. could ex-

plain the experimentally observed photocurrent in reverse direction.24 Yoo et al.

reported on a refined equivalent circuit model containing an additional shunt re-

sistance and an additional diode to represent light intensity dependent behavior of

the cells.18 However, a more complex device modeling would go beyond the scope

of this thesis and thus simulation and fitting is limited to the above introduced gen-
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eral approach. In order to exclude elusive effects—caused, e.g., by field-dependent

photocurrents—the application of the model will be restricted to dark characteris-

tics in this thesis. This approach is justifiable as it was found that changes in light

characteristics are linked to significant changes in the dark j-V curves.

2.2. Organic semiconductors

2.2.1. General aspects

Within the large variety of organic solids, organic semiconductors have aroused

increased interest in recent years, as they can be termed as the heart of organic

electronics. They are generally categorized into two major classes, viz. polymers

and molecular materials (often referred to as “small molecules”) both having carbon

as main constituent.31 This thesis will focus on the latter. The most obvious

difference is their size which, in turn, determines the manufacturing technique of

thin films: polymers can consist of a huge amount of repeating units with length

scales of up to a few hundred nanometers and are usually deposited by solvent-

based spin-coating and printing techniques. Small molecules are typically no more

than a few tens of nanometers in scale and can be thermally evaporated.

Organic semiconductors are characterized by the presence of conjugation, i.e.,

alternating single and double bonds between neighboring carbon atoms, being re-

sponsible for the formation of a delocalized π-electron system.32 While σ-bonds,

which are formed by sp2-hybridization of carbon atoms, form the molecular back-

bone of the molecule, the remaining pz-orbitals lead to the formation of additional

π-bonds (see Fig. 2.6 (a)). If single- and double-bonds alternate, a conjugated π-

electron system is built up where the electron density is delocalized over the whole

molecule.

A widespread building block of many organic semiconducting small molecules

is benzene (C6H6), which is composed of six C-atoms in a ring, with one hydrogen

atom attached to each carbon. The orbitals of the valence electrons of the C-atoms

are schematically depicted in Figure 2.6 (b): three sp2-orbitals of one carbon atom

form two σ-bonds to the neighboring C-atoms and one σ-bond forms the bonding

to the respective hydrogen atom (left out for the sake of clarity). The remaining

pz-orbital is directed perpendicularly to the internuclear axis and contains one

unpaired electron. In the case of benzene the bonding molecular π-orbitals are

doubly occupied, respectively. For this reason they form the highest occupied

molecular orbital (HOMO) of the ground state while the antibonding π∗-orbitals

represent the lowest unoccupied molecular orbital (LUMO) (Fig. 2.6 (c)). Due to
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Figure 2.6.: Schematic sketch of the sp2-hybridization (a) and the formation of σ- and π-
bonds in benzene (b). (c) Energy level diagram illustrating the bonding and
antibonding molecular orbitals in benzene. The lowest electronic excitation
is between the bonding π-orbital and the antibonding π∗-orbital.

the weaker orbital overlap of the pz-orbitals, the π-π
∗ splitting is smaller compared

to the splitting of the σ-orbitals, making the π-electron system responsible for

most electronic and optical properties in conjugated molecules. The size of this

energy gap Eg typically lies in the range of 1.5 to 3 eV, which makes the material

semiconducting and leads to light absorption or luminescence in the visible, near

infrared or near ultraviolet range of the electromagnetic spectrum.33 The size of the

band gap can be varied by the extent of the conjugated π-electron system allowing

for chemical tailoring to alter their properties.

While the intramolecular stability of the molecules or polymer chains is mainly

governed by covalent σ-bonds, comparatively week Van der Waals forces are respon-

sible for the cohesion within a molecular solid.32 They are based on dipole forces

between electrically neutral molecules and significantly determine mechanical and

thermodynamic material properties.
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2.2.2. Optical excitations in organic molecules

Optical transitions

The basic optical transitions in an organic semiconductor are illustrated based

on a simplified energy level diagram depicted in Fig. 2.7. As already mentioned

above, molecular crystals show weak intermolecular forces as compared to the much

more significant intramolecular covalent bonds. Thus, the electronic transitions

inside an organic molecular crystal can directly be deduced from those of its free

molecules.32 In general, electronic states are divided into singlet and triplet states

which can be distinguished by the total spin state of the molecule. The absorption

of light leads to a transition from the ground state S0 to the excited state S1.

Relaxation can take place via fluorescence, i.e., a direct radiative transition from

S1 to S0, which is spin allowed leading to excited state lifetimes on the order of

nanoseconds. By contrast, a radiative transition from T1 to the ground state S0

(phosphorescence) is spin forbidden, and hence the triplet state has lifetimes in the

range of milliseconds. As the transition from singlet to triplet involves a change

of spin, the so-called intersystem crossing (ISC) is normally forbidden, however,

becomes partially allowed by spin-orbit coupling.

For a comprehensive description of the electronic transitions in a molecule, the

electronic excitation would have to be completed by vibrational and rotational

S0

S1

Singlet

Energy

T1

Triplet

ISC

PhosphorescenceFluorescence

Absorption

t~ns

t~ms

Figure 2.7.: Schematic energy level diagram of an organic molecule illustrating the most
important transitions between the electronic ground state S0, the first ex-
cited singlet state S1 and triplet state T1. The direction of the small arrows
visualize the spin orientation of the most weakly bound π-electrons. By
absorption of light, an electron can be lifted to the excited electronic state
S1. A radiative decay back to the ground state can either take place via
fluorescence from the excited singlet state or via phosphorescence from the
triplet state.
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Figure 2.8.: Potential energy curves of the ground (S0) and excited (S1) state with the
corresponding wavefunctions of the vibrational energy levels. The vertical
arrows indicate optical transitions from S0 to the vibrational level of S1 in
case of absorption (blue) and from S1 to vibrational levels of S0 in case of
fluorescence (green). The curves in the middle depict the resulting absorp-
tion and emission spectra illustrating the vibronic progression according to
the Frank-Condon principle.

components of the molecule’s wavefunction.b While all three contributions have to

be regarded in gases and liquids, the rotational part can be neglected in solids as

a consequence of their restricted rotational degrees of freedom. The formation of

vibronic progression in absorption and emission spectra is illustrated in Fig. 2.8 by

means of the potential energy diagrams of the electronic ground and excited states

S0 and S1. Due to the deformation of the molecule as a consequence of electronic

excitation, the potential curves are usually affected by a shift in the nuclear coordi-

nate. Upon absorbing a photon a transition from the lowest vibrational level of the

electronic ground state to a vibrational level of the excited state takes place (see left

part of Fig. 2.8). The selection rules for these vibrational transitions are described

by the Franck-Condon principle, which states that the probability of a transition

is the higher, the more intense the overlap of the vibrational wave functions of

the two involved transitions is.34–36 By means of non-radiative recombination, the

bIn a quantum-mechanical description the Born-Oppenheimer approximation allows for the sep-
aration of all three components since the mass of the nuclei significantly exceeds the electron
mass.
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molecules relax to the lowest vibrational level of the excited state. This process

occurs on time scales in the picosecond range and is called “internal conversion”.

From the lowest vibrational level of the excited state, de-excitation takes-place to

one of the vibronic levels of the electronic ground state (see right part of Fig. 2.8).

This results in a vibronic progression of both the absorption and emission spectra

and their mirror symmetry to each other as schematically illustrated in Fig. 2.8.

As a consequence of the non-radiative relaxation process within the excited state,

the emission spectrum is red-shifted in comparison to the absorption spectrum

(Stokes-shift).

Excitons

The striking difference between organic semiconductors and their inorganic coun-

terparts can be found in the way of charge generation. Organic solar cells belong

to the class of so-called “excitonic solar cells” (including dye-sensitized solar cells

and polymer solar cells).37,38 In conventional semiconductors, electron-hole pairs

exhibit binding energies far below kB T (≈ 25meV at room temperature), as high

dielectric constants of typically around 12–16 lead to screened Coulomb interac-

tion. Thus, weakly bound electron-hole pairs (Mott-Wannier excitons) are gener-

ated upon light absorption, which can easily be separated into free charge carriers

by thermal energy. By contrast, absorption of photons in organic solar cells leads

to the formation of Frenkel excitons (i.e., excited quasiparticles which can be seen

as electrostatically-bound electron–hole pairs). Reasons for this are two-fold:

Firstly, comparatively low dielectric constants of organic semiconductors (≈ 3–4)

lead to strong Coulomb attraction between the respective electron and hole, which

results in high exciton binding energies of the order of 0.1 to 2 eV.39,40 In order to

escape from this attractive interaction, the separation must be sufficiently large.

The equalization between both energies defines the Coulomb radius

rC =
e 2

4πεε0kBT
, (2.9)

where ε0 is the permittivity of free space. The Coulomb radius rC typically amounts

to approximately 20 nm.

Secondly, weak Van der Waals interactions between the individual molecules result

in a small Bohr radius of the relevant charge carrier rB. In a semiconductor with

hydrogen-like wave functions, rB of the lowest electronic state can be determined

to41

rB = r0 ε
me

meff

, (2.10)
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where r0 = 0.53 Å is the first Bohr radius of an electron of the hydrogen atom, me

the mass of the electron and meff the effective mass of the electron in the semi-

conductor. The larger the effective mass and the lower the value of the dielectric

constant, the smaller is the Bohr radius.

By means of these two measures, one can give a rule for the occurrence of

excitonic behavior: if rC > rB, excitonic properties are observed and excitons are

formed upon light absorption rather than free electron-hole pairs.42 This fundamen-

tal difference is schematically illustrated in Fig. 2.9: for inorganic semiconductors,

the Bohr radius rB,IOSC is much larger than the Coulomb radius rC,IOSC—while the

Coulomb radius rC,OSC in organic semiconductors exceeds the Bohr radius rB,OSC

by far, resulting in excitonic behavior.
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Figure 2.9.: Schematic representation of the fundamental differences between conven-
tional semiconductors (properties marked as IOSC) and excitonic semicon-
ductors (which include organics, properties marked as OSC). The calcula-
tions assume Coulomb’s law with the positive charge at 0 nm and assume
a permittivity of C60 of εOSC = 4.343 and Germanium of εIOSC = 15.8,44

standing exemplarily for organic and inorganic semiconductor, respectively.
The relevant distinction has to be made between the size of the wavefunc-
tion (rB,IOSC ≈ 24 nm,45 rB,OSC ≈ 2 nm46) and the width of the Coulomb
potential well at kB T (rC).

2.2.3. Charge carrier transport in organic semiconductors

Charge carrier transport can be considered as key factor for the functionality of

organic semiconductor devices. Thus, balanced electron and hole mobilities are
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decisive to control the position of charge carrier recombination in OLEDs, because

imbalanced charge transport lead to accumulation of charges inside the device or

electroluminescence quenching when charge carriers recombine close to the metallic

interface—both leading to a loss in efficiency.47 In OPVCs—as will be shown in

Sec. 2.3.1—dissociated charge carriers have to be efficiently transported towards the

electrodes in order to contribute to the photocurrent. Moreover, the realization of

high charge carrier mobilities is a necessary prerequisite for practical applications

of OFETs. However, one of the remaining key questions is whether charge carrier

transport occurs via hopping between localized states or via band transport similar

to inorganic semiconductors. The answer to that question critically depends on the

degree of order in the solid.

Band versus hopping transport

Long-range order and periodicity of covalently bound inorganic crystals lead to de-

localized electronic states and wide bands with bandwidths of few electron Volts,

allowing for band transport at high mobilities of up to 103 cm2/Vs (see Fig. 2.10).

Similarly, the intermolecular transport of organic single crystals48,49 or highly

ordered crystalline organic semiconducting films50 can be described as band-like

transport as long as temperature is sufficiently low. However, weak van der Waals

forces which keep the individual molecules together lead to less pronounced elec-

tronic interaction between molecular orbitals of adjacent lattice sites as compared

to inorganic crystals. As a consequence narrow bands arise with bandwidths on

the order of a few hundred milli-electron Volts.51

When the organic molecules do not crystallize in an ordered fashion but form

amorphous films, the absolute values of molecular energies are randomly distributed

as a result of the spatial variation of the surrounding polarization.52 Conse-

quently, HOMO and LUMO states are localized on each molecule with narrow

intermolecular bandwidths smaller than 0.1 eV.53 Thus, the electronic structure

of a disordered organic solid mostly resembles that of a single molecule with lo-

calized states instead of well-defined bands. Free charge carriers are—similar to

excitons—localized to single molecules or few repetition units of a polymer and

thermally activated hopping is the prevailing transport mechanism. Not infre-

quently, mobilities in disordered organic semiconductors are found to be lower than

10−5 cm2/Vs, and hence, again several orders of magnitude below those of organic

crystals (µ ≈ 1–10 cm2/Vs).54 Electrons, which are injected into the material or

generated by photoexcitation, occupy the LUMO of the organic semiconductor.

The formed anion polarizes its molecular surrounding, and the charge in com-

bination with the geometric distortion of the molecule is referred to as negative
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“polaron”. Vice versa, holes are occupying the HOMO and are—together with

their electronic polarization—considered as positive polarons.32 The energetic dis-

tribution of the hopping sites can be best described by a Gaussian function, and

emphasizes that HOMO and LUMO do not exactly describe energies of a band

edge, which is different to their inorganic equivalent of valence and conduction

band, respectively.
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Figure 2.10.: The charge carrier mobility in organic semiconductors strongly depends
on the extent of disorder—on the whole, however, values are considerably
lower compared to silicon. Illustration adopted from Ref. 55.

Factors influencing charge carrier transport in organic semiconductors

The distinctive parameter describing the transport properties of a particular mate-

rial is the charge carrier mobility µ, which is defined as the proportionality factor

between drift velocity νd and applied electric field F (νd = µ ·F ). There are many

factors influencing µ, including temperature, molecular packing, the degree of dis-

order, traps, electric field and charge-carrier density56—some of them are briefly

addressed in the following.

Temperature Band transport in inorganic semiconductors is based on the mo-

tion of delocalized plane waves in broad bands. It is limited by scattering with

acoustic phonons which results in the reciprocal temperature dependence of the

mobility (µ ∝ T−3/2),c i.e., the mobility decreases with increasing temperature.57

By contrast, polaron-hopping in organic semiconductors is a thermally activated

process. Thus, transport is improved with higher temperatures providing sufficient

energy to overcome the barriers formed by energetic disorder. The temperature

cOnly at very low temperature the scattering from phonons die out and scattering from charged
defects lead to an opposite temperature behavior of µ ∝ T 3/2.



26 2 Device physics of organic solar cells

dependence of the mobility is often described by an Arrhenius law:

µ(F ) ∝ exp

(−Ea

kBT

)

, (2.11)

with an activation energy Ea on the order of approximately 0.3–0.5 eV.54 In con-

trast to the empirical relation given by Eq. (2.11) Monte Carlo simulations by

Bässler showed a non-Arrhenius temperature dependence of the mobility at low

fields:58

µ(F ) ∝ exp

[

−
(

2σ

3kBT

)2
]

, (2.12)

where σ is the width of the Gaussian DOS (see below).

Electric field In single crystals, a field dependence is observed only in ultrapure

crystals where an increase in electric field leads to reduced mobilities.56 By contrast,

disordered materials show an increase in mobility at high fields, which can be

described by

µ(F ) ∝ exp
(

γ
√
F
)

, (2.13)

with the field activation parameter γ.59 This so-called Poole-Frenkel like behavior

describes the modification of a Coulomb potential in the presence of an electric

field F , which lowers the energy barrier for charge carrier hopping in direction of

the field by γ
√
F as illustrated in Fig. 2.11 (a).

Disorder There are many factors influencing the energetic disorder of an organic

semiconducting film, which is related to fluctuations in strength of interactions

between adjacent molecules. Among others, disorder can be influenced by the

substrate, its temperature or film thickness which changes the degree of order (see

Ref. 56 and references therein). In this context, another aspect influencing charge

carrier transport can by found by grain boundaries: It was shown by Horowitz

and Hajlaoui that the mobility in polycrystalline films increases linearly with grain

size.62 Hopping transport in organic systems with energetic and spatial disorder was

first described by Bässler by means of the Gaussian disorder model.58 His analysis

is based on Monte Carlo simulations using Miller-Abrahams hopping rates63 and

considers a Gaussian density of states distribution with a disorder parameter σ on

the order of 100meV (see Fig. 2.11 (b)).

Charge carrier density However, an extension to the Gaussian disorder model

for hopping transport became necessary when it was observed that the mobility
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Figure 2.11.: (a) Coulombic potential well in the presence of an electric field F illustrat-
ing the Poole–Frenkel effect. The Coulomb potential barrier is reduced by
γF 1/2 in the direction of the field (after Ref. 60). (b) Charge transport by
hopping within an energetic landscape of localized states described by a
Gaussian density of states (DOS) with a disorder parameter σ. Upon in-
jection or photoexcitation, the charge carrier relaxes to states with lower
energy. Steady-state charge transport takes place around a transport en-
ergy Etr which is mainly determined by temperature and disorder (after
Ref. 61).

additionally depends on the concentration of charge carriers in disordered organic

semiconductors.64 This requirement was met by the so-called multiple trapping

and release model, which is based on the concept of transport energy.65,66 As

schematically depicted in Fig. 2.11 (b) charge carrier transport under steady-state

condition is described by hopping around the transport energy Etr. As the charge

carrier density in the system is increased, the distance between EF and Etr is

reduced. Thus, more states are provided which are accessible to mobile charge

carriers finally leading to an increase in mobility.67 Reviews by Jaiswal et al.57

and Braun68 give summaries of the most common models and equations relating

to transport in disordered systems.

Molecular packing It was shown that the amplitude of the transfer integrals—

one of the major parameters governing the transport properties—is extremely sen-

sitive to molecular packing.69 Thus, large mobility anisotropy can be found in

ordered OSCs: depending on the molecular orientation π-orbital overlap can vary

significantly with different directions. Along the plane of π–π stacking more effi-

cient charge transport is found resulting in higher mobilities (see Fig. 2.12).
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Figure 2.12.: Illustration of anisotropic charge carrier transport in a molecular crystal
as result of varying degree of π-orbital overlap in different directions.
Schematic redrawn from Ref. 55.

Charge carrier traps Transport properties are particularly affected by charge

carrier traps. Based on their microscopic origin, one distinguishes between ex-

trinsic traps due to impurities or chemical defects and intrinsic traps caused by

structural inhomogeneity.70 Impurities act as traps if their frontier orbitals are

situated within the energy gap of the pure material. While shallow traps are char-

acterized by a trapping energy on the order of kBT (making thermal detrapping

possible), trapping energies larger than kBT identify deep traps. In order to prevent

or reduce unintentional contamination, most of the materials used throughout this

thesis have been purified by gradient sublimation. Besides impurities, charges can

also be trapped by structural defects within the organic layer. In polycrystalline

organic semiconducting films the major contribution to structural defects is formed

by grain boundaries which limit the overall transport properties of the film.

Measurement of charge carrier mobility

The suitable macroscopic quantity for charge carrier transport in an organic semi-

conductor device is the current density j, which is related to the mobility as

j = eρ0νd = eρ0µF. (2.14)

This expression highlights the significance of the charge carrier density ρ0 on the

magnitude of the current, as the intrinsic carrier density is usually close to zero in

organic semiconductors with large energy gaps. Aside from photogeneration, high

carrier densities inside an organic film can be generated by injection of charges

across the contacts. Ideally, the contact between electrode and semiconductor

can be considered as ohmic, i.e., it is characterized by sufficiently small injection

barriers. In this case, the current is limited by a build up of space charge inside the
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Figure 2.13.: Comparison of the local dependence of electron density in an electron-only
device (both cathode (C) and anode (A) are low work function materials)
with (a) space-charge limited current (SCLC) and (b) injection-limited
current. Schematic is leaned to Ref. 32.

semiconductor—in contrast to injection-limited current as result of high energetic

barriers (see schematic illustration in Fig. 2.13).

The theory of space-charge-limited current (SCLC) can be used as a simple

tool to determine the mobility of an organic semiconductor in an experimental

configuration which is relevant for the respective device.71–74 In the absence of any

trapping effects the current density carried by one type of charge carriers is given

by the Mott-Gurney equation75

jSCLC =
9

8
εrε0µ

V 2

d3
, (2.15)

where εr and εo are the dielectric constants of the material and vacuum, respectively

and d the thickness of the active layer. The applied bias V has to be corrected

for the built-in potential Vbi arising from the difference in work function of the

contacts, so that V = V − Vbi.

However, SCLC currents cannot automatically be assumed to be present in any

kind of organic semiconducting film: Especially π-conjugated polymers—in con-

trast to purified molecular semiconductors76,77—do not always fulfill the necessary

requirement that the intrinsic bulk free carrier density is much less than the carrier

density injected by the electrodes.78 Instead, Poole-Frenkel-like currents are some-

times observed.37,79 In order to measure SCLC of hole- or electron-only devices,

the injection of one type of charge carrier has to be suppressed by large injection

barriers.74,80

For a field-dependent mobility of the form of Eq. (2.13), Murgatroyd found an
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Figure 2.14.: Simulated limits for a j-V curve with discrete trap states, which consid-
erably decrease the current in the trap-dominated region.

empirical approximation including the field activation parameter γ:81

j
(PF)
SCLC ≈ 9

8
εrε0µ0

V 2

d3
exp

(

0.891 · γ
√

V /d
)

. (2.16)

When plotting the j-V characteristics on a double logarithmic scale, the field-

dependent mobility in the absence of traps shows a characteristic upward bending

of the curve.

Generally, the Mott-Gurney equation (2.15) applies only for the special case of

a trap-free semiconductor. However, in the general case there are charge carrier

traps which can lead to a substantial reduction of current by several orders of

magnitude.76 If considering an energetically discrete trap level Etrap with a trap

density Nt the j-V curve can be described by two limiting cases: At low current

densities j is dominated by the influence of traps and the current-voltage behavior

is formally identical with the trap-free case but with an effective mobility µeff :

j =
9

8
εrε0µeff

V 2

d3
(2.17)

with

µeff = µ · θ, (2.18)

whereas θ depends on the quotient of the density of traps and the total number

of moleculesd, Nt/Nc, and the trap level Etrap (Etrap expresses the energy between

dStrictly speaking, Nc denotes the density of states at the transport level—which can be equated
with the density of molecules in organic semiconductors. Based on a bulk density of 1.35 g/cm3
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the trap and the corresponding transport level of the charge carrier):83

θ−1 = 1 +
Nt

Nc

exp

(
Etrap

kBT

)

. (2.19)

With increasing voltage, traps will become filled and free carriers are introduced

which cannot be trapped any more. This can be seen in a steep increase in cur-

rent at the so-called trap-filled limit voltage VTFL = eNtd
2/2ε0εr. Both limiting

cases are simulated in Fig. 2.14 for a 100 nm thick layer of DIP with the following

parameters: µ = 10−2 cm2/Vs, εr = 4, Nc = 2 · 1021 cm−3 and Etrap = 0.5 eV

with different trap densities Nt as indicated in the legend. The lines represent

only the limit of trap-dominated current with θ ≪ 1 and the trap-filled limit with

θ ≈ 1 as well as the transition voltage. A mathematically correct description of

the transition region would require numerical simulations as can, e.g., be found in

Ref. 84. Additionally, the figure shows the ohmic region at low voltages which is

characterized by a current j ∝ V . From the simulation it becomes obvious that a

proportionality of j ∝ V 2 is not sufficient to presume a trap-free SCLC behavior.

However, charge carrier traps with an energetically discrete trap level are rather

unusual in disordered systems. Instead, traps are generally found to be distributed

in energy and are gradually filled with increasing electric field. This leads to an

increase in current which is faster than quadratic up to the point when all traps

are filled.85 Based on an exponential trap distribution, the so-called trap-charge

limited current (TCLC) is given by

jTCLC = NC µ e

(
εrε0 l

Nte (l + 1)

)l (
2l + 1

l + 1

)l+1
V l+1

d2l+1
, (2.20)

with the parameter l = Etrap/kBT > 1 derived from the trap distribution.71,84,86

From the different characteristic equations for j(V ) it becomes obvious that

voltage-dependent current measurements can be used to determine the prevail-

ing transport mechanism. However, in addition to the voltage-dependence of the

current, the dependence on the thickness provides an alternative possibility for dis-

tinction. If the current is injection limited, the electric field between the electrodes

is homogeneously distributed and the current density at a certain applied field is

independent of the thickness. For trap-free SCLC—be it with or without field de-

pendent mobility—the current at constant applied field scales with d−1 as can be

deduced from Eq. (2.15) and (2.16). Finally, space-charge limited current with a

distribution of traps—measured at constant field—scales with d−l with l > 1.84,86

(cf. Ref. 82) and a molar mass of 400.47 g/mol, Nc of DIP results in ≈ 2 · 1021 cm−3.
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2.2.4. Metal/organic and organic/organic interfaces

Organic electronic devices usually consist of a multiple layer stack of organic films

and conducting electrode materials, where the fundamental electronic processes,

charge carrier transport as well as injection and extraction of charges take place.

Hence, analyzing and controlling the electronic structures of these metal/organic

and organic/organic interfaces form the basis of understanding and improving the

performance of organic devices.

The work function Φsc of a semiconductor is defined in the same way as the work

function Φm of a metal: it is the energetic difference between the Fermi level EF and

the vacuum level Evac (Φ = Evac −EF), even if there are no electrons at the Fermi

level. However, electrons fill the energy levels following Fermi-Dirac statistics which

legitimates the validity of this concept. The electron affinity of a semiconductor

χsc is defined as the difference between the LUMO and the vacuum level, and the

ionization potential IPsc is by definition the energy separation between HOMO and

vacuum level. Due to polarization effects the values of IPsc and χsc deviate from

those of an isolated molecule. For an illustration of the terms used in this context

see Fig. 2.15 (a).

Metal/organic interfaces

In the early beginnings of organic electronics, contacts between organic semicon-

ductors and metals were often described by assuming an alignment of both vacuum

levels.87 The assumption of this so-called Mott-Schottky limit was based on the

peculiarity of organic solids to be composed of self-contained molecular units with

putatively little interaction with a metal. However, it turned out that disregarding

physico-chemical phenomena may lead to strong deviations between measurements

and their theoretical predictions. That means separately determined values of

Fermi level, ionization potential and electron affinity have to be taken with care

as any possible interfacial dipoles may change the energetic positions considerably

in some cases.88 Figure 2.15 (b) illustrates the Mott-Schottky case with its two

fundamental concepts: a common vacuum level at the interface as well as Fermi

level alignment in the bulk resulting in band bending within the space charge layer

of the semiconductor. The more general case including a finite vacuum level shift

∆ is schematically depicted in Fig. 2.15 (c).89–91

This shift in vacuum level has its origin in the formation of an interface dipole,

which might result from charge transfer across the interface, the presence of per-

manent dipoles, image charges, interfacial chemical reaction, and other types of re-

arrangement of electronic charge.53,93 It should be noted that even if band bending
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Figure 2.15.: Models for energy level alignment between a metal and an organic semi-
conductor (OSC). (a) Energy diagram before contact, (b) Mott-Schottky
model assuming vacuum level alignment at the interface and band bending
with Fermi level alignment and (c) realistic model including vacuum level
shift ∆ at the interface (Evac: vacuum level, IPsc: ionization potential,
χsc: electron affinity, Φm/Φsc: work function of metal and semiconductor,
Eg: HOMO-LUMO bandgap, HIB/EIB: hole/electron injection barrier.
Schematic redrawn from Ref. 92).

is considered in this picture and observed in various cases,94 it does not necessarily

take place in undoped organic semiconductors due to the absence of free charges

in an intrinsic, wide-gap and purified material.95

As consequence of a vacuum level shift the barrier heights have to be modified

by the amount of ∆. By definition, a positive value of ∆ corresponds to a rise in

vacuum level by the deposition of organic material. The hole and electron injection

barriers (HIB and EIB) are consequently modified as

HIB = IP− Φm −∆ (2.21)

EIB = Φm − χsc +∆ = Eg − HIB (2.22)

Neglecting the vacuum level shift at the interface may therefore lead to incorrect

predictions of carrier injecting properties within devices with a metal/organic in-

terface.92,96 This effect can even be very pronounced as ∆ can take values of up to

1 eV.90

Another phenomenon which may occur at metal/organic interfaces is the so-

called “Fermi level pinning”.97 It appears if the Fermi level of the substrate ap-

proaches the energy of the LUMO or HOMO level of the semiconductor. In this
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Figure 2.16.: Schematic energy level diagrams visualizing Fermi level pinning at the
interface between an organic semiconductor (OSC) and a conducting sub-
strate with (a) vacuum level alignment, (b) positive vacuum level shift and
(c) negative vacuum level shift due to molecular charge transfer states or
polaron levels (redrawn from Ref. 88).

case charges are transfered across the interface resulting in the formation of an

interface dipole ∆. Thus, the Fermi level of the conducting substrate is “pinned”

at the energy of charge transfer induced states, which are near the LUMO or

HOMO of the semiconductor. Consequently, the Fermi level of the substrate re-

mains within the energy gap of the semiconductor. This means, that in the Fermi

level pinning regime, the magnitude of ∆ scales linearly with the work function

of the substrate.88 A graphical representation of this phenomenon is depicted in

Fig. 2.16: Starting from the initial situation without interfacial dipole (Fig. 2.16 a)

an increase of the substrate’s work function Φ above a critical value Φcrit−p leads to

the formation of positive polarons at the interface, which entails a pinning of the

Fermi level at this position—accompanied by an interface dipole ∆ (Fig. 2.16 b).88

The same phenomenon can be observed when the work function of the substrate

falls below a critical value Φcrit−n. In that case, negative polarons are formed and

∆ changes its sign (Fig. 2.16 c).

Organic/organic interfaces

As will be discussed in the next chapter, strongly bound excitons in OPVCs are

usually dissociated at an interface between two organic materials. From this fact it

becomes clear, that—besides the metal/organic interface—the electronic structure

of organic/organic interfaces plays an equally important role. In a very common
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description, the same considerations as for the metal/organic interface regarding

a possible vacuum level shift can be applied to the internal organic interfaces.

The investigation of a variety of different material combinations showed that, in

general, the magnitude of ∆ is found to be smaller than in the case of organic/metal

interfaces.53 As a result, vacuum level alignment at organic/organic interfaces

was assumed in the majority of cases and interface dipoles were neglected for a

long time. However, recently it was found that following the simple Schottky-

Mott limit by assuming a common vacuum level may lead to heavily distorted

energetic conditions at organic/organic interface.98,99 The authors report on small

but finite interface dipoles observed for a variety of organic heterojunctions. The

studies emphasize the importance and inevitability of experimental determination

of interface energetics in order to get reliable values for the energy levels—even

though the number of pertinent studies is still limited.

2.3. Physics of organic solar cells

The characteristic properties of organic semiconductors, as briefly introduced in

chapter 2.2, certainly determine the properties of the device they are applied to.

The virtually infinite variety of materials offers the possibility of tailoring the

molecules according to the desired electrical and chemical properties.100,101 Weak

inter-molecular forces of organic semiconductors allow for large-scale manufactur-

ing techniques like solvent-based spin-coating and printing techniques or thermal

evaporation at relatively low temperature. Since organic molecules and polymers

typically exhibit high absorption coefficients almost complete light absorption can

be achieved within only a few hundred nanometers,102 which reduces the mate-

rial consumption and allows for light-weight and flexible devices accompanied with

low-cost fabrication.

The beginning of organic electronics can be traced back to the early 20th cen-

tury, when the dark and photo conductivity in benzene derivatives was discov-

ered.103–105 However, the applicability and thus the research on this topic was very

limited for a long time. With the discovery of electroluminescence in molecular

crystals in the 1960s106,107 and the conductivity of doped semiconducting polymers

in the 1970s108,109 the field of organic semiconductors greatly gained importance.

It was around the same time that energy conversion utilizing organic semicon-

ductors in photovoltaic cells has been under investigation.17 After poor success

with metal-organic Schottky junctions, a seminal step towards more efficient or-

ganic photovoltaic cells was made by Tang in 1986,110 who laid the foundation for

effective exciton-dissociation with the invention of the donor/acceptor heterojunc-
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tion concept. Inspired by this promising discovery—these first bilayer solar cells

reached efficiencies of around 1%—organic photovoltaics have been the subject of

active research over the past 25 years, and has recently received increased interest

by the industrial sector.111 Nevertheless, some pioneering innovations had been

necessary to encourage the breakthrough of organic photovoltaics. These are the

donor/acceptor concept and the bulk heterojunction approach, as will be intro-

duced in the following.

2.3.1. The donor/acceptor concept

In inorganic solar cells, photons with energy exceeding the band gap of the semi-

conductor are absorbed and are directly present as free electron-hole pairs. High

dielectric constants and efficient carrier screening lead to low exciton binding ener-

gies as was demonstrated in Sec. 2.2.2. Thus, thermal energy at room temperature

is sufficient to dissociate the exciton into a free electron-hole pair which is spatially

separated by the pn-junction. By contrast, the working mechanism of organic semi-

conductors is markedly different, most importantly due to the excitonic nature of

photo-excitations in organic semiconductors (see Sec. 2.2.2). Application as photo-

voltaic materials thus requires strategies for an efficient dissociation of excitons. In

this context, the introduction of a second organic semiconductor layer has proven

extremely successful.110 To enable photo-induced charge transfer between both

partners appropriate energy level alignment has to be fulfilled, with one material

acting as electron-donor (D) and the other as electron-acceptor (A). For an effi-

cient exciton dissociation it has to be energetically favorable for the electron to be

transfered to the LUMO of the acceptor or for the hole to the HOMO of the donor

material, respectively. Figure 2.17 depicts a simple energy level diagram of this

situation. It includes the ionization potential IP, which is the energy required to

remove an electron from the HOMO to the vacuum level, and the electron affinity

χ being the energy released when filling the LUMO with an electron. For this

simplified schematic, the donor and acceptor films are stacked on top of each other

and sandwiched between two electrodes. This configuration is called planar het-

erojunction with an internal field Vbi which is built up by the difference in work

function of the anode ΦA and cathode ΦC. Taking into account any vacuum level

shifts that may occur at the interfaces (cf. Sec. 2.2.4), the built-in potential results

in e Vbi = ΦA − ΦC +
∑

∆.

In order to make dissociation of the strongly bound exciton energetically favor-

able, the energy gain has to be larger than the exciton binding energy. Thus, an

offset of the HOMO and LUMO levels of a few hundred milli-electron Volts is be-

lieved to be necessary for efficient charge transfer.112 Strictly speaking, the exciton



2.3 Physics of organic solar cells 37

Anode CathodeD

Evac

©A ©C

A

ÂD

IPD IPA

ÂA

HOMO

LUMO

Vbi

Figure 2.17.: Energy level diagram of an organic heterojunction. IPD (IPA) and χD

(χA) denote the ionization potential and the electron affinity of the donor
(acceptor) molecular layer, respectively. ΦA and ΦC are the work func-
tions of the anode and the cathode and Vbi denotes the built-in voltage.
For simplicity, possible interface dipoles have not been considered in the
schematic.

dissociation is successful as long as the exciton energy is larger than the energy of

the electron-hole pair after charge transfer, which is called polaron pair or charge

transfer (CT) complex.113

During the past years, research on organic solar cells has developed a general

picture of the individual steps from light absorption to photocurrent generation,

schematically illustrated in Fig. 2.18.74

(a) The absorption of a photon with an energy exceeding the band gap of the

semiconductor excites an electron to the LUMO of the organic material and

creates a Coulombically bound exciton—either in the donor or in the acceptor

material.

(b) The created excitons diffuse towards the D/A interface. As Frenkel excitons

are electrically neutral, this process is not driven by an electrical field but can

be regarded as a random process based on concentration gradients.114

(c) If an exciton reaches the interface, it can dissociate by charge transfer into

an electron on the LUMO of the acceptor and a hole on the HOMO of the

donor. In certain material combinations this charge transfer is reported to be

extremely fast on the time scale of a few tens of femtoseconds115 and thus much

faster than any competing processes such as photoluminescence.

(d) Even though the exciton is dissociated into an electron residing on the acceptor

and a hole on the donor, they are still Coulombically bound116 and have to be



38 2 Device physics of organic solar cells

EF

(a) (b) (c)

(e)

hº

D

A

(d) (f)

+

Figure 2.18.: Schematic of individual processes from light absorption to photocurrent
generation in a planar heterojunction solar cell by means of a simplified
energy diagram, which depicts the HOMO and LUMO levels of donor
(D) and acceptor (A) sandwiched between the Fermi levels EF of the
electrodes. (a) Absorption of a photon with energy hν in the donor ma-
terial and subsequent exciton generation. (b) Exciton diffusion towards
the D/A interface. (c) Exciton dissociation by electron transfer to the
LUMO of the acceptor. (d) Separation of Coulombically-bound electron-
hole pair. (e) Charge carrier transport to the electrodes. (f) Charge
carrier collection at the contacts.

separated what ultimately leads to free charges.

(e) Once the polaron pair is dissociated, charges can be transported to the respec-

tive electrodes—a process which is driven by the internal field.

(f) Following charge carrier transport towards the electrodes, electrons and holes

can be extracted by cathode and anode, respectively—finally leading to a pho-

tocurrent.

Especially step (c) and (d), i.e., exciton dissociation and charge carrier separa-

tion, is not yet fully understood and subject of ongoing research. The formation of

an intermediate CT complex seems to be generally accepted but for a detailed de-

scription of the procedure one has to consider a manifold of charge-separated states

or energy transfer.114 Section 2.3.2 will provide a closer look into the energetics of

the CT complex and its impact on Voc.

The internal quantum efficiency—being a measure of the overall charge genera-
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Figure 2.19.: Schematic device configuration of typical organic solar cells: (a) Bilayer
device with planar heterojunction (PHJ) and (b) blend layer of donor and
acceptor forming a bulk heterojunction (BHJ). The D/A interface of the
PHJ is restricted to the two-dimensional area between both materials,
while in the BHJ the D/A interface is distributed over the whole volume.

tion process—can be written as a product of the single efficiencies117

ηint = ηAbs · ηED · ηCT · ηCC (2.23)

whereas ηAbs and ηED denote the absorption and exciton diffusion efficiency, re-

spectively. The exciton dissociation and charge carrier separation, i.e., steps (c)

and (d), are merged into a charge-transfer efficiency ηCT just as the two final steps,

viz. charge carrier transport and extraction, which are represented by a charge

collection efficiency ηCC.

The typically high absorption coefficients of organic semiconductors allow for al-

most complete light absorption for sufficiently thick organic layers, and thus, high

values of ηAbs.
102 As mentioned above, suitable D/A interfaces guarantee for charge

transfer on comparatively short time scales yielding high charge-transfer efficiencies

ηCT approaching unity.4 Provided that charge carrier mobility is sufficiently high,

ηCC in a two-layered photovoltaic cell can be close to 100%.118 However, the main

limiting factor is given by ηED. It is determined by the exciton diffusion length LD,

being the average distance an exciton can travel before it decays back to its ground

state. Values for LD are typically in the range of a few nanometers only for molec-

ular materials.102,119,120 With typical absorption coefficients of α ≈ 105 cm−1,102

the optical absorption length which is required for absorbing a significant fraction

of the incident light can be estimated to be around 100–200 nm. With that typical

exciton diffusion lengths lie far below the values for the film thickness, which leads

to a large fraction of lost excitons not being able to reach the D/A interface in a

planar heterojunction solar cell (PHJ, see Fig. 2.19 (a)). To overcome this exciton

diffusion bottleneck, the donor and acceptor materials can be mixed together to

enlarge the D/A interface and to minimize the distance an exciton has to travel to

be dissociated. As the dissociating interface is extended over the entire bulk of the
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blend, this concept is called bulk heterojunction (BHJ, schematically depicted in

Fig. 2.19 (b)). Since this strategy has been first demonstrated by Hiramoto et al.

for a blend of a metal-free phthalocyanine as donor and a perylene derivative as

acceptor material,121 it was successfully adopted to a multitude of other material

combinations.102,122–127

The BHJ concept was also applied to polymeric solar cells which benefit from

an interpenetrating network formed from phase-segregated polymer:polymer122 or

polymer:small molecule123 blends. Similar to mixtures of molecular materials, the

bicontinuous network of polymers provides spatially distributed interfaces enabling

efficient photogeneration of charges. For solution processed solar cells, the invention

of the BHJ concept presents a further benefit: For fabricating a planar heterojunc-

tion, it has to be ensured that the second layer does not dissolve and remove the

first one. Deposition of both donor and acceptor at once solves this problem and

facilitates the fabrication techniques.

While exciton dissociation can be strongly improved by mixing donor and accep-

tor, continuous percolation paths—i.e. continuous paths of the same material to the

respective electrode—should be available inside the blend. Only by this, successful

charge carrier extraction can be warranted. Thus, controlling the morphology of

the bulk heterojunction is one of the key factors for high performing solar cells.

Besides these two extreme cases of planar and mixed heterojunction, there are

several other possibilities to design the interface between donor and acceptor, as

can be seen in Fig. 2.20. Starting from the planar architecture (a) the effective

interfacial area can be increased by creating a roughened (b) or an interdigitated

interface (c). The BHJ architecture can vary from homogeneous molecular mix-

tures (d), phase-separated systems (e) or films with compositional gradient (f).

A further improvement can sometimes be achieved by the use of a planar-mixed

heterojunction (PM-HJ) concept (g), which can be considered as a combination of

a strictly planar heterojunction and a mixed-layer bulk heterojunction within the

(a) (b) (c) (d) (e) (f) (g)

Figure 2.20.: Different architectures for solar cells. (a) Planar heterojunction (PHJ).
(b) D/A heterojunction with rough interface. (c) Interdigitated D/A
interface. (d) Bulk heterojunction (BHJ) with molecular mixture. (e)
Phase-separated BHJ. (f) Gradient heterojunction. (g) Planar mixed
heterojunction (PM-HJ).



2.3 Physics of organic solar cells 41

same structure and is known to unify the benefits of both concepts.125 Thus, it

takes maximum advantage of the unhindered charge carrier collection properties

of neat organic layers, and the improved exciton dissociation properties of mixed

films.

2.3.2. Role of charge transfer state on the open-circuit

voltage

As already introduced in the previous section, charge transfer complexes are bound

electron-hole pairs at the donor/acceptor heterointerface (see Fig. 2.21 (a)). The

CT state acts as intermediate between an initial exciton state and the final charge-

separated state, where the hole in the donor and the electron in the acceptor are

independent of one another. There is an ongoing discussion about the precise

microscopic nature of the CT state (whether it is localized or delocalized) and

the question if it is Coulombically bound or not.114,128 Among the points for

discussion there is, for example, the debate about the height of the binding energies

of excitons and charge transfer states, Eexc
B and ECT

B , respectively (see Fig. 2.21 (a)).

The exciton binding energy is typically defined as the potential energy difference

between the two dissociated charge carriers inside the same material (transport gap

Et
e) and the exciton (optical gap Eg).

116 There are several investigations about

the magnitude of Eexc
B , which is found to be in a wide interval ranging from less

than 0.1 eV to more than 1 eV.130–134 Due to the increased distance of electron and

hole, when going from the exciton to the charge transfer state, ECT
B is expected to

be lower than the exciton binding energy with typical values in the range of 0.1 eV

to 0.5 eV.19,74,135–137

In any case, it is indisputable that these CT states play an important role for

the photovoltaic performance: In its role as precursor state to free charge carriers,

CT formation and the efficiency of its dissociation strongly determine the short-

circuit current while the energy of the charge transfer state ultimately sets the

maximum achievable open-circuit voltage. In the following, a short introduction is

given on the relation between maximum open-circuit voltage and CT state energy.

A detailed review on the role of the charge transfer state in organic solar cells can,

e.g., be found in Refs. 116, 128 and 138.

eThe transport gap is defined as the distance between HOMO and LUMO edges129 as the motion
of single charge carriers takes place in the π and π∗ orbitals.
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Figure 2.21.: (a) Schematic illustration of the formation of a charge transfer (CT) state
with energy ECT including binding energies for the exciton Eexc

B = Et−Eg

and CT state ECT
B . (b) Step-like absorption in a D/A heterojunction solar

cell. In addition to the absorption α0 of photons with energy exceeding
the optical energy gap Eg, absorption from the CT state αCT already
takes place for photon energies above ECT.

Upper limit of the open-circuit voltage

Initial studies on the origin of Voc assigned its magnitude to the difference in the

work function of anode and cathode.139,140 However, this first theory was only

approved for non-ohmic contacts141 and thereupon replaced by an alternative ap-

proach: For polymeric solar cells it has been shown convincingly that there is a

direct relation between Voc and the energy-level offset at the D/A heterojunction,

i.e., in first order approximation the difference between the HOMO level of the

donor and the LUMO level of the acceptor.4,142 If the binding energy of the CT

state is considered, Voc is related to the energy of the intermolecular CT state re-

sulting from exciton dissociation. A quantitative correlation between Voc and the

intermolecular HOMO-LUMO gap was empirically identified by Scharber et al.,

which applies to a variety of material combinations with PCBM as acceptor:100

e Voc =
(∣
∣Edonor

HOMO

∣
∣−

∣
∣Eacceptor

LUMO

∣
∣
)
− 0.3 eV, whereas the relevant energies were deter-

mined by cyclic voltammetry. A similar equation was proposed by Rand et al.,

who replaced the empirical factor of 0.3 eV by the Coulomb binding energy of the

bound electron-hole geminate pair.19 Moreover, Veldman et al. predict an upper

limit for Voc to be approximately 0.6 eV below the lowest optical band gap en-

ergy of either donor or acceptor based on empirical results, which attribute ca.

0.5 eV to a loss from ECT to e Voc and a minimal driving force of ca. 0.1 eV to

effectively populate the CT state.113 Very recently, Wilke et al. explicitly deter-

mined the HOMO-LUMO gap by means of ultraviolet and inverse photoemission
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spectroscopy for a variety of different donor/acceptor combinations.98 Compared

to calculated HOMO-LUMO gaps from literature values of individual components

their studies have the decisive advantage to consider any possible interfacial dipoles

at the organic/organic interface, providing reliable values for a certain material

combination. The comparison with corresponding solar cell characteristics reveal

an almost constant energy loss of 0.5 eV for all material pairs when comparing the

experimentally determined HOMO-LUMO gap with Voc. A comprehensive study

including a variety of molecular D/A combinations will be shown in Sec. 7.2.1.

These empirical relations already emphasize the significance of the CT state en-

ergy with regard to the upper limit of Voc. Apart from empirical observations, an

estimate of the fundamental losses during the conversion from radiative to electrical

energy can be applied to derive an upper limit for Voc. The basis for these calcula-

tions has been framed in 1961 in a seminal work by Shockley and Queisser143(SQ).

Their thermodynamic analysis is basically focused on the principle of detailed bal-

ance between a semiconductor with a certain energy gap Eg situated at the surface

of earth which is in thermal equilibrium with the photon flux from the sun—both

assumed as black bodies, though at largely different temperatures. Recently, Van-

dewal et al. demonstrated that the principle of detailed balance also determines

the relation between photon detection and emission in organic solar cells.142 Thus,

they showed that electroluminescence and photovoltaic external quantum efficiency

spectra are related to each other following the detailed balance approach. Charge

generation and recombination in this kind of bulk heterojunction devices is deter-

mined by the charge transfer state at the interface between donor and acceptor.

The CT state can even be detected in electroluminescence under forward bias144

and was found to be decisive for an upper limit of Voc, as was already predicted by

empirical relations introduced above.

Important theoretical calculations about the subject of detailed balance were

recently carried out by Rau et al. who could relate the external quantum efficiency

of charge generation EQEPV of a solar cell to its electroluminescence quantum

yield EQEEL caused by recombination of charge carriers according to the following

equation:145

j0 EQEEL(E) = eEQEPV(E) · ΦBB(E). (2.24)

This means that the generation of free charge carriers EQEPV(E) · ΦBB(E) (with

ΦBB(E) being the ambient black-body spectrum) is balanced by a recombination

flux of free charge carriers if the system is in equilibrium. Herein, j0 denotes the

dark saturation current as already introduced as prefactor in the ideal Shockley

diode equation (2.1). A detailed theoretical treatment can be found in Refs. 145

and 146.
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Based on this analytical ground, Vandewal et al. found that some modifications

referring to the electronic structure have to be included when adapting the SQ

limit from inorganic homojunction solar cells to organic heterojunction solar cells.

Thus, the decisive energetic state for photon emission is not the primary singlet

exciton of one material but—instead—the photoexcitation of the CT state has to

be considered. Indeed, they found the following expression for the open-circuit

voltage147

Voc =
kBT

e
ln

(
jsc
j0

+ 1

)

, (2.25)

whereas jsc and j0 are assessed by accurate measurements of EQEPV and EQEEL.

As in the original work by Shockley and Queisser, their findings are based on the

assumption that under open-circuit condition the injected current which causes

the emitted radiation flux must be equal to jsc given by the number of absorbed

photons. Here, the injection current is described by the ideal diode equation (2.1).

Recently, Gruber et al. applied this model to OPVCs based on diindenoperylene

and C60.
148 As illustrated in Fig. 2.21 (b), key parameters entering the model are,

apart from the optical gap of the absorber material Eg, the energy ECT and relative

absorption strength αCT of the CT state. The studies show how the solar cell

characteristics—especially Voc—are affected by different parameter values.

Concerning the experimental determination, CT states have been observed by

photoluminescence,149–152 where additional peaks could be assigned to radiative

CT recombination, or electroluminescence144,153,154 as result of charge injection.f

Moreover, the existence of the CT state can be proven by photocurrent generation

resulting from its specific absorption155,156 or photothermal deflection spectroscopy

(PDS).157 In general, CT states are characterized by weak absorption and emission

intensities, requiring sensitive spectroscopic techniques. Within this work, PDS was

used to assess the energy and absorption coefficient of the CT state of a specific

D/A combination as will be subject of Sec. 7.2.2.

Recombination as limiting factor for the open-circuit voltage

In the previous section it was shown that e Voc is ultimately limited by the energy of

the charge transfer state ECT, however, with a discrepancy of several 100meV.113,156

Following the theoretical calculations by Shockley and Queisser143 and the reci-

procity theorem of Rau et al.3,145 the difference could be assigned to recombination

of electrons and holes in the organic semiconductor. While the radiative annihi-

lation of charge carriers determines the efficiency of OLEDs, recombination losses

fNote that within some of these references the expression “exciplex” can be identified with CT
state.
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have been identified as the main factors limiting efficiency of organic solar cells148

and are subject of current research.

Once a photon has been absorbed within the active layer of a solar cell, the

formed exciton has to bypass several recombination possibilities on its way from

dissociation into free charge carriers, transport and finally to a successful extrac-

tion of charges at the contacts. Those recombination events might either be ra-

diative or non-radiative; both occurring in parallel. While radiative recombination

is associated with the release of photons, the energy transfer in a non-radiative

recombination event involves the simultaneous release of many phonons (resulting

from high exciton binding energies in organic semiconductors, cf. Sec. 2.2.2). This

process occurs with a small probability but becomes more likely if intermediate

states—often provided by impurities—facilitate the transition by splitting the re-

laxation into several steps with each of these steps involving a smaller number of

phonons.158 From this it becomes obvious that non-radiative bulk recombination

can be reduced by minimizing the number of impurities. However, states inside the

gap of the semiconductor cannot be avoided at the interface to the metal contacts

because of the homogeneous distribution of states within the metal. To minimize

the amount of surface recombination, so-called exciton-blocking layers can be in-

troduced as spacer between semiconductor and metal (see Sec. 3.1.4).

In contrast to non-radiative recombination its radiative counterpart cannot be

avoided as long as the semiconductor shall maintain its probability to absorb light.

This is based on the principle of detailed balance which states that every micro-

scopic process in a system must be in equilibrium with its inverse process, as long

as the system is in thermodynamic equilibrium.3 Under the assumption of negli-

gible non-radiative recombination and by defining radiative recombination as the

only fundamental loss process the detailed balance principle allows to calculate the

ultimate efficiency limit of a solar cell.

However, it was found that radiative recombination—to which recombination

should be restricted for maximum obtainable Voc
143—is just a small fraction of

the total recombination.148 Thus, the relation between open-circuit voltage of an

excitonic solar cell at finite temperature and its CT energy given in Ref. 159 can

be generalized148 to

Voc(T ) =
ECT

e
−∆V rad

OC (T )−∆V non−rad
OC (T ). (2.26)

It was shown by Gruber et al. that temperature dependent measurements of Voc—

as will be subject of Sec. 7.2.1—can serve to determine ECT. By means of the

modified SQ theory an upper limit of Voc for a given D/A combination can be

determined. Furthermore, temperature dependent measurements can be applied to
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quantify recombination losses and enable the quantitative access to non-radiative

and radiative recombination.148

Classification of different recombination mechanisms

In the following, some definitions and different mechanisms associated with recom-

bination will be given.

(a) (b)

AnodeCathode Organic

(c) (d)

+

-

+

-

+
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Figure 2.22.: Schematic illustration of different recombination mechanisms inside an
organic semiconductor device. (a) Non-radiative surface recombina-
tion, (b) monomolecular recombination of a geminate polaron pair, (c)
second-order bimolecular recombination of a non-geminate polaron pair
(Langevin-type), and (d) first order bimolecular recombination of a free
hole with a trapped electron (SRH-type, sometimes also referred to as
monomolecular recombination if the order of reaction is crucial for de-
nomination as described in text).

Geminate versus non-geminate recombination As was already introduced

above, surface recombination—usually being of non-radiative nature—seems to be

unavoidable whenever organic films are in close proximity to adjacent metal con-

tacts (Fig. 2.22 (a)). Apart from the classification into radiative and non-radiative,

recombination may be grouped into two categories, namely geminate and non-

geminate recombination. If an electron-hole pair has been arisen from the dis-

sociation of one exciton, it is called a “geminate pair”, which is still bound by

Coulomb interaction (Fig. 2.22 (b)). Thus, the corresponding recombination of a

geminate polaron pair which stems from the same precursor state is called geminate

recombination. By contrast, recombination of dissociated carriers generated by two

different absorption events is known as non-geminate recombination (Fig. 2.22 (c)

and (d)). Before two oppositely charged carriers can decay by non-geminate re-

combination, they have to diffuse to each other as far as their Coulomb capture
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radius. This diffusion process usually slows down the recombination kinetics and

generally leads to faster processes during geminate recombination as compared to

non-geminate recombination. While geminate recombination is reported to oc-

cur on a time scale of the order of hundreds of picoseconds up to 100 ns,160–164

typical time scales for non-geminate recombination are reported to range into the

microsecond to millisecond regime.116,135

Monomolecular versus bimolecular recombination Geminate and non-ge-

minate recombination are often equated with “monomolecular” and “bimolecular”

recombination, respectively. However, these are terms which require precise defini-

tion as they are sometimes used differently. In some publications monomolecular

and bimolecular are defined in terms of the recombination rate order depending

on the incident light intensity IL.
165 The probability of any recombination event is

based on the initial step where electrons and holes have to find each other. Very

generally, the recombination rate R can be considered as being proportional to the

product of electron density ne and hole density nh:

R ∝ ne · nh. (2.27)

In this case, monomolecular recombination is used as a synonym for any first-order

process (κ = 1, Rmono ∝ ne · nh(IL) or Rmono ∝ ne(IL) · nh), while bimolecular re-

combination is equated with a second order reaction (κ = 2, Rbi ∝ ne(IL) ·nh(IL)).

Annihilation between two oppositely charged carriers which recombine through a

trap state (Shockley-Read-Hall, SRH recombination166,167) is called monomolecu-

lar, even if both charges originate from different absorption events, i.e., forming

a non-geminate pair (see Fig. 2.22 (d)). The reason which makes SRH recombina-

tion a first-order process is the observation of a time delay between the capture of

the first charge and the second charge. That leads, e.g., to a reservoir of trapped

electrons with which mobile holes can recombine and defines a rate constant of

RSRH ∝ ne,trap · nh(IL).
165

In other publications116,168–170 the terms are defined in a mechanistic (or chem-

ical) sense—independent of the specific rate order. In this case, bimolecular refers

to a reaction involving two molecular entities, which makes it synonymous with

non-geminate. Accordingly, monomolecular is identified with geminate recombina-

tion.171

CT state recombination Concerning the recombination of a CT state, it can

either be of geminate (monomolecular) or non-geminate (bimolecular) nature.138

If the CT complex originates from a singlet exciton as result of a photoinduced
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excitation either in the donor or acceptor, the decay takes place by a first-order

geminate (monomolecular) recombination.24 In contrast, two free and oppositely

charged polarons can recombine via an intermediate CT state. As both charge

carriers were generated independently of one another and do not originate from

the same geminate pair, the recombination mechanism is of second-order (non-

geminate/bimolecular).172,173 The recombination itself can either occur via direct

transition from the CT excited state to the ground state or via charge carrier back

transfer to the initial molecule.128

Identification of different recombination mechanisms The SRH theory is

commonly used to describe recombination dynamics when trapped charges take

part in the recombination process. When recombination is independent of trap

states, bimolecular recombination dynamics in low-mobility materials are usually

described by the Langevin model,174,175 where the rate limiting step is the diffusion

of free carriers towards each other in their mutual Coulomb field.g A practical

identification of the dominant recombination mechanism can be obtained by the

dependence of the short-circuit current density jsc on incident light intensity IL:

jsc ∝ (IL)
α, (2.28)

with the scaling exponent α usually ranging between 0.85 and 1.176 However, the

interpretation of α varies in literature and is subject of recent debates.177–179 Prior

to a critical discussion of that issue, it had been widely supposed that an exponent

of α ≈ 0.5 hints to second-order bimolecular recombination, whereas for first-order

processes a linear relation between photocurrent and light intensity (α = 1) is

expected.180–183 The argument is based on the following consideration starting

with the general continuity equation for electrons

dne

dt
= G0(IL)−Rmono(IL)−Rbi(IL), (2.29)

where G0 denotes the generation rate of bound polaron-pairs which is proportional

to the light intensity. As shown above and with the assumption of ne = nh, the

recombination rates can be expressed as

Rmono(IL) = kmono · ne(IL) (2.30)

and

Rbi(IL) = kbi · (ne(IL))
2. (2.31)

gFollowing the Langevin theory, the general formulation of a second order recombination rate is
specified to RLangevin = γnenh with γ being the Langevin recombination strength γ = e

εε0
µ.
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For steady state analysis, i.e. dne

dt
= 0, it follows from Eq. (2.29) that

G0(IL) = Rmono(IL) +Rbi(IL). (2.32)

At this point the relation to the current is established by assuming a direct pro-

portionality between drift current and density of charges (j ∝ ne).

In the case of pure monomolecular recombination G0(IL) = kmono · ne(IL) which

means that ne(IL) ∝ G0(IL) and, hence, j ∝ IL. This linear dependence of the

current on light intensity implies an exponent of α = 1. Assuming pure bimolecular

recombination the generation rate becomes G0(IL) = kbi · (ne(IL))
2 and ne(IL) ∝√

G0(IL). It follows that j ∝
√
IL, which implies a sublinear behavior with α = 0.5.

Reasons leading to α < 1 could be space charge effects resulting from mobility

differences,28,184 charge carrier extraction distance185 or recombination via interfa-

cial states between donor and acceptor or at the interface to the electrode.177,186

Others report about a transition from first-order recombination at jsc to bimolecular

recombination at Voc as a result of increasing charge carrier density with increasing

voltage.165 However, it has been shown that a direct proportionality between pho-

tocurrent and illumination intensity can be observed despite the losses exclusively

being of bimolecular origin,178,187–189 which limits the usage of steady-state mea-

surements to reliably determine the dominant loss mechanism. Recently, the diode

ideality factor has been found to serve as suitable parameter to be interpreted in

terms of the prevailing recombination mechanism as will be discussed in Sec. 7.2.4.





Chapter 3

Materials and experimental methods

The following chapter introduces the organic materials which were used in the

scope of this thesis. They are presented in the order they appear in the stack

of the device, i.e., beginning with different hole injection layers through diverse

active semiconductors to exciton blocking layers and organic metals. Afterwards,

the techniques of sample preparation are presented. Beside organic solar cells the

fabrication of organic light-emitting diodes and organic field-effect transistors is

briefly explained as they serve as supplementary devices at certain points. Finally,

different experimental methods for device characterization are introduced in short.

3.1. Materials for organic electronic devices

3.1.1. Substrates

All solar cells and light-emitting diodes shown in this thesis are fabricated on com-

mercially available glass substrates covered with approximately 130 nm of indium

tin oxide (ITO, purchased first from Merck, Darmstadt (GER) later from Thin

Film Devices, Anaheim (CA); sheet resistance in both cases < 20Ω/sq.). ITO is

a widely used anode in OPVCs and OLEDs as it is at the same time conducting

and transparent. Transistors are built on substrates based on highly p-doped sili-

con (100)-wafers (specific resistance ρ < 0.1Ωcm) covered with 320 nm thermally

grown oxide.

51
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3.1.2. Hole injection layers

The use of intrinsically conducting polymers as electrode and hole injection layer

(HIL) is a common method in the area of optoelectronic devices. The most widely

used species of this class is based on aqueous dispersion of poly(3,4-ethylenedioxy-

thiophene)(PEDOT) and poly(styrenesulfonate) (PSS) (PEDOT:PSS, see Fig. 3.1

for chemical structure). Due to its PSS content the pH value lies in the range be-

tween 1.5 and 2.5.190 The essential property of this π-conjugated polymer is good

film-forming quality, moderately high conductivity (approximately 10 S cm−1), high

visible-light transmission, and relatively good stability.191 Moreover, PEDOT:PSS

has a smoothing effect on ITO, whose rough surface would otherwise result in small

parallel resistances or even short circuits through the cell.192 Three different PE-

DOT:PSS containing formulations were used—differing in their work functions:193

CleviosTM P AI4083 (designated as PEDOT, work function Φ ≈ 5.0–5.2 eV,194

commercially available), CleviosTM HIL1.3 (designated as HIL1.3, work function

Φ ≈ 5.4–5.9 eV,194 commercially available) and CleviosTM HIL1.3N (designated

as HIL1.3N, work function expected to be similar to HIL1.3 but with different

pH value, not commercially available) (all obtained from Heraeus Clevios GmbH,

Leverkusen, Germany).

Alternatively, the self-doping polymer poly(thiophene-3-[2-(2-methoxyethoxy)-

ethoxy]-2,5-diyl) (sulfonated solution sold under the trademark PlexcoreTM OC

RG-1200, purchased from Sigma Aldrich, designated as Plexcore in the scope of

this thesis) has been used for some comparative studies on hole injection layers. It is

characterized by a work function of Φ ≈ 5.1–5.2 eV and reduced acidity predicting

decreased electrode degradation.195
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Figure 3.1.: Chemical structure of PEDOT:PSS and Plexcore.
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3.1.3. Active organic semiconductors

In principle, the almost infinite variety of organic materials enables an unlim-

ited possibility of different material combinations for the application in organic

electronic devices. From this multitude only a few molecular species have been

selected in the framework of the collaborative project—with the system DIP/C60

being the central material combination in the present thesis. All others mainly

serve as objects of comparison in terms of morphology as well as structural and

energetic aspects. The chosen materials are diindenoperylene (DIP), Buckminster

fullerene (C60), sexithiophene (6T), copper-phthalocyanine(CuPc), perfluorinated

CuPc (F16CuPc) and pentacene (Pen). From the different molecular shapes of the

chosen materials—being spherical such as C60, disk-shaped like CuPc or rod-like

as DIP, 6T and Pen—different film growth scenarios are expected. Moreover, the

materials cover a wide range of energy levels, as will be shown in chapter 4.

Diindenoperylene

Diindenoperylene (DIP, C32H16) is a polycyclic aromatic hydrocarbon consisting of

two indeno-groups attached to the central perylene-core (Fig. 3.2 (a)). The molecule

has a planar shape with dimensions of approximately 18.4 Å × 7 Å and a molec-

ular weight of 400.48 g/mol.196 First syntheses of the material date back to the

1930s197 and even if it was subject of detailed structural82,198–200 and optical inves-

tigations,201,202 DIP has only recently gained attention as possible active material

in organic photovoltaic devices. It has been shown that DIP exhibits almost bal-

anced transport of electrons and holes along the c′ direction in single crystals203 and

thin films204 and remarkably high exciton diffusion lengths of up to 100 nm205—

although the magnitude of the exciton diffusion length and its unique determination

in thin films is still under discussion.119,120,206 The transition dipole moment of the

fundamental molecular absorption is aligned along the long molecular axis.

Structural investigations showed that DIP single crystals appear in two different

bulk phases: A triclinic low-temperature phase and a monoclinic high-temperature

phase. Both reveal a herringbone-type structure (see Fig. 3.2 (b)) with the phase

transition taking place at T ≈ 403K.203,207 For the present studies the growth

behavior in thin films is of more significance. It is determined by the interplay be-

tween molecule/substrate and molecule/molecule interaction potentials.208 With

SiO2 as substrate DIP forms polycrystalline films consisting predominantly of the

high-temperature phase, however, there are two common orientations with respect

to the substrate: At high substrate temperature molecules are oriented almost

upright with their long axis tilted by an angle of ϕ ≈ 17 ◦ to the surface normal
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Figure 3.2.: (a) Structure and dimensions of the DIP molecule. (b) Two-dimensional
projection of a possible arrangement of DIP high-temperature phase in a
DIP unit cell (herringbone-structure). (c) Growth scenarios of DIP thin
films in σ- and λ-orientation (both belong to the high-temperature phase)
on silicon oxide. The σ-phase is characterized by almost upright standing
molecules with an angle of ϕ ≈ 17 ◦ to the surface normal. In contrast, the
λ-phase describes molecules oriented nearly parallel to the substrate.82

(denoted as σ-phase, see left part of Fig. 3.2 (c)).82,198 At lower substrate tem-

peratures or on metal substrates the high-temperature phase remains stabilized,

but molecules are found to be oriented nearly parallel to the substrate (denoted as

λ-phaseh, see right part of Fig. 3.2 (c)).82,209 The different molecular orientations

markedly affect the ionization potential of DIP films, which is found to be 0.4 eV

lower for the λ-phase as compared to the σ-phase.210,211

The structure and morphology of DIP grown on substrates which are relevant

for device fabrication were investigated under the effect of different substrate tem-

peratures and are presented in Sec. 5.1. It was further shown that DIP exhibits

exceptionally high structural order in evaporated thin films,82,198 which, in turn,

confirms the large exciton diffusion length as there is a correlation between struc-

tural coherence length and exciton diffusion length.212 Concerning its application

as donor in organic solar cells, the main advantage of DIP can be found in its high

hIt is conventional to designate σ- and λ-structures as “phase”, even though they both belong to
the high-temperature phase and are only differently oriented on the substrate. A less misleading
designation would be σ- and λ-orientation.
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ionization potential and the favorable energy level alignment with the acceptor C60

from which high open-circuit voltages are expected. Recently, DIP was also success-

fully employed as molecular acceptor material in organic solar cells combined with

the thiophene derivatives poly(3-hexylthiophene) and α-sexithiophene.213 DIP was

purchased from two different suppliers (S. Hirschmann, Univ. Stuttgart, Germany

and W. Schmidt, Institut für PAH Forschung, Germany) and purified twice by

gradient sublimation.

Buckminsterfullerene

After preliminary theoretical predictions of its existence Buckminsterfullerene (C60)

was finally synthesized in 1985.214 The spherical molecules with diameter of 7.1 Å215

(see Fig. 3.3) were found to crystallize in face-centered cubic (fcc) arrangement.216

At room temperature, C60 molecules undergo an uncorrelated rotation around their

crystal sites which freezes at temperatures below 90K.217

7.1 Å

a= 14.2 Å

(a) (b)

Figure 3.3.: (a) Structure of the C60 molecule and (b) fcc packing of C60 (after Ref. 218).

Concerning its application in organic solar cells, the low lying LUMO of C60

provides sufficient driving force for successful exciton dissociation in combination

with a variety of donor materials. Charge transfer to various conjugated polymers

has been reported to be ultrafast, i.e. on the order of tens of femtoseconds115 and

high electron mobilities exceeding 1 cm2/V s were found in field-effect transistors.219

Moreover, it is assumed that the isotropic nature of the fullerene positively affects

the orientation factor in exciton diffusion and charge transfer. The large delocalized

π-electron system results in a comparatively high dielectric constant of ε = 4.4 ±
0.243,220–222 which, in turn, stabilizes the charge transfer state formed upon exciton

dissociation.223 All these energetic, structural and electronic properties contribute

to the success of the fullerene and its derivatives as acceptor material. For the

application in this work, C60 was purchased from Creaphys, Germany, purified

twice by gradient sublimation.
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Copper-phthalocyanine

Phthalocyanines are a class of macrocyclic compounds with an alternating nitrogen-

carbon ring structure. The central metal ion can be replaced in a broad range

(e.g. Fe, Zn, Pb or Cu), which allows for a certain degree of tunability. Copper-

phthalocyanine (CuPc, C32H16CuN8), or—to be precise—protonated copper-phtha-

locyanine (H16CuPc, see Fig. 3.4 (a)) is a blue dye with many applications in color

industry, such as paper, plastics or textile dyeing. For several years it has been a

rather popular organic semiconductor224,225 for the use as donor in organic so-

lar cells226,227 as interlayer in OLEDs228 or for ambipolar charge transport in

OFETs.229–231 Thin films of CuPc mainly appear in two different kinds of poly-

morphs, the α and β-phase, even though many more can be found apart from thin

films.232
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Figure 3.4.: (a) Structure and dimensions of the CuPc molecule.233 Crystal packing
of two different polymorphs of CuPc: (b) Triclinic α-phase showing par-
allel stacks with one molecule per unit cell.234 (c) Monoclinic β-phase ex-
hibiting a herringbone arrangement235—the lower part shows the diagram-
matic projection visualizing the relative orientation of the phthalocyanine
molecules.236



3.1 Materials for organic electronic devices 57

For a long time it has been assumed that α-CuPc would crystallize—according

to many other phthalocyanines—in a herringbone structure.237 However, it was

shown that CuPc α-phase has a triclinic structure with one molecule per unit

cell (see Fig. 3.4 (b)).234 On most substrates CuPc molecules in the α-phase stand

almost upright with a lattice spacing perpendicular to the substrate of d⊥ = 12.0 Å.

While the α-phase is predominant at room temperature, β-phase236 is found for high

temperature growth or post-annealed films.238 It exhibits a herringbone structure

as visualized in Fig. 3.4 (c).

For CuPc it was found that the ionization potential of standing and lying CuPc

phases differ by a value of 0.40 eV.239 The energetic position of the HOMO level

of CuPc grown on PEDOT was recently determined by Wilke et al.; they propose

a growth scenario according to which the first monolayer of CuPc molecules at the

direct interface to PEDOT lies flat on the substrate. With increasing film thickness

(≈ 10 nm) the orientation of the molecules changes to standing with an ionization

potential of 4.8 eV.240

CuPc has been purchased from Sigma Aldrich as sublimation grade and was

additionally purified once by gradient sublimation.

Perfluorinated copper-phthalocyanine

Perfluorinated copper-phtalocyanine (F16CuPc, also known as hexadecafluoro-cop-

per-phthalocyanine) is the fluorinated counterpart of CuPc with the hydrogen

atoms being completely substituted by fluorine (see Fig. 3.5(a)). According to

the current status thin films of F16CuPc appear in two different polymorphs—

depending on the film thickness. When grown on SiO2 the first monolayers ap-

pear as βbilayer-structure with upright standing molecules stacked in columns (see

Fig. 3.5(b)) and a corresponding out-of-plane lattice spacing of d⊥ = 14.1 Å.241 The

βbilayer-phase is similar to the α-phase of H16CuPc. Thicker films consist of the β-

phase with a herringbone arrangement (see Fig. 3.5(c)) and an out-of-plane lattice

spacing of d⊥ = 14.3–14.9 Å.242 Moreover, the thickness-dependent polymorphism

is accompanied by a change in morphology and optical properties.243,244 F16CuPc

was purchased from Sigma Aldrich and purified twice by gradient sublimation.

Pentacene

Pentacene (Pen, C22H14) is a planar rod-shaped molecule consisting of five ben-

zene rings (see Fig. 3.6 (a)). In contrast to DIP it is a well-known substance for

application in organic devices31 and has been studied intensely due to its rele-

vance for OFETs.245 It crystallizes in a herringbone structure and shows a remark-
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Figure 3.5.: (a) Structure and dimensions of the F16CuPc molecule. (b) Crystal pack-
ing of two different polymorphs of F16CuPc: (b) βbilayer-phase showing
parallel stacks with one molecule per unit cell and (c) β-phase exhibiting
a herringbone arrangement with two molecules per unit cell—the lower
parts show the schematic top view visualizing the relative orientation of
the phthalocyanine molecules.241

able appearance of two structures—namely a “thin-film” and a “bulk structure”—

coexisting above a certain thickness.246,247 In contrast to DIP the transition dipole

moment of the HOMO-LUMO is oriented along the short axis of the molecule.202

Pen was purchased from Sigma Aldrich and used without further purification.

α-sexithiophene

α-sexithiophene (α-6T, C24H14S6, Fig. 3.6 (c)) has been intensively studied both as

representative for fundamental properties of π-conjugated semiconductors248–250 as

well as for its specific application in electronic devices.213,251 The planar molecules

crystallize in a herringbone structure (see Fig. 3.6 (d)) with four molecules per unit

cell. Similar to the high-temperature phase of DIP, 6T molecules are found to
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appear in two different orientations—either lying flat or standing upright on the

substrate—depending on deposition rate, substrate temperature and film thick-

ness.252 A coexistence of molecules standing upright on their long molecular axis

and molecules lying flat on the substrate was found in ultra-thin films grown on

SiO2.
253 In thicker films (larger than one monolayer) all α-6T molecules stand

perpendicularly on the substrate. The material was purchased from Sigma Aldrich

and purified twice by temperature gradient sublimation.

S
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(b) (d)

Figure 3.6.: Structure and dimension of (a) Pentacene and (c) α-sexithiophene. (b)
Sketch of the herringbone structure of the “thin film”-phase of Pen—the
right part shows the schematic top view visualizing the relative orientation
of the Pen molecules.254,255 (d) Schematic of the herringbone structure
formed by α-6T.252

3.1.4. Exciton blocking layers

In order to avoid electrical losses inside an organic solar cell caused by the interface

between acceptor and the adjacent metallic cathode, the following requirements on

the interface have to be met: For an unhindered charge carrier flow, dissociated

electrons have to be extracted by the cathode without energetic barrier. On the

other hand, it was shown in Sec. 2.3.2 that non-radiative recombination of charge

carriers at the aluminum interface has to be avoided—as parasitic exciton quench-

ing near a metal surface represents a well-known loss mechanism.256 An established

approach to address these requirements on the acceptor/cathode interface is the
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insertion of an exciton blocking layer (EBL). The beneficial effect of this interlayer

on solar cell performance has been demonstrated by various studies, all describing

its property to prohibit quenching of excitons at the electrode and to act as diffu-

sion barrier for Aluminum (Al) and as a protection layer to eliminate the creation

of Al-induced defect states in C60.
257–260 A detailed study on this topic will be

shown in Sec. 8.

Bathocuproine

The most common exciton blocking material in OPVCs is Bathocuproin (2,9-

dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), see Fig. 3.7 (a)). It satisfies the

requirements to efficiently prevent exciton quenching at the metallic cathode as

it features a large bandgap of Eg = 4.7 eV.95 When used in OPVCs based on

C60 as acceptor, the bandgap of BCP is considerably larger than Eg of the ad-

jacent C60, which hinders exciton transfer to the BCP layer. At the same time,

the huge bandgap makes the material transparent across the solar spectrum and

thus, BCP serves the purpose of a spacer between photoactive region and metallic

cathode. While the offset energy between the LUMO levels of C60 and BCP is a

decisive factor of the exciton blocking effect of BCP, unhindered electron trans-

port to the cathode has to be guaranteed preferably without any increase in series

resistance. From thickness-dependent measurements it was found that electron

transport through BCP mainly occurs via defect states below the LUMO of BCP,

which are induced by evaporating the metal top contact and which enable electron

transport from C60 to the cathode (see schematic picture in Fig. 3.7,(b)). BCP

was purchased from Sigma Aldrich as sublimed grade and used without further

purification.192,261

Naphthalene-tetracarboxylic-dianhydride

Apart from the well-known and widely used BCP, NTCDA (napthalene-tetra-

carboxylic-dianhydride, see Fig. 3.7 (a)) was studied as exciton blocking material.

From literature it is stated that NTCDA can be used as extremely thick EBL

(with thicknesses between 600 nm and 2µm) without degrading the cell perfor-

mance.264–266 Utilizing thicker films would bring the advantage of a successful pro-

tection against metal diffusion. In contrast to the electron transport via damage-

induced defect states as found in BCP, electron transport in NTCDA is supposed

to occur in the absence of damage as its LUMO of ca. 4.0 eV263 is approximately

aligned with that of C60.
262 A schematic picture of the different transport mecha-

nisms as supposed by Lassiter et al. is shown in Fig. 3.7 (b) and (c).
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Figure 3.7.: (a) Chemical structures of the exciton blocking layers BCP and NTCDA.
Electron transport mechanism (b) via damage-induced defect states in BCP
and (c) through the LUMO level as found in NTCDA (after Ref. 262).
HOMO and LUMO positions of BCP and NTCDA are taken from Refs. 95
and 263, respectively. The HOMO level of C60 is taken from UPS measure-
ments as will be shown in Sec. 7.1.1, while the LUMO is calculated with a
transport gap of 2.50 eV.98

Lithium-fluoride

As alternative to BCP or NTCDA, small amounts of lithium-fluoride (LiF) can

be incorporated between photoactive layer and aluminum cathode. Photoelectron

spectroscopy studies showed that the work function of the metal surface can be

considerably reduced by the deposition of LiF.267 From OLEDs it is known that

the insertion of LiF directly below the cathode leads to lower turn-on voltages and

higher efficiencies which were attributed to a reduction of the interface barrier for

electron injection.268–272 An overview of the proposed mechanisms to explain en-

hanced electron injection when applying LiF/Al cathode in OLEDs can be found

in Ref. 273. Brabec et al. could show that this strategy leads to an enhancement of

both FF and Voc in OPVCs,274 most likely due to a dipole formation induced by LiF

leading to charge transfer across the interface. The strong interfacial dipole results

from a comparable strong intrinsic molecular dipole moment of LiF.275 However,

the exact role of this buffer layer is still under discussion.276 Besides its property to

lower the electron injection barrier, LiF is known to improve device stability and

lifetime. It was found that a thin LiF buffer layer below the Al electrode consid-

erably suppresses oxygen penetration into the underlying photoactive layer which

ensures improved environmental stability.277,278 Because of its insulating proper-
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ties, LiF can only be inserted as very thin layer—with thicknesses of approximately

5 Å—which does not completely cover the surface and thus, limits its protective

role against oxygen and moisture.279

3.1.5. Top contact materials

For the metallic top contacts of the solar cells and OFETs either Al (ΦAl ≈ 4.3 eV4),

Calcium (Ca, ΦCa ≈ 2.9 eV280) or Samarium (Sm, ΦSm ≈ 2.7 eV281) is used. Ca

and Sm are highly reactive metals and have to be protected against early oxidation

by an Al capping layer.

To realize unipolar hole transport, top contacts of TTF-TCNQ (Tetracyano-

quinodimethane-tetrathiafulvalene, see Fig. 3.8) are used. TTF-TCNQ is an or-

ganic metal with highly conducting properties and belongs to the class of molec-

ular charge-transfer salts. They consist of an electron donor and acceptor whose

electrostatic attraction is responsible for the cohesion of the molecular complex.282

The work function of TTF-TCNQ is estimated to be between 4.6 and 4.8 eV283

and, thus, comparable to the value for gold (Au, ΦAu ≈ 5.0 eV284). However, it was

found in OFETs based on a variety of organic semiconductors that Au allows both

for electron and hole injection while the use of TTF-TCNQ prevents electron injec-

tion and enables unipolar hole transport.285 This fact can be attributed to different

interfacial behavior as the diffusion of evaporated Au atoms might lead to damages

inside the organic layer and thus to modified energy level alignment. In contrast,

TTF-TCNQ is deposited by thermal evaporation at comparably low evaporation

temperatures between 50 and 100 ◦C. This leads to a damage-free interface to the

adjacent organic film, and prevention of interdiffusion and undesirable interface

dipole formation.231

TTF TCNQ
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CNNC
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Figure 3.8.: Chemical structure of TTF and TCNQ.
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3.2. Sample preparation

3.2.1. Fabrication of solar cells and light-emitting diodes

The following section explains the basic steps for the fabrication of small molecule

OPVCs and OLEDs as illustrated in Fig. 3.9. Device configuration and fabrication

of both types of devices do not differ from each other in their essential features,

which makes a common explanation reasonable.

Substrate (glass)

Anode (ITO, 130 nm)

Metallic cathode (100 nm)

Organic layers

Glass

2 mm

20
m

m

Diode Diode

Figure 3.9.: Schematic illustration of the OPVC and OLED device geometry. The left
picture shows the top view of the configuration: four diodes are located
on one substrate with an active area of 2 × 2mm2 respectively. The red
dotted line marks the position of the cross section depicted on the right
hand side. The active organic semiconductors are either deposited on top
of each other for a layered structure or simultaneously to obtain mixed
films.

Anode preparation

All solar cells are fabricated on glass substrates covered with ITO. The device area

is defined by the overlap of anode and cathode, which results in four diodes each

with an area of A = 2 × 2mm2. For that purpose the ITO layer is patterned

in a photolithography process in cleanroom atmosphere: Cleaned substrates are

covered with photoresist by spin coating. After drying, the substrates are exposed

to UV light through shadow masks and the photoresist is subsequently developed.

Uncovered parts of ITO are then removed by an etching process in hydrochloric

acid and the remaining photoresist is lifted off with acetone. Prior to further
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processing, substrates are subsequently cleaned in ultra sonic bath with acetone

and isopropanol and blown dry with nitrogen.

Deposition of hole injection layer

For improved energetic alignment between the anode work function and the HOMO

of the adjacent organic film, an approximately 30 nm thick layer of HIL is spin cast

onto the ITO and dried on a hot plate under clean room atmosphere. Besides its

role to adjust the energy levels to the organic layer, the HIL smoothens the ITO

surface and thus prevents electrical shorts between both electrodes. In order to

remove any residues and to improve the wettability for the aqueous suspension of

the polymer, UV/Ozone or an oxygen plasma treatment is implemented prior to

spin coating.286 After the drying process samples are transferred from cleanroom

to a nitrogen filled glovebox.

Thermal evaporation of organic semiconductors

For deposition of the active organic semiconductors the substrates are transferred

to an evaporation chamber with a base pressure of typically 1–3 × 10−7 mbar. A

vacuum transfer system enables the samples to be transferred without air exposure.

Figure 3.10 shows a schematic sketch of an evaporation chamber, where the materi-

als are thermally evaporated from quartz crucibles. Several effusion cells inside one

chamber enable the simultaneous evaporation of different materials for molecular

blends or doping experiments. The actual layer thickness is in situ monitored by

quartz crystal microbalances. Deposition rates are controlled via the temperature

of the crucibles and are usually set between 0.2 and 0.5 Å/s. Heating the substrates

during material deposition can be realized by a halogen lamp placed in a copper

block which is mounted above the sample holder. For substrate heating a graphite

plate is placed on the backside of the glass substrate which allows to set substrate

temperatures up to ca. 120 ◦C. However, thermal coupling is not always uniform

over the whole area which leads to variations in temperature of approximately

±10 ◦C. In contrast to spin coating which impedes lateral structuring of the film,

the evaporation technique allows to apply deposition masks. Hence, the area of

organic semiconducting layers can be restricted which minimizes leakage currents.
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Figure 3.10.: Schematic sketch of an evaporation chamber used for deposition of small
molecular organic semiconductors.

Top contact deposition

For the deposition of top contact materials, OPVCs were—without exposure to

air—transferred to a different evaporation chamber. Usually the cathode consists

of a metal layer with total thickness of approximately 100 nm. It may either consist

of pure Al or several tens of nanometers of Ca or Sm covered with Al. Metal deposi-

tion is realized through a shadow mask, yielding the device structure schematically

illustrated in Fig. 3.9 whereas the active area of 2× 2mm2 is defined by the over-

lap between the patterned anode and the cathode. While Al is evaporated out

of boron nitride crucibles, Ca and Sm can be evaporated from tungsten basket

heaters as they directly sublime without melting (evaporation rates of approxi-

mately 1 Å/s). Prior to cathode deposition a few nanometers (typically 5–10 nm)

of BCP or NTCDA might be used as exciton blocking layer—alternatively, small

amounts (typically few Ångstroms) of LiF can be used. The organic metal TTF-

TCNQ is thermally evaporated from effusion cells with thicknesses of typically

150–300 nm (evaporation rates of approximately 1 Å/s), as a conductive layer is

formed only after a certain layer thickness.283

Encapsulation

Organic materials are by nature comparatively susceptible to degradation from

oxygen and moisture, which diffuses into the active layers and oxidizes the organic

material—especially under illumination. Moreover, it is known that oxygen and

water also react with the Al cathode due to its low work function.287 A common



66 3 Materials and experimental methods

way to protect organic electronic devices from oxygen and moisture is realized with

an air-tight encapsulation. For this purpose, an impermeable cover glass is attached

to the substrate by using a UV curable epoxy containing microspheres. It creates

a protective cavity which is filled with inert gas when the procedure is carried out

inside the glovebox.

3.2.2. Fabrication of field-effect transistors

Thin-film transistors were prepared on highly doped silicon wafers with 320 nm

thermally grown oxide acting as gate electrode and gate dielectric, respectively. A

sketch of the OFET layout can be seen in Fig. 3.11. An additional layer of the

insulating alkane tetratetracontane (TTC, C44H90, 10 nm) was used as passivation

layer.204,288 The reason for the application of this passivation layer can be found

in its property to spatially separate the transport channel from trap states on

the SiO2 surface to obtain a trap-free insulator/semiconductor interface and to

enhance the crystallinity of the organic semiconductor.289 TTC is deposited by

thermal evaporation with sublimation temperatures around 100 ◦C (evaporation

rate approximately 0.1 Å/s) and subsequently annealed at 60 ◦C for 120 minutes in

nitrogen atmosphere, which drastically reduces the surface roughness.231 TTC was

purchased from Sigma Aldrich and was used without any further purification. A

detailed study on the application of TTC in organic field-effect devices can be found

in Ref. 289. To realize unipolar electron and hole transport, top contacts of Ca and

Dielectric (SiO )2

Top contact

Passivation layer (TTC)

VD

p - Si++

VG

Organic semiconductor

D S

Channel length

Figure 3.11.: Schematic device geometry of a top contact OFET. The left picture shows
the top view of the configuration: six transistors are located on one sub-
strate with channel lengths between 50µm and 150µm. The red dotted
line marks the position of the cross section depicted on the right hand
side. Top contacts form source (S) and drain (D) of the transistor and
the bottom of the highly p-doped Si wafer acts as gate. VD and VG stand
for the drain and gate voltage, respectively.
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TTF-TCNQ are used, respectively. Source and drain contacts were evaporated

through a shadow mask with various channel lengths in the range of 50µm to

150µm. In OFETs a 25 nm thick layer of an organic semiconductor is deposited on

top of the passivated substrates. A description of the working principle of OFETs

can, e.g., be found in Ref. 290.

3.3. Characterization techniques

3.3.1. Current-voltage measurements

Steady-state j-V characteristics were recorded using a source measure unit (Keith-

ley 2400 sourcemeter or Keithley 236 SMU) in dark and under white light illumina-

tion. Two different light sources were used for illumination, noted at the respective

measurement. One source is a white LED (Luxeon LXHL-NWE8) at an intensity

of approximately 54mW/cm2. As the illumination conditions do not fulfill the

AM1.5 g standards, values for power conversion efficiencies are not specified when

the LED is used for illumination (spectrum depicted in Fig. 3.12 (a)). Instead, em-

phasis is placed on the comparability of the samples prepared within one series.

The other light source is a xenon high pressure lamp (Oriel 150W) with filters to

simulate the AM1.5 g solar spectrum (see Fig. 3.12 (b)). The illumination intensity

was approved by a calibrated silicon reference cell (RERA systems, PV Measure-

ment Facility, Radboud University Nijmegen, area 1× 1 cm2). Nevertheless, as the

perfect homogeneity of the light beam cannot be guaranteed, the power conver-
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Figure 3.12.: Spectrum of (a) the white LED and (b) the used solar simulator—both
compared to the AM1.5 g standard spectrum.
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sion efficiency of solar cells with an area smaller than the reference cell are slightly

overestimated—however, comparable with each other. In order to achieve solar

cell characteristics which are independent of the precise shape of the spectrum,

the difference between the simulated and the AM1.5 g solar spectrum would have

to be considered by a spectral mismatch factor,15 which is not done in this study.

However, the focus of this research is not on the comparison of absolute efficiencies

of solar cells but rather on changes induced by different morphologies, growth con-

ditions, or the substitution of one material by another. As devices to be compared

are measured under similar conditions, the observed tendencies in cell character-

istics are still relevant. In addition to the characteristics at 1 sun (100mW/cm2),

intensity dependent measurements are enabled by different neutral density filters

which attenuate the incident light intensity of the solar simulator. All measure-

ments are either performed in nitrogen atmosphere, under vacuum condition or

on encapsulated devices. A photodiode (Gigahertz) is used to additionally record

the photocurrent of the emitted light (this applies especially for OLEDs or solar

cells which are driven in forward direction). Its sensitivity is either adjusted to the

human eye’s wavelength dependent sensitivity (in this case, the light intensity cor-

relates to the luminance L), or it is equipped with a radiometric filter, which—as

opposed to the photometric filter—does not account for the spectral sensitivity of

the human eye. Sweeping the voltage and simultaneously recording current and

photocurrent is done with a Keithley 2612 dual-channel sourcemeter.

3.3.2. Temperature dependent measurements

j-V curves in dependence on temperature were measured in vacuum using a liquid-

nitrogen-cooled cryostat (Cryovac). To prevent exposure to air, the sample holder

can be loaded inside the glovebox and sealed prior to transfer. The temperature

control within the cryostat is performed by adjusting the flow rate of nitrogen and

by simultaneously heating with a resistive heater. This allows an adjustment of

temperatures between approximately 350 and 130K. Measurements at different

temperatures were carried out from high to low temperature in steps of 10K.

The cryostat is equipped with two temperature sensors; one measures the actual

temperature at the device and a second one detects the temperature of the sample

chamber. The temperature controller adjusts the set temperature according to the

second detector—however, the real device temperature is read from the sensor in

close proximity to the sample. At each set temperature a j-V curve is recorded in

dark and under illumination. Measurements in light were realized by using a white

LED.
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3.3.3. Photoluminescence

Photoluminescence (PL) measurements were carried out with an Edinburgh Instru-

ments double-monochromator setup equipped with a Xe high pressure lamp and two

monochromators both on the excitation and detection part, enabling improved en-

ergetic resolution. The emission signal can either be detected by a Photomultiplier

or an InGaAs detector, overall covering a wavelength range between approximately

300 and 1800 nm. In addition to the monochromatic excitation of the Xenon lamp,

light from an external laser can be coupled into the setup. Measurements have

been performed at the Chair for Experimental Physics II, Universität Augsburg.

Samples for PL were prepared as single layers of one material or mixed films of

two materials—directly evaporated on glass substrates without top contacts. The

samples were not encapsulated and measurements were performed under ambient

atmosphere.

3.3.4. Electroluminescence

For a direct determination of the energy of the CT state via electroluminescence

(EL) measurements, highly sensitive detection systems for the presumably weak

signals are needed. For the majority of systems under consideration CT signals

are expected to be in the near-infrared region. Preliminary EL measurements have

been performed with a non-cooled photomultiplier system as was used for PL mea-

surements. The setup allows for an external electrical connection of the samples

inside the light-tight system. In order to significantly lower dark current, EL mea-

surements have been carried out with an alternative setup at the Chair for Exper-

imental Physics I, Universität Augsburg, which is equipped with a liquid-nitrogen

cooled CCD camera (PyLoN:100BR, Princeton Instruments) with a spectral sen-

sitivity in the wavelength range of approximately 300–1000 nm. Alternatively, a

liquid-nitrogen cooled InGaAs photodiode array can be used to cover the spectral

range above 1000 nm. All EL measurements are performed on encapsulated solar

cells, driven by an external manually controlled voltage source.

3.3.5. Optical absorption

Optical absorption spectra were obtained from transmission measurements of or-

ganic films grown on transparent substrates using a Varian Cary 50 UV-Vis spec-

trophotometer at the Chair for Solid State Chemistry, Universität Augsburg, with

a spectral range from 280 to 1000 nm.
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3.3.6. Atomic force microscopy

Atomic force microscopy (AFM, sometimes also referred to as Scanning force mi-

croscopy) was first introduced in 1986291 and is a popular technique to record a

sample’s surface topography with lateral resolution on the nanometer scale. The

measurement technique is based on the deflection of a cantilever as a result of at-

tractive or repulsive forces between a tip and the surface of the sample when brought

in close proximity. Typically, the deflection is optically measured by means of a

laser beam which is reflected from the cantilever and detected by a 4-quadrant

photo detector. A schematic drawing of the basic principle is depicted in Fig. 3.13.

Based on this general mechanism, there are a number of different operating modes,

however, in most cases a feedback mechanism is used to adjust the distance be-

tween tip and sample. Precise adjustments of the distance and accurate scanning

of the surface is usually enabled by piezo crystals.

AFM data are acquired under ambient conditions with an Autoprobe CP-Re-

search microscope from ThermoMicroscopes operated in tapping mode, where the

cantilever oscillates close to its resonance frequency. The data is analyzed with the

freely available software Gwyddion.292

Sample

Attraction/repulsion

Detection
laser

4-quadrant
photodiode

Cantilever
with tip

Cantilever
deflection

Figure 3.13.: Schematic illustration of the basic principle of an atomic force microscope.
The technique is based on the deflection of a cantilever as a result of
attractive or repulsive forces between tip and sample, which is optically
detected by a laser beam.

3.3.7. Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) is a highly sensitive technique to mea-

sure optical absorption and was first introduced in 1979.293 A detailed description

of this measurement technique can be found in Ref. 294. It is based on local heating

of the sample by absorption of light and the subsequent change in refractive index
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Figure 3.14.: Schematic illustration of the setup and working principle of photothermal
deflection spectroscopy. A periodically modulated pump beam leads to a
wavelength-dependent excitation of the sample which, in turn, results in
heating of the surrounding medium (T (x)). A probe laser beam detects
the subsequent change in refractive index and gives a highly sensitive
measure for the absorption.

of the surrounding medium (cf. Fig. 3.14). Usually, the excitation is obtained by

a modulated monochromatic pump beam which is locally heating up the sample

in consequence of non-radiative relaxation. As a result, the surrounding medium

is warmed up and leads to a periodical change of the temperature dependent re-

fractive index. These changes are subsequently detected by a probe laser beam

which passes through the surrounding medium and whose magnitude of deflection

Φ(ω) is a measure for the wavelength-dependent absorption of the sample. PDS

can be used to directly measure subgap absorption features of doped and undoped

inorganic295 or organic semiconductors.296 The measurements were carried out at

the Chair for Experimental Semiconductor Physics II, Walter Schottky Institut,

Technische Universität München.

3.3.8. X-ray scattering

X-ray scattering (XRS) is a common technique to determine the structural prop-

erties of any kind of crystalline or poly-crystalline material. Here, only the basic

concepts are introduced which are necessary for the interpretation of measurement

data. Details about this method can, e.g., be found in Ref. 297. XRS is based on

scattering of electromagnetic waves impinging on a periodic structure and can be

measured in various experimental geometries.
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Figure 3.15.: (a) Principle of X-ray reflectivity (XRR), visualizing the scattering ge-
ometry with the wave vector of the incident and reflected beam, ~kin and
~kout, respectively, and the momentum transfer ~qz. Bragg reflections are
recorded by varying the angle θ while ω is varied to determine the mo-
saicity in rocking-scans. (b) Schematic illustration of the Bragg relation,
where d⊥ corresponds to the out-of-plane lattice spacing.

Within the present work, mainly X-ray reflectivity (XRR) has been applied

which is based on the detection of a specularly reflected beam of X-rays. The

schematic setup of an XRR experiment is depicted in Fig. 3.15 (a). The monocro-

matic incident X-ray beam (with wave vector ~kin) encloses an angle θ with the

sample surface. A detector, mounted at an angle 2 θ to the incident beam, records

the reflected beam with wave vector ~kout. On the assumption of elastic scattering,

the wavenumbers of incoming and reflected beam have to be equal:
∣
∣
∣~kin

∣
∣
∣ =

∣
∣
∣~kout

∣
∣
∣ =

2 π/λ. As a result, the momentum transfer ~q = ~kout − ~kin is oriented along the

surface normal with the z component

qz =
4 π

λ
sin θ (3.1)

being the only non-zero component.

Organic molecules which grow as crystalline thin films show a periodic variation

of electron density in the out-of-plane direction, where the X-ray beam is scattered.

For constructive interference at the crystal planes the change in path length has

to be an integer multiple n of the X-ray wavelength λ. According to the Bragg

condition, this constraint can be expressed as

2 d⊥ · sin θ = nλ. (3.2)

This geometric relation is visualized in Fig. 3.15 (b). Bragg peaks are analyzed by

means of the peak center position qz and the full width at half maximum (FWHM)
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of the peak, ∆qz. The corresponding out-of plane lattice spacing is determined as

d⊥ = 2 π/qz, (3.3)

whereas a lower limit for the vertical domain size is given by82

D = 2 π/∆qz. (3.4)

When a certain angle θ fulfills the Bragg condition a so-called rocking-scan allows to

determine the mosaicity of the crystallites. It is measured by keeping the absolute

momentum transfer qz fixed at resonance position while tilting the sample holder

by a small angle ω. Typically, the FWHM is determined from a rocking-scan which

reflects the average misorientation of the crystallites.

While specular X-ray scattering probes the out-of-plane structures of a sample,

grazing incidence X-ray diffraction (GIXD) is used to probe the lateral in-plane

crystal structure of a sample and is carried out using small angles of incidence θ.

All XRS measurements were conducted by our cooperation partners from Eber-

hard Karls Universität Tübingen (group of Prof. Frank Schreiber). XRR mea-

surements were performed on a GE/Seifert X-ray diffractometer (CuKα1 radiation

with λ = 1.541 Å, multilayer mirror, and double bounce compressor monochroma-

tor) under ambient conditions. GIXD measurements were performed on the X04SA

beamline at the Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland

(12 keV photon energy).

3.3.9. Ultraviolet photoelectron spectroscopy

Photoelectron spectroscopy is an experimental technique to determine the ener-

getic structure of the occupied electronic states of a material and, thus, provides a

common technique to directly probe the energetic position of the occupied levels in

organic semiconductors.298 It is based on the photoelectric effect, i.e., the emission

of electrons from matter as a result of light absorption. Ultraviolet photoelectron

spectroscopy (UPS) uses UV light with energy hν for the excitation which is just

enough for the emission of valence electrons. A spectrometer measures the kinetic

energy Ekin of the photoelectrons which are emitted from the sample. In order to

avoid unwanted scattering processes with air molecules the processes has to take

place under ultra-high vacuum. A scheme of the setup is shown in Fig. 3.16 (a).

Figure 3.16 (b) displays the relevant energy levels in the sample (left side) and

in the spectrometer (right side)—and their relation to each other. The exemplary

sample describes a semiconducting material with a certain occupied density of
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states and a Fermi level EF located inside the band gap. Due to the electrical

contact between sample and analyzer, the Fermi levels are aligned. With the

knowledge of the excitation energy hν and the spectrometer’s work function Φspec,

the binding energy EB can be calculated from the measured quantity Ekin by

EB = hν − Ekin − Φspec. (3.5)

The spectrum over the binding energies allows for the construction of a valence

region spectrum, which is independent of the sample’s work function Φsample. The

HOMO can be identified from the low binding energy onset which reflects the

fastest electrons directly emitted from the edge of the occupied DOS. The value

of Φsample is determined by the secondary electron cut-off (SECO), which is given

by secondary electrons with low energies enabling them to just escape from the

sample. It is recorded by applying an additional potential e Vbias to separate the

secondary electrons emitted from the sample from those which are generated by

the impinging electrons inside the analyzer.

In-situ measurements of subsequently deposited films of dissimilar materials pro-

vide information about metal/organic and organic/organic interfaces as they play a

crucial role in the performance of thin-film devices.53,299,300 This implies, in turn,

that literature values of transport levels can only serve as rough guide because

possibly occurring effects like interfacial dipoles or band bending cannot be taken

into account.301 Moreover, the exact values of work function and HOMO position

strongly depend on the precise preparation conditions,88 the respective substrate302

or molecular orientations.211,239,303 Thus, for reliable values of energy levels it is

indispensable to determine both HOMO and LUMO for a certain material compo-

sition in combination with the relevant substrate as it was, e.g., done by Wilke et al.

with DIP/C60 deposited on ITO/PEDOT.98

UPS measurements shown in this thesis were performed at two different facili-

ties: measurements concerning the study of the influence of PEDOT:PSS heating

during DIP evaporation were obtained at beamline BL8B of the Ultraviolet Syn-

chrotron Orbital Radiation facility (UVSOR) of the Institute for Molecular Science

(IMS), Okazaki, Japan. Spectra were recorded with a hemispherical energy ana-

lyzer (VG, ARUPS 10) with 40 eV photon energy. The SECO was recorded with

the sample biased at −12V. Sample transfer between preparation chamber (base

pressure 1×10−7 mbar) and analysis chamber (base pressure 4.5×10−10 mbar) was

done without breaking UHV conditions. All other UPS spectra were recorded by

our cooperation partners from Humboldt Universität Berlin (group of Prof. Nor-

bert Koch). Measurements of top contact modifications were performed using a

helium discharge lamp producing fixed excitation energy of 21.22 eV (He I) and
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a Phoibos 100 hemispherical energy analyzer. All other spectra were recorded at

the endstation SurICat at the synchrotron radiation source BESSY II–HZB and

recorded with a hemispherical energy analyzer (resolution set to 100meV) with

35 eV photon energy. In both cases SECOs were measured with the sample bi-

ased at −10V. Sample preparation for UPS experiments was carried out under

conditions comparable to those for the fabrication of solar cells.
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source

(a) (b)

Figure 3.16.: (a) Principle of a photoelectron spectroscopy measurement after Ref. 304.
A sample is irradiated with monochromatic light of energy hν, impinging
under an angle α. The kinetic energy Ekin of the electrons which are
emitted from the sample under an angle θ is recorded by a hemispherical
analyzer combined with an electron detector system. The whole setup is
mounted inside a UHV chamber. (b) Schematic illustration of the relevant
energy levels in a photoelectron spectroscopy measurement. The left part
is related to the energetics of the semiconducting sample with a certain
density of states (DOS) and the right part describes the energy levels of
the spectrometer. Eini and Efin describe the initial and final state of the
photoelectron, respectively. As the sample is in electrical contact with
the spectrometer, the Fermi levels EF are aligned. Esample

vac and Espec
vac ,

Φsample and Φspec are the vacuum levels and work functions of sample
and spectrometer, respectively. The binding energy EB is referenced to
EF.
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3.3.10. Impedance spectroscopy

Static versus dynamic resistance - the definition of impedance

Impedance spectroscopy (IS) is a powerful non-destructive method for the charac-

terization of dynamics of bound or mobile charges in the bulk or interfacial region

of solid or liquid materials.305 In contrast to the steady state measurement of

j-V curves, IS provides a differential technique: By superimposing an alternating

voltage Vac(t) = V0 · sin(2πf · t) with small amplitude V0 atop of the bias voltage

Vdc, the operation point is moved along the j-V curve which leads to an alternating

current jac(t) = j0 · sin(2πf · t+ϕ), with a phase shift ϕ (see Fig. 3.17). In complex
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Figure 3.17.: Simulated j-V characteristics of a solar cell. The bias voltage Vdc speci-
fies an operating point of the impedance spectroscopy measurement. A
superimposed sinusoidal voltage Vac leads to a small distortion along the
j-V curve and with it to a small alternating current density jac.

notation, the alternating voltage V̂ac and current ̂ac can be written as:

V̂ac(t) = V0 · exp (i · 2πf · t) (3.6)

̂ac(t) = j0 · exp (i · 2πf · t+ iϕ) (3.7)

According to Ohm’s law, the complex impedance Ẑ(t) is defined as the ratio of

complex voltage and current:

Ẑ(t) ≡ V̂ac(t)

̂ac(t)
= Re(Ẑ) + i · Im(Ẑ) = Z ′ + i · Z ′′ (3.8)

= |Ẑ| · exp (iϕ) (3.9)
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with the real part Z ′ and imaginary part Z ′′.

The modulusi |Ẑ| and phase angle ϕ are given as

|Ẑ| =
√

(Z ′)2 + (Z ′′)2 (3.10)

ϕ = arctan

(
Z ′′

Z ′

)

. (3.11)

There are several other quantities related to impedance, however, with the admit-

tance Ŷ (f) being one of the most significant ones for semiconductor devices. Y (f)

is defined as

Ŷ (f) ≡ 1

Ẑ(f)
= G+ i 2πf · C, (3.12)

with the conductance G(f), which reveals the dielectric loss

G(f)

2πf
=

1

2πf

Z ′

(Z ′)2 + (Z ′′)2
, (3.13)

and the capacitance

C(f) =
1

2πf

−Z ′′

(Z ′)2 + (Z ′′)2
. (3.14)

In the field of organic electronic devices, IS is employed to investigate charge trans-

port and relaxation processes. Sequences occurring on different time scales can be

discerned and information about carrier and field distribution inside the device is

obtained.307

Impedance measurements in Augsburg were performed using a frequency re-

sponse analyzer (Solartron SI 1260 Impedance/Gain-Phase Analyzer) combined

with a dielectric interface (Solartron 1296). The setup allows frequency sweeps

covering a range from 10−2 to 107 Hz. The amplitude of the AC voltage is set to

100mV rms for all measurements. The frequency response analyzer measures mag-

nitude and phase of the complex impedance, from which all other quantities can be

calculated. IS measurements carried out at the Universitat Jaume I de Castellón,

Spain (Group for Photovoltaic and Optoelectronic Devices, Prof. Juan Bisquert)

were performed with Autolab PGSTAT-30 equipped with a frequency analyzer

module applying a small voltage perturbation of 100mV rms. To minimize sample

degradation during measurement, the devices under test have either been encapsu-

lated or measurements were performed inside the glove box. Typically, bias-voltage

sweeps were performed starting from low bias while frequency sweeps were carried

out starting from high frequency.

iIn this work, “modulus” is used in its mathematical sense—not to be confused with the physical
parameter “modulus” defined as M = i 2πf ·Cg Y

−1 with Cg as the geometrical capacitance—as
it is, e.g., used in Ref. 306.
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Equivalent circuit and data presentation

According to the different quantities related to impedance, representation of impe-

dance data may vary depending on emphasis. The representation in the complex

impedance plane (−Z ′′ vs. Z ′) is called “Nyquist plot”. Plotting the magnitude

|Z| and the phase angle ϕ of the impedance versus logarithm of frequency is known

under the name “Bode plot”. In the present thesis, measurement data is addi-
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Figure 3.18.: Equivalent circuits consisting of (a) one RC and (d) two RC elements
including the values used for simulation. Figures (b) and (e) depict the
frequency dependent magnitude |Ẑ| and phase ϕ of the impedance of one
and two RC elements, respectively. Capacitance-frequency (C-f) plots
are shown in (c) for one RC element and in (f) for two RC elements.
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tionally presented in form of capacitance vs. frequency (C-f) and capacitance vs.

voltage (C-V ) scans. Data analysis and fitting was performed using the ZViewTM

simulation software.308 By means of equivalent circuits, the device can be modeled

and measurement data can be traced back to physical properties.

Single RC element

A single semiconducting layer stacked between two conducting electrodes can most

simply be modeled by a resistor R which represents its conductivity and a capacitor

C which is characterized by its dielectric constant ε. Both are connected in parallel

to an RC element. Thus, the complex impedance for a single layer device can be

calculated as follows:

A resistor with resistance R has the impedance

ẐR = R , (3.15)

and a capacitor with the capacitance C has the complex impedance

ẐC =
1

iωC
, (3.16)

with the angular frequency ω = 2πf .

If both are combined in parallel (for equivalent circuit see Fig. 3.18 (a)) the total

impedance of the RC element ẐRC is—according to Kirchhoff’s law—given by

1

ẐRC

=
1

ẐR

+
1

ẐC

(3.17)

and with Eq. (3.15) and (3.16)

ẐRC =
1

1
R
+ i 2πf C

. (3.18)

The simulated characteristics of the modulus |Ẑ| and phase ϕ of the impedance are

shown in Fig. 3.18 (b). In the limit f → 0 the influence of the capacitor vanishes and

the current flows through the resistor, resulting in the DC resistance R1 = 100Ω

and a phase angle of ϕ = 0. Coming to higher frequencies, the real part of the

impedance decreases due to the dielectric “opening” of the capacitor, whereas the

imaginary part increases. This behavior is reflected in a phase angle approaching

−π/2. In between these limiting cases the current flows through both the capacitor

and resistor. The frequency where both currents are equal and the imaginary part

of the impedance reaches its maximum is the relaxation frequency fR of the RC
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element.309 It is given by

fR =
1

2π

1

R1 C1

. (3.19)

Two RC elements in series

Connecting two RC elements in series leads to an equivalent circuit schematically

drawn in Fig. 3.18 (d). If their relaxation frequencies fR are sufficiently different,

two separated semicircles are observed in the Nyquist plot. In the present case,

the relaxation frequencies are fR,1 ≈ 1.6 · 106 Hz and fR,2 ≈ 0.6 · 105 Hz for the first
and second RC element, respectively, leading to slightly overlapping semicircles.

At low frequencies the current flows through the resistors, resulting in a modulus

|Ẑ| of R1 + R2 = 600Ω and a phase angle of ϕ = 0 (see Fig. 3.18 (e)). Increasing

the frequency leads to a decrease in phase and modulus, which corresponds to the

slow process with relaxation frequency fR,1. The fast process characterized by fR,2

becomes noticeable at higher frequencies. In between these two distinctive limits

the impedance behaves as if the system would consist of the R1C1 element con-

nected in series with the resistance R2. In the high frequency limit a displacement

current passes through both capacitors.

The difficulty in interpreting impedance data often lies in the inconclusive cor-

relation between single elements of the equivalent circuit and the corresponding

part of the device and its physical behavior. One possible strategy is to make use

of geometrical capacitances calculated from the dimensions of the layers, whose

magnitude often give first indication of the underlying physical origin:

Cg =
εrε0A

d
. (3.20)

While the capacitance of a single RC element is constant over the entire frequency

range (see Fig. 3.18 (c)), the capacitance of the double RC circuit features a step

(see Fig. 3.18 (f)), which can be interpreted as follows:

First, the impedance can be calculated as

Ẑ = ẐR1C1
+ ẐR2C2

, (3.21)

=
1

1
R1

+ i 2πf C1

+
1

1
R2

+ i 2πf C2

,

=
R1 +R2 + i 2πf R1R2(C1 + C2)

1− 4π2f 2 R1R2C1C2 + i 2πf (R1C1 +R2C2)
. (3.22)
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With that, the admittance is given as

Ŷ (f) =
1

Ẑ(f)
=

1− 4π2f 2 R1R2C1C2 + i 2πf (R1C1 +R2C2)

R1 +R2 + i 2πf R1R2(C1 + C2)
(3.23)

According to Eq. (3.12) the capacitance of the double RC circuit can then be ex-

pressed as

C(f) =
Im(Ŷ (f))

2πf
, (3.24)

=
R2

1C1 +R2
2C2 + 4π2f 2R2

1R
2
2C1C2(C1 + C2)

(R1 +R2)2 + 4π2f 2 R2
1R

2
2(C1 + C2)2

(3.25)

For high frequencies the capacitance reaches the plateau value

lim
f→∞

C(f) = Chf =
C1C2

C1 + C2

, (3.26)

which is simply the total capacitance of both capacitors in series. In contrast to

the resistivity-independent Chf , the low frequency limit of the capacitance depends

on R1 and R2 and equals

lim
f→0

C(f) = Clf =
R2

1C1 +R2
2C2

(R1 +R2)2
, (3.27)

which can be approximated by Clf ≈ C2 in case of a large difference between both

resistances, e.g., R2 ≫ R1. The transition between both regimes occurs at the

relaxation frequency310

fC =
1

2π
· R1 +R2

R1R2 (C1 + C2)
, (3.28)

which can accordingly be simplified to

fC ≈ 1

R1 (C1 + C2)
(3.29)

for R2 ≫ R1.

Thus, the relaxation frequency fC can be seen as a measure for the ratio of the

two resistors in the double RC circuit.311 If both RC elements can be assigned

to a specific layer inside the device, it is possible to give a statement about the

conductivity or injection behavior.
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The constant phase element

As can be seen from Fig. 3.18 (d), two RC elements in series lead to two semicir-

cles in the Nyquist plot. If the time constants are similar, both semicircles overlap

and collapse into one single, distorted arc. What makes the interpretation of such a

distorted semicircle even more difficult is the fact, that in real devices the ideal case

of a perfect arc is rather rare. Instead, one often finds depressed semicircles—even

for single RC elements. In order to account for this kind of distortion, a so-called

constant phase element (CPE) can be included into the equivalent circuit instead

of a pure capacitor. In the literature different equations for the impedance were

proposed.312–314 According to Lasia, ẐCPE is given as314

ẐCPE =
1

Q
(i 2πf)−α. (3.30)

α and Q are independent of frequency with 0 < α < 1 and Q being a constant.

The parameter α is a measure for the degree of “depression” of the semicircle. The

case α = 1 recovers a perfect capacitor, which is reflected in a perfect semicircle in

the Nyquist plot.

For a CPE in parallel to a resistor with resistance RP (see Fig. 3.19 (a)), the

effective capacitance can be calculated from the parameters Q, α and RP according

to315

Ceff =
(Q ·RP)

1/α

RP

. (3.31)

In Fig. 3.19 (b) it is demonstrated how smaller values of α lead to stronger deviation

from the ideal case.
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Chapter 4

Overview of investigated material

combinations

The material matrix

As was shown in Fig. 2.20 there are many different solar cell architectures con-

ceivable to increase the effective D/A interfacial area. However, it is not to be

expected that all these morphologies can be realized with one single material com-

bination. Rather, it can be assumed that the choice of the active semiconductors

determines the specifics of the D/A interface—in planar as well as in bulk het-

erojunctions. Starting from this premise, a choice of prototypical small molecular

materials is investigated within the framework of the collaborative project. Be-

sides their suitability in planar and bulk heterojunction solar cells, structural and

energetic studies form the primary focus of the joint research. The chosen mate-

rials are copper-phthalocyanine (CuPc), diindenoperylene (DIP), pentacene (Pen)

and sexithiophene (6T) as donor combined with the acceptors perfluorinated CuPc

(F16CuPc) or the fullerene C60. Due to the position of its energy levels, DIP can act

both as donor and acceptor. The molecules are representatives of different classes

of organic semiconductors that are already in use or were considered as promising

candidates for molecular OPVCs. Within the context of the cooperational research

with the project partners at the universities of Tübingen, Würzburg and Berlin, a

schematic overview of the investigated material combinations was developed in the

form of a material matrix. Highlighting DIP/C60 as central system of the present

thesis, it is depicted in Fig. 4.1—a version including Perfluoropentacene can be

found in Ref. 316.

85
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CuPc DIP

C60

F CuPc16

6T

DIP

PenDonor

Acceptor

Figure 4.1.: Material combinations studied in the scope of the research project, classi-
fied according to their role as acceptor or donor in the solar cell. For each
material combination the planar stacking and mixing scenario is depicted
as a sketch—variations with growth temperature are not included in this
overview. Note that a comprehensive study—including structure, morphol-
ogy and energetics—was performed for the material system DIP/C60, while
all other combinations serve as comparative study to specific questionings
or are only given for completeness.

Growth phenomena

Concerning the growth behavior in bulk heterojunctions, the key question is if both

compounds intermix on a molecular level or if they phase-separate. The material

matrix comprises sketches of the different growth and mixing scenarios. Please note

that structural investigations with 6T and Pen have not been part of this thesis

and results are only given for completeness. Corresponding studies can be found

in Refs. 317 and 318 published by project partners. A clear summary of structural

investigations covering most of the material systems is given in Refs. 200 and 319.

The materials can be classified according to their shape: while C60 is a spherical

molecule, the phthalocyanines are disk-shaped and DIP, 6T and Pen have rod-

like appearance. Depending on the shape, different film growth scenarios can be

expected: Depositing them on top of each other, results in different growth effects

such as templating, graded interfaces, enhanced crystallization or smoothing—as

demonstrated in Ref. 200. Mixing them for BHJ structures may either lead to phase

separation or solid solution (statistical mixing).
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Energetic positioning

As can be seen from Fig. 4.2, the materials cover a wide range of energy levels which

are responsible for their classification as donor and acceptor materials. However,

this classification is very specific, as the nature of a material—being a donor or

an acceptor—depends mainly on the choice of the partner. Some of the materials

have been energetically investigated within the research project, which was mainly

enabled by project partners in Berlin. All other values are taken from literature as

listed in Tab. 4.1. The values have to be taken as rough guide as the determination

depends strongly on the way of preparation, the substrate as well as on exact

measurement conditions. Moreover, it has been shown that the energetic position

of molecular levels of organic molecules can depend crucially on the orientation of

the molecules on a surface due to different ionization potentials for standing and

lying molecules with respect to the substrate’s surface.303 As already mentioned

above, DIP can either act as donor with respect to C60 and the other fluorinated

materials, while it is an acceptor when combined with 6T. Apart from favorable

energy level alignment this special position is enabled by its bipolar transport

properties204 and results in high open-circuit voltages in devices combining 6T or

P3HTj with DIP as acceptor.213

HOMO

LUMO

Evac

DIP

C60

5.3 eV

2.8 eV

6.4 eV

3.9 eV

Pen

4.9 eV

2.6 eV

6T

F CuPc16

6.5 eV

4.7 eV

CuPc

4.8 eV

2.5 eV

IP=4.7 eV

=1.9 eVc

Figure 4.2.: Energies of the HOMO and LUMO levels for the investigated materials—
sorted according to increasing value of IP. Energetic positions of HOMO
and LUMO are given as reported in literature and summarized in Tab. 4.1.

jP3HT (Poly(3-hexylthiophene-2,5-diyl)) is a π-conjugated polymer and one of the most common
donor materials in the field of polymer OPVCs.
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Table 4.1.: Energies of HOMO and LUMO levels for the investigated materials as re-
ported in literature.

Compound LUMO (eV) HOMO (eV) Ref.

CuPc 2.5i 4.8ii 240
Pen 2.6iii 4.9ii 320
6T 1.9iv 4.7 98
DIP 2.8v 5.3vi 98
C60 3.9v 6.4 98
F16CuPc 4.7vii 6.5ii 321

i The LUMO of CuPc is estimated by adding a transport gap of 2.3 eV39 to the HOMO.
ii Molecules oriented in a standing fashion.
iii The LUMO of Pen is estimated by adding a transport gap of 2.2 eV95 to the HOMO.
iv The LUMO of 6T is estimated from the optical gap of 6T (Eg = 2.4 eV) and the relation
between optical gap and transport gap, both found in Ref. 134.

v The HOMO and LUMO of DIP and C60 were recently determined by UPS/IPES experi-
ments within the framework of the interdisciplinary project yielding similar transport gaps
for DIP and C60 of 2.55 eV and 2.5 eV, respectively.98

vi This work.
vii The LUMO of F16CuPc is estimated by adding a transport gap of 1.8 eV129 to the HOMO.

Absorption properties

Apart from energy level alignment, efficient light harvesting of the active semicon-

ductors plays an important role for the performance of a solar cell. It is obtained

by high absolute values of the absorption coefficient—preferably covering a wide

range of the solar spectrum including the red and near-infrared region—but also

by complementary absorption behavior of both materials. Figure 4.3 depicts ab-

sorption spectra of the used materials calculated from transmission measurements

on transparent substrates. Light absorption in complementary wavelength regimes

can only be observed for the combination of C60 with CuPc or Pen—in all other

cases relatively large spectral overlap provides less favorable conditions for high

degrees of absorption over the entire solar spectrum.
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Figure 4.3.: Absorption spectra of the invesigated materials. The spectra are calculated
from transmission measurements on transparent substrates.

General remark on the structure of the experimental part

In the present thesis, the main focus is on the DIP/C60 material combination which

is comprehensively studied with regard to structural, energetic and electronic prop-

erties. The other material combinations serve as comparative systems concerning

specific questionings.

The experimental part is organized as follows: Comparable with a virtual walk

through the cell, the different interfaces are considered concerning their specific

properties and their impact on the cell’s functionality. Starting with the interface

between anode and donor—which comprises the influence of substrate temperature

and different hole injection materials—a major topic will be the donor/acceptor

interface. While macroscopic investigations will present correlations between in-

terface morphology and solar cell performance, studies of the microscopic interface

will deal with the role of charge transfer complex and recombination. Finally, the

influence of top contact variation will be presented, including among others the

effect of different exciton blocking layers.





Chapter 5

The anode/donor interface

As was shown in Sec. 2.1.4 the power conversion efficiency of a solar cell is equally

determined by jsc, Voc and FF. While much effort is put in the design and proper

combination of innovative organic semiconductors to obtain high open-circuit volt-

ages213,322–326 and optimized light harvesting applying infrared absorbers,12,13 over

many years not much attention was paid to the fill factor. However, it can influ-

ence the total efficiency of a solar cell in the same way as Voc and jsc. Accordingly,

current-voltage characteristics are frequently affected by an undesirable s-shape be-

havior, i.e., they show a decrease of the current close to Voc and in forward direction

of the diode. This effect can severely reduce the fill factor and hence the efficiency

of a solar cell.k

5.1. The role of substrate heating

The following section will present the influence of substrate temperature on mor-

phology and structural ordering of DIP films evaporated on solar cell relevant

substrates. Moreover, the impact of substrate temperature on the energetics of the

interface between anode and donor will be shown before presenting its effect on

electrical characteristics of PHJ solar cells. Investigations are carried out on the

material system DIP/C60.

kThe main results of this chapter have been published in Refs. 327 and 328.
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5.1.1. Morphological and structural investigation

The morphology of the active layers in organic solar cells is a crucial parameter as

transport properties of both excitons and free charge carriers are strongly correlated

to the crystalline order of the involved materials. Figure 5.1 shows the surface

topography (from AFM) of 50 nm thick DIP films evaporated on ITO-coated glass

substrates covered with a hole injection layer of PEDOT, which were heated to

different temperatures during evaporation. It can be seen, that the crystallinity is

strongly influenced by the substrate conditions. The surface of DIP grown on the

unheated substrate indicates growth of small islands with about 80 nm in diameter

(see Fig. 5.1 (a)). When heating the substrate to 100 ◦C during evaporation the

surface morphology changes from round-shaped islands to a terrace-like structure

with extended crystallites (Fig. 5.1 (c)). The microstructure of the DIP film grown

at 100 ◦C has a large surface area which is expected to be favorable for solar cells.

As can be seen in Fig. 5.1 (b) DIP films evaporated at an intermediate substrate

temperature of 60 ◦C show a surface morphology that appears in between those

evaporated on unheated and 100 ◦C substrates.

In order to extend the morphological investigations, XRR measurements were

performed to detect crystalline order and quantitatively determine the spatial co-

herence length of the observed structures. As explained in Sec. 3.3.8, the momen-

tum transfer ~q is oriented parallel to the surface normal when detecting in specular

reflectivity mode. This configuration allows to probe the electron density profile

along that direction. Bragg peaks are analyzed by means of the peak center posi-

tion qz and the full width at half maximum of the peak, ∆qz. The corresponding

lattice spacing is determined by Eq. (3.3), whereas a lower limit for the vertical

RT 60 °C 100 °C
(a) (b) (c)

1 mm1 mm1 mm
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Figure 5.1.: AFM images of DIP films (50 nm) on ITO/PEDOT, evaporated at sub-
strate temperatures of (a) RT, (b) 60 ◦C, and (c) 100 ◦C. The total image
size is 4× 4µm2 in all cases.
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domain size is given by Eq. (3.4). Figure 5.2 (a) shows X-ray reflectivity data of

neat DIP films (40 nm) evaporated on ITO/PEDOT substrates. DIP films were

deposited at substrate temperatures of RT and 100 ◦C. For all samples, pronounced

Bragg reflections are observed at qz = 0.378 Å
−1
, which can be associated with a

DIP lattice plane spacing of dDIP = 16.6 Å. From this it is deduced that crystalline

domains with DIP molecules standing almost upright are formed on ITO/PEDOT.

As shown in Sec. 3.1.3, this can be assigned to the σ-phase, which is characterized

by standing molecules tilted by ϕ ≈ 17 ◦ to the surface normal. The results from

XRR measurements are consistent with the topographical studies already indicat-

ing highly ordered films. For elevated substrate temperatures the monomolecular

steps of 16.6 Å can even be seen in line profiles of an AFM image showing the

typical terrace-like structure of a DIP film (see Fig. 5.2 (b)).

One of the most decisive factors for an efficient conversion of light into electrical

energy is the absorptivity of the active organic components inside the photovoltaic

cell, which can strongly depend on the orientation of the molecules. The reflections

in the XRR pattern at qz = 0.756 Å
−1

can be assigned to the (002)-peak of the

DIP σ-phase. Together with the fact that the transition dipole moment of the fun-

damental molecular absorption is aligned along the long molecular axis of the DIP

molecule, the upright standing arrangement is consistent with the low absorption
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Figure 5.2.: (a) Specular X-ray reflectivity of DIP films with thickness of 40 nm evap-
orated on ITO/PEDOT at different substrate temperatures as indicated

in the diagram. Bragg reflections at qz = 0.378 Å
−1

are associated with a
DIP lattice plane spacing of dDIP = 16.6 Å which can even be observed in
line scans of a topographical picture as shown in (b) (partly taken from
Ref. 327).
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coefficient of neat DIP films. Thus, it is unfavorably oriented for efficient absorp-

tion of light under normal incidence as is schematically depicted in the inset of

Fig. 5.2 (a). As a result, C60 plays a considerable role in light harvesting—this is

in contrast to most of the common material combinations where the donor takes

the leading part in the absorption of light. Next to the DIP(001) Bragg reflection

distinct Laue oscillations can be observed, which are clear evidence for coherently

ordered domains. The analysis of the peak width results in ∆qz = 0.0143 Å
−1
, cor-

responding to a coherence length of 44 nm which is approximately equal to the film

thickness. This indicates that crystalline DIP domains are extended throughout

the whole film—independent of substrate temperature.

5.1.2. Electronic structure

The previous section demonstrates that the morphology of DIP films is strongly

influenced by substrate heating. In order to assess the influence of substrate tem-

perature on the energy level alignment between PEDOT and the donor DIP, thick-

ness dependent UPS investigations were performed both on heated and unheated

PEDOT.

Figure 5.3 (a) and (b) show UPS spectra of heated (straight lines) and unheated

(dashed lines) ITO/PEDOT covered with DIP (in each case, only the spectra of

two different thicknesses are shown for clarity). The PEDOT/DIP interface ener-

getics derived therefrom are schematically summarized in Fig. 5.4 (a) and (b) for

the unheated and heated case, respectively. In order to assure successful substrate

heating during evaporation, AFM images of both samples have been recorded after

UPS measurement. The expected difference between round-shaped islands in case

of unheated growth conditions (Fig. 5.3 (c)) and extended crystallites when the sub-

strate was heated during DIP evaporation (Fig. 5.3 (d)) can clearly be seen—even

though the particular microstructure with the remarkably large domains is not as

pronounced as for thicker films shown in Fig. 5.1 (c).

The secondary electron cut-off (SECO) spectra provide information about the

work function of the investigated material. According to this, the initial conduct-

ing polymer work function of PEDOT amounts to 4.75 eV. When heating the

ITO/PEDOT sample, the work function is increased from 4.9 eV to 5.1 eV upon

annealing.l This coincides with observations in literature clearly showing that an

lThe initial work functions of both PEDOT substrates differ slightly from each other. The work
function of PEDOT depends critically on the residual water content in the polymer film and
is extremely sensitive to the precise preparation method. Therefore, the deviation between the
work functions of unheated PEDOT films can very likely be assigned to slightly different storage
times between substrate preparation and measurement.
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Figure 5.3.: Ultraviolet photoelectron spectra of heated (straight lines) and unheated
(dashed lines) ITO/PEDOT substrates with different coverage of DIP. (a)
Secondary electron cutoff (SECO) spectrum and (b) valence region spec-
trum. AFM images of the unheated (c) and heated (d) ITO/PEDOT/DIP
sample recorded after UPS measurements—demonstrating the successful
substrate heating.

annealing step of PEDOT films spin-cast onto ITO leads to an increase of its work

function.88,329 In the case of unheated PEDOT the stepwise deposition of DIP

does not change the sample work function, i.e., no interfacial dipole is formed. As

described in Sec. 2.2.4, this gives an indication that energy level pinning does not

yet occur for this electrode work function. However, the interface energetics of DIP

evaporated on heated PEDOT are different. Upon DIP deposition the sample work

function changes from 5.1 eV to 4.9 eV, which can be ascribed to the formation of

an interface dipole. As was introduced in Sec. 2.2.4 this observation is explained

by pinning of the positive polaron level of DIP as a result of the high initial work
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Figure 5.4.: Schematic energy level diagrams for DIP on (a) unheated and (b) heated
ITO/PEDOT as derived from UPS measurements.

function of heated PEDOT, leading to positive charge carriers in the DIP layer

at the PEDOT/DIP contact. Adding up the sample work function and the low

binding energy onset of the DIP HOMO for the 12.2 nm bulk film yields a DIP

ionization potential of IPDIP ≈ 5.3 eV ± 0.1 eV.

Concerning the application in a solar cell device, the most critical parameter

in the energy level diagram is the hole injection barrier (HIB), i.e., the separation

between EF,PEDOT and HOMO level of DIP. As was shown in Sec. 3.3.9 the value

of HIB can be deduced from the low binding energy onsetm in the valence region

spectra. As visualized in Fig. 5.4 the binding energy with respect to EF amounts

to 0.55 eV and 0.25 eV in the case of unheated and heated PEDOT, respectively.

This result demonstrates the reduced hole injection barrier when heating PEDOT

substrates during DIP evaporation.

5.1.3. Electrical characterization

To demonstrate the importance of film growth conditions, solar cells have been

investigated with nominally planar heterojunctions between DIP—grown at dif-

ferent substrate temperatures—and C60 evaporated on top (with the underlying

DIP film kept at room temperature). Electrical characterization has been per-

formed by recording and analyzing j-V curves in dark and under illumination. The

device preparation allows for a direct comparison between film morphology and

mAs for hole injection the crucial energy levels are those directly at the interface, relevant values
of binding energy are taken from the spectroscopy results recorded for small DIP thickness.
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the resulting electrical properties in a solar cell architecture. The structure of the

investigated PHJ cells is

ITO/ PEDOT/ DIP(50 nm)/ C60(80 nm)/ LiF(0.3 nm)/ Al,

with DIP evaporated at substrate temperatures of RT, 60 ◦C and 100 ◦C. Results

are depicted in Fig. 5.5 (a), showing the j-V characteristics under illumination (up-

per part) and in dark (lower part). The corresponding photovoltaic parameters are

summarized in Tab. 5.1. The following discussion is focused on the shape of the

j-V curves in forward bias regime—a detailed analysis with regard to photovoltaic

properties of planar and bulk heterojunction solar cells will be subject of Sec. 7.1.
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Figure 5.5.: Effect of different substrate temperatures during DIP evaporation of solar
cells: (a) PHJ solar cells with ITO/ PEDOT/ DIP(50 nm)/ C60(80 nm)/
LiF(0.3 nm)/ Al. (b) PHJ with ITO/ PEDOT/ DIP(50 nm)/ C60(50 nm)/
BCP(5 nm)/ Al. Upper parts: j-V characteristics under simulated AM1.5 g
illumination at 100mW/cm2 (a) or under white LED illumination (b).
Lower parts: Logarithmic plot of the dark j-V characteristics (open sym-
bols). The solid lines are fits based on the modified diode equation. Tsub

corresponds to the substrate temperature during DIP evaporation. Neat
C60 layers are always deposited with the substrate kept at RT. Results of
the fits are given in Tab. 5.1.
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Table 5.1.: Open-circuit voltage Voc, short-circuit current density jsc, fill factor FF,
specific series resistance RSA, ideality factor n and dark saturation current
density j0 for PHJ solar cells with different substrate treatment during evap-
oration of DIP (cf. Fig. 5.5). Light illumination was realized either with a
solar simulator at an intensity of one sun (first data set with LiF interlayer)
or with a white LED (second data set with BCP as EBL). As the LED
illumination conditions do not fulfill AM1.5 g standards, values for power
conversion efficiencies are not specified.

Substrate treatment Voc jsc FF RSA n j0
(V) (mA/cm2) (%) (Ω cm2) (mA/cm2)

PHJ cells with PEDOT as HIL and LiF as EBL (cf. j-V curves in Fig. 5.5 (a))

Tsub = RT 0.84 -0.97 40.6 1.7 · 103 9.1 1.6 · 10−4

Tsub = 60 ◦C 0.92 -0.92 40.9 0.5 · 103 3.9 3.8 · 10−6

Tsub = 100 ◦C 0.86 -1.15 48.2 2.2 1.5 8.6 · 10−12

PHJ cells with PEDOT as HIL and BCP as EBL (cf. j-V curves in Fig. 5.5 (b))

Tsub = RT 0.93 -3.7 52.8 66 4.7 4.1 · 10−5

Tsub = 100 ◦C 0.91 -3.5 62.8 4 2.0 5.6 · 10−9

preheated in vacuum 0.93 -3.7 57.8 6 2.5 5.2 · 10−8

DIP(5 nm,100 ◦C/45 nm,RT) 0.94 -3.9 61.0 5 2.0 2.1 · 10−9

All different substrate temperatures yield similar short circuit current densities

around −1mA/cm2 and Voc between 0.84 and 0.92V. The most striking feature

can be seen by the j-V characteristics of the device where DIP was grown at room

temperature: the curve is strongly affected by an s-shape behavior. Thus, the

curves under illumination show a decrease of the current close to the open-circuit

voltage and above Voc which reduces the fill factor of the cell. This feature decreases

continuously when heating the substrate to higher temperatures during DIP de-

position and vanishes completely for the device with DIP grown at 100 ◦C. The

occurrence of the undesired s-shape in the current-voltage characteristics under

illumination is correlated to suppressed forward currents being apparent already

in the dark j-V characteristics, as displayed in the lower part of Fig. 5.5 (a) on a

semi-logarithmic scale. Based on the general diode equation (2.7) and by neglect-

ing the parallel resistance RP, the forward-bias characteristics can be fitted (solid
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lines) using a modified Shockley equation:n

j(V ) = j0

{

exp

[
e (V − j(V )RSA)

nkBT

]

− 1

}

. (5.1)

As mentioned in Sec. 2.1.6 the Shockley equation was originally applied for

analyzing and parameterizing the current-voltage characteristics of inorganic pn-

junction solar cells.330 However, recently it was successfully adapted to organic

solar cells as well18,331—even in its modified variant.332 As was demonstrated by

the simulations in Sec. 2.1.6, the slope of the j-V characteristics in the exponential

regime depends on j0 and the ideality factor n. The cell with DIP evaporated at

a substrate temperature of 100 ◦C shows an ideality factor of 1.5. For the other

substrate temperatures the determination of n is difficult as the exponential regime

is not sufficiently pronounced to be fitted unambiguously. However, the most no-

ticeable difference in the dark characteristics is the continuous decrease of series

resistance when the substrate temperature during DIP evaporation is raised. As

can be seen from Tab. 5.1, RSA decreases by almost three orders of magnitude from

1.7 kΩ cm2 at room temperature to 2.2Ω cm2 at 100 ◦C substrate temperature, caus-

ing the systematic decline of the s-shape in the j-V curves until completely vanishing

at the highest temperature.

S-shaped solar cell characteristics have recently gained more and more attention

in literature. Thus, s-shaped curves are commonly ascribed to energetic injection

and extraction barriers between photoactive layer systems and electrodes.25,333,334

In this case, s-shaped characteristics can be clearly connected to the growth tem-

perature of the DIP layer.

As has been shown in Sec. 5.1.1 the variation of substrate temperature goes

along with a pronounced change in crystallization behavior which likely influences

the transport properties inside the film. On the other hand, Sec. 5.1.2 shows that

annealing of PEDOT films spin-cast onto ITO leads to an increase of its work

function, which yields a lowering of the hole injection barrier from the anode to the

HOMO of DIP. Concerning the s-shaped characteristics of the solar cells, it is hard

to distinguish the role of charge carrier injection at the electrodes and transport

inside the DIP film as both might be affected by substrate heating. In order to

separate both effects a comparison was made between solar cells with the following

variations:

nThis approximation is reasonable for solar cells with minimal leakage currents resulting in RP ≫
RS.
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• Substrate unheated (Tsub = RT)

• Substrate heated during DIP evaporation (Tsub = 100 ◦C)

• Substrate heated to 100 ◦C inside the evaporation chamber but left to cool

down to RT before DIP growth

• First monolayers (5 nm) of DIP grown at Tsub = 100 ◦C followed by RT growth

of the remaining 45 nm of DIP

The device stack using DIP and C60 as photoactive materials was extended by an

additional layer of the exciton blocking material BCP. Its beneficial effect on solar

cell performance has already been addressed in Sec. 3.1.4 and is analyzed in more

detail in Sec. 8. The following device stack was used:

ITO/ PEDOT/ DIP(50 nm)/ C60(50 nm)/ BCP(5 nm)/ Al.

The j-V characteristics of the corresponding solar cells are depicted in Fig. 5.5 (b)

and the cell parameters are listed in Tab. 5.1—illumination was realized with a

white LED, not allowing for a correct declaration of the power conversion efficiency.

All cells show open-circuit voltages slightly above 0.9V and almost similar short-

circuit currents. For devices where the substrate was heated before, during, or

partly during DIP evaporation an ideality factor of n ≈ 2–2.5 and a specific series

resistance of RSA ≈ 4–6Ω cm2 was observed. Only for the completely unheated

device RSA is increased by a factor of more than 10, causing the s-shape of the

j-V curve accompanied by a reduction in fill factor of approximately 20%.

The corresponding AFM images are depicted in Fig. 5.6. For 5 nm DIP on heated

PEDOT (Fig. 5.6 (a)), the beginning of terrace growth is visible. It is clearly distin-

guishable from the smooth surface of a pure ITO substrate covered with PEDOT,

as can be seen from Fig. 5.6 (b). Evaporating another 45 nm of DIP—after the

substrate has cooled down—leads to a morphology with small islands (Fig. 5.6 (c))

similar to the one without heated underlayer (cf. Fig. 5.1 (a)), showing that the un-

derlying structure is not adapted. For DIP evaporation at room temperature but

on a preheated PEDOT coated ITO substrate, the topography—as can be seen in

Fig. 5.6 (d)—is similar to the case of a completely unheated substrate. This shows

that the DIP layer morphology and crystallinity are not the primary sources of s-

shaped j-V characteristics. It rather indicates that the interface energetics between

PEDOT and DIP play the decisive role.
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Figure 5.6.: AFM images of (a) ITO/ PEDOT/ DIP(5 nm, Tsub = 100 ◦C), (b)
PEDOT(≈ 30 nm) spin coated on ITO, (c) ITO/ PEDOT/ DIP(5 nm,
Tsub = 100 ◦C)/ DIP(45 nm, Tsub = RT) and (d) ITO/ PEDOT/
DIP(50 nm) deposited on a substrate which was preheated to 100 ◦C but
left to cool down to room temperature before DIP growth. The total image
size is 4× 4µm2 in all cases.

5.1.4. Discussion

In the previous sections the impact of substrate heating on the anode/donor in-

terface has been investigated on the basis of DIP/C60 planar heterojunction solar

cells. The studies emphasize the crucial influence of Tsub during DIP film growth

on morphology, structure and interface energetics, and thus on the overall device

performance including s-shaped j-V characteristics.

Recently, different aspects being responsible for the appearance of that unde-

sired feature have been proposed. In most of the cases the s-shape is attributed

to energy barriers at the contacts,333–338 whereas the formation of these interface

barriers might have different origins. Comparing drift-diffusion simulations with
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experimental results Tress et al. emphasize the crucial role of injection barriers

between hole-transport layer and donor material both in PHJ and BHJ devices.336

They show that increasing barrier heights lead to s-shaped j-V curves with low for-

ward currents in the case of PHJ devices, which manifests in severely reduced FFs.

Gupta et al. ascribe the s-shape of their j-V curves to charge accumulation at the

interface between the electrode and the active organic film resulting from incom-

plete cathode metal coverage or chemical defects at the interface.337 Other authors

report on s-shapes caused by thermally degraded PEDOT or oxidized Ca cathode

leading to low conductivity and high series resistance.338 Besides interface barriers,

factors like morphology and thickness of the active layers can influence the curva-

ture of the j-V curves of solar cell devices.339 In addition to that, the effect of charge

carrier mobility on fill factor was demonstrated in various studies.25,340,341 By the

example of PHJ solar cells based on DIP/C60 it was shown that substrate tem-

perature can strongly affect the j-V curves—including the appearance of s-shaped

characteristics.

Morphological investigations reveal that growth at elevated temperature leads

to the formation of a cohesive network of pronounced crystalline DIP domains,

yielding a large surface area that can be covered with C60 molecules in planar

heterojunctions. The electronic structure of the PEDOT/DIP interface was inves-

tigated by means of UPS measurements. Upon annealing, the work function of

PEDOT is increased from 4.9 eV to 5.1 eV. This coincides with the observation

of Koch clearly demonstrating that an annealing step of PEDOT films spin-cast

onto ITO leads to an increase of its work function which critically depends on

the residual water content in the conductive polymer film.88 Furthermore, it was

observed that the low binding energy onset of the DIP HOMO at the interface

to PEDOT amounts to 0.55 eV and 0.25 eV in the case of unheated and heated

PEDOT, respectively. As this value corresponds to the hole injection barrier at

the anode/donor interface, it can be concluded that an additional annealing step

of PEDOT reduces the barrier for hole injection into the HOMO level of DIP. Con-

cerning its impact on device functionality, it was shown by Campbell et al. that

for typical organic light-emitting diodes, an energy barrier of 0.4 eV represents the

transition between space-charge limited current, if the Schottky energy barrier to

injection is less, and contact limited, if it is larger than that critical value.342 Thus,

it seems plausible to expect noticeable differences in device characteristics as a

result of injection barriers, modified by substrate temperature.

Investigations on solar cells show that the performance of devices where DIP

was grown at room temperature is seriously affected by an s-shaped behavior. By

heating the substrate during or prior to DIP deposition, dark currents in forward

direction are increased. This change is accompanied with a lowering of the specific
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series resistance which is crucial for high fill factors and vanishing s-shapes in the

current-voltage characteristics. The fact that the series resistance mainly influences

the fill factor coincides with theoretical predictions by Yoo et al.: They show that

jsc as well as Voc are—up to a certain point—insensitive to RS, while the fill factor

can be strongly affected.18

Comparing the j-V curves with the corresponding morphologies of the DIP films,

it can be seen that substrate heating before DIP evaporation or during the deposi-

tion of the DIP interlayer does not lead to a similarly pronounced microstructure as

found for elevated substrate temperatures. However, structural investigations indi-

cate highly crystalline films with DIP crystallites extending throughout the entire

thickness, both for unheated and heated substrate. Thus, charge carrier transport

through the DIP layer is supposed to be independent of substrate temperature. The

solar cell characteristics where the substrate was heated before DIP evaporation or

restricted to a small fraction of the DIP film are very similar to the cell where DIP

was grown at 100 ◦C. Together with the results from UPS measurements it can

finally be stated that the decisive role of substrate heating can be mostly attributed

to a reduction of the hole injection barrier between the Fermi level of PEDOT and

the HOMO level of the donor material DIP. The reduced HIB is responsible for the

decrease in series resistance of the solar cells whenever the substrate is heated in

vacuum prior to deposition of the donor. Both, the exceptionally high structural

order in a DIP film evaporated on a heated substrate as well as its favorable energy

level alignment with the PEDOT electrode explain the high fill factors for this

material system.

5.2. The role of hole injection layers

In the previous section substrate heating was used to manipulate the work function

of the PEDOT—which was found to change the barrier height for hole injection into

DIP. Another approach is the use of alternative hole injection layers, such as the

PEDOT:PSS formulations HIL1.3 and HIL1.3N as well as the polymer Plexcore.

As introduced in Sec. 3.1.2 these materials cover a range of different work functions.

Their influence will be shown on the basis of morphological, electronic and—most

importantly—by means of electrical characterization of corresponding solar cells.

5.2.1. Morphological investigation

As a comparison to the morphological studies performed on ITO/PEDOT/DIP,

similar topographical investigations have been carried out by using the alternative
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hole injection layers. Figure 5.7 shows AFM images of single DIP films and DIP/C60

heterostructures on ITO/HIL1.3 (top row) and ITO/HIL1.3N (bottom row) which

have been evaporated at different substrate temperatures.
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Figure 5.7.: Top row: AFM images of DIP films (50 nm) on ITO/HIL1.3, evapo-
rated at substrate temperatures of (a) RT, (b) 60 ◦C, and (c) 100 ◦C.
The insets of (a) and (c) show AFM images of C60 (50 nm) on
ITO/PEDOT/DIP(50 nm), with DIP evaporated at substrate tempera-
tures of (d) RT and (e) 100 ◦C. Bottom row: See top row but with
ITO/HIL1.3N as substrate. In all cases C60 is evaporated without sub-
strate heating. The total image size is 4× 4µm2 in all cases.
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Compared to ITO/PEDOT as substrate (cf. Fig. 5.1), the growth behavior on

HIL1.3 and HIL1.3N seems to be very similar; small round-shaped islands are ob-

served when DIP is grown on unheated substrates (see Fig. 5.7 (a) and (f)) whereas

the surface topography changes to a broadened structure with extended crystallites

when heating the substrates (see Fig. 5.7 (c) and (h)). Intermediate substrate tem-

peratures also induce larger crystallites, however, less pronounced. The microstruc-

ture formed at Tsub = 100 ◦C is not as extensive as was observed for PEDOT, which

may be due to deviations in thermal coupling to the substrate. Evaporating C60 on

top of DIP films leads to the formation of small C60 domains which adapt to the

underlying morphology (Fig. 5.7 (d) and (e) on HIL1.3, (i) and (j) on HIL1.3N).o

5.2.2. Electronic structure

In order to investigate the energy level alignment between the alternative PE-

DOT:PSS containing formulations and DIP, thickness dependent UPS measure-

ments were performed on unheated HIL1.3. The corresponding UPS spectra are

depicted in Fig. 5.8 (a) and (b). The schematic energy level diagram derived there-

from is shown in Fig. 5.8 (c).

As can be determined from the secondary electron cutoff (Fig. 5.8 (a)), the work

function of pristine HIL1.3 (Φ = 5.70 eV) is almost 1 eV larger than the work func-

tion of unheated PEDOT and even higher than that of heated PEDOT (cf. Fig. 5.4).

Upon DIP deposition the sample work function changes to 4.9 eV, which remains

constant for higher DIP coverage. As explained in Sec. 2.2.4 this observation is con-

sistent with pinning of the positive polaron level of DIP due to the high initial work

function of HIL1.3. The work function reduction saturates after completion of the

first two DIP monolayers, and an interface dipole of −0.8 eV is caused by positive

charges residing on interfacial DIP molecules. The position of the low binding en-

ergy onset of the HOMO level is located 0.3 eV below EF for 1.6 nm DIP coverage

while it is constant at 0.45 eV for multilayers. This can be assigned to DIP cationic

species (positive polarons) present at the interface to HIL1.3, i.e., the HIL1.3/DIP

contact can be considered as ohmic due to charge transfer doping of DIP.343 The

formation of an ohmic contact is visualized in Fig. 5.8 (d) and (e): Before contact-

ing, the HOMO of DIP is situated above the Fermi level of HIL1.3 as the ionization

potential of DIP is smaller than the work function of HIL1.3. Upon bringing both

materials in intimate contact, the Fermi level aligns and the HIL1.3/DIP interface

can be described with an accumulation of holes within a narrow region inside the

DIP. Adding up the sample work function and the low binding energy onset of

oCorresponding morphological investigations with C60 evaporated on DIP with PEDOT as hole
injection layer will be presented in Sec. 7.1.1.
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the DIP HOMO for the 10 nm bulk film yields a DIP ionization potential which is

consistent with the measurements presented on PEDOT (see Sec. 5.1.2).
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Figure 5.8.: Ultraviolet photoelectron spectra of unheated ITO/HIL1.3 substrates with
different coverage of DIP. (a) Secondary electron cutoff (SECO) spectra and
(b) valence region spectra (taken from Ref. 327). (c) Schematic energy level
diagram of the interface between DIP and the hole injection layer HIL1.3
(red) as compared to PEDOT (black). Visualization of the formation of an
ohmic contact between HIL1.3 and DIP: energetics at the interface before
contact (d) and after contact (e).
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5.2.3. Electrical characterization

To investigate the influence of the material used for hole injection, solar cells have

been analyzed based on planar heterojunctions of DIP and C60. Cells with the

structure

ITO/ HIL/ DIP(50 nm)/ C60(50 nm)/ BCP(5 nm)/ Al

were fabricated with DIP grown at room temperature or Tsub = 100 ◦C. HIL1.3,

HIL1.3N and Plexcore were used as hole injection layer—each of them with and

without substrate heating. As work functions of HIL1.3 and HIL1.3N are expected

to be comparable, similar electronic behavior is expected for both PEDOT:PSS

based formulations.
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Figure 5.9.: Effect of different hole injection layers (HILs) combined with different sub-
strate temperatures during DIP evaporation of PHJ solar cells with struc-
ture ITO/ HIL/ DIP(50 nm)/ C60(50 nm)/ BCP(5 nm)/ Al and a hole in-
jection layer of (a) HIL1.3, (b) HIL1.3N, and (c) Plexcore. Upper parts:
j-V characteristics under white LED illumination. Lower parts: Logarith-
mic plot of the dark j-V characteristics (open symbols). The solid lines
are fits based on the modified diode equation. Neat C60 layers are always
deposited with the substrate kept at RT. Results of the fits are given in
Tab. 5.2.
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The j-V characteristics in dark and under illumination are depicted in Fig. 5.9

and the photovoltaic parameters are listed in Tab. 5.2. By analogy to the analysis

of PEDOT based solar cells (Sec. 5.1.3), dark j-V curves are fitted by the modified

Shockley equation (5.1). The fits can be found as straight lines in the lower parts

of Fig. 5.9, and fitting parameters as the specific series resistance RSA and ideality

factor n are included in Tab. 5.2.

Except for the heated HIL1.3—which differ both in Voc as well as in jsc—the

alternative PEDOT:PSS containing formulations (i.e., HIL1.3 and HIL1.3N) show

almost equal characteristic cell parameters when used as HIL, regardless of whether

or not the substrate is heated during DIP evaporation. The open-circuit voltages

are located between 0.90 and 0.94V, short-circuit current densities are in the range

between −3.5 and −4.2mA/cm2 and the fill factor amounts to approximately 62 to

64%. The cells show unhindered currents in forward direction which are reflected

in low series resistances between 3 and 6Ω cm2. Compared to the morphological

changes induced by substrate heating (cf. Fig. 5.7), the solar cell characteristics

Table 5.2.: Open-circuit voltage Voc, short-circuit current density jsc, fill factor FF,
specific series resistance RSA, ideality factor n and dark saturation current
density j0 for ITO/ HIL/ DIP(50 nm)/ C60(50 nm)/ BCP(5 nm)/ Al PHJ
solar cells with different hole injection layers (cf. Fig. 5.9). Light illumination
was realized with a white LED. As the LED illumination conditions do not
fulfill the AM1.5 g standards, values for power conversion efficiencies are not
specified.

Substrate treatment Voc jsc FF RSA n j0
(V) (mA/cm2) (%) (Ω cm2) (mA/cm2)

PHJ cells with HIL1.3 as HIL (cf. j-V curves in Fig. 5.9 (a))

Tsub = RT 0.94 -4.2 64.2 3 1.7 1.8 · 10−9

Tsub = 100 ◦C 0.71 -3.2 51.6 4.5 3.6 5.3 · 10−4

PHJ cells with HIL1.3N as HIL (cf. j-V curves in Fig. 5.9 (b))

Tsub = RT 0.9 -3.5 62.0 3.1 1.8 1.2 · 10−9

Tsub = 100 ◦C 0.90 -3.5 62.3 6.3 1.7 4.3 · 10−10

PHJ cells with Plexcore as HIL (cf. j-V curves in Fig. 5.9 (c))

Tsub = RT 0.83 -2.3 18.3 250 · 103 5.3 1.3 · 10−6

Tsub = 100 ◦C 0.75 -3.8 62.3 9.8 2.7 2.4 · 10−5
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including the values of RSA are almost independent of Tsub. Moreover, the param-

eters are comparable to those of PHJ cells with PEDOT heated to 100 ◦C during

or prior to DIP deposition, and BCP as EBL measured under equal conditions (cf.

Fig. 5.5 (b) and Tab. 5.1). These findings emphasize the significant role of the HIL’s

work function and indicate that bulk effects as can be deduced from morphological

variations play a minor role.

When heating HIL1.3 during DIP deposition the situation appears different;

both Voc and jsc are reduced compared to growth at room temperature. As the

morphology does not reveal any abnormalities, the reason may be modified ener-

getics at the interface to the DIP which have not been examined in closer detail.

However, it is known that ionization potentials can depend on the orientation of

the molecule, which might change when deposited under substrate heating.303 On

the other hand, lying DIP molecules would be favorable for light harvesting which,

in turn, would be reflected in increased current densities, which is not observed.

Another possible explanation could be found in degradation of the HIL1.3 when

heated to higher temperatures which might be a result of its modified composi-

tion compared to PEDOT. Concerning the reduced open-circuit voltage, increased

recombination losses might play a role: It has been introduced in Sec. 2.3.2, that

Voc is ultimately limited by the interfacial energy gap EDA—however, with addi-

tional losses due to radiative and non-radiative recombination. At the same time,

recombination at the D/A interface also determines the injected current density in

dark. Thus, a direct correlation between Voc and the dark current characteristics is

not astonishing and is quantitatively expressed by Eq. (2.25). This relation will be

further discussed in Sec. 7.2.1, however, the essential outcome can be used to give

a possible explanation for the reduction of Voc: Apart from the series resistance RS

and the diode ideality factor n, the dark saturation current j0 is determined when

fitting the dark j-V curve by means of Shockley’s equation—providing a measure

for the recombination behavior within the cell. Upon heating HIL1.3 during DIP

deposition, j0 increases by five orders of magnitude. This strongly indicates en-

hanced recombination losses as the main cause for reduced Voc—whereas its exact

origin remains unclear.

When Plexcore is used as HIL the solar cell characteristics change even for both

substrate temperatures. At RT the shape of the j-V curve is affected by a strong

s-shape leading to a FF of only 18%. As a result of an extremely high specific

series resistance of 250 kΩ cm2, this effect can be attributed to a high injection

barrier at the anode/donor interface which could at the same time explain the

low leakage currents in reverse direction. For the heated case there is no s-shape

observable which is reflected in high FF of 62%—however Voc is reduced to similar

values as obtained for heated HIL1.3. Here again, recombination losses—reflected
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by comparatively high values of j0—can, at least partly, be made responsible for

the reduced Voc.

5.2.4. Discussion

Investigations have been focused on different hole injection layers and their in-

fluence on morphology, interface energetics and device characteristics of DIP/C60

based PHJ cells. The usage of HIL1.3 and HIL1.3N as alternative hole injection

layer instead of PEDOT leads to strongly enhanced currents in forward direction,

accompanied by high fill factors, even though the substrate is kept at room temper-

ature during DIP evaporation. Energetic studies demonstrate a high initial work

function of HIL1.3 (Φ = 5.7 eV), leading to pinning of the positive polaron level of

DIP. This results in low hole injection barriers of 0.3 eV at the interface between

unheated HIL1.3 and DIP, being comparable to those found for heated PEDOT.

The fact that the work function of multilayer DIP deposited on PEDOT—both

heated and unheated—and HIL1.3 is almost identical (ΦDIP ≈ 4.9 eV) allows to

consider this value as the critical substrate work function for energy level pinning.

Regardless of the differences in morphology caused by varying substrate tem-

peratures—the solar cell characteristics including the values of RSA are almost

identical. This fact emphasizes the significant role of the HIL’s work function

rather than bulk effects. Moreover, these findings confirm the statement given in

Sec. 5.1 that the reduced series resistances in devices where PEDOT was heated

prior or during DIP deposition can be mainly ascribed to a lowering in hole injection

barrier caused by heating up the PEDOT in vacuum. By contrast, morphological

changes—and with that changes in transport behavior inside the DIP bulk—seem

to play a minor role for the series resistance of solar cells.

The usage of Plexcore as alternative HIL has not proven beneficial for OPVCs

based on DIP/C60. With unheated substrates, extreme s-shapes appear in the

j-V characteristics being indicative of inappropriate energy level alignment. Heat-

ing the substrate seems to reduce the hole injection barrier—which is reflected in

high FFs—however, Voc is reduced, which is traced back to enhanced recombination

losses.

Apart from energy barriers as decisive factor for the occurrence of s-shaped

j-V characteristics, Giebink et al. proposed an alternative explanation.26 They

implemented specific properties of organic heterojunctions like polaron pair gener-

ation, recombination and dissociation by means of a modified Shockley equation

which shows that small built-in potentials combined with large polaron pair re-

combination rates lead to concavities in the j-V curves. However, as this kind of
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s-shape exclusively affects the fourth quadrant of the solar cell characteristics this

argumentation cannot be applied here and reduced Vbi—which is accompanied by

a reduction of the anode work function—is not the decisive factor for the s-shape.

Furthermore, misaligned transport levels of the exciton blocking layer BCP as

possible explanation for s-shapes27 can be excluded as unhindered transport with

BCP/Al is observed exclusively by heating the PEDOT substrate or using an al-

ternative HIL. Instead, all presented studies indicate that the observed s-shape of

j-V curves can be attributed to the hole injection barrier at the anode/DIP inter-

face.





Chapter 6

Charge carrier mobility inside the donor

In order to study the transport properties of holes and electrons in DIP, single-

carrier devices were fabricated and examined both regarding to their current-

voltage behavior as well as by impedance spectroscopy. The experimental results

allow the determination of the prevailing transport mechanism and an estimation

of the respective charge carrier mobility in diode configuration. Moreover, mobility

measurements based on field-effect transistors reveal that purity variations between

different DIP batches can have considerable impact on the solar cell performance.

6.1. Electron transport in DIP diodes

For investigating the electron mobility inside a DIP thin film, electron-only devices

with the following layer structure were prepared:

Glass/ PEDOT(≈ 30 nm)/ Al(100 nm)/ DIP/ Al(100 nm),

with nominal DIP film thicknesses of d1 = 100 nm, d2 = 150 nm, d3 = 200 nm

and d4 = 250 nm. Based on the comparatively low work function of Aluminum,

high hole injection barriers to the HOMO of DIP are expected. The high barriers

suppress hole current and enable electron-only devices. Using PEDOT as interlayer

between glass and Aluminum reduces inhomogeneities at the metal/semiconductor

interface, as was reported by Steyerleuthner et al. in Ref. 344. The authors could

show that hillock-free aluminum bottom electrodes are obtained when the metal is

evaporated on PEDOT—enabling smooth and stable electron currents.

113
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6.1.1. Electrical characterization

In Fig. 6.1 the j-V characteristics of several electron-only devices are presented. Ac-

cording to Eq. (2.14) the current in reverse direction varies almost linearly with the

applied voltage. However, the current in this voltage regime does not correlate with

the DIP layer thickness as would be expected for ohmic current which is purely car-

ried by intrinsic charge carriers. Together with the fact, that the current densities

are comparatively high in reverse bias, the current flowing in the negative voltage

regime can probably be attributed to above-average leakage currents, conceivable

if assuming rough DIP films as well as interdiffusion of Al clusters by top contact

deposition (as will be topic of Sec. 8.2). However, it has to be mentioned that there

is no information about DIP film growth when deposited on ITO/PEDOT/Al as

substrate.

In forward bias the current steeply increases at V = 0V not showing a pro-

nounced turn-on voltage. From the slope of the log(j)– log(V ) plot (Fig. 6.1 (b)) it

can be deduced that the current density j depends quadratically on V for voltages

V > 0.4V. As was introduced in Sec. 2.2.3 this behavior is characteristic for space-

charge limited current. The absence of a region with slope exceeding two indicates

that the electron transport in DIP can be regarded as almost trap free. Thus,

the experimental data is fitted with trap-free SCLC as given by Eq. (2.16) with a

field-dependent mobility. The fit results are shown as straight lines in Fig. 6.2 (a)—

including the marked data range used for the fit. With ε(DIP) = 4, it is found that
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Figure 6.1.: j-V characteristics of Al/DIP/Al electron-only devices with different
DIP layer thicknesses: (a) semi-logarithmic representation, (b) double-
logarithmic representation. For comparison, ohmic behavior (dotted line)
and bulk limited SCLC according to Eq. (2.15) (dashed line) are included.



6.1 Electron transport in DIP diodes 115

the j-V characteristics of the devices are well described by µe,0 = 1.8 · 10−4 cm2/Vs.

The remaining fitting parameters, such as the field-activation parameter γ, Vbi

and the DIP layer thickness are listed in Tab. 6.1. The deviations between fit and

data observed at high voltages might be caused by resistive heating of the samples

during measurement and thermally activated charge carrier transport according to

Sec. 2.2.3.
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IS ) at various
constant electric fields as given in the legend.
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The deviation of the fitted curves at low voltages up to approximately 0.3V can

be found in the assumptions which are entering the model: In the description of

SCLC, the total current flow is determined by drift current alone while the diffusion

contribution is neglected. This assumption does not hold for small voltages and de-

viations are expected in this region.32 The small built-in voltage of Vbi = −0.002V

would be in good agreement with the fact, that the same material (Al) is used both

as anode and as cathode. However, from the rectifying current-voltage behavior as

observed for all devices it can be considered that both Aluminum electrodes show

different work functions. As already mentioned in Sec. 2.2.4 this fact is relatively

likely when taking different interfacial dipoles into account.

Even though the data points are well described by the fitted curves in a wide

voltage range, the layer thicknesses as were given by the fit strongly differ from

the nominally deposited ones. The high leakage currents in the negative voltage

regime already suggest rough DIP films growing on Al substrate or interdiffusion

of Al clusters during top contact deposition. Strong variances in film thickness due

to inaccuracies in the determination of the tooling factor can be excluded as hole-

only devices which were prepared in parallel show correct film thicknesses as were

determined by impedance measurements (see Sec. 6.2). However, the thicknesses

as given by the SCLC fit are in good agreement with the thicknesses determined by

impedance spectroscopy as will be shown in the following section. This confirms

the assumption of rough films—enhanced by the interdiffusion of Al along the grain

Table 6.1.: Analysis of electron-only devices. dnom, dIS and dSCLC denote the nominal
layer thickness and the thicknesses given by fit results based on impedance
measurements and SCLC model, respectively. Besides values for the series
resistance RS extracted from IS data, fit parameters such as mobility µ0,
field-activation parameter γ, and built-in voltage Vbi are included.

dnom(nm) dIS(nm) RS(Ω) dSCLC(nm)

Electron-only devices (cf. j-V curves in Fig. 6.1)

d1 = 100 62∗ 14 76

︸
︷
︷

︸

d2 = 150 88∗ 15 85 µe,0 = 1.8 · 10−4 cm2/Vs

d3 = 200 105∗ 10 106 γ = 4.6 · 10−4 (cm/V)1/2

d4 = 250 119∗ 9 123 Vbi = −0.002V

∗ Due to the asymmetric behavior of the j-V and C-V -curves, thicknesses are not determined
from the high-frequency plateau usually assigned to geometric capacitance. Instead, values
are determined from saturation regime of C-V -measurements at reverse bias as shown in
Fig. 6.5.
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boundaries of polycrystalline DIP.

However, the strong differences between nominal and fitted layer thicknesses and

the vanishing Vbi, forces to reconsider the assumption of space-charge limitation

of the current. Another possibility has to be taken into account, namely the case

of contact limitation. As was introduced in Sec. 2.2.3 the injection limited current

depends on the electric field alone—regardless of the thickness—which would lead

to overlapping curves for all thicknesses when plotted as a function of the electrical

field F = V/dIS. As shown in Fig. 6.2 (b) this is not the case. Instead there is a

factor of 2 difference between the samples. In contrast to the thickness indepen-

dence in the case of injection limitation, it was shown in Sec. 2.2.3 that for trap-free

SCLC (with or without field-dependent mobility) the current at constant electric

field scales with d−1
IS . Apart from the thinnest sample, this condition is fulfilled

over a wide range of electric fields (see Fig. 6.2 (c)) and confirms the validity of the

space-charge limitation. The data points for the thinnest sample are located below

the fitted curve, which can be seen as indication for an influence of the injecting

contact at thicknesses d ≤ 60 nm.85

6.1.2. Impedance spectroscopy

Bias and frequency-dependent measurements of the impedance are well established

techniques to probe conductivity, doping and trap states in organic semiconduc-

tors.85 Here, it is used as complementary technique to the steady-state j-V curves in

order to investigate injection barriers and potential distribution inside the device.

Typical data of the complex impedance are shown in Fig. 6.3 in the form of Bode
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Figure 6.3.: Voltage dependent modulus |Ẑ| and phase ϕ of the impedance of
electron-only devices (f = 100 kHz) having a DIP film thickness of (a)
dnom,3(DIP) = 200 nm and (b) dnom,4(DIP) = 250 nm.
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plots for two electron-only devices with DIP thicknesses of (a) dnom,3 = 200 nm

and (b) dnom,4 = 250 nm. At a fixed frequency of 100 kHz the applied bias voltage

is varied from −2 to 3V. The curves can be roughly divided into three regimes:

For large reverse bias (Vdc = −2V) the phase ϕ shows a value close to −π/2 which

points towards a predominantly capacitive behavior. However, as already seen in

the comparatively high ohmic contribution in the reverse j-V characteristics the

capacitive behavior in the negative voltage regime is limited and ϕ does not reach

−π/2. Above Vdc ≈ 0V the modulus |Ẑ| decreases with increasing bias voltage—

while at the same time ϕ changes from −π/2 to 0. This can be identified with the

onset of electron-injection from the top-electrode and current flowing through the

device. In-between these limiting cases one additional feature appears; namely an

intermediate increase in ϕ and simultaneous drop in |Ẑ| in a voltage range between

−1 and 0V. This behavior indicates an ongoing capacitive response, however,

with a reduced capacitive layer thickness. This feature has no equivalent in the

steady-state j-V characteristics.

Even if the capacitance—determined from the complex impedance according to

Eq. (3.14)—is only part of the entire impedance analysis its magnitude reflects the

same behavior as observed for |Ẑ| and ϕ. The variation of the real and imaginary

part of the impedance were recorded at frequencies between 10 and 106 Hz at a

range of different applied bias Vdc. Typical results are shown in Fig. 6.4 (a) by a

C-f -plot and in (c) and (d) in the form of Nyquist plots for a device with nominal

DIP thickness of dnom,3 = 200 nm. When the bias is strongly negative (Vdc = −2V

and −1V) an almost constant capacitance is found in a wide frequency range.

Compared to the j-V curve the value of capacitance corresponds to the reverse bias

regime and is expected to be the geometric capacitance caused by the entire layer

thickness. The representation in the complex impedance plane shows one semicircle

(see Fig. 6.4 (c)). However, when Vdc is increased a step in the C-f curve is observed

with an elevated value in the low-frequency range which relaxes to the geometric

value above the relaxation frequency. The steep decrease in capacitance for bias

voltages Vdc > 0V and low frequencies marks current flow through the device—

coinciding with the beginning of forward current from the j-V characteristics. As a

result of different relaxation frequencies for the first and second RC element, two

slightly overlapping semicircles arise in the Nyquist plot for bias voltages Vdc >

0V (see Fig. 6.4 (d)). For detailed investigations of the experimental observations

it is useful to consider an equivalent circuit (EC): From the comparison of the

experimental data with the simulated curves of different ECs (see Fig. 3.18) it

becomes obvious that the observed impedance behavior requires the use of two RC-

elements connected in series—even though the device configuration consisting of a

single organic layer sandwiched between two electrodes would suggest an EC being



6.1 Electron transport in DIP diodes 119

101 102 103 104 105 106
0

2

4

6

8

10

12

14

(b)(a)

 C
ap

ac
it

an
ce

 C
 (

n
F
)

 Frequency (Hz)

                meas.    fit
                data    result
V

dc
= -2.0 V     

V
dc
= -1.0 V     

V
dc
= -0.5 V     

V
dc
=  0.0 V     

V
dc
=  0.5 V     

V
dc
=  1.0 V     

V
dc
=  2.0 V     

0 1 2 3 4 5 6 7
0

1

2

3

4

5

6

(g)

(d)

Im
ag

in
ar

y
 p

ar
t 

-Z
 (

k
)

 Real part Z  (k )

                meas.    fit
                data    result
V

dc
= -1.5 V     

V
dc
= -1.0 V     

V
dc
= -0.5 V     

V
dc
= -0.2 V     

V
dc
=  0.0 V     

(c)

(e) (f)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

                meas.    fit
                data    result
V

dc
= 0.2 V     

V
dc
= 0.5 V     

V
dc
= 1.0 V     

V
dc
= 1.5 V     

V
dc
= 2.0 V     

C1

R1

C2

R2

Rs

Im
agin

ary
 p

art -Z
 

 (k
)

Real part Z  (k )

-2 -1 0 1 2

0

20

40

60

80
 C

1

C
ap

ac
it

an
ce

 C
1 
(n

F
)

VoltageV
dc
 (V)

0

5

10

 C
2

C
ap

acitan
ce C

2  (n
F
)

-2 -1 0 1 2
0

50

100

 

  
T

h
ic

k
n
es

s 
d

1,
d

2 
(n

m
)

VoltageV
dc
 (V)

 d
1

 d
2

-2 -1 0 1 2
0

2

4

6

8

 

 R
1

 R
2

R
esistan

ce R
1 ,R

2  (k
)

VoltageV
dc
 (V)

Figure 6.4.: (a) C-f -curves recorded for an electron-only device with DIP film thickness
of dnom,3(DIP) = 200 nm at room temperature and various applied dc bias
(symbols). Data is fitted according to the equivalent circuit as shown in (b).
(c) and (d) shows variations of the imaginary part, −Z ′′, of the impedance
as a function of its real part, Z ′. (e) Capacitances C1 and C2 as gained
by the fit and (f) calculated thicknesses d1 and d2 as well as according
resistances R1 and R2 (g).



120 6 Charge carrier mobility inside the donor

composed of one single RC-element only. The used EC is shown in Fig. 6.4 (b). An

additional series resistance RS is included to account for a lead resistance as caused

by the Al contacts. As listed in Tab. 6.1 RS amounts to a few Ohm only which

makes a subtraction of a corresponding potential drop unnecessary. Moreover, a

satisfactory fit at high frequencies above 5 · 105 Hz is only possible if an inductance

is added in order to account for the inductive properties of the cables (not shown

here). The fitting results are included in Fig. 6.4 (a), (c) and (d) as straight lines. In

dependence of the bias voltage, the capacitances C1 and C2 are shown in (e) while

the corresponding resistances R1 and R2 are given in (g). According to Eq. (3.20)

C1 and C2 are converted into capacitive thicknesses d1 and d2—depicted in (f).

From the fitting results it becomes obvious that the device at negative bias can

be identified by a highly resistive part of d1 ≈ 80 nm and a less resistive part of

d2 ≈ 20 nm. At Vdc ≈ −0.5V the resistance of d1 decreases abruptly which is

accompanied by a drop in the fitted value d1 and a simultaneous increase in d2.

One explanation is based on an internal inhomogeneity of the electric field as

was reported by Berleb et al. for hetero-layer OLEDs.345 The authors could show

that a negative interfacial charge between hole- and electron-transporting layer lead

to varying potential drop in both layers and thus to a similar observation in the

impedance behavior of the sample. Following this model, the observed behavior is

indicative of inhomogeneity of the potential drop across the organic layer—which

would have to be a result of a positive charge being positioned around 20 nm away

from the Al top contact. In contrast to the observations on hetero-layer OLEDs,

there is no interface between two layers which would explain its appearance. How-

ever, it might be imaginable that interdiffusing Al atoms form clusters which lead

to a charged layer in a certain depth from the organic/metal interface. A simi-

lar explanation has already been given in Ref. 346 for the occurrence of s-shaped

j-V characteristics in polymer-C60 solar cells. The authors suggest that isolated Al

clusters are formed upon cathode evaporation which lead to defects close to the

organic/metal interface and change the electric field distribution in the device.

An alternative explanation for the impedance behavior of the samples might be

given by the formation of a Schottky barrier inside the organic layer. In this case,

a highly resistive depletion layer would be connected in series with a low resistive

bulk layer of the organic semiconductor.310 Following this model would result in a

similar equivalent circuit consisting of two RC-elements in series—one assigned to

the depletion layer the other associated with the bulk layer. Thus, interpretation

would just differ in a sense that no interlayer charge would be present but, instead,

a uniform band bending according to a Schottky contact would exist.310 In the case

of a Schottky contact, the bias voltage modulates the width of the space charge

region at the contact. Mott-Schottky analysis has been used to develop a picture
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Figure 6.5.: (a) Characteristic capacitance response of the electron-only device with a
layer thickness of dnom,3 = 200 nm illustrating four regions as explained
in the text. (b) Mott-Schottky plot for different DIP thicknesses (f =
1kHz) which exhibit straight lines from which the values Vbi and NA are
determined according to Eq. (6.2). (c) and (d) Impedance data of electron-
only devices for several DIP film thicknesses. (c) C-f measurements (Vdc =
0V) and (d) C-V measurements (f = 1kHz).

of the energetic relations inside P3HT:PCBM bulk heterojunction solar cells which

are characterized by a Schottky junction with space charge region at the Al back

contact.347 By means of an exemplary voltage dependent impedance measurement

(see Fig 6.5 (a)) the C-V -curve can typically be divided into four regions: At large

reverse bias the organic layer is fully depleted and acts as a dielectric capacitor

characterized by its geometric capacitance Cg (I). With increasing bias the width
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of the depletion zone is reduced (II) up to the built-in voltage Vbi, where flat

band condition is fulfilled. At higher voltages the depletion zone vanishes and the

capacitance is governed by excess charge carriers (III). If there is sufficient current

flow, the capacitance usually saturates or collapses taking even negative values

(IV).348 In region II, a doping concentration as well as a built-in voltage can easily

be determined from C-V -measurements according to the Mott-Schottky analysis

based on

C−2 =
2(Vbi − V )

eεε0A2NA

(6.1)

=
2Vbi

eεε0A2NA

− 2

eεε0A2NA

· V, (6.2)

with the doping density NA. By fitting a straight line to the measurement data

plotted as C−2 versus V the built-in voltage can directly be determined from the

intersect with the voltage axis while the slope gives information about NA. A

Mott-Schottky plot of the measured impedance data is shown in Fig. 6.5 (b) for

the different DIP film thicknesses. The data show a typical linear decrease at

small negative voltages. From individual fits to the curves a built-in voltage of

Vbi ≈ −0.1V and a doping concentration of NA ≈ 4·1016 cm−3 can be determined—

the thickest sample shows a slightly larger built-in voltage of Vbi ≈ −0.3V. The

small value of Vbi confirms the results from j-Vmeasurements and the general

applicability of the Mott-Schottky analysis affirms the assumption of a depletion

zone caused by a Schottky contact. However, the reliability of the quantitative

approach has recently been put in question by Kirchartz et al. in Ref. 349. The

authors could show by simulations that the depletion approximation, which is an

important prerequisite for the applicability of the Mott-Schottky analysis, is not

readily fulfilled if the layers are too thin or the doping concentration is too low.

Up to now, the analysis of impedance measurement on electron-only devices

was mainly focused on single devices. In order to compare various thicknesses, C-f

curves for an exemplary bias voltage of Vdc = 0V and C-V curves for a frequency

of f = 1kHz are picked out and shown in the lower part of Fig. 6.5. From C-f

behavior depicted in (c) the high-frequency plateau value at f ≈ 5 · 105 Hz reflects

the nominal order of thickness from thin (dnom,1) to thick (dnom,4), i.e., the thinnest

layer corresponds to the largest capacitance while the thickest layer corresponds to

the lowest capacitance. The fits of the measurement data according to the EC as

shown in Fig. 6.4 (b) result in capacitances C1 and C2. While C2 scales with the

nominal thickness, C1 takes a constant value corresponding to d1 ≈ 5 nm for all
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thicknesses.p This observation confirms the assumption of an inhomogeneity of the

electric field caused by interdiffusion of Al clusters within a certain distance from

the organic/metal interface—which is likely to be independent of the total layer

thickness.

Figure 6.5 (d) depicts C-V curves of the different samples—measured at a fixed

frequency of 1 kHz. The capacitance is normalized to the respective geometric value

at Vdc = −2V. All curves show similar behaviors with two peaks in the capaci-

tance before decreasing at high bias. The voltage, where the drop of C/Cg begins,

moves towards higher values when going from the thinnest to the thickest sample—

which is consistent to the j-V curves and the height of the injection currents. The

thicknesses dIS which can be determined from the geometrical capacitances Cg are

listed in the diagram and Tab. 6.1. Apparently, they do not match the nominal

layer thicknesses—even though one would expect from the j-V characteristics that

the devices are almost completely depleted at V = −2V. On the other hand, it

was already mentioned that the reverse currents are comparatively high—probably

as result of enhanced leakage resulting from interdiffused Al clusters or extremely

rough films. This would mean that a fully capacitive behavior cannot be considered

throughout the entire film thickness.

Mensfoort and Coehoorn investigated the differential capacitance of single car-

rier devices which show similar metal/organic/metal structures as the presented

electron-only diodes.350 They could relate the occurrence of a peak in the C-V

curve at voltages below Vbi to the size of the barrier at the injecting electrode

interface: It is shown that a distinct peak is observed when the injection barrier

of at least one of the electrodes is sufficiently small. The reason for this behav-

ior was found in the diffusion contribution to the current density. Based on the

drift-diffusion model, the authors carried out simulations of different scenarios by

varying Vbi and the height of the injection barriers. Following their approach and

assuming one well-injecting electrode and an organic semiconductor of thickness d,

the injection barrier at the second electrode, EIB2, can be obtained directly from

the measured position of the peak in capacitance, using

EIB2 = eVpeak +

(

ln
Nc

n0

− a

)

kBT, (6.3)

with the volume density of molecular sites Nc, a = 0.207 and n0 ≡ εkBT/(e
2d2).

As shown in Sec. 2.2.3 the density of DIP molecules can be estimated to Nc ≈
2 · 1021 cm−3. By assuming the layer thickness as given by Cg (dIS) and the peak

pIt has to be noted that the value of the capacitance of the second RC element cannot be easily
read off from the plateau region at low frequency, as the prerequisite—namely the condition that
one resistance is much smaller than the other one85—is not necessarily fulfilled here.
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positions which are marked as vertical lines in Fig. 6.5 (d), the barrier height EIB2

can be calculated from Eq. (6.3) and one determines values of 0.54± 0.05 eV for all

thicknesses. Even though this value seems to be reasonable to explain the reduced

electron injection in the reverse biased devices it would entail a relatively large Vbi

when assuming a low EIB for electrons at the contact to the interface. Altogether,

the peak around 0V cannot unambiguously related to the diffusion phenomenon as

described in Ref. 350. Apart from that, the authors show that Vbi can exceed Vpeak

by more than 0.3V which can possibly explain the asymmetry of the j-V curves

shown in Fig. 6.1.

6.1.3. Discussion

In the previous section electron transport in thin films of DIP has been investi-

gated on the basis of electron-only devices. As both electrodes are opaque, it is not

possible to prove the successful suppression of double-carrier injection by the ab-

sence of a detectable electroluminescence signal. However, mobility measurements

on FETs utilizing various electrode materials suggest a clear asymmetry between

the injection barriers from the Fermi level of Al to the HOMO and LUMO of DIP,

which is reflected in suppressed hole injection from Al electrodes.204 A consistent

description of the layer-thickness dependence of the current density and impedance

analysis may be obtained by assuming the bottom Aluminum/DIP contact to be

of Schottky-type, while the top-contact seems to be ohmic. A model qualitatively

illustrating this concept is depicted in Fig. 6.6 in form of a schematic energy level

diagram. The electronic structure before contacting—as shown in (a)—is charac-

terized by the Fermi level of the bottom and top Aluminum located below and

above the Fermi level of DIP, respectively, which is the necessary prerequisite for

a Schottky-contact formed at the bottom electrode and an ohmic contact at the

top electrode. A difference in work function of both electrodes despite the us-

age of the same material has been found in numerous examples, as can, e.g., be

seen in Ref. 351. It can be explained by the completely different metal/organic

interaction—be it physisorption (i.e. van der Waals interaction), or chemisorption

with certain degrees of charge transfer352—depending on the order of evaporation.

This means, strong differences in interfacial energetics are expected when the or-

ganic is deposited onto the metal or when the metal is evaporated onto the organic,

the latter often resulting in doping of the upper organic layers or interdiffusion of

metal atoms or clusters into the semiconductor.351 Moreover, the model assumes

an n-type doping of the semiconductor bringing the equilibrium Fermi level closer

to the LUMO level of DIP. When bringing both electrodes and the semiconduc-

tor into contact (see Fig. 6.6 (b)) a Schottky barrier is formed between DIP and
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the bottom contact. A depletion layer is formed and band bending is observed in

the HOMO, LUMO and vacuum level. On the other hand, the cathode contact

is regarded as ohmic. If a reverse voltage is applied (see Fig. 6.6 (c)) even more

electrons are removed from the semiconductor resulting in an expansion of the de-

pletion layer and the organic becomes dielectric, explaining the capacitive behavior

in the C-V - and C-f -curves at reverse bias. The modulation of the depletion layer

at moderate reverse bias is reflected in the characteristic impedance behavior de-

scribed by two RC-circuits and the observed Mott-Schottky behavior. Moreover,

the blocking behavior of the Schottky-contact in reverse direction explains the rec-

tifying current-voltage characteristics. An applied bias in forward direction first
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Figure 6.6.: Schematic energy diagram of the Al/DIP/Al electron-only devices. (a)
Separate representation of the Aluminum bottom and top contacts with the
work function ΦAl,b and ΦAl,t, respectively. DIP is assumed to be n-type
doped with a work function ΦDIP defining the equilibrium Fermi level inside
the semiconductor situated close to the LUMO. The differences between the
Fermi level of the metal and the LUMO of DIP define the electron injection
barriers at the anode EIBb and cathode EIBt. (b) After contacting band
bending appears inside the semiconductor at the anode defining a depletion
layer. (c) Reverse bias leading to an enlargement of the depletion layer. (d)
Under forward bias the depletion layer completely vanishes and electrons
are injected from the cathode resulting in a measurable current flow.
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narrows the width of the depletion layer—at even higher forward bias electrons are

injected from the cathode (see Fig. 6.6 (d)). This is accompanied by an increase in

current and a collapse of the capacitance.

The model implies that in equilibrium, i.e. under zero bias voltage, the depletion

layer is still pronounced, which presupposes a built-in voltage of Vbi 6= 0V. In this

context, one decisive aspect has been neglected so far: No interfacial dipoles have

been taken into account until now, even though their existence at the metal/organic

interfaces is relatively likely as was already stated in Sec. 2.2.4 and has been shown

in the previous chapter. As no quantitative statement can be given about possibly

appearing interfacial dipoles, they are not included in the schematic. Nevertheless,

it can be seen from Eq. (2.22), that neglecting vacuum level shifts may lead to

incorrect predictions of interfacial barriers. Furthermore, taking interfacial dipoles

into account would explain the appearing j-V and C-V behavior—similar to the

explanation given above—however, including a vanishing Vbi.

6.2. Hole transport in DIP diodes

The transport properties of holes are investigated using hole-only devices consist-

ing of a DIP film sandwiched between PEDOT and TTF-TCNQ electrodes, both

having a work function close to the HOMO of DIP:

ITO/ PEDOT(≈ 30 nm)/ DIP/ TTF-TCNQ(≈ 150 nm),

with nominal DIP film thicknesses of dnom,1 = 50 nm, dnom,2 = 100 nm, dnom,3 =

150 nm, and dnom,4 = 300 nm and the substrate kept at room temperature. Fur-

thermore, hole-only devices with nominal DIP thicknesses of dnom,1 = 100 nm,

dnom,2 = 200 nm, and dnom,3 = 300 nm have been prepared on substrates which

were heated to 100 ◦C during DIP evaporation. ITO/PEDOT represents the stan-

dard hole-injecting electrode for the solar cells fabricated within the scope of this

work. The organic metal TTF-TCNQ has been used to enable unipolar hole trans-

port by its high work function of approximately 4.6–4.8 eV which is expected to be

large enough to prevent electron injection. The successful suppression of double-

carrier injection was verified by the absence of a detectable electroluminescence

signal.

6.2.1. Electrical characterization

Figure 6.7 (a) depicts the j-V characteristics of the RT hole-only devices together

with simulated curves for ohmic (dotted line) and SCLC behavior (dashed line). It
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is striking that the j-V curves are highly symmetric around V = 0V, i.e. they show

very similar currents in forward and reverse direction. This observation indicates

similar injection conditions from both electrodes. While the reverse direction re-

flects the injection of holes from the top contact TTF-TCNQ, the forward direction

corresponds to the injection of holes from the ITO/PEDOT bottom contact. In

the following, the analysis of the data is restricted to the forward direction. As will

be seen from the results of IS measurements, a comparatively high series resistance

RS has to be taken into account which is attributed to the lead resistance of ITO

and TTF-TCNQ. Thus, the applied voltage Vapp is corrected for the potential drop

at the series resistance as VF = Vapp − j · RS A, whereas RS is determined by IS

measurements as will be shown in the subsequent section. The values are listed

in Tab. 6.2 and the corresponding j-VF curves are depicted in Fig. 6.7 (b). It is

obvious that the effect of the series resistance is tremendous and neglecting the

voltage drop at RS would lead to unreliable data and analysis.
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Figure 6.8.: j-V characteristics of DIP hole-only devices for several layer thicknesses
(Tsub = RT). Top row: Double-logarithmic representation of measure-
ment data for forward bias (a) with fits to power laws j ∝ V l+1 (b) and
simulated currents for SCLC (c) with parameters given in Tab. 6.2. For
reverse bias analog fitting procedure is performed and data, fits and simu-
lations are shown in (c), (d) and (e), respectively. The ohmic contribution
as determined from (a) and (d) is subtracted in the subsequent diagrams,
respectively.

In the double logarithmic plot of the j-V characteristics (see Fig. 6.8 (a)) three

different regimes can be discriminated: At low voltages the electron current depends

linearly on the bias according to Eq. (2.14). The single curves are individually fitted

within this voltage region and the ohmic contribution to the current is subtracted

in the further diagrams of this section. From the ohmic region an upper limit

of the intrinsic carrier concentration of ρ0 < 9 · 1014 cm−3 can be calculated. The

ohmic regime is followed by an increase in current density with a slope steeper than

SCLC behavior. As was explained in Sec. 2.2.3, a power law behavior of the current

according to j ∝ V l+1 with an exponent (l+1) larger than two is indicative for trap-

charge limited conduction. As the trap filling takes place within a comparatively

wide voltage range, discrete trap levels can be ruled out and, instead, energetically

distributed trap states are expected. The transport in the third region points

towards a trap-filled SCLC behavior with j depending quadratically on the voltage.
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Table 6.2.: Analysis of hole-only devices. dnom and dIS denote the nominal layer thick-
ness and the thickness given by fit results based on impedance measure-
ments, respectively. Besides values for the series resistance RS extracted
from IS data, SCLC fit parameters such as mobility µ0, field-activation
parameter γ, and built-in voltage Vbi are included. Assuming an exponen-
tial distribution of traps, estimated values about charge carrier traps are
listed, including the trap level Etrap and a trap density Nt.

dnom RS dIS SCLC SCLC TCLC

(nm) (kΩ) (nm) forward reverse

Hole-only devices, Tsub = RT (cf. Fig. 6.7 and 6.8)

d1 = 50 4.8 51†

︸
︷
︷

︸ µh,0 = 4 · 10−7 µh,0 = 4 · 10−7

d2 = 100 2.8 89† cm2/Vs cm2/Vs (l + 1) ≈ 6
d3 = 150 5.3 159† γ = 5.2 · 10−4 γ = 1.8 · 10−3 Etrap = 0.12 eV

d4 = 300 7.5 298† (cm/V)1/2 (cm/V)1/2 Nt ≈ 7 · 1018 cm−3

Vbi = 0V Vbi = 0V

Hole-only devices, Tsub = 100 ◦C (cf. Fig. 6.10)

µh,0 = 6 · 10−7

d1 = 100 2.8 90†

︸
︷
︷

︸ cm2/Vs (l + 1) ≈ 8
d2 = 200 3.8 174† γ = 2.6 · 10−3 Etrap = 0.18 eV

d3 = 300 5.0 269† (cm/V)1/2 Nt ≈ 3 · 1018 cm−3

Vbi = 0V

† dIS(DIP) is determined from the fit results by associating the low frequency arc in the Bode
plot to the DIP layer (see Fig. 6.13).

Based on these observations, the data in the medium voltage regime is fit-

ted to Eq. (2.20) describing TCLC with an exponential distribution of traps (see

Fig. 6.8 (b)). Apart from the thinnest sample all thicknesses are well described by a

slope of 5.6 resulting in l = 4.6 and a characteristic trap energy of Etrap = 0.12 eV.

At high voltages, the current-voltage behavior is characterized by a flattening of the

curve which indicates that the trap filling is completed. The measurement data of

the sample with DIP thickness of d2 = 89 nm is fitted according to the Mott-Gurney

equation (2.15) (see Fig. 6.8 (c)). The fit results in values of µ0 = 4 · 10−7 cm2/Vs

and β = 5 · 10−4 (cm/V)1/2—highlighting that the hole transport in DIP is worse

than the electron transport. Based on the parameters given by the SCLC fit, the

j-V dependence of the remaining thicknesses have been simulated. The compari-

son with the experimental data (see Fig. 6.8 (c)) shows very good agreement for

the thinnest sample, however, increasingly pronounced deviations for higher film
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thicknesses. The same analysis has been carried out for the reverse bias regime

(Fig. 6.8 (d)-(f)), which is found to result in similar behavior for the low and medium

voltage regime. However, fitting and simulation in the SCLC region leads to good

accordance with the layer thicknesses, nevertheless showing the same mobility µh,0.

As was already mentioned in Sec. 2.2.3, a reliable statement about the prevailing

transport mechanism can only be done by taking different parameters like the

thickness dependence of the current or the dependence on electric field into account.

Figure 6.9 (a) shows the electric field dependence of the current with F = VF/dIS.

For the case of a purely injection-limited current-voltage behavior all curves would

be expected to be identical over a wide range of voltages. While this is not observed

for low electric fields, an approaching of the different curves can be identified for

fields F > 1.1 · 108 V/m being more pronounced for thicker films. The upward

bending of the curves at very high fields could possibly be assigned to a resistive

heating of the sample: According to Eq. (2.11) an increase in temperature would

lead to improved transport properties yielding higher currents at a constant voltage

and a similar upward bending of the curve as observed here.

For sufficiently high temperature and for potential barriers which are not too

high, the predominant injection mechanism proceeds via thermionic emission—

whereas the barrier height is lowered by the image force effect. Crowell and Sze

developed a thermionic emission-diffusion (TED) theory for current injection into

low-mobility semiconductors via an injection barrier Φb,
353 which gives the so-called

Richardson-Schottky emission described by

jRS = A∗T 2 exp

(

− Φb

kBT

)

, (6.4)

with the Richardson constant A∗ = 4πem0k
2
B/h

3 (= 120Acm−2K−2, m0: free elec-

tron mass) and the barrier height lowering given by

Φb = Φb,0 −
√

e3F

4πε0ε
. (6.5)

Strictly speaking, the equations are only valid for emission into vacuum. While

they can—under certain conditions—be adopted to inorganic semiconductors, the

adaptation to organic semiconductors remains challenging: due to the disorder in-

side the organic material, injected carriers hit upon randomly distributed energy

barriers. This results in an enhanced backflow of injected carriers into the elec-

trode which is reflected by a Richardson constant being reduced by 5–6 orders of

magnitude.84,85 In spite of a variety of attempts to adapt the model to organic
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Figure 6.9.: j-V characteristics of DIP hole-only devices for several layer thicknesses
(Tsub = RT) in the forward (a) and reverse (b) bias regime . Measurement
data is presented depending on the electric field F and depending on

√
F

(inset). (c) Thickness dependence of the current (j versus d−5) at a con-
stant electric field of 3.5 · 107V/m. (d) and (e) depict plots of j versus d−1

at various constant electric fields for forward (d) and reverse (e) voltage
direction, respectively.

semiconductors,354–356 an unambiguous solution is still pending. Thus, an analysis

of injection limited currents is restricted to a qualitative manner.

In order to facilitate the identification of the prevailing transport mechanism of

holes in DIP, the current density is plotted at different values of the electric field

versus the DIP thickness. A clear proof for injection limitation would be given

by constant current densities without a thickness dependence, while the current in

trap-free SCLC would be proportional to d−1 as was the case for electron transport

in DIP. The low-field data (at F = 3.5 · 107 V/m) shows the current plotted versus

d−5 (see Fig. 6.9 (c)), which is the dependence expected for TCLC with (l+1) = 5.6
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Figure 6.10.: j-V characteristics of DIP hole-only devices for several layer thicknesses
with DIP deposited at substrate temperature of Tsub = 100 ◦C. (a) Semi-
logarithmic representation. For comparison, selected data of room tem-
perature devices as well as simulated bulk limited SCLC (dashed line) and
ohmic current-voltage behavior (dotted line) are included. (b) Double-
logarithmic representation of measurement data for forward bias (sym-
bols) with fits to power laws j ∝ V l+1 (dotted lines) and simulated cur-
rents for SCLC with parameters given in Tab. 6.2 (dashed lines).

as was determined in Fig. 6.8 (b). Moreover, for purely injection limited behavior

the current plotted versus the electric field should, according to Eq. (6.4) and (6.5)

follow a linear dependence of ln(j) on the square root of the electric field. As

depicted in the inset of Fig. 6.9 (a) this relation holds true only for high electric fields

approximately above F = 1.3 · 108 V/m. For electric fields F > 8.5 · 107 V/m the

current is plotted versus d−1 (Fig. 6.9 (d)) which shows a transition between direct

proportionality to thickness independence with increasing value of the electric field.

However, it was ensured that the voltage region used for fitting the data according

to SCLC lies below the injection limitation. For the reverse direction, there are no

indications of injection limitation (see Fig. 6.9 (b)). Instead, a direct proportionality

between j and d−1 is observed in a wide range of electric fields—at least for device

thicknesses d > 51 nm (Fig. 6.9 (e)).

Besides the deposition on unheated ITO/PEDOT substrates hole-only devices

with DIP deposited at a substrate temperature of Tsub = 100 ◦C have been pre-

pared. Figure 6.10 (a) depicts the current-voltage characteristics of the heated

devices (straight lines) as compared to the non-heated samples (dashed-dotted

lines)—in both cases the voltage is corrected for the potential drop at the series re-

sistance as described above. Even though the layer thicknesses of the devices with

Tsub = 100 ◦C are somewhat smaller than the corresponding unheated ones, there
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Figure 6.11.: j-V characteristics of DIP hole-only devices for several layer thicknesses in
the forward (a) and reverse (b) bias regime and Tsub = 100 ◦C. Measure-
ment data is presented depending on the electric field F and depending
on

√
F (inset). (b) Thickness dependence of the current (j versus d−7)

at a constant electric field of 2.3 · 107V/m. (c) and (d) depict plots of j
versus d−1 at constant electric fields of 7 · 107V/m and 1 · 108V/m for
forward and reverse bias, respectively.

is a significant increase in current observable in case of the heated ones. Moreover,

it is striking that in forward direction the improvements in current are more pro-

nounced than for reverse bias—however, ending up in almost identical curve shapes

being highly symmetric around V = 0V. In order to investigate the differences in

more detail, a similar analysis of the j-V data is made as shown for the unheated

case. After subtracting the ohmic contribution Fig. 6.10 (b) presents the data on a

double-logarithmic scale, clearly characterized by two distinct areas: According to

Eq. (2.20) a scaling parameter l ≈ 7 was extracted from the low-voltage regime by

a linear interpolation. For higher voltages the curve with dIS,2 = 174 nm is fitted

according to SCLC with µh,0 = 6 ·10−7 cm2/Vs and γ = 2.6 ·10−3 (cm/V)1/2. Based
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on these values the remaining thicknesses are simulated resulting in very good de-

scription of the measurement data. For the reverse bias regime identical results are

achieved (not shown here). Both, forward and reverse regime, are plotted versus

the electric field as depicted in Fig. 6.11 (a) and (b), respectively. In both cases

there is no overlap of the thicker layers while the thinnest sample deviates and

indicates an influence of injection limitation. The latter is confirmed by the data

shown in the insets: A linear relation between ln(j) and the square root of the

electric field can only be found for the device with the thinnest DIP layer. At low

electric fields the current is proportional to d−7 confirming the behavior expected

for TCLC with (l+1) = 8 (see Fig. 6.11 (c)). The high-field data (F2 = 7 ·107 V/m
and F3 = 1 · 108 V/m in (d) and (e) for forward and reverse bias, respectively)

demonstrate the validity of trap-free SCLC with a proportionality to d−1 for the

thicker films. Again, the deviation of the thinnest film indicate an influence of the

injection current at a thickness of 90 nm, however, SCLC seems to be still the dom-

inant mechanism. While the impact of substrate heating during DIP evaporation

manifests in a simple increase in current in the reverse direction, a transition be-

tween the prevailing transport mechanism is observed for the forward bias regime:

While the current for the unheated device is characterized by a considerable in-

fluence of injection limitation, the devices with Tsub = 100 ◦C are dominated by

SCLC, at least for thicknesses d > 90 nm.

6.2.2. Impedance spectroscopy

In the same way as for the electron-only devices, impedance measurements have

been performed for all samples presented in the previous section. Typical data

are depicted in Fig. 6.12—exemplarily shown for a hole-only device with 100 nm

of DIP. In the Bode plot for a fixed frequency of 1 kHz (see Fig. 6.12 (a)) a highly

symmetric behavior around Vdc = 0V is observed: At zero applied bias, the phase

takes a value of ϕ ≈ −π/2 which indicates capacitive behavior. For large forward

and reverse bias (Vdc = ±2V) ϕ changes to approximately 0. Compared to the

j-V -curves, this transition corresponds to the onset of hole-injection either from

the bottom contact (forward bias regime) or from the top contact (reverse bias

regime). A similar symmetric behavior is found in the C-V curves depicted in

Fig. 6.12 (b): Independent of the frequency there is a plateau around Vdc = ±0V

and a subsequent change in capacitance to both sides due to the injection of charge

carriers. The symmetric curves point towards similar injection behavior from both

electrodes—as has already been shown by the steady state current-voltage curves.

In order to determine the layer thicknesses, C-f measurements have been per-

formed for all devices. Exemplarily, frequency-sweeps for the 300 nm device are
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Figure 6.12.: Voltage dependent magnitude |Ẑ| and phase ϕ of the impedance (f =
1kHz) (a) and capacitance (b) of a hole-only device having a DIP film
thickness of dnom,2(DIP) = 100 nm grown at Tsub = RT.

depicted in Fig. 6.13 (a) for a variety of different bias voltages ranging from −20V

to +20V. As can be seen from the j-V characteristics depicted in Fig. 6.7 (a)

Vdc = −10V, 0V and 10V represent the depleted device—the current is still in

the ohmic regime—while Vdc = ±20V is located above the onset voltage where

holes are injected and a significant increase in current can be observed. Within the

ohmic voltage region the capacitance is essentially frequency-independent within

a frequency range of approximately 5 · 102–5 · 104 Hz showing a plateau value Cg

equal to the geometric capacitance of the DIP layer. At frequencies f > 5 · 104 Hz
the capacitance drops down to zero, which is untypical for the given measurement

setup. The high frequency regime is usually determined by parasitic effects due to

contact resistances as well as inductive effects exerted by cables and is expected to

be independent of the device. Thus, the observed deviations already point towards

a high series resistance which governs the high-frequency part of the sweep. The

increase in capacitance at low frequencies is a result of lateral conduction: Due to

the crossbar device architecture without area restriction of the organic layers on the

anode side there exists an additional current path through the device which lead

to an additional step at low frequency as was shown in Refs. 311 and 357. This fea-

ture has not been observed for the electron-only samples, as the device setup is not

based on a large-area anode but, instead, both Al electrodes are structured. Apart

from the low-frequency increase observed for the hole-only devices, no additional

plateau in capacitance is observed which eliminates pronounced inhomogeneities of

the electric field inside the organic like band bending effects.

The data is fitted according to the equivalent circuit shown in Fig. 6.13 (b).
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Figure 6.13.: (a) C-f -curves recorded for a hole-only device with DIP film thickness
of d(DIP) = 300 nm at room temperature and various applied dc bias
(symbols). Data is fitted according to the equivalent circuit as shown
in (b). (c) Variation of the imaginary part, −Z ′′, of the impedance as
a function of its real part, Z ′. The inset shows the voltage independent
high frequency arc which can be assigned to the TTF-TCNQ contact. (d)
RS, R1 and R2 as gained by the fit.

The reason for the second RC-element can be seen from the Nyquist plot depicted

in (c): Besides the main arc which can be attributed to the DIP layer, and a

second arc at low frequencies resulting from the lateral conductivity effects of the

PEDOT electrode, there is a third arc observable in the high frequency range (see

inset). This additional feature has no dependence on the applied bias and has to

be considered in form of a second RC-element in the EC. The intersection of this
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Figure 6.14.: Frequency dependent capacitance C(f) of hole-only devices (Vdc = 0V)
for several layer thicknesses; (a) without substrate heating (b) substrate
temperature of Tsub = 100 ◦C during DIP deposition.

high frequency arc with the Z ′-axis marks the series resistance of the device. A

presentation of the resistances RS, R1 and R2 is given in (d): The series resistance

takes comparatively high values of RS ≈ 7 kΩ. From measurements of solar cells

with ITO/PEDOT electrodes series resistances of around 75–150Ω are observed

(cf. Fig. 7.28 (c)). Thus, the high series resistance can clearly be attributed to the

TTF-TCNQ top contact which has to conduct the current not only transversely

to the 150 nm thick film but also along the contact of the length of approximately

1 cm (cf. schematic device configuration in Fig. 3.9). Moreover, the top electrode

can also be held responsible for the additional RC-element which determines the

high frequency behavior. The reason can be found in the limited conductivity of

TTF-TCNQ as organic metal.

In contrast to RS and R1, both showing almost constant values over the whole

voltage range, R2 has a voltage dependence with high values around VF = 0V and

decreasing values for forward and reverse bias—and can thus be attributed to the

DIP layer.

As a consequence of the successful assignment of the single elements forming the

equivalent circuit, C2 can be used to give information about the layer thickness.

C-f curves at a bias of Vdc = 0V are shown in Fig. 6.14 (a) for all RT samples

and (b) for the samples with Tsub = 100 ◦C. The data is fitted with the EC

sketched in Fig. 6.13 (b) providing fits which are very close to the measurement in

the desired frequency range between 5 · 102 and 106 Hz. Together with the series

resistance RS the thicknesses as determined from C-f fits are listed in Tab. 6.2
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and are found in good agreement with the nominal layer thicknesses. For the

devices with Tsub = 100 ◦C the thicknesses determined by IS deviate somewhat

more from the nominal layer thicknesses. This observation can be assigned to a

partial desorption from the heated substrates. For a consistent analysis of the

j-V curves thicknesses as determined from the C-f fits have been used as given in

the previous section.

6.2.3. Discussion

In the previous sections hole transport in thin films of DIP has been investigated

by studying hole-only devices—both deposited on unheated and heated substrates.

Holes have been successfully injected from the ITO/PEDOT anode as well as

from the TTF-TCNQ cathode. In general, the measurements reveal that the hole

current in DIP is smaller than the electron current with a difference amounting

to almost three orders of magnitude. This general trend has already been ob-

served for the charge carrier transport in single crystals: while a hole mobility of

µh = 3 · 10−3 cm2/Vs has been determined, the electron mobility was reported to

be almost one order of magnitude higher with µe = 2 · 10−2 cm2/Vs.203 Mobility

measurements on field effect transistors confirm these results as will be shown in

the subsequent section.

It was found that the diodes suffer from high series resistances, which can pre-

dominantly be attributed to a limited conductivity of the electrode TTF-TCNQ.

Thus, a potential drop at the contacts has to be taken into account. In order to

assess the height of the series resistances, C-f data of the devices have been fitted

according to an equivalent circuit including RS. Values in the range of approxi-

mately 2–8 kΩ have been found for RS, emphasizing the necessity to correct the

applied voltage for this potential drop.

Generally, three different regimes could be identified from the j-V characteristics:

An ohmic behavior at low voltages is followed by a filling of traps—which is identi-

fied by the current being described by a power law as expected for TCLC. A com-

paratively broad voltage regime for trap filling points towards traps which are dis-

tributed in energy, however, the type of distribution would require numerical simu-

lations. Assuming an exponential distribution, a trap density of Nt ≈ 7 · 1018 cm−3

with a trap level of Etrap = 0.12 eV can be estimated for the RT samples (see

Tab. 6.2). For high voltages trap filling is completed and the current follows an

SCLC behavior if not limited by injection. It was found that the hole current in

forward direction, i.e. governed by holes injected from the ITO/PEDOT electrode,

strongly depends on substrate heating: For the current density in the unheated de-
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vices, the hole injection barrier plays an important role for the limiting mechanism.

However, it is demonstrated that the hole current of the devices with heated sub-

strate is no more determined by the injection property of the contact but, instead,

by the bulk conduction properties of the organic material. This observation is in

good agreement with the results of the previous chapter—demonstrating that the

decisive influence of substrate heating can be found in lowering of the hole injec-

tion barrier—rather than the change in film morphology. The mobility in reverse

direction—which is found to be limited by the transport of the organic material in

both cases—increases when heating the substrate. However, the increase is only of

marginal extent and, thus, it further confirms the observation that the crucial influ-

ence of substrate heating can be ascribed to a lowering of the hole injection barrier

while the change in morphology plays only a minor role. In general it was found

that the thickness dependence of the current provides a unique criterion to distin-

guish different limiting cases, even if the charge carrier mobility is characterized by

a strong field-dependence. The extension of the steady-state j-Vmeasurements to

impedance spectroscopy enables the precise determination of the layer thickness,

being of particular importance in the case of heated devices as a certain fraction of

the molecules seem to desorb from the heated substrate. Moreover, IS data provide

the possibility to determine the series resistance ascribed to a finite conductivity of

ITO, PEDOT and, especially, TTF-TCNQ. Only by accounting for this potential

drop reliable statements about the current-voltage behavior are possible in the first

place.

To get even more reliability concerning the prevailing current limiting mech-

anism temperature dependent measurements together with numerical simulations

would be helpful to give evidence about the type of trap distribution. Investigating

a higher number of devices with different thicknesses and the usage of different con-

tact materials would provide more precise information about the critical thickness

and hole-injection barrier where a transition between contact limitation and SCLC

takes place.

6.3. Impurity effects on DIP based solar cells

The purity of organic small molecular weight material used as active layer in solar

cells can have a strong influence on fill factor and thus device efficiency as was

revealed by studies on CuPc based solar cells.358 To demonstrate the importance

of material purity in DIP based cells, j-V curves of heated and unheated PHJ solar

cells were investigated comprising DIP of different source batches. All batches have

been purified twice by gradient sublimation prior to use. From a variety of batches
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purchased from different companies or differing in manufacturing process, the best

(named as batch 1) and worst (named as batch 2) are compared to each other in

PHJ solar cells with the structure

ITO/ PEDOT/ DIP(50 nm)/ C60(50 nm)/ BCP(5 nm)/ Al

with DIP deposited either on heated (Tsub = 100 ◦C) or unheated (Tsub = RT)

substrate.

Fig. 6.15 (a) displays the j-V characteristics of the devices under illumination

(upper part) and in dark (lower part). The dark curves are fitted within the

exponential region by using the modified Shockley equation (5.1). Results of the
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Figure 6.15.: Influence of DIP purity. (a) Current-voltage characteristics of ITO/ PE-
DOT/ DIP(50 nm)/ C60(50 nm)/ BCP(5 nm)/ Al PHJ cells with different
DIP source batches. Upper part: j-V characteristics under white LED il-
lumination. Lower part: Logarithmic plot of the dark j-V characteristics
(open symbols). The solid lines are fits based on the modified diode equa-
tion. Results of the fits are given in Tab. 6.3. (b) and (c) Transfer char-
acteristics in the linear range for unipolar FETs with different electrode
materials (channel length 70µm) all fabricated on unheated substrates.
(b) Hole transport regime (negative gate voltage) at a drain voltage of
VD = −2V and (c) electron transport regime (positive gate voltage) at
a given drain voltage of VD = +2V. Each measurement consists of a
forward- and backward voltage sweep, manifesting in a hysteresis.
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Table 6.3.: Upper part: Open-circuit voltage Voc, short-circuit current density jsc, fill
factor FF, specific series resistance RSA, ideality factor n and dark sat-
uration current density j0 for ITO/ PEDOT/ DIP(50 nm)/ C60(50 nm)/
BCP(5 nm)/ Al PHJ cells with different DIP source batches (cf. Fig. 6.15).
Light illumination was realized with a white LED. As the LED illumination
conditions do not fulfill the AM1.5 g standards, values for power conver-
sion efficiencies are not specified. Lower part: Charge carrier mobilities
determined from OFET measurements for different DIP source batches.

Solar cells Voc jsc FF RSA n j0
Substrate treatment (V) (mA/cm2) (%) (Ω cm2) (mA/cm2)

PHJ cell with DIP of batch 1 (cf. j-V curves in Fig. 6.15 (a))

Tsub = RT 0.94 -3.75 67.1 133 1.4 5.4 · 10−12

Tsub = 100 ◦C 0.92 -3.8 70.4 2 1.8 8.7 · 10−12

PHJ cell with DIP of batch 2 (cf. j-V curves in Fig. 6.15 (a))

Tsub = RT 0.93 -3.7 51.9 385 3.9 3.9 · 10−6

Tsub = 100 ◦C 0.91 -3.7 61.4 5 2.5 8.6 · 10−8

Field-effect transistors µh µe

DIP batch ( cm2/Vs) ( cm2/Vs)

OFET with DIP of batch 1 and 2 (cf. transfer characteristics in Fig. 6.15 (b) and (c))

batch 1 8 · 10−2 1 · 10−1

batch 2 5 · 10−2 1 · 10−1

fits as well as the characteristic photovoltaic parameters are summarized in Tab. 6.3.

Within the measurement accuracy, all samples show similar values for Voc and jsc.

The most noticeable difference is the current in forward direction, which manifests

in strongly varying series resistances, and—associated with that—in different fill

factors. In accordance with the results of Sec. 5.1, the devices with DIP evaporated

on heated substrates show higher currents in forward direction. Thus, elevated

substrate temperatures in combination with batch 1 of DIP leads to low specific

series resistance of RSA = 2Ω cm2, resulting in excellent fill factors exceeding

70%. In contrast, the unheated sample with batch 2 of DIP shows high specific

series resistance of almost 400Ω cm2, which affects the fill factor in a way that

it reaches only 52%. Contrary to the expectations, Voc stays almost the same

even though recombination currents are found to be increased for batch 2. While

a slight reduction of Voc is observable for Tsub = 100 ◦C, the high series resistance
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of the unheated cell marks the exponential current regime and hinders a reliable

evaluation of the fitted data.

In addition to the influence on OPVCs, the effect of material purity on charge

carrier mobility is studied in organic field-effect transistors (OFETs), that have

been fabricated as described in Sec. 3.2.2. OFETs were prepared on highly doped

silicon wafers with 320 nm thermally grown oxide and a TTC passivation layer fol-

lowed by a 25 nm thick film of DIP from the different batches. Figure 6.15 (b) and

(c) display transfer characteristics of OFETs with top contacts of TTF-TCNQ and

Ca for unipolar hole and electron transport, respectively. Charge carrier mobili-

ties were determined by the transmission line method204,359 using channel lengths

between 50 and 150µm. Figure 6.15 (b) shows the hole transport regime (negative

gate voltage) at a drain voltage of VD = −2V and Fig. 6.15 (c) the electron trans-

port regime (positive gate voltage) at a drain voltage of VD = +2V, respectively. It

is found that the values of the electron mobilities for the different DIP batches are

similar with µe(DIP, batch 1) = µe(DIP, batch 2) = 1 · 10−1 cm2/Vs. In contrast,

the hole mobilities differ considerably for the two DIP batches: µh(DIP, batch 1) =

8 · 10−2 cm2/Vs and µh(DIP, batch 2) = 5 · 10−2 cm2/Vs. It is important to note

that this difference in mobility is clearly beyond the scattering of values obtained

on nominally identical samples from different fabrication runs, which was found to

be less than 10%.

When compared to the transport investigations presented in the previous sec-

tion, it is striking that the charge carrier mobilities from FET measurements are

found to be up to five orders of magnitude higher than values determined from

SCLC—a phenomenon which has often been reported in literature.50,69,360–362 The

reason is found in the dependence of µ on charger carrier density as well as on

molecular packing as described in Sec. 2.2.3: While in diodes the charge carrier

transport is perpendicular to the substrate and extends over the whole thickness

of the organic film, the transport in OFETs is restricted to the channel, i.e., to

the few nanometers next to the insulator-semiconductor interface and is parallel

to the substrate. As schematically depicted in Fig. 2.12 the π-orbital overlap in

crystalline materials as DIP varies for different directions leading to a directional

dependence of charge carrier transport. In addition, charge carrier density inside

the active layer of an operating OFET is typically very high as compared to OLEDs

or OPVCs. Both effects contribute to the anisotropy between mobilities determined

from SCLC measurements and field-effect mobilities—the latter known to be orders

of magnitude higher.

Independent of these differences, the results indicate that the performance of a

DIP/C60 PHJ solar cell is impacted by material’s purity. Specifically, the fill factor

increases with hole mobility, which is found in turn to depend on material purity.
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To assess this quantity in more detail, mass spectrometry measurements of the

different DIP batches were performed by our cooperation partners in Würzburg.

The obtained spectra (see Ref. 328) allow for an estimation of the purity level of

the individual batches. As a result, batch 1 contains about half of the integrated

impurity content compared to batch 2, though the total material purity of both

batches is very high due to two step gradient sublimation.

In summary, it can be concluded that the device performance strongly corre-

lates to the material’s impurity levels estimated by mass spectroscopy. The lower

hole mobility measured in the OFET transfer characteristics of batch 2 is a strong

indication for impurity-induced hole trapping being also the reason for poor so-

lar cell performance reflected in lower fill factors. For ultra-pure single crystalline

reference systems, Probst et al.363 demonstrated a decrease of the hole mobility

at room temperature by one order of magnitude in anthracene molecular crystals

intentionally doped with tetracene at a relative concentration of only 10−7. Due to

the respective HOMO level positions, tetracene acts as bare electrical hole trap in

the anthracene matrix. This illustrates that already very small amounts of impu-

rities can strongly affect the charge transport characteristics and thereby increase

the series resistance of the studied DIP photovoltaic devices.





Chapter 7

The donor/acceptor interface

Up to now, the studies addressed the interface between anode and donor as well as

the donor itself—with the analysis based on morphological, structural, energetic,

and electric aspects. In this context, one of the focal points has been the impact

of substrate treatment on the properties of the semiconducting layers and, with

that, on device performance. In the following, the attention will be shifted one

step further within the device stack, namely to the interface between donor and

acceptor. The first part will mainly address morphological and structural aspects

and their influence on device performance of both planar and bulk heterojunctions

studied on a variety of different D/A systems, however, with particular focus on

the DIP/C60 system. Afterwards, the interface between donor and acceptor will

be examined concerning its electronic properties—including the energetics of the

charge transfer state and recombination.

145
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7.1. Morphology, structure and energetics of

donor/acceptor interfaces

7.1.1. The DIP/C60 interface

Morphology and structure of the DIP/C60 interface

Morphological and structural studies in Sec. 5.1.1 demonstrate the strong influence

of substrate temperature on the film growth of DIP. AFM measurements could

reveal a change in surface morphology from round-shaped islands to a terrace-like

structure with extended crystallites when going from unheated to heated substrate.

Based on these findings, planar heterostructures have been fabricated where DIP

films evaporated at different substrate temperatures were covered with C60. In

comparison with the AFM results of pure DIP as shown in Fig. 5.1, the covering

C60 molecules form small domains with diameters of about 25–30 nm, adapting to

the underlying morphology of the DIP (see Fig. 7.1).

1 mm

H
ei

gh
t 

sc
al

e 
30

n
m

1 mm1 mm

RT 60 °C 100 °C
(a) (b) (c)

Figure 7.1.: AFM images of C60 (80 nm) on ITO/PEDOT/DIP(50 nm), with DIP evap-
orated at substrate temperatures of (a) RT, (b) 60 ◦C, and (c) 100 ◦C. In
all cases C60 is evaporated without substrate heating. The total image size
is 4× 4µm2 in all cases.

When coevaporating both materials with the substrate kept at room tempera-

ture, the topography is characterized by irregularly shaped domains with high sur-

face roughness (see Fig. 7.2 (a)). However, depositing the mixed film on a heated

substrate with Tsub = 100 ◦C leads to a spongiform basic structure composed of

large interconnected features resembling the neat DIP film grown at 100 ◦C as well a

smaller crystallites on top reminiscent of C60 grown on top of DIP (see Fig. 7.2 (b)).

This observation already points to phase separation in the coevaporated film which

will be confirmed by XRS measurement as shown in the following.
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Figure 7.2.: AFM images of mixed films of DIP and C60 (mixing ratio 1:1, 50 nm)
deposited on ITO/PEDOT at substrate temperature of (a) RT and (b)
100 ◦C. The total image size is 4× 4µm2 in all cases.

In analogy to the investigations on neat DIP films, XRS measurements were per-

formed to detect the structural order and spatial coherence length in both bilayer

and mixed films of DIP and C60 as well as to give evidence of the mixing behav-

ior inside the blend. Results of specular X-ray scattering and grazing incidence

X-ray diffraction are summarized in Fig. 7.3. The DIP films of the bilayer samples

as well as the mixed DIP:C60 layers were deposited at substrate temperature of

25 ◦C and 100 ◦C, respectively. The reflectivity of the PHJ clearly demonstrate

that the overall signal is mainly determined by the highly crystalline DIP layer

which is characterized by the strong (001) and (002) peaks of the DIP σ-phase.

Laue oscillations around the DIP (001) Bragg reflection indicate coherently or-

dered domains with magnitude corresponding to the whole DIP layer thickness.

In contrast to studies on neat C60 films evaporated on ITO/PEDOT (as will be

shown in Fig. 7.10) the X-ray scattering spectra of C60 evaporated on DIP show

comparatively pronounced Bragg reflections of C60 at qz ≈ 0.775 Å
−1

which are

superimposed with the DIP(002) reflection. This exceptional behavior may be

attributed to improved growth properties of C60 on top of the well ordered DIP

structure. Section 2.2.3 introduced the strong influence of charge carrier mobil-

ity on grain boundaries, whereas a linear increase of µ with grain size has been

reported. Thus, the crystallinity of both DIP and C60 are considered as great ad-

vantage of this material system for efficient charge carrier extraction when applied

in PHJ photovoltaic devices.

Mixed DIP:C60 layers show the same DIP Bragg peak positions as neat DIP,

which clearly proves that both materials exist in individual phases instead of form-

ing a mutual crystal structure as found for molecularly mixed films. However, there

is no measurable C60 Bragg reflection in the blends, which indicates low out-of-plane

order for C60 crystallites. The comparably narrow width ∆qz of the DIP(001) peak

in the mixture evaporated at Tsub = 100 ◦C (orange line in Fig. 7.3 (a)) corresponds
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Figure 7.3.: (a) Specular X-ray reflectivity of bilayers of DIP(20 nm) /C60(20 nm) and
mixed layers of DIP:C60 (40 nm, mixing ratio 1:1) both evaporated on
ITO/PEDOT, grown at different temperatures as indicated in the dia-
gram. For comparison the spectrum of the pure DIP film evaporated at
Tsub = RT is included. Bragg reflections at qz = 0.378 Å−1 can be asso-
ciated with a lattice plane spacing of dDIP = 16.6 Å. (b) In-plane grazing
incidence X-ray diffraction data of two DIP(20 nm)/C60(20 nm) bilayers
on ITO/PEDOT grown at different substrate temperatures and a mixed
film of DIP:C60(40 nm, mixing ratio 1:1) grown at Tsub = 100 ◦C. (c)
Rocking scans on the DIP(001) reflections of a DIP(20 nm)/C60(20 nm) bi-
layer and a mixed layer DIP:C60(40 nm, mixing ratio 1:1), both grown at
Tsub = 100 ◦C (taken from Ref. 327).

to a coherence length of D ≈ 45 nm, which is approximately equal to the en-

tire layer thickness indicating that crystalline DIP domains extend throughout the

whole film as has already been deduced from AFM measurements (cf. Fig. 7.2 (b)).
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The crystalline DIP domains are much smaller when the substrate is not heated

during coevaporation pointing towards less pronounced phase separation in the un-

heated blend (green curve in Fig. 7.3 (a)), which is found to considerably impact

corresponding solar cell performance as will be shown later on.

In addition to specular reflectivity mode, GIXD data has been recorded which

probes the lateral crystal structure of the sample. As can be seen from Fig. 7.3 (b),

the diffraction spectrum shows several C60 Bragg reflections in the DIP/C60 bi-

layers confirming the presence of a crystalline C60 layer on DIP. All in-plane DIP

reflections can be assigned to the σ-phase, whereas C60 Bragg reflections are related

to the fcc structure (cf. Sec. 3.1.3).q As was already deduced from specular reflec-

tivity and expected from AFM images, the highly crystalline DIP surface improves

the growth properties of C60 on top—especially when DIP was grown on heated

substrate. In accordance with the out-of-plane reflectivity, both DIP as well as C60

Bragg peaks are present in the mixed film, confirming a certain degree of phase

separation.

Rocking scans at a constant scattering angle at the position of Bragg reflections

probe the angular distribution of the lattice planes, i.e., the mosaicity. For the

bilayer and mixed DIP/C60 film evaporated at substrate temperature of 100 ◦C

a mosaicity (full width at half maximum of the rocking curve) of ∆ω = 1.9◦ and

2.5◦, respectively, is found by rocking scans on the (001) reflections (see Fig. 7.3 (c)).

This indicates a comparatively small angular spread of the orientations of the crys-

tallites, which was shown to play a non-negligible role on charge carrier mobility.49

Electronic structure of the DIP/C60 heterojunction

Building on the examined DIP films as shown in Fig. 5.3 and 5.8, thickness depen-

dent UPS spectra of C60 deposited both on PEDOT/DIP and HIL1.3/DIP have

been recorded (see Fig. 7.4). The valence spectra for C60 on 10 nm PEDOT/DIP

show that the low binding energy onset of the acceptor HOMO is at 1.50 eV, both

for the C60 mono- and multi-layer. With the DIP onset situated at 0.45 eV, the

HOMO offset between DIP and C60 at this interface is 1.05 eV. As was shown in

Sec. 5.2.2, the electronic structure of the anode/DIP interface is very much depen-

dent on the hole injection layer, i.e., using a high work function HIL or heating the

PEDOT film leads to markedly reduced hole injection barriers. In spite of these

differences at the hole injecting contact, the energy level alignment at the DIP/C60

interface is unchanged when using the high work function HIL1.3 as electrode. In

this case vacuum level alignment prevails and the HOMO offset is 1.05 eV, too.

qA more precise classification of the C60 peaks can be found in Ref. 200.
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Figure 7.4.: Ultraviolet photoelectron spectra of ITO/PEDOT substrates with dif-
ferent coverage of C60 on top of PEDOT/DIP(10 nm) (left part) and
HIL1.3/DIP(10 nm) (right part). Secondary electron cutoff (SECO) spec-
trum (a) and (c) and valence region spectrum (b) and (d) (taken from
Ref. 327).

The energy level structure at HIL/DIP/C60 interfaces is schematically summarized

in Fig. 7.6 (a) where the dashed and shaded energy levels denote the situation when

HIL1.3 is used as hole injection layer. The DIP/C60 interface energetics relevant for

PHJ devices are identical for both PEDOT:PSS formulations. Assuming a trans-

port gap for C60
r of 2.5 eV and for DIP of 2.5 eV (cf. Tab. 4.1) the interfacial energy

gap EDA =
∣
∣Edonor

HOMO − Eacceptor
LUMO

∣
∣ between the DIP HOMO and the C60 LUMO is

1.45 eV, which is an estimate of the maximum achievable open-circuit voltage in

organic heterojunction solar cells as was shown in Sec. 2.3.2. A detailed analysis of

this topic will be given in Sec. 7.2.1.

Figure 7.5 shows thickness dependent UPS spectra for mixed films of DIP:C60

co-deposited on ITO/PEDOT (without substrate heating). As illustrated by the

schematic energy level diagram in Fig. 7.6 (b), the energy levels are almost identical

to the PHJ case—except for the low binding energy onset of the C60 HOMO which

is found 0.1 eV closer to EF, as inferred from a fitting routine of the blend UPS

spectrum by summation of pristine C60 and DIP spectra depicted in Fig. 7.5 (c).

rIn contrast to the published data in Ref. 327, where the optical gap of C60 was assumed as
Eg = 2.3 eV,364 more recent measurements identified Eg(C60) to be 2.5 eV.
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Figure 7.5.: Ultraviolet photoelectron spectra of ITO/PEDOT substrate with different
coverage of a DIP:C60 blend (mixing ratio approximately 1:1) on top of
ITO/PEDOT. Secondary electron cutoff (SECO) spectrum (a) and valence
region spectrum (b). (c) Valence region spectra for C60, DIP and the mixed
film C60:DIP compared to a summation of the pristine C60 and DIP spectra
(taken from Ref. 327).
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Figure 7.6.: Schematic energy level diagrams for (a) PHJ HIL/DIP/C60 with PEDOT
or HIL1.3 as hole injection layer (dashed lines and the shaded area mark the
levels measured for the HIL1.3) and (b) DIP:C60 blend on ITO/PEDOT.
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Thus, the interfacial energy gap is deduced to EDA = 1.55 eV and, consequently,

similar values for Voc are expected for planar and bulk heterojunction solar cells

based on DIP/C60.

Electrical characterization

Based on these results, planar and bulk heterojunctions with and without substrate

heating can be interpreted with regard to the observed morphological, structural

and energetic differences. A detailed investigation on PHJ devices with varying

substrate temperature and hole injection barrier has already been presented in

chapter 5 as part of the analysis of the anode/donor interface. In accordance with

the mobility investigations inside the donor, the results demonstrate that the de-

cisive influence of substrate heating can be attributed to a lowering of the hole

injection barrier—rather than to a change in film morphology. In addition to the

remarkably high crystallinity of DIP films, X-ray scattering data on DIP/C60 bilay-

ers showed improved growth properties of C60 on the well ordered DIP structure.

It is very likely, that this exceptional behavior contributes to an excellent charge

extraction efficiency in PHJ devices—ultimately leading to the observed fill factors

exceeding 70%.

Concerning the heating effect on mixed DIP:C60 films, X-ray scattering tech-

nique reveal an enhancement of phase separation when heating the substrate dur-

ing deposition of the blend. When preparing PM-HJ solar cells, the blend is sand-

wiched between thin films of pure material. In the heated devices, the neat DIP

layer underneath the blend is usually deposited with Tsub = 100 ◦C as well—while

the capping C60 is always evaporated without further heating of the substrate.

As will be shown in the following, substrate heating during fabrication of PH-HJ

devices reveal a clear improvement in photovoltaic parameters—which is mainly

manifested in enhanced fill factors. Based on the results of the PHJ cells together

with the morphological and structural analysis of the blend, two different effects

might be responsible for this improvement: On the one hand heating the sample

is accompanied by reduced hole injection barriers at the anode/DIP contact—and

on the other hand enlarged phase separation inside the blend suggests facilitating

charge carrier extraction. In order to separate both effects the following device se-

ries has been fabricated and analyzed concerning their photovoltaic behavior—all

based on the structure

ITO/ PEDOT/ DIP(5 nm)/ DIP:C60(50 nm)/ C60(10 nm)/ BCP(5 nm)/ Al.

In addition to a completely unheated cell and one where both the neat DIP as

well as the mixed layer were evaporated on heated substrate, one device was pre-
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Figure 7.7.: Effect of different substrate temperatures during DIP evaporation of
PM-HJ solar cells: j-V characteristics of cells with structure ITO/ PE-
DOT/ DIP(5 nm)/ DIP:C60(50 nm)/ C60(10 nm)/ BCP(5 nm)/ Al. (a)
j-V characteristics under white LED illumination. (b) Logarithmic plot of
the dark j-V characteristics (open symbols). The solid lines are fits based
on the modified diode equation. Neat C60 layers are always deposited with
the substrate held at RT. Results of the fits are given in Tab. 7.1.

pared with heated DIP single layer but the blend evaporated at Tsub = RT. The

j-V characteristics in dark and under illumination are shown in Fig. 7.7 and the

photovoltaic parameters are listed in Tab. 7.1. The most obvious difference can be

found in the shape of the light j-V curve within the fourth quadrant—quantitatively

expressed by the fill factor of the cell: Both the completely unheated cell (red curve)

as well as the device with DIP interlayer deposited at Tsub = 100 ◦C (green curve)

suffer from low fill factors between 33 and 37%, which can be attributed to impeded

charge carrier extraction as result of the small-scale phase separation as shown from

the structural analysis. By contrast, substrate heating during blend evaporation

enables phase separation with larger domains of pure DIP and C60—ultimately

leading to pronounced percolation paths refleted in enhanced fill factors of up to

50% (blue curve).

The PM-HJ concept has been introduced as combination of planar and bulk

heterojunction, unifying benefits of both concepts. Thus, it combines enhanced

dimension of the D/A interface inside the blend with unhindered charge carrier

collection properties of neat organic layers. In the following, the PM-HJ devices is

compared with a pure BHJ cell where the neat DIP and C60 films encompassing

the blend has been omitted. The layer sequence of the BHJ device is

ITO/ PEDOT/ DIP:C60(100 nm)/ BCP(5 nm)/ Al,
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Table 7.1.: Open-circuit voltage Voc, short-circuit current density jsc, fill factor FF,
specific series resistance RSA, ideality factor n and dark saturation cur-
rent density j0 for PM-HJ solar cells with different substrate treatment (cf.
Fig. 7.7). Unless explicitly assigned to a certain layer, the substrate tem-
perature refers to the DIP containing films (pure and mixed layer)—all C60

capping layers were deposited with Tsub = RT. Light illumination was real-
ized with a white LED. As the LED illumination conditions do not fulfill the
AM1.5 g standards, values for power conversion efficiencies are not specified.

Architecture Voc jsc FF RSA n j0
(V) (mA/cm2) (%) (Ω cm2) (mA/cm2)

PM-HJ

Tsub = 100 ◦C 0.85 -5.1 49.6 3 2.2 3.6 · 10−7

Tsub = RT 0.89 -5.0 33.1 5 2.3 1.3 · 10−7

DIP(100 ◦C)/DIP:C60(RT) 0.87 -5.3 36.6 3 1.9 1.6 · 10−8

BHJ

Tsub = RT 0.62 -4.3 33.4
1st exponential increase 397 2.5 2.9 · 10−4

2nd exponential increase 21 2.7 4.4 · 10−5

whereas the blend has been evaporated on heated substrate. Current-voltage char-

acteristics are included in Fig. 7.7 (orange dashed curve) and characteristic device

parameters are listed in Tab. 7.1. The active layer thickness of the BHJ has to

be chosen somewhat larger compared to PM-HJ devices, as the neat BHJ is more

susceptible to leakage currents. However, the resulting short-circuit current is even

smaller than for the PM-HJ which is actually composed of a smaller overall layer

thickness. From the morphological and structural analysis of mixed DIP:C60 films

as shown in Sec. 7.1.1 it can be deduced that this material combination exhibits

phase separation in the blend and forms percolation paths for both carrier types—in

particular, if the blend is evaporated at elevated substrate temperature. However,

the decrease in jsc with increased thickness of the blend demonstrates the limits of

the bulk heterojunction concept: with the increase in layer thickness, recombina-

tion losses due to the presence of both phases in close proximity exceed the gain

in absorption efficiency and finally reduce jsc.
365,366 A similar reduction in jsc is

found for increasing the total layer thickness in PM-HJ devices as has been shown

in Ref. 327.
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Following from the characteristic device properties of the PM-HJ cells, it is re-

markable that all cells reach almost identical open-circuit voltages as the best PHJ

devices (cf. Tab. 5.1). By contrast, pure bulk heterojunction devices have substan-

tially lower Voc of only 0.6–0.7V, even though equal values of the interfacial energy

gap have been detected by UPS measurements (cf. Fig. 7.6). This can be seen as

a further advantage of the hybrid PM-HJ concept over the pure BHJ device: in

the latter Voc may be limited by the built-in voltage Vbi because recombination of

charge carriers at the interface between an electrode and the mixed layer immedi-

ately sets in as soon as the applied voltage exceeds Vbi.
333 A similar observation

has been found by Foertig et al. using transient photovoltage measurements: The

authors report on CuPc/C60 based solar cells and attribute a lowering of Voc in

BHJ cells compared to PHJ (at least at low illumination intensities) to an increase

of the active recombination region due to small-scale phase separation within the

blend.367 The neat donor and acceptor layers encompassing the mixed layer in

the PM-HJ cell suppress this direct recombination leading to reduced losses in Voc.

This possible explanation is confirmed by the immediate increase in dark current

density in forward direction for voltages above V = 0V, which is not characterized

by a markable onset voltage (see Fig. 7.7 (b)). A further peculiarity of the dark

j-V curve can be found in the double exponential increase—a feature which is also

observed for CuPc/C60 PHJ as will be shown in Sec. 7.2.1. Giebink et al. ascribe the

double exponential current-voltage characteristic to a concurrent existence of two

recombination pathways of different order at a junction.26 Even though the reason

for this behavior of the BHJ cell in dark is not part of the present study, two sets of

parameters can be extracted for the first and second increase, respectively—listed

in Tab. 7.1. The fitted parameters are rather similar except of the series resistance

which strongly decreases for the current density in the higher voltage range. Thus,

a possible explanation might be found in different injection barriers for holes into

the DIP domains and electrons into the C60 domains—ultimately leading to succes-

sive charge carrier injection. In any case, j0 of the BHJ is found to be 3–4 orders

of magnitude higher than for PM-HJ cells. This indicates higher recombination

losses in pure BHJ devices which is quite conceivable when assuming increased

recombination at the electrodes. According to Eq. (2.25) this increase in j0 is di-

rectly related to the loss in Voc. Consequently, the neat donor and acceptor layers

encompassing the mixed layer in a PM-HJ cell suppress this direct recombination

and thus enable Voc to reach values as high as for PHJ devices.

Based on the above described results both on planar as well as on bulk het-

erojunctions, a summarizing comparison between heated and unheated PHJ and

PM-HJ devices is shown in Fig. 7.8, whereas the extracted device parameters as

well as the exact layer sequences are listed in Tab. 7.2. In general, all four devices
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Figure 7.8.: Current density vs. voltage (j-V ) characteristics of (a) PHJ and (b) PM-HJ
devices with different architectures measured under AM1.5 g illumination.
The organic layers were either deposited on unheated substrates or on
heated ones with substrate temperature of 100 ◦C during DIP evaporation
(as neat or mixed film). Characteristic values and exact layer sequences
are summarized in Tab. 7.2. (c) Light intensity dependence of the short-
circuit current density following a power law jsc ∝ (IL)

α with α ≈ 1.0.
(d) Schematic picture of the film morphology in planar and planar-mixed
heterojunctions of DIP and C60 illustrating the pronounced crystallinity in
case of PHJ—which is even improved when heating the substrate during
DIP evaporation—and the impact of substrate heating on the scale of phase
separation in BHJ.
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show almost identical open-circuit voltage and differ only in their short-circuit cur-

rents and fill factors. The high open-circuit voltages up to 0.93V can be ascribed to

the high ionization potential of DIP and the favorable energy level alignment with

C60—finally leading to high interfacial energy gap which ultimately limits Voc. As

discussed above, the PM-HJ concept suppresses the direct recombination of charge

carriers at the organic/electrode interface and enables Voc to reach values as high

as for PHJ devices.

The short-circuit currents are considerably higher in the PM-HJ solar cells as

compared to the corresponding PHJ structures: Excitons which are created in the

mixed layer are always in proximity of a donor/acceptor interface and can thus

easily be dissociated. Furthermore, excitons created in the adjacent layers of neat

DIP and C60 may also contribute to the photocurrent, as the layer thicknesses of

5 and 10 nm are well below the exciton diffusion length of DIP205 and C60.
368

The second parameter, in which the investigated cells differ in a characteristic

way, is the fill factor. Comparing the heated and the unheated devices, respectively,

the PHJ cells have a higher FF than the PM-HJ devices, and in particular for

the heated PHJ device it reaches exceptionally high values exceeding 74%—being

one of the highest fill factors observed for organic small molecule solar cells. It

indicates highly efficient charge carrier transport towards the electrical contacts

with little recombination losses—despite of comparatively thick layers—as well as

unhindered charge carrier extraction without energetic barriers. Inherently higher

bulk recombination and lower carrier mobility in the mixed layer probably limit

charge collection efficiency and thereby the FF of these devices.

The positive impact of substrate heating on the electrical properties of the solar

cells is predominantly reflected in a considerable increase of the fill factor in both

device architectures. As discussed before, different origins can be held responsible

for the impact of Tsub on the j-V characteristics of PHJ and PM-HJ cells: In the

PHJ setup the improvement of FF is not so much a result of morphological changes

but rather a consequence of reduced hole injection barrier resulting from heating

the PEDOT substrate (cf. Sec. 5.1). By contrast, the efficiency enhancement in

the PM-HJ cell can be ascribed to morphological differences instead of energetic

relations. As deduced from morphological and structural investigations presented

in the previous section, substrate heating during evaporation of the blended film

causes enhanced phase separation and with that improved carrier extraction to

the electrodes. These findings could be further confirmed by a comprehensive

morphological and structural study including grazing incidence small angle X-ray

scattering (GISAXS) which has the advantage to probe the volume of a film—

providing information about domain distances in the bulk.369 The enhanced phase

separation, in turn, leads to an increase of the fill factor from 28% to 52%.
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Table 7.2.: Solar cell parameters of PHJ and PM-HJ devices with different substrate
temperature during evaporation of DIP containing layers (j-V curves shown
in Fig. 7.8). Devices were measured under AM1.5 g illumination.∗ Voc:
open-circuit voltage, jsc: short-circuit current density, FF: fill factor and η:
power conversion efficiency, RSA: specific series resistance, n: diode ideality
factor and j0: dark saturation current density.

Architecture Voc jsc FF η RSA n j0
(V) (mA/cm2) (%) (%) (Ω cm2) (mA/cm2)

PHJ (cf. j-V curves in Fig. 7.8 (a))

DIP(50 nm,RT/100 ◦C)/C60(80 nm,RT)

Tsub = RT 0.94 -5.2 44.3 2.1 120 1.5 2.9 · 10−11

Tsub = 100 ◦C 0.93 -5.6 74.3 3.9 3 1.6 6.3 · 10−10

PM-HJ (cf. j-V curves in Fig. 7.8 (b))

DIP(5 nm,RT/100 ◦C)/DIP:C60(50 nm,RT/100 ◦C)/C60(10 nm,RT)

Tsub = RT 0.86 -7.4 28.0 1.8 7 3.1 3.0 · 10−6

Tsub = 100 ◦C 0.91 -8.6 51.9 4.1 7 2.0 3.5 · 10−8

∗ As already mentioned, the inhomogeneity of the light beam together with a cell area being
smaller than the reference cell leads on an overestimation of the power conversion efficiency—
however, the setup enables constant measurement conditions allowing for a clear comparison
between the cells.

As has been introduced in Sec. 2.3.2, the light intensity dependence of the short-

circuit current density can be used to identify the dominant recombination mech-

anism. Here, jsc follows a power law jsc ∝ (IL)
α, with a scaling exponent α very

close to one for all devices (see Fig. 7.8 (c)). Based on the considerations given

in Sec. 2.3.2 this observation could be taken as indication for first order recombi-

nation kinetics. However, it has also been mentioned that the reliability of this

analysis is only limited and bimolecular recombination losses cannot be excluded.

A further discussion on possible prevailing recombination mechanisms—based on

the interpretation of the diode ideality factor—is given in Sec. 7.2.4.

The deduced structures of the planar and bulk heterojunctions are summarized

in schematic pictures shown in Fig. 7.8 (d): The PHJ, both with and without sub-

strate heating, is characterized by a pronounced crystallinity of the DIP layer as well

as its templating effect leading to unusually crystalline C60 films—both allowing for

efficient charge carrier extraction towards the electrodes. When depositing a blend

of DIP and C60 without heating the substrate, small-scale phase separation leads
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to reduced charge carrier mobility and hindered transport towards the electrodes.

By contrast, mixed films evaporated under substrate heating exhibit large-scale

phase separation forming a bicontinuous network of both molecular species, which

enables efficient exciton dissociation and charge carrier transport. Altogether, the

lower current in the planar heterojunction cells is almost completely compensated

by their extremely high FF achieving equally high power conversion efficiency.

7.1.2. The CuPc/F16CuPc interface

Fluorination of phthalocyanines can be considered as common method to increase

their electron affinity and ionization potential, while having almost no effect on

the energy gap.299,370 As can be seen from the energy level diagram in Fig. 4.2 the

electrochemical potentials of the perfluorinated CuPc are shifted in a way, that

F16CuPc can act as acceptor in combination with its hydrogenated counterpart.

Therefore, bilayers and blends of CuPc and F16CuPc were studied concerning their

structural properties and possible suitability as D/A combination for an application

in OPVCs.

As shown in Ref. 371 the topography of neat films of CuPc and F16CuPc has a

granular structure which changes towards worm-like domains when deposited at el-

evated substrate temperatures. When mixing both materials, AFM measurements

reveal similar morphologies of the blend as compared to the neat films, which al-

ready points towards a molecular mixture of both constituents.
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Figure 7.9.: (a) X-ray reflectivity spectra of neat films of CuPc (25 nm) and
F16CuPc (25 nm), a bilayer CuPc(25 nm)/F16CuPc(25 nm) and blend of
CuPc:F16CuPc(50 nm, mixing ratio 1:1). All films have been deposited on
unheated ITO/PEDOT substrates (taken from Ref. 371). (b) Schematic
drawing of the planar and mixed heterojunction of CuPc and F16CuPc as
revealed from structural investigation.
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X-ray scattering technique has been used in order to analyze the molecular arrange-

ment in neat, bilayer and mixed films of CuPc and F16CuPc. The obtained XRR

spectra are depicted in Fig. 7.9 (a). Both types of phthalocyanine show pronounced

Bragg peaks when deposited on ITO/PEDOT. The signature at qz = 0.48 Å
−1

cor-

responds to the (100) reflection of CuPc α-phase, revealing almost upright standing

molecules on the substrate (cf. Sec. 3.1.3). Due to the larger terminating atoms in

the perfluorinated CuPc, its lattice spacing perpendicular to the substrate is dis-

tinctly higher which shifts the Bragg peak to lower values of qz. As has been

discussed in Sec. 3.1.3, F16CuPc appears in two different polymorphs when grown

on SiO2—namely a βbilayer-structure with upright standing molecules stacked in

columns and a β-phase with herringbone arrangement (cf. Fig. 3.5 (b) and (c), re-

spectively). While having different in-plane stacking behavior both polymorphs

do not differ significantly in their out-of-plane lattice spacing. Thus, the Bragg

reflection at qz = 0.43 Å
−1

cannot clearly be attributed to either the β- or βbilayer-

structure. The bilayer CuPc/F16CuPc exhibits Bragg peaks of both components—

however, with a slight shift of the CuPc reflection, which can be attributed to a

certain degree of intermixing at the interface. A more detailed investigation of

this feature can be found in Ref. 200. In contrast to the X-ray scattering data of

DIP:C60, the mixed CuPc:F16CuPc film shows only one Bragg peak which is lo-

cated between the ones of the neat materials. This gives clear evidence that both

phthalocyanines mix on a molecular level—forming a mixed crystalline film with a

lattice spacing d⊥ between those of pure CuPc and F16CuPc. A systematic analysis

including different mixing ratios and GIXD data can be found in Ref. 200.

The formation of a molecular mixture within the blend of CuPc and F16CuPc—

illustrated in Fig. 7.9 (b)—is related to similar sizes and shapes of both molecules

and their similar packing motifs in neat films as has already been shown for pen-

tacene combined with its perfluorinated analogue PFP and other rod-like molecules

(see Refs. 372, 373 and 318). Implications on electrical transport within the solid

solution of CuPc:F16CuPc were reported in Refs. 371 and 374: While unipolar elec-

tron or hole transport is enabled by continuous molecular paths through the mixed

complex, a tremendous lowering in current is observed if both charge carrier types

are injected simultaneously or if photogenerated by light absorption. This behavior

is assigned to the formation of charge transfer states with the hole located on the

CuPc molecule and the electron on the F16CuPc molecule.

When applying CuPc and F16CuPc as active semiconductors in PHJ devices

the current in reverse direction is higher than under forward biasing, which has

been ascribed to the formation of a charge-generation layer at the D/A interface

based on tunneling of electrons from the CuPc HOMO to the F16CuPc LUMO.374

In this case, no measurable effect upon illumination is found for the j-V behavior,
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however, the charge generating properties might be of interest in tandem solar

cells.375 As expected from the energy level diagram depicted in Fig. 4.2, small

open-circuit voltages were detected in BHJ photovoltaic devices.374 Here, the for-

mation of self-trapped CT excitons significantly reduces the exciton dissociation

efficiency—ultimately making the material combination CuPc/F16CuPc unusable

for the application in photovoltaic cells. Altogether, D/A combinations forming

molecularly mixed crystalline films within the blend carry the risk of insufficient

charge carrier separation eliminating them from successful application as active

material in organic BHJ solar cells.

7.1.3. The CuPc/C60 interface

The combination of CuPc and C60 is a well-known D/A combination and became

a kind of prototype small-molecule OPVC system.124,192,226,376,377 As can be seen

from the absorption spectra in Fig. 4.3, this material combination features favorable

conditions for light harvesting due to the complementary absorption spectra of both

constituents and high absorption coefficient over almost the full visible range. As

shown in Ref. 371 neat films of CuPc and C60 evaporated at room temperature,

display a granular structure with needle-shaped crystallites in the case of CuPc

and spherical domains for C60. Mixing both materials by coevaporation yields an

irregular film topography which is caused by dissimilar molecular shapes as has

been shown in Sec. 3.1.3 and already hints towards phase separation between CuPc

and C60.
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Figure 7.10.: X-ray reflectivity spectra of neat films of (a) CuPc (25 nm) and
(b) C60 (25 nm). Both figures contain spectra of a bilayer
CuPc(25 nm)/C60(25 nm) film and blend of CuPc:C60(50 nm, mixing ratio
1:1). All films have been deposited on unheated ITO/PEDOT substrates
(taken from Ref. 371). (c) Suggested molecular arrangement in CuPc/C60

bilayers and blends as revealed by structural investigations.
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To analyze the molecular arrangement in the pure films and in the heterojunc-

tions, X-ray scattering measurements were performed (see Fig. 7.10 (a) and (b)).

The measurements comprise neat films of the pure material as well as heterojunc-

tions in the form of bilayer (C60 on top of CuPc) and mixed films—examined con-

cerning their out-of-plane structure. All films have been deposited on ITO/PEDOT

without heating the substrate during evaporation. In analogy to the studies pre-

sented in the previous section, a pronounced Bragg peak at qz = 0.48 Å
−1

can be

identified as the (100) reflection of CuPc α-phase, which is observable in the pure

CuPc film but also in the bilayer. Very weak C60 features indicate weak crystalline

order of pure C60 films on ITO/PEDOT. In contrast to the templating effect which

was observed for the PHJ DIP/C60 (see Sec. 7.1.1), no improvement of structural

order can be found when growing C60 on top of CuPc. The mixture of both ma-

terials shows Bragg reflections of CuPc α-phase and C60 fcc-phase, proving phase

separation in blends of CuPc:C60—however, composed of smaller crystalline CuPc

domains as compared to pure films. This tendency of phase separation is consistent

with the sterically incompatible molecular shape of both components. The analysis

of electrical transport properties within blends with varying mixing ratios reveals

an exponential decrease of charge carrier mobility upon diluting one component

with the respective counterpart.371 Thus, charge carrier transport in BHJ solar

cells is supposed to be limited by the size of single material domains within the

mixture as the formation of percolation paths towards the electrodes is a neces-

sary prerequisite for efficient charge extraction. Suggested molecular arrangements

within the bilayer and blend of CuPc and C60 are illustrated in Fig. 7.10 (c).

Based on these results the material combination CuPc/C60 has been studied both

in PHJ and PM-HJ photovoltaic cells. j-V curves in dark and under illumination

are depicted in Fig. 7.11 (a), whereas characteristic photovoltaic parameters as well

as results obtained from fitting the dark j-V curve with the Shockley equation are

listed in Tab. 7.3. All devices were fabricated with an ITO/PEDOT anode and

BCP/Al cathode and active layer sequences as given in Fig. 7.11 and measured

under comparable conditions as the corresponding DIP/C60 cells shown in Fig. 7.8.

The most prominent difference to the DIP/C60 devices is the open-circuit voltage

being only about 0.5V for the presented cells. By estimating the upper limit of Voc

via the intermolecular energy gap, a substantial lower value of EDA ≈ 1 eV can be

extracted from UPS data (see schematic energy level diagram based on published

data in Ref. 240), being approximately 0.45 eV lower than the corresponding value

for DIP/C60. This difference is almost exactly reflected by the difference in open-

circuit voltages—a topic which is further addressed in Sec. 7.2.1. According to the

electronic structure of the planar and bulk heterojunction, similar values for Voc

would be expected. However, j-V characteristics found higher open-circuit voltage
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Figure 7.11.: (a) j-V characteristics of solar cells based on CuPc and C60. PHJ of struc-
ture ITO/ PEDOT/ CuPc(40 nm)/ C60(60 nm)/ BCP(8 nm)/ Al and PM-
HJ of structure ITO/ PEDOT/ CuPc(3.5 nm)/ CuPc:C60(50 nm, mixing
ratio 1 : 1)/ C60(5 nm)/ BCP(8 nm)/ Al. Upper parts: j-V characteristics
under AM1.5 g illumination (1 sun). Lower parts: Logarithmic plot of the
dark j-V characteristics (open symbols). The solid lines are fits based on
the modified diode equation. All layers are deposited with the substrate
held at RT. Results of the fits are given in Tab. 7.3. Schematic energy
level diagrams of (b) planar and (c) bulk heterojunction of CuPc/C60

after Ref. 240.

for the PHJ than for the PM-HJ. Increased recombination losses within the bulk,

which would be reflected in significantly differing j0, seem not to be the case here.

Instead, a comparably large hole injection barrier between the bottom contact and

the adjacent CuPc layer was found resulting in increased series resistance—and

being partly responsible for the appearance of an s-shape in the PHJ device.

Regarding the short-circuit currents both types of CuPc/C60 cells are clearly

ahead of the corresponding DIP based devices, which is simply related to the

larger absorption coefficient of CuPc and the better spectral coverage in the long

wavelength range (see Fig. 4.3).
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Table 7.3.: Open-circuit voltage Voc, short-circuit current density jsc, fill factor FF,
power conversion efficiency η, specific series resistance RSA, ideality factor
n and dark saturation current density j0 for PHJ and PM-HJ solar cells
based on CuPc and C60 evaporated on unheated substrates (cf. Fig. 7.11).
Light illumination was realized with a solar simulator at one sun.

Device architecture Voc jsc FF η RSA n j0
(V) (mA/cm2) (%) (%) (Ω cm2) (mA/cm2)

PHJ 0.56 -7.7 52.6 2.28 13.8 2.3 9 · 10−5

PM-HJ 0.49 -10.6 33.4 1.76 1.6 1.8 2.5 · 10−5

The generally lower fill factors for CuPc/C60 are indicative for stronger recom-

bination losses in this material system, which is clearly confirmed by significantly

higher values of the dark saturation current. The argument of lower hole mobility

in neat CuPc than in DIP—as stated in Ref. 327—could not be affirmed by mobil-

ity measurement carried out in hole-only diodes (see Sec. 6.2): While for unipolar

CuPc diodes a zero-field mobility of µh,0 = 1.9 · 10−5 mA/cm2 has been determined

in Ref. 378, similar measurements with unipolar DIP diodes reveal an even lower

mobility of µh,0 ≈ 5–6 · 10−7 mA/cm2 perpendicular to the substrate (cf. Sec. 6.2).

Instead, enhanced growth conditions of C60 can explain—at least in part—the im-

proved efficiency of charge carrier extraction in PHJ based on DIP/C60: As has

been found by structural investigation, DIP has a templating effect on the subse-

quent C60 film leading to comparatively high crystalline order in the C60 film. As

X-ray scattering data do not indicate a similar behavior for C60 grown on CuPc, the

fullerene film is supposed to exhibit significantly smaller crystalline domains and

with this lower charge carrier mobility and less efficient electron transport towards

the electrodes. However, based on the fact that the maximum absorption coeffi-

cient of DIP in the visible spectral range is about four times lower than for CuPc,

the reduction of the photocurrent by only 25% point towards very efficient charge

carrier collection in DIP/C60 cells. In BHJ, a reduction in charge carrier mobility

has been found upon mixing CuPc and C60 as result of nanophase separation on

length-scale of a few ten nanometers. By contrast, the morphology of the DIP

phase in BHJ architecture is characterized by large, cohesive crystalline structures

with DIP domains in the size of the entire film thickness. This allows for favorable

transport properties by the formation of pronounced percolation pathways for each

of the charge carrier types and thus less recombination losses as compared to the

CuPc/C60 based devices.
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7.2. Electronic properties of donor/acceptor

interfaces

7.2.1. Temperature dependence of open-circuit voltage

From the previous chapters it becomes clear that the greatest potential of DIP

as donor in organic solar cells can be found in its high ionization potential and

the favorable energy level alignment with the C60 acceptor leading to high open-

circuit voltages of up to 0.93V. As already stated in Sec. 2.3.2 Voc is ultimately

limited by the energy of the charge transfer state ECT. Although the linear rela-

tionship between eVoc and ECT is generally accepted, there is an ongoing discussion

about the mismatch between both quantities—usually amounting to approximately

0.2–0.5 eV. In order to assess ECT, temperature dependent current-voltage mea-

surements have been carried out under illumination and in dark. A comprehensive

description of the measurement data and the corresponding analysis is exemplarily

shown on the material system DIP/C60, which is followed by a comparative analysis

of a series of different donor/acceptor combinations.

The material system DIP/C60

The measurement data of the DIP/C60 material system is recorded for a photo-

voltaic cell with the following structure:

ITO/ PEDOT/ DIP(50 nm, Tsub = 100 ◦C)/ C60(80 nm)/ BCP(5 nm)/ Al.

The PHJ cell has been illuminated with a white LED at an intensity of approx-

imately 20mW/cm2 and was recorded in a temperature range between 350 and

130K. The obtained j-V curves under illumination are shown in Fig. 7.12 (a).

In a wide temperature range, Voc increases linearly with decreasing temperature

(see Fig. 7.12 (b)). As can be seen from (c), the short-circuit current density

first decreases slightly with decreasing temperature—however, when cooling be-

low T = 180K a strong decline is observed. Based on a temperature independent

exciton generation rate, the reasons for the continuously decreasing jsc can on the

one hand be found in a reduction of charge carrier extraction efficiency as result of

thermally activated charge carrier mobility—an assumption which will be further

discussed when analyzing the dark current. On the other hand a decline of exciton

transport may contribute to the temperature dependence of jsc. The appearance

of an s-shape at temperatures below 230K can be ascribed to an increasing series

resistance as will be discussed further below.
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Figure 7.12.: (a) j-V characteristics of a planar heterojunction solar cell under white
LED illumination in the temperature range 130K ≤ T ≤ 350K,∆T =
10K. The device has the following structure: ITO/ PEDOT/ DIP(50 nm,
Tsub = 100 ◦C)/ C60(80 nm)/ BCP(5 nm)/ Al. (b) Open-circuit voltage
Voc in dependence on temperature revealed from illuminated j-V data
shown in (a) (magenta symbols) with an extrapolation of the linear regime
(dashed line) and reconstructed data according to Eq. (7.5) (blue crosses).
(c) Respective short-circuit current density jsc and fill factor FF in de-
pendence on temperature (filled symbols). The blue crosses mark recon-
structed data based on Eq. (7.2).

Regarding the temperature dependence of the open-circuit voltage as shown in

Fig. 7.12 (b), an almost linear increase in Voc with decreasing T is observed in a

wide temperature range. A similar relation has experimentally been found for a

variety of material systems.19,141,146 The deviation of the linear behavior for tem-

peratures T < 150K can be attributed to the series resistance which is found to
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strongly depend on temperature as will be discussed below. Theoretical consid-

erations by Green predict this approximately linear temperature dependence of

eVoc
379—whereas the 0K intercept is ascribed to the HOMO-LUMO gap. Thus, an

extrapolation of the linear behavior towards T = 0K yield a value of ECT = 1.42 eV.

Exact calculations on the same material system as shown in Ref. 148 confirm the

suitability of the linear extrapolation as reasonable approach: As introduced in

Sec. 2.3.2 a refined evaluation has been done based on the modified SQ limit by

taking the relative absorption strength of the CT state into account as well as ra-

diative and non-radiative recombination losses. Results show that data fitting with

the refined model results in a value of ECT differing only by approximately 2% from

the linearly extrapolated value. Moreover, the refined model in Ref. 148 allows for

an estimation of the contributions from radiative and non-radiative recombination

losses—the latter found to exceed their non-radiative counterpart by orders of mag-

nitude: Based on a CT energy of 1.42 eV, non-avoidable radiative recombination

processes lead to a reduction of ∆V rad
OC (300K) = 0.12V and a further reduction by

non-radiative recombination losses of ∆V non−rad
OC (300K) ≈ 0.4V—resulting in an

open-circuit voltage of Voc = 0.9V at room temperature (cf. Eq. (2.26)).

The injected current density—typically dominated by recombination at the D/A

interface—is approximated by Shockley’s equation for an ideal diode. Under open-

circuit conditions (i.e. j = 0, V = Voc) the recombination rate of charge carriers

equals the generation rate of optical charge carriers with its photocurrent equivalent

jph. As shown in Sec. 2.1.6, equalizing both currents and assuming high shunt

resistances yield an expression for the open-circuit voltage as given by Eq. (2.8).

Under the assumption that jph = jsc and jsc ≪ j0, the open-circuit voltage is given

by

Voc ≈ n
kBT

e
ln

(
jsc
j0

)

. (7.1)

Based on this relation and referring to the simulations shown in Sec. 2.1.6 it can

safely be assumed that the dark saturation current density j0 has a decisive impact

on the open-circuit voltage—and presumably also on its temperature dependence.

Moreover, Eq. (7.1) suggests that Voc can be calculated purely from the knowledge

of the ideality factor n, the short-circuit current density jsc, and the dark satu-

ration current density j0. In order to address this question, corresponding dark

j-V characteristics have been recorded for the DIP/C60 cell.

As demonstrated in the previous chapters, the exponential part of the j-V curves

can be fitted with a modified Shockley equation (5.1). Figure 7.13 (a) depicts the

dark current-voltage characteristics in a temperature range between 350K and

130K (open symbols)—the corresponding fits are included as straight lines. For

temperatures below T ≈ 200K, the drift current at high voltages becomes small,
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Figure 7.13.: (a) Dark j-V characteristics of the planar heterojunction as shown in
Fig. 7.12 for several temperatures ranging from 130K to 350K (open sym-
bols). The solid lines are fitted curves in the forward-bias region using
the Shockley equation. (b) Specific series and parallel resistance RSA and
RPA. (c) Dark saturation current density j0 and diode ideality factor n
in dependence on temperature, analyzed with the Shockley equation.

so that the diffusion dominated regime is reduced in its extent, not allowing for

accurate fitting any more. The fitting parameters are summarized in Fig. 7.13 (b)

and (c): Figure 7.13 (b) illustrates the temperature dependence of the specific series

resistance RSA: At high temperatures, the values are at an almost constant low

level ranging between 4 and 10Ω cm2. Below T ≈ 270K an exponential tempera-

ture dependence is observed for the series resistance with RS ∝ exp(Ea/kB T ) with

an activation energy Ea ≈ 0.21 eV. This proportionality suggests that the reason

for the continuous increase in series resistance with decreasing T can be found in

a lowering of charge carrier mobility, characterized by µ ∝ 1/RS ∝ exp(−Ea/kB T )
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(cf. Eq. (2.11)). The specific parallel resistance RPA is determined from the linear

regime at low positive voltages and is found to follow the same temperature de-

pendence ln(RP) ∝ 1/kBT . Assuming an ohmic behavior as given by Eq. (2.14),

RP is directly proportional to µ and may, thus, be determined by the temperature

dependence of the mobility, too. Regarding the influence of RP and RS on the fill

factor of the illuminated j-V characteristics, a relation can be found in Ref. 19:

FF(RS, RP) ≈ FF(0,∞) ·
(

1− jscRSA

Voc

− Voc

jscRPA

)

. (7.2)

From Eq. (7.2) it becomes obvious that high series or low shunt resistances neg-

atively affect the fill factor. By means of the extracted values for Voc(T ), RS(T )

and RP(T ), the temperature dependence of FF can be reconstructed as shown in

Fig. 7.12 (c) (blue crosses). The reconstructed values show good accordance with

the measured data. By separately evaluating the contributions of Voc(T ), RS(T )

and RP(T ), it can be concluded that the thermally activated series resistance can

almost exclusively be held responsible for the decrease in FF below T = 240K.

Based on the extrapolation of the linear part in the semilogarithmic j-V plot,

the ideality factor n and the dark saturation current j0 are measures of the slope

and intercept with the current axis, respectively. The temperature dependencies

of n and j0 are depicted in Fig. 7.13 (c). Down to a temperature of approximately

230K, the ideality factor shows an almost constant value of n ≈ 1.6 (dashed

line) and the dark saturation current density decreases exponentially with T . For

further decreasing temperatures, the value of n increases while, at the same time, j0
deviates from its continuous decline. This correlation clearly illustrates that both

parameters are somehow dependent on each other as has already been shown for

inorganic heterojunctions.380 The temperature dependence of n has recently been

discussed in literature: Harada et al. found a temperature dependent ideality factor

n ∝ 1/T in homojunction diodes.381,382 The authors ascribe their experimental

findings to a deviation from the classical Einstein relation Dcc/µ = kBT/e (with

Dcc being the diffusion coefficient of the charge carriers) which describes the balance

between drift and diffusion currents in thermal equilibrium. In order to account

for the disorder in organic systems, they suggest an adjustment of its classical form

expressed by a generalized Einstein relation

Dcc

µ
= g(ρ, T )

kBT

e
. (7.3)

The charge density- and temperature-dependent enhancement factor g(ρ, T ) con-

siders a Gaussian DOS of organic semiconductors and can be regarded equal to the

ideality factor. Although Wetzelaer et al. observed that ideality factors in electron-
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only devices deviate from unity, suggesting an enhancement of the classical Einstein

relation, they neither found any temperature dependence—at least not in the in-

vestigated temperature regime between 295 and 215K—nor could they figure out

any relation to the amount of disorder.383 Instead, the authors see their results

as a confirmation of the validity of the classical Einstein relation in disordered or-

ganic semiconductors and ascribe n > 1 to the presence of energetically deep states

within the band gap, which can be discharged by recombination in double-carrier

devices. Moreover, they ascribe an apparent increase of n with decreasing temper-

ature to an experimental artifact caused by too large leakage currents in the low

voltage regime.383 As a consequence, the evaluable diffusion regime is limited both

by high leakage currents and reduced drift currents, leading to overestimated and

temperature-dependent ideality factors.

As has been shown by morphological and structural investigations, DIP/C60 solar

cells are found to be highly crystalline. Thus, disorder considerations should not

play a major role in this material system. Instead, the data seem to confirm the

argument given by Wetzelaer et al.: Low parallel and high series resistances limit

the voltage regime where the diffusion current can be evaluated unambiguously.

The general validity of this relation will be further discussed in the subsequent

section when comparing different material systems. A statement about the height

of the ideality factor concerning prevailing recombination processes will be topic of

Sec. 7.2.4, while in the following the discussion will be focused on the temperature

dependence of the extracted parameters—and, in particular, on their relation to

Voc.

As can be deduced from Eq. (7.1) low dark current densities lead to enhanced

open-circuit voltages for a given jsc. The temperature dependence of j0, resulting

from charge carriers thermally generated at the D/A interface or within the bulk,332

is usually expressed by an Arrhenius equation. However, concerning the exact

term describing j0(T ), literature provides partly inconsistent expressions: Work on

inorganic heterojunction solar cells revealed the relation

j0 = j00 exp

(

− ∆E

nkBT

)

, (7.4)

with an activation energy ∆E of about half the band gap for many inorganic

heterojunctions.380 Equation (7.4) has been adopted to organic heterojunctions in

a variety of recent publications—however, partly with slightly differing interpre-

tations: Thus, Potscavage et al. use Eq. (7.4), however, with an ideality factor n′

(with n/n′ ≈ 1), whose exact nature is not specified.21 Forrest and Thompson

use the same formula but with an additional factor of 2 in the denominator of

the exponent.19,332,384 They argue that the factor of 2 accounts for the generation
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Figure 7.14.: Temperature dependence of the dark saturation current (a) ln(j0) versus
1/kBT and (b) evaluated by studying n · ln(j0) plotted versus 1/kBT in
order to estimate the activation energy ∆E from Eq. 7.4.

of both an electron and hole at the D/A interface, giving an activation energy of

∆E/2 for the process.332 Other authors applied Eq. (7.4) and identified ∆E with

the HOMO-LUMO gap EDA at the D/A interface.385,386 The following analysis is

based on the pristine form of Eq. (7.4)—with the goal to identify the nature of ∆E

in the present material combinations.

In the DIP/C60 system, the dark saturation current obeys a temperature de-

pendence of the form ln(j0) ∝ 1/kBT in a wide temperature range of 240K ≤
T ≤ 350K (see Fig. 7.14 (a)). According to Eq. (7.4), the slope can be identified

with ∆E/n = 0.89 eV. Using the plateau value of the ideality factor determined

in Fig. 7.13 (c) of n = 1.6, an activation energy of ∆E = 1.42 eV can be deter-

mined. An almost equal value of ∆E = 1.46 eV is determined when directly fitting

n · ln(j0) versus 1/kBT . Comparing these results to the value of the energy of the

charge transfer state ECT as gained from the extrapolation of Voc versus T = 0K,

an almost perfect accordance is manifested.

Inserting Eq. (7.4) into Eq. (7.1) yields

eVoc = ∆E − nkBT · ln
(
j00
jsc

)

, (7.5)

which allows to evaluate the contribution of j00 and ∆E to Voc. Based on Eq. (7.5),

the open-circuit voltage can be calculated solely based on ∆E, n and j00 extracted

from dark j-V characteristics, together with the short-circuit current density jsc.

As can be seen from Fig. 7.12 (b) (blue crosses), a very precise prediction of the

open-circuit voltage is obtained. Only at low temperatures the reconstructed data

deviate from the measured ones as consequence of the increasing value of n.
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In conclusion, the activation energy ∆E as extracted from the temperature

dependence of the dark saturation current can be identified with the energy of the

CT state ECT as given by the extrapolation of Voc towards 0K. In this context,

it has to be mentioned that ∆Voc extracted from experimental dark j-V curves

by e∆Voc = nkBT · ln(j00/jsc) (cf. Eq. 7.5) is a result of both radiative and non-

radiative recombination current. As mentioned before, an identification of each

contribution can be achieved by simulations based on a modified SQ theory.148

Apart from the experimentally detected accordance between ECT and ∆E, an

interfacial energy gap at the DIP/C60 HJ of EDA = 1.40 ± 0.15 eV has recently

been determined by Wilke et al.,98 unambiguously revealing the correspondence

between ECT (determined from temperature dependence of Voc), ∆E (deduced from

thermally activated j0) and the interfacial energy gap EDA =
∣
∣Edonor

HOMO − Eacceptor
LUMO

∣
∣

for the material system DIP/C60.

Temperature dependent measurements for a series of different

donor/acceptor combinations

In order to examine the proposed linear relationship between the intermolecular

gap EDA and Voc, a series of different donor/acceptor combinations have been

investigated concerning their temperature behavior. All cells have similar device

structures with

ITO/ PEDOT(≈ 30 nm)/ donor/ acceptor/ BCP(5 nm)/ Al,

whereas the exact film thicknesses of the active layers as well as possible substrate

heating and various device parameters are listed in Tab. 7.4 at the end of this

chapter. It has to be noted that neither growth conditions nor film thicknesses have

been optimized for all of them. The temperature dependent j-V characteristics of

all investigated material systems are found in Appendix B including the analysis

of the temperature dependent light and dark curves. The following discussion is

mainly concentrated on a comparison of the different systems.

An overview of the different material combinations concerning their current-

voltage behavior is given in Fig. 7.15 by means of j-V characteristics measured

under illumination and in dark—both recorded at room temperature. For bet-

ter comparability the current densities of the light curves are normalized to jsc,

respectively. From a first optical comparison between the data sets, it becomes

obvious that Voc strongly correlates with the onset of dark current flow. However,

as can, e.g., be seen from the Pen/DIP system (green symbols) this is not the

only determining parameter: from the order of the onset voltage alone, the highest

Voc of all systems would be expected—which is obviously not the case. Instead,
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Figure 7.15.: j-V characteristics of a series of PHJ solar cell employing different
donor/acceptor combinations (a) under illumination and (b) in dark, both
recorded at room temperature. For better comparability the current den-
sities of the light curves are normalized to jsc, respectively. The respective
device structures and parameters are summarized in Tab. 7.4.

the shape of the exponential increase of the dark current seems to play an equally

important role.

As was shown in the previous section for the DIP/C60 system, an estimate of

ECT can be extracted from the extrapolation of the temperature dependent Voc

towards T = 0K in their linear range. Figure 7.16 depicts the measurement data

for the different material systems (symbols) recorded in a temperature range be-

tween 110K > T > 320K—including the linear fits (straight lines). Thus, values

ranging from ECT = 0.89 eV (for Pen/C60) to ECT = 2.11 eV (for 6T/DIP) are
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found. While some of the data show a linear behavior almost over the entire tem-

perature region (e.g. Pen/C60, 6T/C60) others leave the linear range at a certain

temperature and bend downwards as has been observed for the DIP/C60 system,

albeit in alleviated form. Concerning the different illumination intensities, on the

average amounting only to approximately 0.3 sun (see Tab. 7.4), it has to be men-

tioned that independent studies reveal that linear extrapolations of temperature

dependent Voc recorded for different light intensities all intersect in a similar point

at T = 0K,146,165 as long as light intensities are not too low.387 Comparable effects

in the temperature dependence of Voc can be found in literature, ascribing it to dif-

ferent effects as will be discussed in the following: A theoretical method explaining

the curvature by a Gaussian disorder of the semiconductors with no need of taking

resistance limitation into account was given by Manor et al. showing promising

results for bulk heterojunction devices.388 However, it has been shown that the

DIP/C60 films are highly crystalline, disorder considerations should not play a ma-

jor role in this system. By means of macroscopic simulations, Rauh et al. identified

the saturation of Voc at lower temperatures to be caused by injection barriers for

charge carriers at the contact389 Their results show that even comparatively low

barriers of 0.1 eV–0.2 eV cause a saturation behavior at low temperatures—even

though energetic barriers of this magnitude are not supposed to reduce Voc for

higher temperatures where the contact can still be considered as ohmic. Others

attribute the deviation from monotonic increase of Voc with decreasing temperature

to the difficulty to accurately measure the sample temperature under illumination

due to the limited thermal conductivity of the insulating glass substrate.26 How-

ever, this reason can very likely be excluded in the present samples, as the cells

have been given sufficient time to adopt the set temperature and deviations from

linearity are too large to be explained by an inaccurate temperature measurement.

Instead, this feature can be associated with the dark current in forward direction:

The lower the injection current (see Fig. 7.15 (b)) the more pronounced is the kink

in Voc. As predicted by Eq. (7.1) Voc directly correlates with the photocurrent—

represented by jsc—and the dark injection current, which is parameterized in j0 and

n. The saturation or even decrease of Voc below a certain temperature is accom-

panied with both, a decrease in jsc and an increase in j0. As discussed above both

parameters are strongly influenced by the series resistance RS which increases for

low temperatures. Generally, RS is composed of an interfacial part, resulting from

energetic injection barriers between electrodes and adjacent organic layers, and a

bulk part which is characterized by charge carrier mobility. As it has been shown

that even small injection barriers can affect Voc at low temperatures389 and from

the thermally activated charge carrier mobility, it is very likely that in the present

material combinations both parts contribute to the increase in series resistance for

decreasing T .
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Figure 7.16.: Temperature dependence of Voc of the PHJ solar cells as listed in Tab. 7.4.
The extrapolation of the linear regime towards T = 0K gives a measure
of the energy of the charge transfer state ECT.

The temperature dependence of jsc and FF are shown in Fig. 7.17 (a) and (b),

respectively. As the light intensity of illumination is not the same for all measured

devices, the absolute values of jsc are not comparable. However, the results allow

for a qualitative analysis concerning the curve shape and striking differences in the

absolute values. The Pen/DIP and the CuPc/DIP samples suffer from remark-

ably low short-circuit currents, which can very likely be assigned to their energetic

positions—especially because the absorption coefficients are not extremely low (cf.

Fig. 4.3). As can be seen from the energy level diagram in Fig. 4.2, the LUMO

offsets are expected to be smalls not providing enough driving force for efficient

exciton dissociation. The devices with the highest short-circuit currents show rel-

atively constant short-circuit currents down to a certain temperature below which

the absolute value of jsc continuously decreases. As already mentioned before,

constant jsc over the whole temperature range would be expected when assuming

sAs already mentioned, the literature values of the HOMO and LUMO levels allow only for a
rough estimation of the energetic situation of the heterojunction, as long as possibly occurring
vacuum level shifts are not taken into account.
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temperature independent exciton generation rates. The decreasing jsc—an effect

which has been observed for other material systems, too387—can be ascribed to im-

peded exciton and charge carrier transport with decreasing temperature as result

of thermally activated charge carrier mobility. This argument is affirmed by the

temperature dependent series resistance which basically follows an Arrhenius law

in a large temperature range for all material systems (see Fig. 7.17 (e)). Comparing

the temperature dependent fill factors again emphasizes the high potential of the

material system DIP/C60 which demonstrates the highest FF in the present com-

parison (see Fig. 7.17 (b)). According to Eq. (7.2) and illustrated in the simulations

in Fig. 2.5, the fill factor is sensitive to high series or low parallel resistances. Thus,

low values of RP can be made responsible for the comparably low fill factors in the

system Pen/C60 while otherwise benefiting from low series resistances. Both, high

RS and low RP, explain the extremely low FF in the material systems Pen/DIP

and CuPc/DIP.

The temperature dependence of the different dark saturation current densities j0
is shown in Fig. 7.17 (c) (for a clearer display of the data, it is referred to AppendixB

where the curves are presented individually). From the comparative overview it be-

comes clear that the temperature dependence of j0 can take different forms, strongly

correlating with the series resistance: Those material systems which are charac-

terized by low RS (e.g. Pen/C60, CuPc/C60, 6T/C60) demonstrate the expected

exponential decrease of j0 with decreasing temperature according to Eq. (7.4). By

contrast, those suffering from high RS (e.g. CuPc/DIP, Pen/DIP, 6T/DIP) show

an opposite trend—at least in the low temperature regime. Moreover, this dif-

ferentiation is reflected in the temperature dependence of the ideality factor: a

linear dependence of ln j0 on −1/kBT is accompanied by a temperature indepen-

dent n—whereas deviations from this proportionality are reflected in increasing

ideality factors. This observation confirms on the one hand the strong correlation

between j0 and n and on the other hand it emphasizes the decisive impact of RS

on the analysis of the dark j-V curve which defines the temperature region allowing

for a reliable evaluation of the fitted data.

For the quantitative analysis of the dark saturation current density according

to Eq. (7.4), the temperature regions characterized by an exponential decrease in

j0 and a constant n serve as guide for a reliable evaluation of n · ln(j0) concerning
the estimation of ∆E. The results are listed in Tab. 7.4. For most of the hetero-

junctions remarkably good agreement between ∆E and ECT (as extracted from

the linear extrapolation of Voc versus T ) is observed. Nevertheless, a few material

combinations obviously show large discrepancies between both energies. Thus, the

activation energies ∆E of the Pen/DIP and CuPc/C60 system are almost exactly

twice as high as ECT.
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Figure 7.17.: (a) Short-circuit current density jsc and (b) fill factor FF of the illumi-
nated PHJ solar cells as listed in Tab. 7.4 in dependence on temperature.
(c) Dark saturation current j0, (d) diode ideality factor n, and (e) specific
series resistance RSA in dependence on temperature as extracted from the
Shockley fits of the dark j-V characteristics (see Appendix B). (f) j0 and n
analyzed with the Shockley equation and evaluated by studying n · ln(j0)
plotted versus 1/kBT in order to estimate ∆E.
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For the Pen/DIP combination the deviation can be assigned to j0 not follow-

ing the temperature dependence as required for Eq. (7.4): As can be seen from

Fig. B.10 (c) in the Appendix, the dark saturation current continuously increases

with decreasing temperature which does not allow for a useful definition of an evalu-

able temperature regime for fitting n · ln(j0). For the CuPc/C60 heterojunction,

the reasons for the deviation are different: In the temperature regime between 200

and 270K both requirements for a reasonable fit are fulfilled (i.e. temperature de-

pendence of n and j0) which are related to low series resistances. The reason of the

deviation might rather be found in the shape of the dark j-V curves: As can be seen

from Fig. B.13 (b) and (c), the current in the diffusion dominated voltage regime is

characterized by two differently steep slopes—a feature which is mainly pronounced

at high temperatures. In literature, this double exponential j-V characteristics ob-

served for CuPc/C60 has been addressed by the introduction of two independent

diode ideality factors which consider the recombination of free acceptor electrons

with trapped donor holes and vice versa.26 In any case, this double exponential

feature seems to be a peculiarity of the CuPc/C60 system as becomes apparent

from the comparative display in Fig. 7.15 (b). In order to account for the double

exponential dark current, a second parameter set has been extracted from fits to

the Shockley equation in the low voltage region of the high temperature curves (cf.

Fig. B.13 and B.14 in the Appendix). However, the high temperature behavior of

n·ln(j0) exactly resembles the data extracted from the second exponential increase,

both characterized by an activation energy of ∆E ≈ 3.4 eV (see Fig. B.14 (d)). In

any case, these observations suggest that CuPc/C60 is not a particularly suitable

material combination to investigate the correlation between ∆E and ECT, as the

results lead to the probably incorrect assumption of ∆E corresponding to twice

the effective band gap as stated in Refs. 19, 332, 384. Instead, the direct correla-

tion of ∆E and ECT as found for most of the investigated material combinations,

rather indicates that the activation energy for the dark saturation current ∆E cor-

responds on a 1:1 manner to the CT energy. In analogy with inorganic pn-diodes,

the dark saturation current in an organic heterojunction is assigned to the thermal

generation of charge carriers due to an excitation of an electron from the HOMO

of a donor molecule to the CT state formed with an acceptor molecule.21 Based

on this consideration, it seems reasonable to associate the characteristic activation

energy ∆E for electron excitation with the energy of the charge transfer state ECT.

In conclusion, it is shown that the dark saturation current is based on a ther-

mally activated process with an effective activation energy ∆E identified as the

energy of the CT state ECT, which can be extracted from the linear extrapolation

of the temperature dependent Voc towards T = 0K. The experimentally deter-

mined values for Voc and ECT are compared to values of the intermolecular energy
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Figure 7.18.: (a) Relation between ECT (as extracted from the linear extrapolation
of Voc towards 0K) and the intermolecular energy gap EDA (deduced
from the difference between literature values of HOMO level of donor
and LUMO level of acceptor) of the different studied photovoltaic de-
vices as listed in Tab. 7.4. Devices which have been prepared with the
donor deposited both at Tsub = RT and 100 ◦C are marked with RT and
HT, respectively. (b) Voc at room temperature versus EDA confirming
their linear dependence for the majority of the material combinations
according to Voc = EDA/e − 0.51V. The gray lines mark a one-to-one
correspondence.

gap EDA =
∣
∣Edonor

HOMO − Eacceptor
LUMO

∣
∣ as found in literature (cf. Tab. 7.4). Figure 7.18

summarizes the overall results of the present studies. The left part depicts the

relation between EDA and ECT of the different devices at room temperature. For

most of the material combinations, the extrapolation of the temperature dependent

Voc seems to represent a reliable method to determine ECT. The deviation of the

system 6T(100 ◦C)/DIP might have structural reasons—a topic which is currently

subject of detailed investigations. Possible origins of the deviations of Pen/DIP

and CuPc/DIP will be discussed below. Figure 7.18 (b) shows the relation between

Voc and EDA. While for polymer solar cells the linear relationship between Voc and

ECT has been confirmed by various independent studies100,113,139,156 publications

on small molecule devices are limited.19 Here, an excellent correlation is found

for most of the material systems clearly affirming that the open-circuit voltage is

determined by the energy of the CT state—as has been theoretically predicted by

Eq. (2.26). By applying a best fit to the data the linear dependence can be described

by Voc = EDA/e−0.51V. The material combinations Pen/DIP and CuPc/DIP take

a special position concerning their extremely high series resistances resulting in a
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deviating temperature dependence of Voc (see Fig. 7.16), which suggest the mea-

sured open-circuit voltage at RT to be underestimated. At the same time, the

values for EDA have only been roughly determined based on literature values of

the individual materials without correction for possibly arising vacuum level shifts

when applying them in a HJ device, which may lead to an overestimation of EDA.

Both arguments can be used to reasonably justify the deviation of both data points

from the linear relationship.

As deduced from Eq. (2.26), the difference between measured Voc and maximum

obtainable open-circuit voltage determined by the CT state energy can be assigned

to a sum of radiative and non-radiative loss paths. The experimental confirmation

of Eq. (7.5) emphasizes the necessary prerequisites for highest possible Voc being

augmented jsc and ∆E while at the same time suppressing j00. Simulations based

on the modified Shockley Queisser limit reveal that suppressed CT state absorp-

tion and recombination are essential requirements for maximum achievable organic

PV efficiency.148 Indeed, it has been shown by various authors that weak inter-

molecular electronic coupling between donor and acceptor molecules is considered

to result in low j00—a property which can be modified by varying the strength

of the π-interaction.332,384,390,391 Apart from radiative recombination losses, which

are thermodynamically unavoidable, non-radiative losses can be made responsible

for the major part of the voltage loss.146,148 This emphasizes the importance to

minimize their extent for maximum possible solar cell efficiency.
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Table 7.4.: Characteristic parameters for a series of PHJ photovoltaic devices with dif-
ferent donor/acceptor materials with thicknesses (in nm) as given below.
All cells have a similar device structure with ITO/ PEDOT(≈ 30 nm)/
donor/ acceptor/ BCP(5 nm)/ Al. If not otherwise stated, the materi-
als are deposited at Tsub = RT. Quantities extracted from illuminated
j-V characteristics at RT: open-circuit voltage Voc (given in V), short-
circuit current density jsc (given in mA/cm2), and fill factor FF (given in
%). Light illumination inside the cryostat was realized with a white LED
with an estimated intensity IL (given in mW/cm2). ECT denotes the energy
of the charge transfer state as extracted from a linear extrapolation of the
temperature dependent Voc towards T = 0K (given in eV). Quantities ex-
tracted from dark j-V characteristics at RT: specific series resistance RSA
(given in Ω cm2) , ideality factor n, and dark saturation current density j0
(given in mA/cm2). ∆E denotes the activation energy as deduced from
the temperature dependence of the dark saturation current. For compari-

son, the intermolecular energy gap EDA =
∣
∣
∣Edonor

HOMO − Eacceptor
LUMO

∣
∣
∣ is listed as

assumed from literature values, both given in eV.

Illuminated j-V characteristics Dark j-V characteristics Lit.

D/A Voc jsc FF IL ECT RSA n j0 ∆E EDA

DIP as donor

DIP(50)/C60(80) 0.95 -3.1 61.3 48 1.44 31 1.6 9.2 · 10−11 1.62 1.4i

DIP(50)∗/C60(80) 0.91 -1.3 63.6 18 1.42 5 1.6 1.0 · 10−10 1.46 1.4ii

6T as donor

6T(60)/DIP(60) 1.24 -1.3 42.5 37 1.86 14 2.3 8.0 · 10−11 2.03 1.8i

6T(60)∗/DIP(60) 1.40 -0.9 48.5 38 2.11 25 2.3 3.5 · 10−12 2.10
6T(40)/C60(80) 0.41 -2.3 60.0 32 0.93 6 1.7 7.1 · 10−5 0.94 0.95i

Pen as donor

Pen(50)/C60(80) 0.29 -3.1 48.3 36 0.89 5 2.1 6.0 · 10−3 0.98 1.05iii

Pen(25)/DIP(65) 1.17 -0.03 28.9 22 1.57 532 2.2 2.3 · 10−12 3.10 2.1iv

CuPc as donor

CuPc(25)/C60(50) 0.51 -1.9 34.0 28 1.08 8 4.9 2.0 · 10−3 1.98v 1.0iii

260 2.9 1.1 · 10−3 3.38v

CuPc(25)/DIP(65) 0.85 -0.1 31.0 26 1.13 7911 1.3 1.1 · 10−13 1.15 2.0iv

∗ Deposited with Tsub = 100 ◦C.
i HOMO and LUMO values are taken from Ref. 98 where they are actually determined from
UPS/IPES experiments for the given heterojunction in the present order of deposition.

ii Similar EDA as for the unheated case is expected as stated in Sec. 7.1.1.
iii Values based on UPS measurements on the given HJ—however, the LUMO is estimated
by adding a transport gap to the HOMO. Values for Pen/C60 are taken from Refs. 317, 386
and values for CuPc/C60 are taken from Ref. 240.

iv Rough estimation based on literature values of HOMO levels and transport gaps as given
in Tab. 4.1 without correction for possibly arising vacuum level shifts.

v Two parameter sets can be extracted from different temperature regimes (cf. Fig. B.14 in the
Appendix). Upper row: medium to low temperature regime. Lower row: high temperature
regime.
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7.2.2. Access to the charge transfer state via PDS

In the previous section, it has been shown that temperature dependent measure-

ments of the open-circuit voltage provide access to the energy of the CT state. As

CT absorption features are typically characterized by low absorption coefficients,

direct detection requires very sensitive spectroscopic techniques. Among the most

common methods is photothermal deflection spectroscopy (PDS), which allows the

determination of values for αCT being several orders of magnitude smaller as com-

pared to the bulk material absorption. As explained in Sec. 3.3.7 PDS is based on

local heating of the sample which is caused by even very weak absorption of light.

In order to assess ECT for the material system DIP/C60, neat and mixed films (ra-

tio approximately 1:1) of DIP and C60 were evaporated on quartz glass substrates.

Perfluorohexane was used as deflection medium, which assures high transmittance

in the energy region of 0.6–6 eV392 and large changes in index of refraction with

small changes in temperature. Moreover, it guarantees for insolubility of both DIP

and C60.

Figure 7.19 shows PDS data of a co-evaporated mixed layer of DIP and C60

in comparison to the spectra of the single materials. To obtain absolute values

of the absorption coefficient, the PDS signal is calibrated using standard reflec-
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Figure 7.19.: Absorption spectrum for a blend of DIP:C60 (lines: photothermal deflec-
tion spectroscopy (PDS); open symbols: transmission/reflection measure-
ment). For comparison, the single spectra of both materials as well as
their sum are plotted to demonstrate the additional feature caused by the
charge transfer state absorption.
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tion/transmission measurements in the high energy regime (open symbols), where

both measurement ranges overlap.148

In the DIP spectrum (green line in Fig. 7.19) a pronounced peak is appar-

ent at an energy E = 1.1 eV, which can be ascribed to a multiphonon absorp-

tion due to vibrational stretching modes of C-H bonds. With increasing energy

(1.5 eV < E < 1.8 eV) an absorption tail belonging to a tail of the DOS distribu-

tion is observed (for a detailed explanation of this feature it is referred to Ref. 157

and references herein). The high energy range is characterized by Gaussian π–π∗

excitations which can be detected by common methods such as transmission mea-

surements. In the neat C60 film, the onset of the transition to higher excited states is

found to be situated below that of DIP. The spectrum of the mixed film of DIP:C60

is characterized by signatures of both materials: While at low energies, the multi-

phonon absorption of DIP can be detected the high energy region is governed by

the characteristic absorption of the fullerene which implies that the main contribu-

tion to light absorption in a heterojunction device with comparable layer thickness

of both materials will come from the fullerene. However, what clearly distinguishes

the simple superposition of the single spectra from the measured spectrum of the

blend film is the extra, broad absorption in the energy range between 1.3 eV and

1.7 eV, which cannot be found in any of the neat materials. This extra feature can

be considered as direct measure of the CT state as it presents the energetically

lowest state to absorb light (cf. schematic energy diagram in Fig. 2.21 (a)).

Based on these results, the energy of the CT state is expected around 1.5 eV.

However, for a more precise determination of ECT, the CT absorption spectrum

can be quantitatively evaluated together with its luminescence spectrum as was

proposed by Vandewal et al.393—a corresponding analysis will be shown in the end

of the subsequent section.

7.2.3. Photoluminescence and Electroluminescence

Photoluminescence spectra based on DIP and C60

The fact that a measurable CT signature is observable in the absorption spectrum

of a DIP/C60 mixture suggests that its existence might be detectable in the lumi-

nescence behavior as well. Indeed, some recent studies on polymer/fullerene blends

report on the experimental evidence of the charge transfer state by the presence of

a new, long-wavelength photoluminescence band.136,152 Here, neat and mixed films

of DIP and C60 have been investigated concerning their photoluminescence (PL)

behavior when excited with light of 480 nm wavelength.
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Figure 7.20.: Photoluminescence spectrum of a neat film of DIP (65 nm) evaporated on
ITO/PEDOT in comparison to the absorption spectrum. The blue dotted
lines show a Gaussian deconvolution of the DIP absorption spectrum.

Figure 7.20 shows the PL spectrum of a pure DIP layer (65 nm) which was

evaporated on ITO/PEDOT. A reference spectrum has been recorded to ensure

that the substrate does not influence the signature of the DIP thin film. As ex-

pected, the emission spectrum is red-shifted compared to the absorption as has

been schematically depicted in Fig. 2.8. The absorption spectrum in the shown

wavelength range is basically structured by four characteristic peaks, which can

be assigned to the HOMO-LUMO transition of DIP. Based on the energetically

lowest transition at E00 = 2.25 eV three further peaks at a distance of approxi-

mately 0.18 eV represent its vibronic progression. Comprehensive theoretical and

experimental studies by Heinemeyer et al. demonstrate that the dielectric function

of DIP thin films requires the implementation of a mixed Frenkel-CT model.394 It

considers that the excitation in a highly crystalline thin film of DIP molecules does

not only take place on one molecule (Frenkel exciton) but can be extended to two

neighboring sites (homo-molecular CT-statet) as consequence of the unit cell with

two molecules (cf. crystal packing of DIP molecules in Fig. 3.2).

The photoluminescence spectrum of DIP (green line in Fig. 7.20) is characterized

by the 0–0 transition at E ≈ 2.14 eV followed by pronounced vibronic progression

tThe term “homo-molecular” for a CT-state on two neighboring molecules of the same species
is used to emphasize the difference to the “hetero-molecular” CT-state which is relevant for the
exciton dissociation process in an organic heterojunction solar cell.



7.2 Electronic properties of donor/acceptor interfaces 185

1.6 1.8 2.0 2.2 2.4

(£ 8)

 I
n
te

n
si

ty
 I

 (
ar

b
. 
u
n
it

s)

        Signal    Gaussian fit
DIP     
C

60
               

blend   

Photon energy E (eV)

(£ 70)

800 700 600

 Wavelength ¸ (nm)

1.32 1.36 1.40

I 
(a

rb
. 
u
n
it
s)

 E (eV)

 

Figure 7.21.: Photoluminescence spectra of a mixed film of DIP and C60 in compari-
son to the spectra of neat films of DIP and C60. The blue dotted lines
show a Gaussian deconvolution of the C60 PL spectrum. All films were
evaporated on quartz glass at substrate temperature of 100 ◦C with layer
thicknesses of 1µm.

with peak energies of 1.98 and 1.80 eV—similarly reported in literature.395,396 The

origin of the additional features on both edges of the 0–1 transition are unknown—

however, a detailed analysis would go beyond the scope of this work. Even though

the luminescence is shifted to lower energies as compared to the absorption, it

does not resemble a mirror symmetry. Similar deviations have been reported in

Ref. 202 and were attributed to different vibrational wave functions of the ground

and excited state. In contrast to the ideal case depicted in the schematic absorption

and emission diagram in Fig. 2.8, the peaks of the 0–0 transition do not coincide

but show a Stokes shift of approximately 110meV due to interactions with the

environment. The intersection between the 0-0 peaks of absorption and emission

can serve as estimate for the optical energy gap of the material. As the long-wave

absorption peak decreases slowly as a result of neglected reflection, it is fitted by

a Gaussian function yielding an intersect with the short-wave peak of the emission

spectrum at approximately 2.18 eV. Based on the empirical relation between the

optical energy gap Eg and the transport gap Et found by Djurovich et al.,134 Eg =

2.18 eV leads to a transport gap of approximately 2.6 eV.u This value is in very

uThe authors mathematically described the empirical relation by Et ≈ (1.39±0.15) ·Eg− (0.46±
0.38) eV.
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good agreement with the literature value of Et = 2.5 eV98 (cf. Tab. 4.1) and allows

to estimate an exciton binding energy of Eexc
B ≈ 0.3 eV.

As a next step, the photoluminescence spectrum of a mixed film of DIP and

C60 was recorded and compared to the spectra of neat films of DIP and C60. As

the signal strength of C60 is expected to be comparatively small (due to a dipole

forbidden S0-S1 transition as will be explained in the subsequent section), all films

were prepared with a film thickness of 1µm deposited on quartz glass. The spec-

tra are shown in Fig. 7.21. As consequence of the relatively thick films the high

energy DIP signal in the neat film vanishes almost completely due to reabsorption

(cf. Fig. 7.20), while the peak positions of lower energy are identical with those

measured for the thin sample. The neat C60 spectrum can be best described by

four Gaussian peaks with energies of E = 1.53 eV, 1.63 eV, 1.71 eV and 1.79 eV.

The results are in very good agreement with literature values for C60 deposited

on quartz substrate as found in Ref. 397: The authors attribute the main band

at E = 1.71 eV to the Frenkel excitation within one C60 molecule and the two

peaks on the low energy side to its vibronic progression. The high energy emis-

sion band located around 1.8 eV was assigned to the presence of residual C70 in

the sublimated powder or to film defects. However, a detailed investigation of the

luminescence properties of the neat materials was not part of the present study.

The PL signal of the mixed film (red line in Fig. 7.21) is essentially characterized

by the emission bands of DIP—including the high energy peaks which are not sup-

pressed by reabsorption. The influence of C60 is only weakly defined in the low

energy range between 1.5 and 1.8 eV. A photoluminescence signal of the CT state

would be expected outside the spectral sensitivity range of the Silicon detector.

For that reason, luminescence in the near-infrared region has been recorded using

an InGaAs detector. As can be seen in the inset of Fig. 7.21, an additional peak

might be identified for the mixed film. However, the poor signal-to-noise ratio

resulting from the non-cooled detector system, does not allow for an unambiguous

identification. By exciting the materials electrically and detecting the signal with

a cooled CCD camera, this drawback could be eliminated as will be shown in the

subsequent section.

Electroluminescence spectra of DIP/C60 based solar cells

Apart from photoluminescence, DIP shows strong emission spectra when excited

electrically—i.e. in a solar cell device operated under forward bias (electrolumi-

nescence, EL). This property makes it a suitable material to study spectroscopic

signatures of single layer, planar and bulk heterojunction devices. All devices have

the following common layer structure:
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ITO/ PEDOT(≈ 30 nm)/ active layer/ BCP(5 nm)/ Al,

with either single layers of DIP and C60, bilayer or mixed films as active layer. The

precise device structures including layer thickness and substrate temperature are

listed in Tab. 7.5. Prior to spectral EL measurements, the devices have been exam-

ined concerning their light emission as a function of applied voltage—recorded by a

photodiode. Results are shown in Fig. 7.22. When applying a forward bias to each

of the cells, electrons are injected from the Al cathode into the LUMO of the adja-

cent organic layer while at the same time holes are injected from the ITO/PEDOT

anode to the HOMO of the adjacent semiconducting layer just as in the case of the

dark currents studied in the course of this work. A noticeable current flow of the

photodetector—as observed for all investigated devices—indicates that the injected

charge carriers recombine—at least partially—by generating light. As the detec-

tion capability of the photodiode suffered from capacitive influences of the lead, the

onset voltage of light emission VEL cannot accurately be determined from Fig. 7.22.

In general, the recombination can either take place at the contacts or inside the

active organic film, where it might be accompanied by emission of light. For the

single layer devices, the spectral luminescence of the radiative recombination is

expected to reflect the fluorescence spectra of the respective organic material. In

the heterojunction devices, the charge carrier recombination can either occur on

one of the constituents or—and this is what is hoped for—electron on the acceptor

and hole on the donor form a CT state and recombine. From an energetic point

of view, the CT state is the lowest energetic state which allows for recombination

as has been illustrated in Fig. 2.21. Based on this consideration, CT emission is

expected to be the prevailing emission path when choosing a voltage just above the

open-circuit voltage of the OPV cell. When going to higher voltages, the signal

will be more and more dominated by the pure materials.

Table 7.5.: Device structure of the diodes investigated concerning their electrolumines-
cence behavior.

Device Active layer (thickness/substrate temperature)

DIP single layer DIP (100 nm,RT)

C60 single layer C60 (100 nm,RT)

PHJ DIP (50 nm,RT) / C60 (80 nm,RT)

PM-HJ, RT DIP (5 nm,RT) / DIP:C60 (50 nm,RT) / C60 (10 nm,RT)

PM-HJ, HT DIP (5 nm, 100 ◦C) / DIP:C60 (50 nm, 100 ◦C) / C60 (10 nm,RT)
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Figure 7.22.: Voltage dependent current densities (closed circles) and light emission
(open circles) of different diodes recorded prior to electroluminescence
measurements. The layer structures are listed in Tab. 7.5.

As the choice of the electrode materials is equal for all diodes and represents the

optimized configuration for the DIP/C60 heterojunction devices, the energetic con-

stellation of anode and cathode are naturally not optimized for the single layer cells.

Based on the energetic picture given in Sec. 7.1.1, large electron and hole injection

barriers are expected for the DIP and C60 single layers, respectively. This might be

one reason why the light emission of the C60 device is almost below the threshold

for detection. However, as the current density in forward direction is still rather

high, the majority of charge carriers seems to recombine non-radiatively. In this

context it has to be mentioned that the HOMO-LUMO transition of C60 is dipole

forbidden:398 Both, the ground state S0 as well as the first excited state S1 exhibit

even parity—being responsible for the forbidden transition from S1 to S0. However,

vibronic coupling as well as disorder in the film may lead to a certain degree of

mixed components of even and odd states which can partially abolish the violation

of parity conservation.399 Another prerequisite for efficiently detecting EL signals

from single layer devices are ambipolar properties of the semiconductor allowing

to transport both electrons and holes. As was shown in chapter 6, DIP shows

both electron and hole transport. By contrast, investigations on OFETs could not

observe any hole transport in C60 even with TTF-TCNQ as electrode material.285

However, for the present study a qualitative comparison of the heterojunctions with

the single layer devices is of primary importance.

Figure 7.23 and 7.24 show the measured EL for the single layer, planar and
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Figure 7.23.: Electroluminescence spectra of (a) single layer C60 (blue curve) and DIP
(red curves) and (b) PHJ DIP/C60 photovoltaic devices (green curves),
obtained by applying a forward voltage of given magnitude. For bet-
ter comparability the curves are normalized to their maximum values—
however, the magnification factors are given in brackets to illustrate the
strong variations in signal strength.

planar-mixed heterojunction devices. The luminescence signals were corrected for

the spectral sensitivity of the detector and normalized to their maximum values,

respectively. For an exact calculation of the quantum efficiency, the system would

have to be calibrated against a light source with known intensity. However, in

the present study the analysis is based on qualitative signal strengths, which are

represented by their relative magnification factors (given in brackets besides the

respective curves). Due to the detection limit of the CCD camera the spectra are

cut off at 1010 nm.

As expected from the extremely small light emission of the C60 single layer

even with increasing voltage (cf. Fig. 7.22), a clearly visible EL spectrum could

only be recorded applying a high voltage of V = 6V and with long integration

times. Similar peak positions as found for the PL spectrum are observed, with an

additional broad decay in the long wavelength range. For the DIP single layer, the
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Figure 7.24.: Electroluminescence spectra of PM-HJ solar cells based on DIP:C60 with
different substrate temperatures of (a) Tsub = 100 ◦C and (b) Tsub = RT.
The curves are obtained by applying a forward voltage of given magni-
tude. For better comparability the curves are normalized to their maxi-
mum values—however, the magnification factors are given in brackets to
illustrate the strong variations in signal strength.

situation is like in C60: The main EL features resemble the PL spectrum, however,

with changed height ratios. Figure 7.23 (b) shows the EL spectra for the PHJ

device. As expected, luminescence bands of both single materials are identifiable

in the wavelength range between 600 and 900 nm, however, relatively smeared

out in energy. With decreasing applied voltage, the shape of the spectra remains

the same, but with less intensity. At V = 0.95V, situated just above the open-

circuit voltage, the signal is only very weak—however, with an additional feature

in the low energy part of the spectrum. Assuming this peak to originate from

a luminescent CT state, the weakness is not surprising, as the contact between

donor and acceptor molecules in a planar stacked heterojunction is limited to a

small volume at the interface. For this reason, a more pronounced CT emission

would be expected for a mixed film which is characterized by a strongly increased
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D/A interface. According measurement data of the PM-HJ devices are shown in

Fig. 7.24 (green curves). The left hand side depicts the spectra of the heated cell

and it is conspicuous that the luminescence up to λ = 900 nm is characterized by

very distinct peaks which can be attributed to EL features of the single components

(cf. red and blue curves). In contrast to the PHJ, an additional low energy signal

can already be observed at high applied voltages. When reducing V , the emission

bands in the middle wavelength range are gradually reduced until they are almost

completely suppressed at V = 1.0V. At the same time, the signal at low energies

grows in its relative height and defines the spectrum completely. The unheated PM-

HJ device (see Fig. 7.24 (b)) principally shows a similar behavior. The spectrum

in the middle wavelength range is less pronounced than in the HT case, which can

be ascribed to the morphology of the blend as investigated in Sec. 7.1.1: In both

cases the two materials form a phase-separated mixture when evaporating them

simultaneously. However, the domains of the single materials are larger when the

substrate is heated during evaporation leading to more pronounced luminescence

features from the pure materials as could be observed in Fig. 7.24 (a). Due to the

refined phase separation in the RT case the DIP/C60 interface is even greater,

which facilitates the detection of the CT signal. Moreover, a slight red-shift of the

CT signature is observed for the heated device as compared to the unheated, a

phenomenon attributed to crystallization of the organic components144,400 which is

indeed higher in the heated device as was found by structural investigations shown

in Sec. 7.1.1.

Altogether, the additional peak in the low energy part of the PM-HJ EL spectra

does not correspond to either of the single constituents and is much more pro-

nounced as compared to the PHJ devices. Moreover, it dominates the emission

spectrum when reducing the applied voltage just above the onset of light emis-

sion where the recombination is expected to take place via the lowest energy state,

namely the CT state. In the voltage dependence of the PM-HJ spectra, a slight

red-shift of the CT emission is observed for decreasing applied voltage. This can

very likely be attributed to the vanishing influence of the higher energy states which

originate from the pure materials.

While the direct correlation between ECT and Voc seems to be undisputed, Ng et al.

investigated a possible relationship between the intensity of CT emission and pho-

tovoltaic performance.401 However, their studies on Rubrene/C60 planar and bulk

heterojunction devices did not give any indication for a relation. The present data

on DIP/C60 diodes could confirm the general trend of improved exciton dissoci-

ation when increasing the interfacial D/A area by going from a planar to a bulk

heterojunction which is reflected by significantly pronounced CT emission in the

electroluminescence signal. However, an even stronger CT signature is observed
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for the unheated PM-HJ device which is known to be characterized by a more inti-

mate mixture and less pronounced phase separation, but, which at the same time

shows poorer photovoltaic performance as the charge carrier extraction is hindered

by missing percolation paths. These findings confirm the necessary trade-off which

has to be found between efficient exciton dissociation guaranteed by a possibly

highest D/A interface on the one hand and unhindered charge carrier extraction

on the other hand. In the EL experiment this limitation seems to play a less impor-

tant role as the injection current is governed by drift—in contrast to the diffusion

dominated region when operated under solar cell condition.

In a recent publication, Tvingstedt et al. report electroluminescence from several

types of polymer:fullerene BHJ solar cells biased in the forward direction—deducing

ECT from the peak energy of the CT emission.144 According to this concept, a CT

energy of ECT ≈ 1.25 eV would be extracted from the pronounced low energy

peak of the PM-HJ deposited at RT (cf. Fig. 7.24 (b), V = 1.1V). However, Van-

dewal et al. proposed an alternative formalism to identify ECT:
393 Based on the

framework of Marcus theory, the authors extracted the CT energy ECT by analyz-

ing the absorption and the emission spectra of a series of polymer:PCBM blends.

They fitted the CT absorption cross section σ(E) by

σ(E)E =
fσ√

4πλ0kBT
exp

(−(ECT + λ0 − E)2

4λ0kBT

)

, (7.6)

and the CT emission rate If by

If
E

=
fIf√

4πλ0kBT
exp

(−(ECT − λ0 − E)2

4λ0kBT

)

, (7.7)

whereas λ0 denotes the reorganization energy (related to the Stokes shift) and fσ
and fIf are proportional to the square of the electronic coupling matrix element.

The left hand side of both equations is called reduced absorption and emission,

respectively.

The reduced absorption and emission spectra for the DIP and C60 based de-

vices are shown in Figure 7.25. By fitting both spectra with Eq. (7.6) and (7.7),

a reorganization energy of λ0 ≈ 0.26 eV as well as an energy of the CT state of

ECT ≈ 1.50 eV can be deduced. However, it has to be mentioned that this de-

termination can only provide an estimation of ECT, as the height of the reduced

emission is adjusted to an estimated position of the CT absorption maximum only.

The reorganization energy λ0 corresponds to non-radiative energy losses as a re-

sult of relaxation (see schematic picture in Ref. 146) and its magnitude is found

to be similar to values determined for a variety of polymer:fullerene blends.393
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Figure 7.25.: Reduced absorption (from PDS, blue circles—corresponding to the differ-
ence between absorption spectrum of the blend and absorption spectrum
of the sum of single spectra) and emission (from EL, green straight line)
for DIP:C60 measured at room temperature. The dashed curves are fits
according to Eq. (7.6) and (7.7), using the same values for ECT and λ0.

For a conceptional consideration of non-radiative recombination losses regarding

electronic coupling of the CT state and reorganization energy it is referred to a

review article published recently by Schlenker and Thompson.390 In short, the

authors emphasize the demand for materials and architectures that minimize the

electronic coupling and maximize the reorganization energy in order to suppress

non-radiative recombination and to get highest possible Voc. Comparing the CT

energy given by a linear extrapolation of Voc(T ) towards T = 0K (cf. Sec. 7.2.1),

it has been determined to 1.42 eV. Similar deviations are found for a variety of

polymer blends—where temperature dependent absorption measurements reveal a

redshift of the CT band upon cooling—ultimately resulting in the same ECT when

extrapolating towards T = 0K. The reason is assumed to be found in increased

disorder at higher temperature.393

To summarize, EL has shown to be a suitable method to directly probe the

bimolecular radiative recombination from CT state in DIP/C60 solar cells. Its

unambiguous detection by alternative methods such as absorption or photolumi-

nescence are often hampered by an overlap of the weak CT luminescence with the

fluorescence features of the pure materials. In contrast, EL offers the possibility

to suppress the signals of the individual materials by reducing the applied voltage
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to a minimum—just above the onset voltage for detectable light emission. By a

combined analysis of the CT absorption (as deduced from PDS measurements, cf.

Sec. 7.2.2) and CT emission (from EL spectra at smallest possible applied voltage),

its energy could be determined to ECT = 1.50 eV for the DIP/C60 material combi-

nation which is in very good agreement with ECT extracted from the temperature

dependent Voc measurements (1.42 eV), the value determined from the activation

energy of the dark saturation current (1.46 eV) (both analyzed and discussed in

Sec. 7.2.1) as well as the literature value from photoelectron spectroscopy (1.4 eV,

see Tab. 4.1).
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7.2.4. Charge carrier recombination in solar cells based on

DIP and C60

The importance of charge carrier recombination has already been pointed out in

various parts within the course of this work. As introduced in Sec. 2.3.2, recombina-

tion of photogenerated charge carriers ultimately limits the open-circuit voltage in

organic solar cells. The crucial impact of recombination current on Voc has been ex-

perimentally confirmed in Sec. 7.2.1. In the following, studies based on impedance

spectroscopy will investigate to what extent charge carrier recombination can be

made responsible for the shape of the j-V curve which determines the fill factor of

a device. Subsequently, results on the diode ideality factor—identified by a vari-

ety of different methods—will be compared to each other and associated with the

prevailing recombination mechanism.

Recombination current identified by impedance analysis

The general approach to reconstruct j-V curves from IS data. Very re-

cently Boix et al. developed a method to reconstruct current-voltage characteristics

solely from the analysis of impedance data measured under different illumination

intensities.402 The corresponding model is based on the assumption that the total

device current j(VF) can be decomposed into a (negative) photocurrent jph and a

(positive) contribution which is identified as the recombination current jrec(Voc) of

separated photogenerated carriers. This relation is visualized in Fig. 7.26. Here,

jph—corresponding to the recombination current density at Voc—is assumed to be

voltage-independent and depends on light intensity only.

As shown before, the voltage dependent current behavior of a solar cell can be best

described by the Shockley equation

j(VF) = j0

[

exp

(

β
eVF

kBT

)

− 1

]

− jPh. (7.8)

In accordance with the conventional form given in Eq. (2.1), the parameter β ac-

counts for the deviation from the ideal diode behavior—being the inverse of the

diode ideality factor n.403 Assuming exp (βe VF/kBT ) ≫ 1, which is a justified

assumption as shown in appendix C, Eq. (7.8) simplifies to

j(VF) ≈ j0 · exp
(

β
eVF

kBT

)

︸ ︷︷ ︸

jrec(VF)

−jPh, (7.9)
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Figure 7.26.: Illustration of the assumptions underlying the model used to reconstruct
j-V -curves from IS data: A charge recombination current jrec(VF) is
added to the photocurrent to shape the cell’s j-V -characteristics. The
photocurrent is assumed to be constant and corresponds to the recombi-
nation current at open-circuit condition, i.e. jph = jrec(VOC).

whereas—according to the picture illustrated in Fig. 7.26—the first summand can

be interpreted as the voltage dependent recombination current jrec:

jrec(VF) = j0 exp

(

β
eVF

kBT

)

. (7.10)

Here, VF represents the splitting of electron and hole Fermi levels (e VF = EF,n −
EF,p) by assuming that good contacts allow for the equilibration of the Fermi

levels of the electrodes and the corresponding edge of the organic layer.347 A

justification for Eq. (7.10) is based on the assumption that charge carrier density

follows Boltzmann statistics:26,404,405 ρ = ρ0 exp (e VF/kB T ) with the equilibrium

carrier concentration ρ0—whereas β represents an effective order of recombination.

Leong et al. report on a similar expression to Eq. (7.10) which they also applied

to interpret IS data in terms of recombination mechanisms.406 However, their

recombination parameter βLeong is found to be twice the β defined here, i.e. βLeong =

2 · β. A comment on the conformity of both approaches will be given in the end of

this section.

By ordinary steady-state j-Vmeasurements both contributions, i.e., the volt-

age independent photocurrent and the voltage-dependent recombination current,

cannot be separated. As a great advantage, impedance analysis offers the pos-

sibility to determine differential quantities which allows to measure the voltage-

dependent term while omitting the constant photocurrent. The specific recom-

bination resistance—determined from the low frequency part of the impedance
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spectra—is related to the recombination current density jrec as
407

RrecA =

(
djrec
dVF

)−1

. (7.11)

Combining Eq. (7.10) and (7.11) yields

(
djrec
dVF

)−1

=

[

j0 exp

(

β
eVF

kBT

)

· β e

kBT

]−1

(7.12)

which defines the recombination resistance as

RrecA =
kBT

j0β e
exp

(

−β
eVF

kBT

)

(7.13)

= R0 exp

(

−β
eVF

kBT

)

(7.14)

=
kBT

β e
j−1
rec (7.15)

By transposing Eq. (7.15), a general expression for the recombination current in

dependence on VF can be derived as

jrec(VF) =
kBT

β eRrec(VF)A
(7.16)

and correspondingly jrec at VOC is given by

jrec(VOC) =
kBT

β eRrec(VOC)A
. (7.17)

Under open circuit the total current vanishes, i.e., after Eq. (7.9) the photocurrent

jPh is entirely compensated by the recombination current jrec(Voc). Moreover, jPh is

considered to be independent of voltage which implies that the exciton dissociation

process is not influenced by the electric field and jPh can be approximated by jsc.

Inserting Eq. (7.16) and (7.17) in Eq. (7.9) yields the total current in dependence

on the recombination resistance:

j(VF) =
kBT

β e

(
1

Rrec(VF)A
− 1

Rrec(Voc)A

)

. (7.18)

The parameter β is determined by fitting the high-voltage range of the recombi-

nation resistance vs. voltage curve with the expression given in Eq. (7.14) and the

specific recombination resistances Rrec(VF)A and Rrec(Voc)A are parameters which

can be directly extracted from impedance data as will be shown below.
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As was introduced in Sec. 2.1.6 the ideal diode behavior as assumed in Eq. (2.1)

is hardly fulfilled in real devices, where series and parallel resistances have to be

considered—resulting in a modified form as given by Eq. (2.7). Especially around

the maximum power point the series resistance RS can lead to comparatively pro-

nounced distortions, which show the need for its consideration.402 Advantageously,

RS can be separately extracted from IS data which enables a correction of the

voltage accounting for the potential drop at the series resistance as

VF = Vapp − j ·RS A. (7.19)

Alternatively, the IS measurement can be performed at various open-circuit volt-

ages (modified by different illumination intensities).348,407 Under these conditions

the balance between photocurrent and recombination flux eliminates the need to

consider a series resistance.

Recombination currents of DIP/C60 PHJ cells with heated substrate.

To analyze photovoltaic devices according to the above presented approach a series

of impedance measurements have been performed on DIP/C60 based solar cells by

varying the applied bias voltage under different light intensities (either an LED

or a halogen lamp is used as light source). The data analysis will be exemplarily

shown by means of a heated PHJ device with the following layer sequence:

ITO/ PEDOT(≈ 30 nm)/ DIP(50 nm, 100 ◦C)/C60(50 nm,RT)/ BCP(6 nm)/ Al

Typical j-V curves and the corresponding impedance spectra illustrating the anal-

ysis procedure at different applied potentials are shown in Fig. 7.27. At each light

intensity impedance spectra have been recorded for bias voltages Vdc ranging from

−0.05V to 1V in steps of 50mV (see Fig. 7.27 (a)). Figure 7.27 (b) depicts the cor-

responding experimental IS data (closed circles) which were fitted (straight lines)

to the model represented by the equivalent circuit shown in the inset. The experi-

mental IS analysis allows measuring the recombination resistance Rrec as function

of the applied voltage for different illumination intensities. To measure under

open-circuit condition a bias voltage Vdc equal to Voc at each light intensity was

applied as illustrated in Fig. 7.27 (c). Additionally the series resistance RS and

chemical capacitance Cµ were directly extracted from the low-frequency arc of the

impedance spectra. A detailed definition of the chemical capacitance Cµ can be

found in Refs. 408 and 409. In short, Cµ consists of two parts: one part is related

to the electrostatic capacitance, which equals the geometric capacitance Cg of a

parallel-plate capacitor as defined by Eq. (3.20), and an additional contribution

from the density of states. Thus, for mesoscopic systems such as the present solar

cells an electric field leads both to an accumulation of excess charge carriers at the
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Figure 7.27.: Principle of IS analysis for analysis of recombination current: (a) Current-
voltage characteristics of a heated DIP/C60 PHJ solar cell for a variety
of different light intensities. The highlighted curve exemplarily shows the
bias voltage steps Vdc—each of the marked voltages was applied to record
a frequency scan of impedance. (b) Impedance spectra measured under
different bias voltages as marked in (a). The low-frequency response is
modeled by means of a parallel RC circuit shown in the inset. (c) Current-
voltage characteristics where Voc is varied by illumination with different
light intensities. To measure under open circuit a bias voltage Vdc equal
to Voc is applied at each light intensity.

electrodes as well as to a variation of the Fermi level positions within the organic

layers with respect to the Fermi levels of the electrodes.

Figure 7.28 shows the variation of Rrec A, Cµ/A and RSA as function of VF at

different illumination intensities. The voltage is corrected for the potential drop

at the series resistance RSA as given by Eq. (7.19). For better comparison to

the current-voltage characteristics, the respective j-V curves are included in the
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Figure 7.28.: Heated DIP/C60 PHJ solar cell: (a) Specific recombination resistance
RrecA (b) chemical capacitance Cµ/A and (c) series resistance RSA ex-
tracted from impedance spectroscopy at different illumination intensities.
Voltages are corrected for the potential drop at a series resistance fol-
lowing Eq. (7.19). The values obtained at open circuit are included for
comparison (red triangles) just as the j-V curve recorded for the highest
light intensity.

impedance diagrams whenever possible. Moreover, values for Voc are marked by

vertical lines. It can be seen that the voltage dependence of the recombination

resistance can be separated into two distinct regimes: At low voltages up to VF ≈
0.5V, RrecA reveals a plateau-like behavior which depends on the illumination

intensity: With higher light levels, Rrec A decreases covering a range of almost two

orders of magnitude. However, as illustrated from the schematic picture in Fig. 7.26

the low voltage region with high recombination resistances is mainly dominated by

the photocurrent jph making the deviations in recombination resistance for the
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different light intensities less important for the reconstruction of the j-V curves. At

voltages above VF ≈ 0.5V the distance between curves for different light intensities

is reduced and can approximately be described by Eq. (7.14) with a common β

of 0.36. However, this observation is not in full accordance with the results for

solution-processed P3HT:PCBM cells402 where all curves almost perfectly collapse

within a comparatively large voltage region. The latter has been viewed as evidence

for the assumption made in Eq. (7.10) stating that the illumination intensity does

not affect the recombination mechanism in the corresponding voltage range. When

fitting RrecA measured at open-circuit condition (red triangles in Fig. 7.28 (a)) a

steeper slope is observed with βOC = 0.64.

The chemical capacitance Cµ/A (see Fig. 7.28 (b)) exhibits almost no voltage-

dependence up to the Voc—contradicting the observations for P3HT:PCBM cells.402

In the polymer cells, Cµ/A is found to follow an exponential behavior in the high

voltage range up to Voc, namely Cµ = C0 exp (αVoc/kB T ) with α ≈ 0.34, which is

attributed to the carrier occupation of electronic density of states.348 In contrast,

the results shown here indicate that the DOS contribution to the chemical capaci-

tance does not seem to play an important role. Instead, Cµ is primarily determined

by the geometric capacitance, extracted from dark C-Vmeasurement at reverse bias

where the injected charge can be neglected. A steep increase of Cµ is observed only

for voltages above Voc. Altogether, the bulk charge density within DIP/C60 PHJ

devices seems to be independent of voltage—at least up to Voc—and shows only

week dependence on light intensity. This indicates that most of the charges reside

on the electrodes—in contrast to various polymer-fullerene BHJ devices where the

majority of charges is located within the photoactive layer.169,402,410 Interestingly,

similar results were reported by Credgington et al. upon charge extraction mea-

surements on a Pen/C60 PHJ device,411 suggesting that this observation can be

seen as peculiarity of PHJ cells based on small molecular materials. It becomes

conceivable if assuming unhindered charge carrier transport within extraordinarily

crystalline layers of pure material which leads to fast removal of charges out of the

photoactive material.

The series resistance is observed to vary only within a limited range (RSA ≈
2–7Ω cm2, see Fig. 7.28 (c)), exhibiting values which are small compared to polymer

cells.402 The fact, thatRSA is almost constant over the whole voltage range suggests

that it can mainly be ascribed to cable and contact (especially ITO) contributions—

rather than to transport and interfacial effects as was stated for P3HT:PCBM

devices.402

Based on the extracted values for Rrec A and β, the recombination current can be

calculated according to Eq. (7.16) and (7.17). A comparison between the measured

and calculated values for jsc is shown in Fig. 7.29. Very good correlations can be
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Figure 7.29.: (a) Recombination current density calculated by Eq. (7.17) determined for
different irradiation intensities and β = 0.36 as function of jsc for a heated
DIP/C60 PHJ cell. Calculated values (blue circles) would not match jsc—
instead, adjusted values (green squares) were used for reconstruction.

found between jsc extracted from measured j-V curves and jrec(Voc) calculated from

Rrec under open circuit (red triangles). At high voltages the slope reaches almost

unity which agrees with the hypothesis that jrec(Voc) = jph—confirming the basic

idea of a constant photocurrent which is balanced by jrec at Voc. In the low-voltage

regime Eq. (7.17) seems to underestimate the value for jrec.

However, when calculating jrec(Voc) from Rrec at the different light intensities

with a common β of 0.36 the values show comparatively strong variations around

the bisector which would yield partly over-, partly underestimated values of jph
(blue circles). The reason for the deviation can be found in the imperfect collapse

of the voltage-dependent recombination resistances at different light intensities as

can be seen in Fig. 7.28 (a). While the best fit line perfectly matches the slope

in the exponential region only for a few medium light intensities, curves for lower

light intensities are steeper while high intensity curves are flatter. This leads to

the mentioned deviations and requires the adjustment of jph for the reconstruction

of the j-V characteristics (green squares).

According to Eq. (7.18) and (7.19), the device resistances RrecA and RSA to-

gether with the fit parameter β (all solely extracted from IS data) suffice to re-

construct the whole j-V curves. Figure 7.30 (a) shows the results and demonstrates

that relatively good correlation between the experimentally determined (lines) and

the reconstructed (symbols) current-voltage characteristics can only be found for

high light intensities (lower panel) whereas significant deviations are found for low

light intensities (upper panel). As was demonstrated in Sec. 2.1.6 the slope near jsc
is indicative of the presence of a finite parallel resistance RP (cf. simulated curves
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by accounting for RPA and RphA (see linear fits around 0V in (a) for
determination, dashed lines) good agreement between measurement and
reconstruction is achieved.

in Fig. 2.5 (b)). The effect of a shunt resistance can be traced back to manufac-

turing imperfections causing an alternate current path and is expected to play a

larger role at low light intensities. It can be extracted from the dark j-V curve

at V = 0V and is determined to RPA = 740 kΩ. However, considering RPA for

the reconstruction from IS data for all light intensities does not lead to significant

improvements in reproducing the measurement data. This points to an additional

voltage dependent loss pathway which is modeled by a second parallel resistance

Rph—determined by the slope 1
A

∂V
∂j

∣
∣
∣
V=0

of the light j-V curves (see dashed lines

in Fig. 7.30 (a)).
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∣
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of j-V curves depicted in Fig. 7.30) in

dependence on the respective short-circuit current (which, in turn, follows
a power law jsc ∝ Iα with I being the light intensity and an exponent α
very close to one). A parallel shunt resistance of 740 kΩ, determined from
the dark curve at V = 0V, has been taken into account for all light in-
tensities. (b) Reconstruction at highest illumination intensity illustrating
the relative contributions of the current jps due to a “photoshunt” Rph

and the recombination current jrec. Both contributions are considered
relative to a constant flux at V = 0V.

Based on the modified Shockley equation (7.9) both parallel resistances, i.e., RP

(shunt resistance, measured from dark curve at V = 0V, independent of illumi-

nation intensity) and Rph (“photoshunt”, determined by slope 1
A

∂V
∂j

∣
∣
∣
V=0

of light

j-V curves), can be incorporated into the formula for reconstruction:

j(VF) ≈ j0 · exp
(

β
eVF

kBT

)

︸ ︷︷ ︸

jrec(VF)

+
VF

RPA
+

VF

RphA
− jph

︸︷︷︸

jrec(Voc)

(7.20)

By taking both parallel resistances into account excellent agreement to the mea-

surement data is achieved (see Fig. 7.30 (b)).

Figure 7.31 (a) depicts (RphA)
−1 in dependence on the respective short-circuit

current (which, in turn, follows a power law jsc ∝ IαL with IL being the light inten-

sity and an exponent α very close to one as was shown in Sec. 7.1.1, Fig. 7.8 (c)).

From this, it can be deduced that the voltage dependent contribution to the cur-

rent as modeled by Rph scales approximately linearly with light intensity. Very

recently, Credgington et al. reported on a similar observation: Based on charge

extraction and transient photovoltage spectroscopy applied to solution-processed,
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small molecule solar cells they could identify a field-dependent recombination pro-

file, which was assigned to a geminate contribution to the recombination current.170

The analysis even allowed them to quantify that approximately 70% of the loss

of photocurrent at open-circuit relative to the short-circuit current results from

non-geminate recombination and approximately 30% from geminate recombina-

tion losses. Based on their results a possible origin of the current due to the

“photoshunt” Rph could be found in voltage-dependent geminate recombination.

When moving the operation condition from short circuit to open circuit the re-

duction in internal field might affect the dissociation efficiency of photogenerated

charge carriers—leading to a voltage dependence of geminate recombination. This

possibility stands in contradiction to the assumption of a constant photocurrent

jph which was assumed in the beginning of this section (see Fig. 7.26) and which

is currently subject of significant controversy as already mentioned in Sec. 2.3.1.

The existence of field-dependent dissociation30 is supported by a range of stud-

ies,28,340,412–415 however, other authors report on a negligible dependence of gemi-

nate recombination on the applied electric field.24,189,410,416–421

If considering the origin of Rph to be found in a field-dependent geminate re-

combination a similar estimation of both contributions can be made as found in

Ref. 170—however, the present IS method does not allow for a distinction between

geminate and non-geminate recombination for the jrec contribution. From recon-

struction at the highest light intensity the relative contribution of the current jps
due to a “photoshunt” Rph (geminate recombination) can be estimated to be ap-

proximately 10% while the recombination current jrec as determined from IS data

takes over for the largest part of the current losses at open-circuit (see Fig. 7.31 (b)).

Both contributions are considered relative to a constant flux at V = 0V.

The disadvantage of this method is that the j-V reconstruction is no longer

solely based on values gained by IS but contains information of the measured

j-V characteristics itself. For this reason a modified EC was established which ac-

counts for the “photoshunt” by introducing an additional parallel resistance Rph as

shown in Fig. 7.32 (a). Exemplarily, the fit was applied to impedance data measured

at a medium illumination intensity. As can be seen in Fig. 7.32 (b) the “photoshunt”

is constant up to a voltage of approximately 0.8V with a value of 7 kΩ cm2—similar

to the value extracted from the fit around V = 0V. The recombination resistances

collapse in the critical voltage region (Fig. 7.32 (c)), leading to the same β of 0.36.

However, by taking Rph into account, the characteristic slope of the j-V curve can

be correctly described (see Fig. 7.32 (d)). Nevertheless, fitting the IS data with the

modified EC becomes ambiguous and reasonable fit results can only be achieved

for fixed RS.
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Figure 7.32.: (a) Modified equivalent circuit accounting for an additional parallel resis-
tance RPh. (b) Specific parallel resistance RPhA and (c) Recombination
resistance Rrec extracted from impedance spectroscopy at medium illumi-
nation intensity for a heated DIP/C60 PHJ solar cell. (d) Reconstructed
j-V curve based on the modified EC with and without adding VF/(RphA)
to the total current.

Recombination currents of DIP/C60 PHJ cells with unheated substrate.

When changing the fabrication conditions from heated to non-heated substrate

during DIP evaporation—while keeping all other parameters constant—j-V curves

with pronounced s-shape are observed. As was discussed in Sec. 5.1 this behavior

can be ascribed to an increase of the injection barrier between anode and adja-

cent organic layer as a result of PEDOT with lower work function. Concerning

previously presented methods to analyze the recombination behavior of an OPVC,

the equivalent of β can be found in the diode ideality factor n and in the dark

saturation current j0. For a DIP/C60 PHJ both parameters are not significantly

affected by substrate heating as long as the series resistance is not too high to

hinder reasonable data analysis according to the Shockley equation (cf. Tab. 7.2).
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Figure 7.33.: (a) Recombination resistance extracted from impedance spectroscopy at
different illumination intensities for a non-heated DIP/C60 PHJ solar cell.
The voltage is corrected for a potential drop at the series resistance ac-
cording to Eq. (7.19). (b) Reconstructed j-V curves (symbols) in compari-
son to their experimentally measured counterparts (lines) based on recom-
bination current determined at each illumination intensity and β = 0.19.
Even by accounting for parallel resistance (see linear fits around V = 0V
for determination, dashed lines) strong deviations between measurement
and reconstruction are observed.

In order to verify these results, a sample with the following layer sequence was

analyzed via IS:

ITO/ PEDOT/ DIP (50 nm, RT)/ C60 (50 nm, RT)/ BCP/ Al.

As can be seen in Fig. 7.33 (b) (straight lines), all j-V characteristics measured under

different illumination intensities suffer from distinct s-shapes, leading to a reduced

slope ∂j/∂V around Voc—especially at forward bias. The analysis of the recombina-

tion current Rrec (see Fig. 7.33 (a)) shows constant values at low voltages—but only

up to VF ≈ 0.2V. In contrast to the device with heated substrate (cf. Fig. 7.28 (a))

the curves for different light intensity do not approach each other in the higher

voltage range. Instead, they are going parallel and have to be analyzed by individ-

ual fits—but with a common β of 0.19. Furthermore, a second increase in Rrec is

observed for all curves for VF > 0.6V. The chemical capacitance Cµ does not show

a significant increase and the series resistance RS varies within a small region of

0.1− 2Ω cm2—both not shown here.

Based on the IS data the reconstruction of the j-V curves results in relatively

good agreement to the measured data only up to VF ≈ 0.6V (by accounting for
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Figure 7.34.: (a) Modified equivalent circuit with two resistances, Rrec,inj and Rrec,IF

accounting for injection resistance and recombination at the D/A inter-
face, depending reversely on voltage. The modified EC is based on a
band bending model (see schematic) for high injection barriers as adapted
from Ref. 422. (b) Recombination and injection resistance extracted from
impedance spectroscopy at different illumination intensities based on the
modified equivalent circuit for a non-heated DIP/C60 PHJ cell. (c) Re-
constructed j-V curves (symbols) in comparison to their experimental
counterparts (lines) based on recombination current Rrec from (b) and
β = 0.57.

RP and Rph, see Fig. 7.33 (b)). However, for higher voltages the reconstructions

strongly deviate from the measurement. To account for the increased hole injection

barrier between PEDOT and DIP, a modified EC (see Fig. 7.34 (a)) can be used for

fitting. An additional resistance Rinj,IF accounts for a recombination current caused

by band bending which depends reversely on voltage. The modified EC is based

on a drift-diffusion model adapted from Ref. 422 which describes band bending at
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a D/A interface in PHJ devices with comparatively high injection barriers from

the electrodes to the adjacent organic layers: While the density of photogenerated

carriers at the D/A interface is independent of the injection barriers ∆Φ, the steady-

state carrier density is lower in the case of high ∆Φ, because electrons and holes

move towards each other instead of being separated even for flat band condition

(schematically shown in right part of Fig. 7.34 (a)). This leads to a higher density of

free charge carriers at the interface and subsequently to increased recombination,

which is considered by an additional interfacial recombination resistance Rrec,IF

within the model.

Figure 7.34 (b) depicts the progress of both recombination resistances: Caused

by band bending at the D/A interface Rrec,IF shows small values until VF ≈ 0.6V

where it slowly rises as the flux of injected charge carriers form the prevalent recom-

bination current. Rrec collapses into a single curve with β = 0.57, which results in

reconstructed j-V curves with high currents in forward direction (cf. Fig. 7.34 (c)).

With this method reconstruction of the j-V characteristics as expected without in-

jection barrier becomes possible. However, a complete reconstruction of the curves

under consideration of the s-shape has not been established.

On the whole, impedance analysis has been successfully used to determine re-

combination currents in PHJ solar cells based on DIP/C60. One of the decisive ad-

vantages over steady-state measurement results from IS being a differential method

which bypasses the influence of constant contributions to the current. The inter-

pretation of the measurement data requires the device to be modeled with a proper

equivalent circuit. Thus, by including an additional series resistance, the applied

voltage can directly be corrected for RS. By comparing the results on DIP/C60

PHJ cells to polymeric BHJ devices as reported in literature, decisive differences

were found which might help to identify and understand fundamental differences of

both classes of organic semiconductors: In polymeric BHJ cells the chemical capac-

itance differs significantly from the geometrical value—which can be assigned to a

considerable contribution from the bulk charge. By contrast, most of the charge

in PHJ cells based on DIP/C60 resides on the electrodes. Moreover, for polymeric

BHJ cells, a successful reconstruction of illuminated j-V curves is simply based

on the assumption of a constant photocurrent which is reduced by a recombina-

tion current determined from IS data—in total shaping the cells’s j-V behavior.402

However, a correct reproduction of the measured j-V curves of the DIP/C60 PHJ

was only possible by introducing an additional “photoshunt”, which possibly re-

sults from voltage-dependent geminate recombination. Apart from the exact origin

of the recombination—be it geminate or non-geminate—it is made clear that its

existence significantly influences the shape of the j-V characteristics.
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Ideality factor as measure of charge carrier recombination

Understanding and controlling the recombination loss mechanisms is essential for

improving the performance of OPVCs—especially since the previous section demon-

strated that charge carrier recombination does not only affect Voc but also strongly

influences the shape of the j-V curve and therewith the fill factor of the device.

Thus, it is of fundamental interest to identify the mechanisms of recombination in

order to increase power conversion efficiency. As already addressed in the prevailing

sections the diode ideality factor n can serve as useful measure for recombination

mechanisms. Based on simulated j-V characteristics, Fig. 2.4 clearly demonstrates

the influence of n on the shape of the j-V curve. Concerning the interpretation

of the ideality factor, a variety of studies can be found in literature26,423,424—all

based on charge carrier recombination as dominating factor. Besides the method to

determine the ideality factor by fitting the dark j-V characteristics with the Shock-

ley equation or from bias-dependent IS measurements there are several alternative

approaches to detect n. Some of those will be presented in the following and their

applicability to solar cells based on DIP/C60 is evaluated.

Ideality factor determined from derivative of j-V curve. As has already

been discussed before, the dark j-V characteristics can be divided into three dis-

tinctive regimes (see Fig. 7.35): At negative and small positive voltages, the current

is determined by the parallel resistance RP—linearly depending on voltage (ohmic

leakage current, I). In an intermediate voltage regime (II), the current is driven

by diffusion against the built-in potential Vbi and depends exponentially on V . Fi-

nally, a deviation from this exponential behavior marks the drift-dominated regime

(III) where the current is limited by the series resistance RS. At various parts in

the present work, measurement data have been fitted with the modified Shockley

equation (5.1) where the diode ideality factor n is a measure of the slope of the

exponential regime. In order to prevent erroneous fitting, Wetzelaer et al. proposed

an alternative determination of n by numerically differentiating the current with

respect to V :425

n =

(
kBT

e

∂ ln j

∂V

)−1

. (7.21)

The lower part of Fig. 7.35 depicts n as determined by Eq. (7.21). The gray area

marks the diffusion regime characterized by a plateau in n, which can be regarded

as steepest increase of the exponential regime.

In order to check the accordance between both methods to determine n, i.e., via

the Shockley fit and by the derivative, a comparison has been done for the heated

PHJ cell based on DIP/C60 with layer structure given in Fig. 7.35. Figure 7.36 (a)
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Figure 7.35.: Upper part: Dark j-V characteristics of a PHJ with structure ITO/ PE-
DOT/ DIP(50 nm, Tsub = 100 ◦C)/ C60(80 nm, Tsub = RT)/ BCP/ Al
measured at room temperature. The voltage axis is divided into an ohmic
(I), diffusion (II) and drift (III) dominated regime. The dashed line de-
scribes the linear voltage dependence of the leakage current and the solid
line corresponds to the fitted curve in the forward-bias region using the
modified Shockley equation (5.1). Lower part: Differential plot of the data
(symbols) and the Shockley fit (straight line) according to Eq. (7.21).

depicts the voltage dependence of n determined by Eq. (7.21) for different tem-

peratures. It can be seen that within a wide range of T , the plateau value of n

stays constant—in accordance to what has been found in Ref. 425 for double and

single-carrier devices. For the deviations at lower temperatures it is referred to the

corresponding discussion in Sec. 7.2.1, where it has been found that increasing series

resistances which go together with low temperatures gradually restrict the expo-

nential regime. Directly comparing both methods reveals good agreement of n as

shown in Fig. 7.36 (b) where even the temperature dependence is almost identical.

The plateau value in the high temperature regime is determined to n = 1.64 when

the ideality factor is extracted from the derivative of the current, and n = 1.57 for

the analysis with Shockley fit.

Figure 7.37 summarizes typical results of the diode ideality factor n for heated

and unheated planar and planar-mixed heterojunction cells based on DIP/C60
v—

vThe exact layer sequences as well as the corresponding j-V characteristics under illumination has
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Figure 7.36.: (a) Temperature dependent diode ideality factor of a PHJ shown in
Fig. 7.35, determined via the derivative of the dark j-V characteristics
according to Eq. (7.21). (b) Comparison between the temperature depen-
dent ideality factor calculated from the derivative and Shockley fit.

determined from the Shockley fit ((a) and (b)) and via the derivative according

to Eq. (7.21) ((c) and (d)). The extracted values for the ideality factor are listed

in Tab. 7.6. As expected, the ideality factors as deduced from the Shockley fit are

similar to those determined from the minimum of the derivative. For a more accu-

rate evaluation according to Eq. (7.21) it would be favorable to record the current

within smaller voltage steps. In contrast to other PHJ cells with comparable layer

sequence (see, e.g., Tab. 5.1), the ideality factor of the unheated PHJ device seems

to be below average, indicating favorable preparation conditions of the PEDOT

layer as has been discussed in Sec. 5.1.4. Whereas literature generally agrees in

interpreting n in terms of recombination processes, there is an ongoing discussion

about the precise classification of the dominant recombination mechanism deduced

from the ideality factor: For an ideal pn-diode n is expected to be equal to unity, if

charge carrier trapping can be excluded and recombination purely takes place via

bimolecular recombination.423 Based on classic inorganic pn-junctions Sah et al.

traced a diode ideality factor of n = 2 back to trap-assisted recombination426 (cf.

SRH formalism in Sec. 2.3.2). Similar arguments have been used for organic het-

erojunctions explaining an ideality factor exceeding one by SRH recombination

following from the inclusion of disorder which is manifested by an exponential tail

of localized states in the DOS of electrons and holes.171

When comparing the ideality factors of planar and planar-mixed heterojunc-

tion cells based on DIP/C60—including all investigated devices presented within

been shown in Fig. 7.8 on page 156.
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Figure 7.37.: Dark current density vs. voltage characteristics of (a) PHJ and (b) PM-
HJ devices with different architecture (light curves depicted in Fig. 7.8).
The organic layers were either deposited on unheated substrates or on
heated ones with substrate temperature of 100 ◦C during DIP evaporation
(as neat or mixed film). The exact layer sequences are given in Tab. 7.2
on page 156.

different chapters of the present thesis—generally lower ideality factors around

n ≈ 1.5 are found for PHJs while PM-HJ devices are characterized by somewhat

higher values of n ≈ 2. This general trend is especially significant when comparing

heated devices, where the influence of energy level misalignment and unfavorable

small-scale phase separation can be excluded. According to the above stated in-

terpretations, trap-assisted SRH recombination seems to play a role—both in the

planar as well as in the planar-mixed heterojunction. Whereas a combination of

bimolecular recombination of the Langevin type and SRH recombination can be

deduced from the PHJ ideality factor of n = 1.5, purely trap-assisted recombina-
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tion is expected in PM-HJ cells, which might result from interfacial defects/traps

due to incomplete phase separation in the BHJ. In contrast, the generation of

free charge carriers within a planar heterojunction device is restricted to a small

area along the D/A interface. IS measurements of the chemical capacitance (see

first part of this section) indicate that in DIP/C60 PHJ cells most of the charges

reside on the electrodes which, in turn, confirm the concept of unhindered trans-

port of photogenerated majority charge carriers through a film with low density

of minority carriers. Finally, this leads to longer charge carrier lifetimes and re-

duced recombination rates. Any larger ideality factors that are observed cannot

be explained directly. Kirchartz et al. provide a possible explanation of n > 2 by

recombination of two carriers that are both trapped leading to tail-to-tail recom-

bination.171 However, in various discussions of this work, it has been stressed that

reliable determination of n require at the same time low leakage and high drift cur-

rents, which otherwise mask the diffusion dominated exponential current regime

(see, e.g., Sec. 7.2.1).

Comparing the PHJ cells with different batches of DIP as presented in Sec. 6.3, it

is striking that both parameters—the diode ideality factor n as well as the dark sat-

uration current j0—are observed to increase significantly when comparing batch 2

to batch 1. At the same time mass spectrometry measurements of the different DIP

batches revealed that the impurity content of batch 2 is around twice as much as

compared to batch 1. This observation confirms that the addition of trap states

by higher impurity levels increases the probability of trap-assisted recombination

which reduces the “quality” of the diodes—manifested in increasing n and j0.

The light ideality factor n∗. In accordance to the above mentioned interpreta-

tion of the ideality factor, it has been shown byWetzelaer et al. that the non-ideality

of n when deduced from dark j-Vmeasurements can be ascribed to deeply trapped

carriers—however, this effect is partly neutralized under illumination.423 Accord-

ing to these considerations an ideality factor determined from light characteristics

would provide a more reliable indication of the recombination mechanism dominant

in an operating solar cell. A light ideality factor can either be determined from

voltage dependent luminance measurements,425 or from the slope of the dependence

of Voc on the logarithm of the light intensity, that scales linearly with jph.
415 The

latter is based on Eq. (2.8) and defines the light ideality factor n∗ as

Voc = n∗
kBT

e
ln

(
jsc
j0

+ 1

)

, (7.22)

by equating the photogenerated current density jph with jsc. The accuracy of this

method might be limited when high series resistances of the cell would require to



7.2 Electronic properties of donor/acceptor interfaces 215

0.1 1 10
0.5

0.6

0.7

0.8

0.9

1.0

O
p
en

-c
ir

cu
it

 v
ol

ta
ge

 V
O

C
 (

V
)

Short-circuit current density j
SC

 (mA/cm2)

                  PHJ         n*
T

Sub
=RT             1.1

T
Sub

=100 °C          1.1

                 PM-HJ  
T

Sub
=RT              1.4 

T
Sub

=100 °C           1.3
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consider RS for a correct extraction of Voc.
427

Following this concept, PHJ and PM-HJ cells based on DIP/C60 were analyzed

and results are shown in Fig. 7.38. While a linear dependence of Voc on ln(jsc) is

found for all devices at high illumination intensities (approximately 1 to 0.1 sun),

the PM-HJ devices show a bending at lower intensities. A similar effect has been

observed by Zhang et al. for small molecule BHJ solar cells—ascribed to a contri-

bution of the density of free charge carriers in the photoactive layer.428 However,

the following discussion is restricted to the high illumination regime. It is found

that the light ideality factors n∗ for the PHJ extracted from the linear fit of the

semi-logarithmic plot according to Eq. (7.22) are significantly smaller than those of

the PM-HJ cells. Compared to the dark ideality factors n, the values determined

for n∗ are considerably lower in both cases—however, following the same tendency.

Similar discrepancies between dark and light ideality factors have been observed

for polymer:fullerene BHJ solar cells.423,429 A possible explanation may be found in

Ref. 424, where light intensity dependent charge carrier densities were identified as

the reason for a crossover from SRH to bimolecular recombination when comparing

light and dark ideality factors: As outlined in Sec. 2.3.2, the recombination rate

of SRH mechanism depends linearly on charge carrier density while the rate for

bimolecular recombination shows a quadratic dependence on charge carrier den-

sity. By increasing the carrier density within the cell, be it by increasing voltage

from short circuit to open circuit or by increasing light intensity,165,410 an enhanced

probability of recombination is expected—especially for bimolecular recombination

as it shows the stronger dependence on charge density. Thus, higher charge carrier
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Table 7.6.: Ideality factors of PHJ and PM-HJ devices with different substrate tem-
perature during evaporation of DIP containing layers (Light j-V curves
shown in Fig. 7.8).

Substrate temperature Shockley fit Derivative j-V curve Voc vs jsc IS data

n n n∗ 1/β

PHJ—DIP(50 nm,RT/100 ◦C)/C60(80 nm,RT)

Tsub = RT 1.5 1.8 1.1

Tsub = 100 ◦C 1.6 1.7 1.1 2.8 (1.6)‡

PM-HJ—DIP(5 nm,RT/100 ◦C)/DIP:C60(50 nm,RT/100 ◦C)/C60(10 nm,RT)

Tsub = RT 3.1 3.3 1.4 (3.3)†

Tsub = 100 ◦C 2.0 2.3 1.3 (2.2)†

‡ Determined from Rrec measured at open circuit or in dark.
† Extracted from the low light intensity region.

densities under illumination can explain smaller light ideality factors n∗ because of

a greater influence of bimolecular recombination—characterized by n = 1. Com-

paring different cell architectures, the DIP/C60 PHJs with a light ideality factor

of n∗ ≈ 1.1 gives less indication for trap-assisted recombination than PM-HJ with

n∗ ≈ 1.4. This result confirms one decisive advantage of the PHJ concept: Com-

pared to their BHJ counterparts, the lower interfacial area hampers recombination

losses which ultimately leads to enhanced charge carrier extraction reflected in high

fill factors.

Can β from IS measurements serve as indicator of the prevailing re-

combination mechanism? By means of IS analysis an exponential dependence

of the recombination current on voltage has been found in the voltage regime

around Voc as predicted by Bisquert and co-workers—both for dye-sensitized solar

cells and organic bulk heterojunctions based on polymers.347,348,402 However, no

explicit correlation between the extracted β-parameter and the prevailing recom-

bination mechanism was established. By contrast, Leong et al. showed a similar

approach based on the differential resistance—with βLeong = 2 · β as has been

mentioned before—but explicitly identifying βLeong with the recombination order

parameter.406 Even though these differences might suggest a contradiction, an

agreement between both approaches is found when identifying β with the inverse

of the diode ideality factor n. Assuming n = 1 indicates second-order (κ = 2)
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bimolecular recombination, the corresponding parameters would be β = 1/n = 1

and βLeong = κ = 2. Similarly, first-order (κ = 1) SRH recombination, which is

equated with n = 2 yields β = 1/n = 0.5 and βLeong = κ = 1.

For the heated DIP/C60 PHJ, 1/β seems to be overestimated when determined

from a common fit of the voltage dependent recombination resistance according

to Fig. 7.28 (a). When 1/β is determined from IS measurements under open cir-

cuit or in dark, the value is in good agreement with the dark ideality factor n,

e.g., extracted by means of the Shockley equation. In any case, the discrepancies

between 1/β and n indicate the necessity to have a critical look at the concept

underlying the correlation between β and the recombination resistance. Intention-

ally introducing charge carrier traps—e.g. by doping of the organic layer—could

be one possibility to specifically examine the relation between β as determined by

IS measurements and its exact meaning in terms of carrier recombination. As a

result of intentional doping, SRH recombination would be expected as predominant

recombination mechanism allowing to observe its direct impact on Rrec.

To sum up, it has been experimentally verified that recombination losses play

a crucial role in device performance, however, an unambiguous identification of

the prevailing recombination mechanism has not been investigated in more detail

within the scope of the present thesis. Nevertheless, it seems to be a hot topic

within current research and would be worth to concentrate on in further studies.





Chapter 8

The top contact

Up to now, the presented studies concentrated on the anode/organic interface,

charge carrier transport inside the donor, and finally the donor/acceptor interface.

This last chapter will briefly present some investigations carried out on the top

contact—including the effect of exciton blocking layers in DIP/C60 planar hetero-

junctions. As has been introduced in Sec. 3.1.4, exciton blocking layers (EBLs) have

been exploited to increase longevity and were found to mechanically protect the or-

ganic layers—along with successfully hindering exciton quenching at the cathode.

In the following chapter, two different exciton blockers will be tested regarding

their preferable thickness for optimum device performance as well as their impact

on long-term stability. Finally, variations of the metal cathode will be presented

including the difference of Sm and Al as top contact and their interplay with the

exciton blocking layer BCP.w

8.1. Thickness effects of different exciton

blocking layers

As has been mentioned in Sec. 3.1.4, BCP is one of the most common exciton

blocking materials in OPVCs. Its large bandgap of Eg ≈ 4.7 eV enables efficient

exciton quenching at the organic/cathode contact. As LiF performed worse than

BCP when used as EBL in DIP/C60 solar cells (see Sec. 5.1.3), it has been replaced

wThe main results of the second section of this chapter have been published in Ref. 328.

219
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by BCP in the further course of this work. One reason for its limited applicability

might be found in its strong sensitivity to the right choice of layer thickness: Owing

to its insulating properties, LiF has to be inserted as very thin layer of a few

Ångstroms only—otherwise hindering efficient electron extraction (cf. Sec. 3.1.4).

In contrast, electron transport through BCP seems to be unhindered, despite of

its high lying LUMO which is found to be situated around 2 eV above the LUMO

of C60. As sketched in Fig. 3.7 (b) charge transport is supposed to occur via defect

states below the LUMO of BCP which are induced by thermal evaporation of the

metal top contact.

8.1.1. Degradation effects with BCP as EBL

Concerning the applicability of BCP as exciton blocking layer in solar cells based

on DIP/C60, thickness dependent studies have been performed on PHJ devices—

including their development over time.
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Figure 8.1.: Effect of varying BCP thickness on PHJ solar cells based on DIP/C60.
Upper parts: j-V characteristics under white LED illumination. Lower
parts: Logarithmic plot of the dark j-V curves—the currents in forward
direction are fitted with the Shockley equation and series resistances are
extracted. The characteristic cell parameters as well as their development
over time are displayed in Fig. 8.2.
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Figure 8.2.: Temporal development of the characteristic cell parameters of PHJ solar
cells with varying thickness of BCP inserted as EBL. Short-circuit current
density jsc, open-circuit voltage Voc and fill factor FF are extracted from the
j-V curves under illumination (upper parts of Fig. 8.1)—the specific series
resistance RSA results from Shockley fits of the dark j-V characteristics
(lower parts of Fig. 8.1).

Figure 8.1 shows j-V curves of the devices with structure

ITO/ PEDOT(≈ 30 nm)/ DIP(50 nm, 100 ◦C)/ C60(80 nm,RT)/ BCP/ Al,

with BCP layer thicknesses of 2, 4, 6 and 8 nm. The upper row depicts illu-

minated j-V curves recorded directly after preparation as well as after 8 and 12

months—stored under inert atmosphere inside the glovebox in dark and without

encapsulation. A graphical representation of the characteristic cell parameters and

their development over time is shown in Fig. 8.2. Directly after preparation, all

BCP layer thicknesses enable cells with high fill factors, which are ascribed to low

series resistances as extracted from Shockley fits of the current density in forward

direction. With increasing BCP thickness the short-circuit currents are slightly

reduced which might be a consequence of limited conductivity through the BCP

layer. However, with time passing, the cell with the thinnest BCP layer suffers

from increased series resistance—accompanied with significantly reduced fill fac-

tors, which might result from insufficient protection against residues of oxygen and

moisture or against Al penetration. As this effect strongly depends on the layer

thickness of BCP, it seems as if the protective property of BCP is only achieved

above a certain thickness. Based on these results, an optimal BCP thickness was
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determined to 5–6 nm, which enables reasonable device stability with concurrently

high electron-collection efficiency. Similar results were found for solar cells based

on CuPc/C60 with an optimal layer thickness of 5 nm.259 The observations agree

with studies on OLEDs reporting that a minimum BCP layer thickness of ≈ 6 nm

is necessary to form a uniform film.430

8.1.2. Degradation effects with NTCDA as EBL

Apart from the undisputed beneficial effect on the device performance of solar

cells, one disadvantage of BCP can be seen in its partly observed tendency to

crystallize as has been reported in various literature118,431—sometimes inducing fast

degradation of solar cells.432 Therefore, alternative materials have been studied as

EBL which allow for increased long-term stability.433–437 Moreover, exciton blockers

with improved conductivity have been employed where charge transport does not

rely on Al-induced damage but on energy-level alignment. This, in turn, enables

the use of thicker EBLs without loosing conductivity.438
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Figure 8.3.: Effect of varying NTCDA thickness on PHJ solar cells based on DIP/C60.
Upper parts: j-V characteristics under white LED illumination. Lower
parts: Logarithmic plot of the dark j-V curves—the currents in forward
direction are fitted with the Shockley equation and series resistances are
extracted. The characteristic cell parameters as well as their development
over time are displayed in Fig. 8.4.
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Figure 8.4.: Temporal development of the characteristic cell parameters of PHJ so-
lar cells with varying thickness of NTCDA inserted as EBL. Short-circuit
current density jsc, open-circuit voltage Voc and fill factor FF are ex-
tracted from the j-V curves under illumination (upper parts of Fig. 8.3)—
the specific series resistance RSA results from Shockley fits of the dark
j-V characteristics (lower parts of Fig. 8.3).

Based on these findings, NTCDA has been used as exciton blocking material and

studied concerning its effect on solar cell longevity. Planar heterojunctions based on

DIP/C60 have been investigated—with equal device structure as for the BCP cells

in the previous section. The corresponding light and dark j-V characteristics are

depicted in Fig. 8.3 and the temporal development of the extracted parameters are

summarized in Fig. 8.4. As mentioned in Sec. 3.1.4, studies found in literature sug-

gest that high conductivity of NTCDA and favorable energy level alignment with

C60 allow for the application of thick layers which accordingly provide a better

level of protection against interdiffusion of oxygen and water or damage via metal

evaporation. Thus, a thickness variation with 8, 15 and 30 nm of NTCDA has

been carried out—compared to a reference cell without blocking layer. According

to the thickness variation of BCP, the short-circuit current density is reduced with

increasing blocking layer, which already hints towards limited conductivity within

the NTCDA film—confirmed by a thickness dependent series resistance. However,

in contrast to the results with BCP as exciton blocker, the long-term stability is

substantially reduced with increasing NTCDA thickness. These findings indicate

that the NTCDA film itself might be responsible for the degradation as its resistiv-

ity increases with layer thickness. Investigations on indium-doped NTCDA reveal



224 8 The top contact

high reactivity in atmosphere which result in a strong reduction of conductivity.439

As opposed to literature, the limited conductivity of NTCDA does not allow for its

use as thick, protective exciton blocking layer and no improvement over BCP was

found—neither in the cell characteristics recorded after device preparation nor in

the devices’ long-term stability.

Altogether, the results on different EBLs with varying thickness and their long-

term stability finally identified a 5 to 6 nm thick layer of BCP as optimum exciton

blocker for the use in DIP/C60 based solar cells with Al top contact—a result which

has been applied within the course of this work. Very recently, Steindamm et al.

could show that using an interlayer of the exciton blocking layer bathophenanthro-

line (BPhen) yield a doubling of the short-circuit current in DIP/C60 based PHJ

cells with silver as top contact material. The authors could ascribe the positive

impact of BPhen to both, an exciton blocking effect at the Ag cathode interface

and prevention of metal penetration into the photoactive layer.440

8.2. Top contact variations

Beneath their beneficial property to prohibit exciton quenching at the electrode,

exciton blocking layers are also known to serve as protection layer for eliminating

the creation of Al-induced defect states in C60.
192,257,260 It is known that thermal

evaporation of metals on top of organic materials can lead to interdiffusion of metal

atoms into the underlying layer and thus to formation of metal clusters inside the

organic441,442 or cathode-induced damage for charge transport.438 De Castro et al.

propose that isolated aluminum nanoclusters inside a C60 film, which are formed

upon evaporation, lead to defect states close to the interface that modify the electric

potential drop in the device and thus screen the electric field at the cathode for

low forward bias.346 While the positive effect of BCP as exciton blocking layer

in DIP/C60 based solar cells seems to be undisputed, it is not clear whether its

decisive role is found in its exciton blocking properties or in a protective effect

against metal interdiffusion.

In order to discriminate both effects, an alternative metal has been studied

as top contact material: With a considerably larger atomic radius compared to

aluminum, samarium (Sm) is supposed to show reduced tendency of interdiffusion

into an underlying organic film. To investigate the diffusion behavior of Sm into

C60, thickness dependent UPS investigations were performed. Figure 8.5 shows

the UPS spectra of the interface between Sm and C60 with various steps of Sm

thickness ranging from approximately 1 Å to 70 Å. The valence region spectra

(see Fig. 8.5 (b)) reveal a continuous decrease in intensity of the characteristic C60
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Figure 8.5.: Ultraviolet photoelectron spectra of ITO/HIL1.3/C60 substrates with dif-
ferent coverage of Sm. (a) Secondary electron cutoff (SECO) spectrum and
(b) valence region spectrum (taken from Ref. 328).

features with increasing Sm coverage, suggesting the formation of a closed film

already after a few monolayers.

Based on this result, the protective effect of BCP has been studied in OPVCs

comprising the comparison between Al and Sm as cathode material—with and

without an interlayer of BCP. The exact layer sequence of the PHJs is

ITO/ (hole injection layer)/ DIP(50 nm)/ C60(50 nm)/ (top contact)

with different top contacts, i.e., with and without BCP (layer thickness 5 nm) cov-

ered by Al or Sm. The j-V curves of the corresponding solar cells are shown in

Fig. 8.6 (a) for devices with PEDOT as hole injection layer, with the substrate

kept at room temperature during DIP evaporation. The photovoltaic parame-

ters are summarized in Tab. 8.1. Independent of the application of BCP, the de-

vices with Sm as top contact exhibit smaller values of jsc than cells with pure

Al. Optical transfer matrix calculations for the used device stack comprising

a Ca(20 nm)/Al(100 nm) cathode predicts considerably lower photocurrents com-

pared to a pure Al cathode. As Sm shows an even weaker metal reflectance, similar

tendencies as for the Ca/Al cathode are expected. Corresponding results can be

found in Ref. 443, emphasizing the profound impact of the metal reflectivity on the
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Figure 8.6.: Current voltage characteristics of PHJ solar cells of the structure ITO/
(hole injection layer)/ DIP(50 nm)/ C60(50 nm)/ (top contact) with dif-
ferent top contacts, i.e., with and without BCP(5 nm) covered by Al or
Sm (DIP evaporated at room temperature). (a) Devices with PEDOT as
hole injection layer, (b) devices with HIL1.3 as hole injection layer. Up-
per parts: j-V characteristics under white LED illumination. Lower parts:
Logarithmic plot of the dark j-V characteristics (open symbols). The solid
lines are fits based on the modified diode equation. Results of the fits are
given in Tab. 8.1.

electrical field confinement within multilayer device structures. On the whole, the

values for the specific series resistances extracted from fits of the Shockley equation

are comparatively high. Reasons can be found in enhanced hole injection barriers

from the unheated PEDOT as discussed in Sec. 5.1. Nevertheless, devices with Sm

as top contact show lower values for RSA than their counterparts with Al. The

most striking variation in the series resistance is observed when BCP is inserted

as interlayer underneath Al: RSA is reduced by a factor of approximately 2.5 from

1.8 kΩ cm2 to 0.7 kΩ cm2, whereas the ideality factor stays almost unchanged. This

is accompanied by an enhancement of the fill factor from 52% to 61%.
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Table 8.1.: Open-circuit voltage Voc, short-circuit current density jsc, fill factor FF,
specific series resistance RSA, ideality factor n and dark saturation current
density j0 for PHJ solar cells of the structure ITO/ (HIL)/ DIP(50 nm)/
C60(50 nm)/ BCP(5 nm)/ (top contact) with a variation of top contacts—
evaporated on different hole injection layers (cf. Fig. 8.6). Light illumination
was realized with a white LED. As the LED illumination conditions do not
fulfill the AM1.5 g standards, values for power conversion efficiencies are not
specified.

Top contact modification Voc jsc FF RSA n j0
(V) (mA/cm2) (%) (Ω cm2) (mA/cm2)

PHJ cells – top contact variation and PEDOT as HIL (cf. j-V curves in Fig. 8.6 (a))

BCP/Sm/Al 0.94 -2.9 62.4 304 2.0 3.5 · 10−9

Sm/Al 0.94 -2.9 65.9 590 1.6 6.2 · 10−11

BCP/Al 0.94 -3.9 60.8 747 1.4 4.1 · 10−12

Al 0.93 -3.8 52.2 1807 1.5 3.0 · 10−11

PHJ cells – top contact variation and HIL1.3 as HIL (cf. j-V curves in Fig. 8.6 (b))

BCP/Sm/Al 0.93 -3.7 64.0 7 1.6 4.6 · 10−11

Sm/Al 0.93 -3.2 69.5 7 1.6 2.3 · 10−11

BCP/Al 0.94 -4.2 64.2 5 1.7 3.5 · 10−10

Al 0.94 -3.7 64.2 9 2.3 3.0 · 10−8

Identical variations of the top contact were performed with HIL1.3 as hole injection

layer. The j-V curves of the solar cells are shown in Fig.8.6 (b). The open circuit

voltages are almost identical for all devices and the short-circuit currents follow

the same trend as with PEDOT as hole injection layer. In general, values for the

series resistance are two orders of magnitude lower than the devices with PEDOT.

In the case of Al-devices, a reduction in RSA by a factor of three is found when

inserting BCP as blocking layer. Even though the relative change is similar to

the case with PEDOT as hole injection layer, there is no effect on the fill factor,

which stays constant at a value of FF ≈ 64% indicating that it might be limited by

other factors like material’s purity in this case (see Sec. 6.3). In the ideal case, the

cathode should form an ohmic contact to the adjacent electron acceptor, while the

holes should be blocked. In this context Brabec et al. stated that the interaction

between C60 and many kinds of metal cathodes is large enough that Fermi level

pinning (cf. Sec. 2.2.4) of the C60 LUMO takes place for almost all common metal

contacts.139 Regarding the values of the work function this condition seems to be

fulfilled for both kinds of top contacts, due to their low values (ΦAl ≈ 4.3 eV and
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ΦSm ≈ 2.7 eV, cf. Sec. 3.1.5) compared to the LUMO level of the fullerene. How-

ever, vacuum deposition of metals does not lead to a well-defined interface between

semiconductor and metal film. Penetration of metal atoms or clusters into the

organic layer can change the effective work function of the metal compared to a

free surface. Nevertheless, the differences in work function do not significantly in-

fluence the open-circuit voltage. This is in accordance with the theory extensively

discussed in Sec. 7.2.1 stating that Voc is mainly controlled by the energy-level offset

at the donor/acceptor heterojunction and nearly invariant on electrodes with differ-

ent work function values. Similar results have been obtained by Cheyns et al.:405

By means of an analytical model based on the continuity equation, they derive

an expression for the open-circuit voltage for planar heterojunction solar cells. It

indicates that Voc does not depend on injection barriers and thus on the work func-

tions of the metal contacts. However, extensions of their model show that the work

function of the cathode metal leads to changes in the charge carrier concentration

profie, which influences the shape of the j-V curve around Voc.

Using PEDOT as hole injection layer, the comparison of Sm or Al as metal

top contact and their interplay with the exciton blocking layer BCP clearly reveal

that there is no need for an exciton blocking layer when Sm is used as top contact,

whereas its usage is indispensable for achieving high FFs with Al as metal cathode.

Based on the results from UPS measurements it is expected that samarium—in

contrast to aluminum—does not diffuse into C60 but, in fact, forms a closed film

already after a few monolayers. This emphasizes the protective effect of BCP from

metal penetration rather than its role as exciton diffusion barrier. Moreover, it has

been shown that by using HIL1.3 as hole injection layer, the series resistances can be

reduced by two orders of magnitude compared to the devices with PEDOT—which

is in accordance with the observations reported in Sec. 5.2. Concerning the effect

of BCP on the solar cells with HIL1.3 and pure Al cathode, there is no measurable

influence on the FF, in spite of similar relative changes in RSA compared to the

PEDOT-based samples. From this it can be stated that as long as the series

resistance is comparatively low, changes in its value have only a minor effect on

the fill factor.



Chapter 9

Summary and Outlook

The aim of this work was to develop a detailed understanding of the correlation

between macroscopic parameters, such as growth condition, material choice and

type of heterojunction, on the one hand and film structure, energetic alignment and

transport properties on the other hand—and, one step further, their impact and

significance on solar cell device characteristics. The following section summarizes

the main results of this work and gives an outlook on possible extensions and

promising future investigations.

9.1. Main results and conclusions

The decisive role of energy level alignment at the bottom

contact

Firstly, it should be noted that the comprehensive studies on the donor/acceptor

combination DIP/C60 can be considered as pioneering work concerning its ap-

plication in organic photovoltaic cells—at least in this comprehensiveness.x The

extensive analysis on DIP as donor covers growth studies, energy level alignment

as well as charge and exciton transport properties and finally led to its success-

ful application in organic solar cells. The studies emphasize the crucial influence

of the substrate temperature during DIP film growth on morphology and overall

xPreliminary work on DIP as absorber in OPVCs can be found in Ref. 444.

229
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performance of DIP based photovoltaic cells. Detailed investigations revealed that

the positive impact of substrate heating can mostly be attributed to a lowering of

the hole injection barrier between the Fermi level of PEDOT and the HOMO of

DIP in consequence of increased PEDOT work function—manifested in markedly

reduced series resistance. Similar results could be achieved with alternative hole in-

jection materials, which exhibit high initial work functions even without substrate

heating. This leads to pinning of the positive polaron level of DIP and ultimately

results in low hole injection barriers. Conversely, the studies clearly indicated that

non-negligible hole injection barriers at the anode/donor interface can be made

responsible for the appearance of s-shaped j-V curves which lead to reduced fill

factors.

Charge carrier mobilities in DIP thin films

Transport properties of both excitons and charges are strongly correlated to the

crystalline order of the involved materials. By separately studying single-carrier

devices of DIP, the identification of the dominant current-limiting mechanism has

been possible. Even if the charge carrier mobility is characterized by a strong field

dependence, the thickness dependence of the current provides a unique criterion to

distinguish different limiting cases. It is has been shown that the electron current

in DIP is space-charge limited with an electron mobility of µe,0 ≈ 2 · 10−4 cm2/Vs.

The mobility of holes is lower by almost three orders of magnitude. While the

ITO/PEDOT contact was found to be injection limiting when DIP is deposited

onto the unheated substrate, the current limitation changes to SCLC behavior

when the substrate is heated during evaporation of the organic. This observation is

in perfect agreement with the barrier lowering for holes observed by UPS measure-

ments. For a correct analysis the results emphasize that a consideration of possibly

occurring high series resistances is essential as—depending on the material—they

may reach values of up to a few kΩ. In this context, impedance analysis offers the

possibility of detecting the voltage drop at the series resistance which can play a

significant role for a correct analysis. In conclusion, the combination of steady-

state j-Vmeasurements and IS provides a unique method to analyze transport

mechanism with supplementary information given by each of the characterization

techniques.

Morphology and energetics at the D/A interface

Representing the decisive environment for exciton dissociation and charge carrier

recombination, the donor/acceptor interface takes a crucial role in the functional-
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ity of an OPVC. As organic semiconductors usually suffer from comparatively low

exciton diffusion lengths, the morphology of the active layers is a crucial parameter

as it determines the photoactive volume where excitons can be efficiently dissoci-

ated. On the other hand, even in a blend with large interfacial area the successful

formation of percolation paths in the donor and acceptor material is a prerequisite

for efficient charge carrier collection towards the electrodes. Besides a favorable

morphology, the energy level alignment at the donor/acceptor interface plays an

equally important role as the interfacial energy gap should be as large as possible

to maximize Voc—while at the same time exciton dissociation requires a certain

energy offset. Thus, a detailed understanding of the correlation between structure,

energetics and transport properties is indispensable to achieve favorable conditions

for exciton and charge transport in both the donor and acceptor phase and effi-

cient charge carrier separation and extraction at the involved interfaces. Owing

to the respective molecular shapes, different growth scenarios have been identified

leading to largely different interface morphologies—eventually influencing device

performance.

The DIP/C60 interface. Planar and bulk heterojunctions of DIP and C60 have

been analyzed in terms of structure, energetics and solar cell performance. It has

been shown that growth at elevated temperature leads to the formation of a co-

hesive network of large crystalline DIP domains, yielding a large surface area that

can be covered with C60 molecules in planar heterojunctions. The planar stack-

ing, both with and without substrate heating, is characterized by a pronounced

crystallinity of the DIP layer as well as its templating effect which leads to un-

usually crystalline C60 films. The crystallinity of both allows for efficient charge

carrier extraction towards the electrodes yielding remarkably high fill factors up to

74% even in simply stacked PHJ devices devoid of doped transport layers. Com-

paratively low absorption coefficients of neat DIP films are consistent with the

upright standing arrangement of the DIP molecules, as the transition dipole mo-

ment of the fundamental molecular absorption is aligned along the long molecular

axis and thus unfavorably oriented for efficient absorption of light under normal

incidence. However, absorption spectra of DIP and C60 thin films indicate that the

main contribution to light harvesting in a heterojunction device with comparable

layer thickness of both materials can be assigned to the fullerene. Coevaporating

the molecules without substrate heating leads to small-scale phase separation with

reduced charge carrier mobility and hindered transport towards the electrodes.

By contrast, mixed films evaporated under substrate heating exhibit large-scale

phase separation forming a bicontinuous network of both molecular species, which

enables efficient exciton dissociation and charge carrier transport. Apart from fa-
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vorable film morphology, one of the greatest potentials of DIP as donor in organic

solar cells can be found in its high ionization potential and the favorable energy

level alignment with both the PEDOT electrode and the C60 acceptor leading to

high open-circuit voltages of up to 0.93V.

The CuPc/F16CuPc interface. In contrast to the phase separation observed

in mixtures of the differently shaped DIP and C60 molecules, the combination of

CuPc with its perfluorinated analogue F16CuPc leads to the formation of a solid

solution of both constituents. This molecular mixture is related to the similar

sizes and shapes of both molecules and their similar packing motifs in neat films.

However, it has been demonstrated that such an intimate mixing is not favorable for

charge separation in photovoltaic cells as the primarily formed charge transfer states

are Coulombically bound, which tremendously reduces charge carrier collection

efficiency. When applied in PHJ devices, the absence of measurable effect upon

illumination excludes its suitability as photoactive material combination—however,

its property as charge-generation layer offers a possibility to be applied in tandem

solar cells.

The CuPc/C60 interface. The material system CuPc and C60 shows very fa-

vorable spectral properties for light harvesting over the whole visible range which

surely contributed to its development towards a kind of prototype small molecule

OPVC system. However, limitations in the transport properties of this material

system were found: Comparatively high crystalline order in thin films of C60 has

been found when deposited onto DIP, which was assigned to a templating effect.

By contrast, structural investigations revealed significantly smaller crystalline do-

mains of C60 when evaporated on CuPc which leads to lower charge carrier mobility

and less efficient electron transport towards the electrodes. These limitations on

charge carrier transport manifests in reduced fill factors and pronounced s-shaped

j-V characteristics when applied in PHJ devices. In consequence of the sterically

incompatible molecular shape of both constituents, blends of CuPc and C60 show

nanophase separation on a length-scale of a few ten nanometers, being spatially

separated not too far from the expected exciton diffusion range. Thus, charge

carrier transport in BHJ solar cells is supposed to be limited by the size of single

material domains as the formation of percolation paths towards the electrodes is

a necessary prerequisite for efficient charge extraction. Significantly higher dark

saturation currents are indicative for stronger recombination losses compared to

DIP/C60—ultimately leading to lower fill factors. The comparatively small inter-

facial energy gap at the CuPc/C60 heterojunction limits the maximum achievable

open-circuit voltage to approximately 0.5V. This fact represents the strongest
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limitation of this material combination as it originates from an intrinsic material

property which can hardly be modified.y

General remarks on morphology and energy level alignment at the D/A

interface. To conclude, the route towards high-efficiency molecular solar cells

still holds many challenges. Even if finding an energetically favorable D/A pair,

morphological aspects—both in planar as well as in bulk heterojunctions—can

hinder the successful application in solar cell devices. It could be experimentally

verified that the control of film morphology is a crucial parameter for device perfor-

mance as it has strong influence on almost all processes involved in light-to-current

conversion in organic solar cells: Transport properties of both excitons and charges

are strongly correlated to the crystalline order of the involved materials, having

a crucial impact on charge extraction properties manifested in the fill factor of a

device. In bulk heterojunctions, the right scale of phase separation—which has

to be considered in relation to the exciton diffusion lengths within the respective

materials—decides on the successful formation of percolation paths which are in-

dispensable for efficient charge carrier extraction.

Energetics of the charge transfer complex and its role on

cell parameters

CT energy as upper limit for Voc. While a certain energy level offset at the

D/A interface is essential to enable photo-induced charge transfer between both

partners, the introduction of such a heterojunction is accompanied with additional

energy losses as compared to an inorganic homojunction cell. In order to find a

trade-off between efficient exciton dissociation and minimal loss of photon energy,

it is important to gain detailed understanding of the elementary processes deter-

mining the relation between CT state and solar cell parameters. It is by now well

established in polymer BHJ cells that the energy of the CT state sets an upper

limit for the achievable open-circuit voltage, however, the actual Voc in polymer

devices at room temperature is typically by about 0.5V lower than ECT which is

ascribed to a sum of radiative and non-radiative recombination losses. For molec-

ular OPV cells, such a general understanding has so far been lacking as there have

been no direct spectroscopic signatures of CT states so far. Within this work, a

comparative analysis on a series of different molecular D/A combinations has been

carried out, which unambiguously confirms the linear dependence of Voc on the

yOne way to overcome the material-related limitation of the open-circuit voltage can be found
in a (partial) fluorination of molecules as has e.g. been demonstrated for fluorinated ZnPc in
Ref. 445.
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energy of the CT state with a similar offset as found for polymer cells. Although it

is important to fully distinguish between forward bias and solar cell operation, it

has been shown that the relevance of the charge transfer state is not only restricted

to the solar cell operation but plays a significant and partly similar role under LED

operation: Beside its role as intermediate state to facilitate exciton dissociation

the CT state also acts as interfacial recombination center for both geminate and

bimolecular recombination. While it is generally accepted to consider the dark sat-

uration current j0 as measure for charge carrier recombination, its exact description

differs in existing literature. Here, it has been experimentally confirmed that the

activation energy of the temperature dependent j0 can be identified with the en-

ergy of the CT state. The results emphasize the necessary prerequisites for highest

possible Voc being augmented jsc and ECT while at the same time suppressing j00.

This can be practically realized by the search for suitable D/A pairs with efficient

light absorption, high interfacial energy gap, and reduced intermolecular electronic

coupling.

Spectroscopic signature of the CT state. The direct detection of the CT

state requires very sensitive spectroscopic techniques as light emission from CT

states in organic devices is comparatively weak and often superimposed by bulk

emission from the neat donor or acceptor phases. Their unambiguous detec-

tion has thus far only been reported in polymer-fullerene BHJ cells, but not

in molecular D/A systems. In this work, CT features of the DIP/C60 material

system could be detected by means of photothermal deflection spectroscopy and

electroluminescence—providing an estimate for the CT state energy at the DIP/C60

interface.

Detecting and identifying recombination losses

Charge carrier recombination shaping the j-V curve. Besides its signifi-

cant influence on Voc, recombination currents in DIP/C60 PHJ have been found

to strongly impact the shape of the j-V curve as was visualized by impedance

spectroscopy. Being a differential technique, it bypasses the influence of constant

contributions to the total current and provides a direct measure of the recombina-

tion current. Even if field-dependent charge carrier separation cannot be excluded

in the DIP/C60 PHJ cells, its contribution to the overall recombination losses at

Voc is expected to be comparatively small. Pronounced differences have been fig-

ured out when compared to polymer BHJ cells: Results of studies on the chemical

capacitance indicate that most of the charges reside on the electrodes—which is in

contrast to various polymer-fullerene BHJ devices where the majority of charges is
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located within the photoactive layer. This pronounced difference to polymer BHJ

cells can likely be ascribed to unhindered charge carrier transport within extraor-

dinarily crystalline layers of pure material which leads to fast removal of charges

out of the photoactive material. This observation highlights one difficulty arising

from the bulk heterojunction concept: in spite of its obvious advantage to facilitate

exciton dissociation and charge carrier generation—which is otherwise limited by

small exciton diffusion lengths—blends of electronically different materials often

show reduced charge carrier mobility as compared to the neat materials and en-

hanced recombination losses—ultimately reducing the fill factor and open-circuit

voltage in solar cells.

Diode ideality factor as measure for recombination mechanism. Follow-

ing the decisive impact of charge carrier recombination both on Voc and the fill fac-

tor, understanding and controlling the recombination loss mechanisms are essential

for improving the performance of OPVCs. This requires a fundamental interest to

identify the mechanisms of recombination in order to increase power conversion

efficiency. In this context, the diode ideality factor n can serve as useful measure

for the prevailing recombination mechanism. Different approaches to determine n

have been compared to each other and evaluated concerning their applicability to

solar cells based on DIP/C60. In line with expectations, ideality factors n extracted

from dark j-Vmeasurements yield similar results—while differing from n∗ as de-

termined from data recorded under illumination. The deviations can be attributed

to the distinct recombination mechanisms depending differently on charge carrier

density, which—in turn—is influenced by light intensity. The concrete evaluation

of the ideality factor in planar and bulk heterojunction devices based on DIP/C60

revealed a certain influence of trap-assisted SRH recombination in both types of

architectures, however, its extent in planar heterojunctions has been found to be

less pronounced. The small interfacial area and unhindered charge carrier extrac-

tion in crystalline PHJ solar cells are made responsible for longer charge carrier

lifetimes and reduced recombination rates. By contrast, interfacial defects or traps

due to incomplete phase separation in the BHJ lead to enhanced recombination

losses.

Benefits of molecular materials over polymeric semiconductors. In this

context, molecular semiconductors—if deposited by thermal evaporation—have a

major benefit over their polymeric counterparts, as this fabrication technique al-

lows for much more freedom to adjusting the device architecture as compared to

solution-processed polymer/fullerene blends. Heterojunctions based on DIP/C60

revealed highly crystalline films which typically exhibit lower energetic disorder
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compared to polymeric BHJ, allowing for higher mobilities. Strictly planar D/A in-

terfaces might suffer from limited exciton dissociation efficiencies but their smaller

interfacial area has been shown to slow down nongeminate recombination losses

which enables remarkably high fill factors. Moreover, it has been demonstrated

that highly purified materials are indispensable as impurities were identified to

enhance recombination losses. This stresses the importance of material purifica-

tion (e.g. by vacuum sublimation) which facilitates maximized device performance

under prevailing energetic and morphological circumstances.

Exciton blocking materials and their role as protection

layer.

Finally, the influence of Sm and Al as metal top contacts and their interplay with

the exciton blocking layer BCP has been investigated. Measurements showed that

Sm—in contrast to Al—does not diffuse into the C60 but, in fact, forms a closed

film already after a few monolayers. Solar cell characteristics of the used cathode

materials with and without an additional layer of BCP reveal the crucial role of

BCP as a protective layer which hinders interdiffusion of metal clusters—rather

than its role as exciton diffusion barrier. Altogether, the studies emphasize that

a careful consideration of both, interfacial effects at the bottom and top contact

as well as the photoactive semiconductor itself, is indispensable to achieve highest

possible fill factors—and with that highest possible power conversion efficiencies.

9.2. Outlook

The experience and findings gained from the present work imply possible extensions

and ideas for further research some of which will be presented in the following.

Tailoring the D/A interface. A variety of results emphasizes the vital impact

on solar cell performance emanating from the morphological quality of the D/A in-

terface. However, it is obvious that the vision of tailoring this interface, as indicated

in Fig. 2.20, is not straightforward and for sure not possible with one single ma-

terial combination only. Besides molecular self-assembly and thermodynamically

driven phase separation followed so far, there are currently increasing efforts to cre-

ate artificial phase separation by glancing angle deposition446–448 or by stamping

techniques.449–451 Preliminary experiments on nanoimprint lithography applied to

P3HT/C60 and DIP/C60 heterojunctions have been carried out within the scope of

this work. While the basic feasibility of this technology could be demonstrated, its
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successful application with the objective to increase the cell’s efficiency still requires

dealing with new difficulties arising from modified sample preparation: amongst

others the imprint step entails a breaking of the vacuum. Moreover, optimization

of diverse parameters such as film thickness, press-in pressure and the appropriate

mold profile is currently under investigation.

Taking advantage of planar heterojunctions. Putting aside the pursuit of a

deliberately molded interface, advantage can be taken of the benefits arising with

planar heterojunctions as has been clearly demonstrated at various parts within

the present work. Thus, the search for well-ordered materials with better charge

and exciton transport properties could be a viable alternative to the BHJ concept.

In this context, preliminary studies using 6T as donor in combination with both

C60 and DIP as acceptors, show promising results as reported in Ref. 376. There is

experimental evidence for the strong impact of growth conditions on film morphol-

ogy, such as the degree of crystallinity and the dominant molecular orientation,

which are expected to have consequences for OPV devices.

DIP as acceptor. DIP has been successfully applied as donor in organic het-

erojunction solar cells when combined with the acceptor C60. Following a re-

cent approach, DIP can also serve as acceptor, providing particularly enhanced

open-circuit voltage and thus an interesting alternative to the almost omnipresent

C60.
213 This feature opens up a bunch of new possible D/A combinations, including

6T/DIP, Pen/DIP or even CuPc/DIP, which have partly been introduced within

the present thesis. Aside from their bare viability these new material systems

appear highly promising and would be worth to be studied systematically.

Enhanced light harvesting. One of the main obstacles of DIP as photoactive

layer can be seen in its poor capability for light absorption, owing to the fact

that molecules are mostly standing upright on the substrate with their optical

transition dipole moment being aligned parallel to the long molecular axis. Con-

ceivable possibilities to enhance light absorption can therefore be found in suitable

growth techniques yielding flat-lying molecules or slightly enhanced degree of dis-

order in the films. Alternatively, multilayer structures with additional absorber

layers could provide supplementary absorption in the near-infrared region of the

sunlight spectrum. A similar effect could be achieved by the tandem solar cell

concept,452 which combines two or more sub-cells with different absorption ranges.

It obviously provides a very attractive way to improve power conversion efficiencies

as it significantly enhances photon absorption by simultaneously summing up the
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open-circuit voltages of the individual cells. However, one of the emerging difficul-

ties is the right choice of a suitable recombination layer which is needed in order

to prevent build-up of charge at the interface between the sub-cells.

Detecting the CT complex in molecular D/A pairs. The experimental

evidence of the CT state has been successfully provided in case of the DIP/C60

heterojunction by means of highly sensitive techniques such as photothermal de-

flection spectroscopy and electroluminescence studies with a cooled near-infrared

detector. Following this approach, which is encouraged by promising results from

preliminary investigations, similar studies should be transfered to further material

systems including 6T/C60 and 6T/DIP in order to detect spectroscopic signatures

of the respective CT state.

Reducing recombination losses. The present thesis experimentally validated

the correlation between ECT and Voc in molecular OPVCs. Apart from radiative re-

combination losses, which are thermodynamically unavoidable, non-radiative losses

can be made responsible for the major part of the voltage loss. This emphasizes

the importance to minimize their extent for maximum possible solar cell efficiency.

In order to address these requirements it would be of great interest to quantify

both radiative and non-radiative losses in dependence of the particular material

features, such as molecular orientation, crystallinity or interface morphology. By

means of a comparative study on a variety of different D/A systems guidelines

could be worked out for achieving Voc as close as possible to the limit for a given

material pair.

Spectroscopic identification of the dominant recombination mechanism.

Concerning recombination, the presented work emphasizes its tremendous rele-

vance for device performance. However, the methods used here did not allow for

an unambiguous spectroscopic detection of the prevailing recombination mecha-

nism, i.e., whether it is geminate or nongeminate. In this context, transient pho-

toconductivity or photovoltage measurements provide information about carrier

kinetics and recombination time—employed to identify the magnitude of geminate

and nongeminate decay pathways.411,419 Both are small-perturbation methods and

their functionality is based on the fact that geminate decays are based on charge-

neutral polaron pairs which are not affected by an electrical field. In the present

work, the potential of impedance analysis to identify recombination losses has been

pointed out—however, the interpretation of the measurement data is by far not

straightforward and requires targeted and consecutive experiments to exploit the

full potential of this complex measuring method. A possible approach could be to
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find a correlation between controlled parameter changes, e.g. by intentional doping

of the photoactive layers, and the subsequent changes in measurement data and

associated parameters such as the recombination parameter β.

Benefiting from the peculiarities of molecular materials. Altogether, fu-

ture studies should deliberately exploit the advantages which arise from small

molecules when applied as photoactive semiconductor in organic solar cells. In

contrast to their polymeric counterparts, the processing allows for better control of

the interface morphology and quality and typical features associated with polymer

bulk heterojunctions such as the influence of considerable disorder effects can be

considered as minimal. These peculiarities do not only offer new possibilities for

cell design but also imply the opportunity to identify crucial features of organic

solar cells which are associated with disorder.
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Nomenclature

Materials:
Alq3 tris(8-hydroxyquinolinato)aluminum
BCP Bathocuproine
CuPc Protonated copper-phthalocyanine
C60 Buckminsterfullerene
DIP Diindenoperylene
F16CuPc Perfluorinated copper-phthalocyanine
HIL1.3 CleviosTM HIL1.3 (PEDOT:PSS formulation)
HIl1.3N CleviosTM HIL1.3N (PEDOT:PSS formulation)
ITO Indium tin oxide
LiF Lithium-fluoride
NTCDA Naphthalene-tetracarboxylic-dianhydride
PCBM [6,6]-phenyl-C61-butyric acid methyl ester
PEDOT poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS)
Pen Pentacene
P3HT Poly(3-hexylthiophene-2,5-diyl)
TPD N,N ′-diphenyl-N,N ′-bis(3-methylphenyl)-

-1,1’-biphenyl-4,4’-diamine
TTF-TCNQ Tetracyanoquinodimethane-tetrathiafulvalene
α-6T α-sexithiophene
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Experimental techniques:
AFM Atomic force microscopy
EL Electroluminescence
GIXD Grazing incidence X-ray diffraction
IS Impedance spectroscopy
PDS Photothermal deflection spectroscopy
PL Photoluminescence
UPS Ultraviolet photoelectron spectroscopy
XRS X-ray scattering
XRR X-ray reflectivity

Miscellaneous:
BHJ Bulk heterojunction
CPE Constant phase element
CT Charge transfer
DOS Density of states
EC Equivalent circuit
EIB Electron injection barrier
EQE External quantum efficiency
FF Fill factor
HIB Hole injection barrier
HIL Hole injection layer
HJ Heterojunction
HOMO Highest occupied molecular orbital
IP Ionization potential
IPCE Incident photon to current efficiency
j-V Current-voltage
LUMO Lowest unoccupied molecular orbital
MPP Maximum power point
OLED Organic light-emitting diode
OPVC Organic photovoltaic cell
OSC Organic semiconductor
PHJ Planar heterojunction
PM-HJ Planar-mixed heterojunction
RT Room temperature
SCLC Space charge limited current
SQ Shockley-Queisser
TCLC Trap charge limited current
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Characteristic values:
A Area
c Speed of light
Cµ Chemical capacitance
Cg Geometric capacitance
D Vertical domain size
d Layer thickness
d⊥ Out-of-plane lattice spacing
ECT Energy of charge transfer state
Eg Optical energy gap
Et Transport gap
Eexc

B Exciton binding energy
ECT

B Binding energy of CT state
EF Fermi energy
Evac Vacuum level energy
Etrap Energy of trap level
e Elementary charge
F Electrical field
G0 Generation rate of bound polaron-pairs
h Planck constant
IL Light power density
jdark Current density of a solar cell measured in dark
jph Photocurrent density
jsc Short-circuit current density
j0 Dark saturation current density
kB Boltzmann’s constant
NA Doping density
Nc Density of states at transport level
Nt Trap density
n Ideality factor
qxy Momentum transfer parallel to the sample plane
qz Momentum transfer perpendicular to the sample plane
Rbi Bimolecular recombination rate
Rmono Monomolecular recombination rate
RPA Specific parallel resistance
Rrec Recombination resistance
RSA Specific series resistance
rC Coulomb radius
Tsub Substrate temperature
Vbi Built-in voltage
VF Voltage corrected for potential drop at a series resistance
Voc Open-circuit voltage



244 A Nomenclature

Symbols:
η Power conversion efficiency
ηint Internal quantum efficiency
ρ Charge carrier density
µ Charge carrier mobility
Φ Work function
χ Electron affinity
∆ Vacuum level shift
γ Field activation parameter (SCLC)
τ Lifetime
εr Dielectric constant
ε0 Permittivity of free space
λ Wavelength
V Applied voltage corrected for the built-in potential
γ Langevin recombination strength
κ Order of recombination
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Temperature dependent measurements

B.1. DIP(Tsub = RT)/C60
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Figure B.1.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 120K ≤ T ≤ 310K. The device
has the following structure: ITO/ PEDOT/ DIP(50 nm, Tsub = RT)/
C60(80 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
in dark. Solid lines are fits in the forward-bias region using the Shockley
equation.
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Figure B.2.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.1 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on tem-
perature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation energy
∆E.
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B.2. 6T(Tsub = RT)/C60
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Figure B.3.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 110K ≤ T ≤ 330K. The device
has the following structure: ITO/ PEDOT/ 6T(40 nm, Tsub = RT)/
C60(80 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
in dark. Solid lines are fits in the forward-bias region using the Shockley
equation.
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Figure B.4.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.3 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on tem-
perature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation energy
∆E.
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B.3. 6T(Tsub = RT)/DIP
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Figure B.5.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 130K ≤ T ≤ 310K. The de-
vice has the following structure: ITO/ PEDOT/ 6T(60 nm, Tsub = RT)/
DIP(60 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
in dark. Solid lines are fits in the forward-bias region using the Shockley
equation.
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Figure B.6.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.5 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on tem-
perature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation energy
∆E.
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B.4. 6T(Tsub = 100
◦
C)/DIP
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Figure B.7.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 120K ≤ T ≤ 315K. The device
has the following structure: ITO/ PEDOT/ 6T(60 nm, Tsub = 100 ◦C)/
DIP(60 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
in dark. Solid lines are fits in the forward-bias region using the Shockley
equation.
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Figure B.8.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.7 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on tem-
perature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation energy
∆E.
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B.5. Pen(Tsub = RT)/DIP
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Figure B.9.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 130K ≤ T ≤ 305K. The device
has the following structure: ITO/ PEDOT/ Pen(25 nm, Tsub = RT)/
DIP(65 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
in dark. Solid lines are fits in the forward-bias region using the Shockley
equation.
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Figure B.10.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.9 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on tem-
perature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation energy
∆E.



B.6 Pen(Tsub = RT)/C60 255

B.6. Pen(Tsub = RT)/C60
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Figure B.11.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 120K ≤ T ≤ 295K. The device
has the following structure: ITO/ PEDOT/ Pen(50 nm, Tsub = RT)/
C60(80 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
in dark. Solid lines are fits in the forward-bias region using the Shockley
equation.
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Figure B.12.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.11 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on tem-
perature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation energy
∆E.
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Figure B.13.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 120K ≤ T ≤ 295K. The device
has the following structure: ITO/ PEDOT/ CuPc(25 nm, Tsub = RT)/
C60(50 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
and (c) in dark. Solid lines are fits in the forward-bias region using the
Shockley equation. According to the peculiarity in the form of a double
exponential dark current, the curves are fitted both in the higher voltage
range (b) as well as in the lower voltage range (c). Both parameter sets
are depicted in Fig. B.14—those extracted from (c) are marked in red.
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Figure B.14.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.13 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on temper-
ature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation en-
ergy ∆E. The red symbols mark the parameters as extracted from the
separately fitted low voltage region (cf. Fig. B.13 (c)).
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Figure B.15.: j-V characteristics of a planar heterojunction solar cell under white LED
illumination in the temperature range 120K ≤ T ≤ 295K. The device
has the following structure: ITO/ PEDOT/ CuPc(25 nm, Tsub = RT)/
DIP(65 nm)/ BCP(5 nm)/ Al (a) under white LED illumination and (b)
in dark. Solid lines are fits in the forward-bias region using the Shockley
equation.
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Figure B.16.: (a) and (b) Open circuit voltage Voc, short circuit current density jsc, and
fill factor FF in dependence on temperature revealed from illuminated
j-V data shown in Fig. B.15 (a). (c) and (d) Dark saturation current j0,
diode ideality factor n, and series resistance RS in dependence on tem-
perature, analyzed with the Shockley equation and evaluated by studying
n · ln(j0) plotted versus 1/kBT in order to estimate the activation energy
∆E.



Appendix C

On the approximation within the

Shockley equation

Figure C.1 shows the impact of the approximation which is made in the Shockley

equation

j(V ) = j0

[

exp

(
eV

nkBT

)

− 1

]

− jph (C.1)

≈ j0

[

exp

(
eV

nkBT

)]

− jph, (C.2)

by assuming exp
(

eVF

nkBT

)

≫ 1. It can be seen that—except for comparatively

high values of the dark saturation current—the j-V curves with and without “-1”

are virtually identical. Realistic values for j0 usually range between 5 · 10−10 and

1 · 10−5 mA/cm2 (see Refs. 19, 453, 454 and 18 as well as various cells discussed

within the present work), which justifies this approximation.
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Figure C.1.: Effect of the approximation in the Shockley equation on the
j-V characteristics of a solar cell shown for different values of dark sat-
uration current j0. (a) Simulation without “−1” in Shockley equation (b)
Simulation with “−1” in Shockley equation. Only for very large values of
j0 (cf. red curves with j0 = 5 · 10−1mA/cm2), the approximation leads to
deviations in the characteristics. The following parameters have been used
for simulation: RSA = 0, RPA = ∞, T = 300K, n = 1, jph = 4.2mA/cm2.
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[201] N. Koch, A. C. Dürr, J. Ghijsen, R. L. Johnson, J. J. Pireaux, J. Schwartz,

F. Schreiber, H. Dosch, and A. Kahn, “Optically induced electron transfer

from conjugated organic molecules to charged metal clusters,” Thin Solid

Films, vol. 441, pp. 145–149, 2003.

[202] U. Heinemeyer, Optical properties of organic semiconductor thin films: Static

spectra and real-time growth studies. PhD thesis, Eberhard-Karls-Universität

zu Tübingen, 2009.



280 Bibliography

[203] A. K. Tripathi and J. Pflaum, “Correlation between ambipolar transport and

structural phase transition in diindenoperylene single crystals,” Appl. Phys.

Lett., vol. 89, p. 082103, 2006.

[204] M. Horlet, M. Kraus, W. Brütting, and A. Opitz, “Diindenoperylene as am-

bipolar semiconductor: Influence of electrode materials and mobility asym-

metry in organic field-effect transistors,” Appl. Phys. Lett, vol. 98, p. 233304,

2011.

[205] D. Kurrle and J. Pflaum, “Exciton diffusion length in the organic semicon-

ductor diindenoperylene,” Appl. Phys. Lett., vol. 92, p. 133306, 2008.

[206] S. Banerjee, A. P. Parhi, S. S. K. Iyer, and S. Kumar, “Method of determin-

ing the exciton diffusion length using optical interference effect in Schottky

diode,” Appl. Phys. Lett., vol. 94, p. 223303, 2009.

[207] M. A. Heinrich, J. Pflaum, A. K. Tripathi, W. Frey, M. L. Steigerwald, and

T. Siegrist, “Enantiotropic polymorphism in di-indenoperylene,” J. Phys.

Chem. C, vol. 111, pp. 18878–18881, 2007.

[208] D. G. de Oteyza, E. Barrena, M. Ruiz-Oses, I. Silanes, B. P. Doyle, J. E.

Ortega, A. Arnau, H. Dosch, and Y. Wakayama, “Crystallographic and elec-

tronic structure of self-assembled DIP monolayers on Au(111) substrates,” J.

Phys. Chem. C, vol. 112, pp. 7168–7172, 2008.
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[403] J. Bisquert and I. Mora-Seró, “Simulation of steady-state characteristics of

dye-sensitized solar cells and the interpretation of the diffusion length,” J.

Phys. Chem. Lett., vol. 1, pp. 450–456, 2010.

[404] F. Fabregat-Santiago, J. Bisquert, G. Garcia-Belmonte, G. Boschloo, and

A. Hagfeldt, “Influence of electrolyte in transport and recombination in dye-

sensitized solar cells studied by impedance spectroscopy,” Sol. Energy Mater.

Sol. Cells, vol. 87, pp. 117–131, 2005.

[405] D. Cheyns, J. Poortmans, P. Heremans, C. Deibel, S. Verlaak, B. P. Rand,

and J. Genoe, “Analytical model for the open-circuit voltage and its associ-

ated resistance in organic planar heterojunction solar cells,” Phys. Rev. B,

vol. 77, p. 165332, 2008.

[406] W. L. Leong, S. R. Cowan, and A. J. Heeger, “Differential resistance analysis

of charge carrier losses in organic bulk heterojunction solar cells: Observing

the transition from bimolecular to trap-assisted recombination and quanti-

fying the order of recombination,” Adv. Energy Mater., vol. 1, pp. 517–522,

2011.

[407] G. Garcia-Belmonte, P. P. Boix, J. Bisquert, M. Sessolo, and H. J. Bolink,

“Simultaneous determination of carrier lifetime and electron density-of-states

in P3HT:PCBM organic solar cells under illumination by impedance spec-

troscopy,” Sol. Energy Mater. Sol. Cells, vol. 94, pp. 366–375, 2010.

[408] J. Bisquert, “Chemical capacitance of nanostructured semiconductors: its

origin and significance for nanocomposite solar cells,” Phys. Chem. Chem.

Phys., vol. 5, pp. 5360–5364, 2003.



298 Bibliography
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• A. Wilke, J. Endres, U. Hörmann, J. Niederhausen, R. Schlesinger, J. Frisch,

P. Amsalem, J. Wagner, M. Gruber, A. Opitz, A. Vollmer, W. Brütting,



List of publications 305

A. Kahn, and N. Koch

“Correlation between interface energetics and open circuit voltage in organic

photovoltaic cells”

Appl. Phys. Lett., vol. 101, p. 233301, 2012.

• M. Gruber, M. Rawolle, J. Wagner, D. Magerl, U. Hörmann, J. Perlich,
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Letztendlich möchte ich mich bei allen bedanken, die mich bei meiner Arbeit un-

terstützt und zum Gelingen der Arbeit beigetragen haben.

• Prof. Dr. Wolfgang Brütting danke ich herzlichst für die Möglichkeit, mei-
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für die gute Betreuung und Unterstützung während meiner Arbeit sowie die
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