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Chapter 1

Motivation

”We really only need one power plant to supply us. It needs to have
good distribution over most of the populated areas and easily available
to anyone. It should be a proven design with no maintenance required
and last a very long time without any upgrades or modifications. There
should be no waste to deal with and be inaccessible to terrorists for their
use. Such a power plant already exists. It is 93,000,000 miles away but,
oh, so easy to hook up to...”
Unknown1
The amount of fossil fuels on earth is limited and their combustion is one of the major
sources for the emission of carbon-dioxide and other greenhouse gases with detrimental
long-term consequences on the climate. For that reason, the demand for clean and renewable energy keeps growing.2 Already in the year 2000, the German Federal Government
has passed a law concerning renewable energies, which includes a steady increase of the
fraction of renewable energy sources within the German power mix. At the beginning of
this work in 2011, this fraction amounted to merely 17 %. Within only four years, this
portion could be enhanced by a factor of almost 1.5 up to 25 % by now. According to
the German Federal Government this amount will be further increased to at least 40 %
in 2025 and even to 55 % in 2035.3
In general, renewable energies are (on a human timescale) inexhaustible or extremely
fast regrowing energy resources such as sun, wind, biomass, geothermics or hydropower.
Within the frame of the German Renewable Energies Act (EEG), the contribution of
each of them to the German energy mix shall be enhanced. For solar energy, an annual
increment of 2,500 megawatt is intended.3 In this context, talking about harnessing
solar energy by means of photovoltaics, usually means the application of conventional,
1

2

1 Motivation

inorganic solar cells. Most of the solar cells, which are used nowadays, are composed of
silicon (Si), possessing average efficiencies close to 20 % and typical lifetimes exceeding
20 years.4 On a laboratory scale, however, much higher efficiencies can be reached using
further materials like gallium, indium, phosphorus and arsenic. The current efficiency
record for a concentrator multijunction device is 46 %.5
Despite these considerable development of inorganic photovoltaics, they also have some
significant drawbacks. Their fabrication is very energy consuming and their rigid shape
requires plane surfaces for mounting so that they cannot be installed directly on threedimensionally shaped or even flexible substrates. This is where organic solar cells come
into play. Although they will never reach the efficiency records of their inorganic counterparts, organic photovoltaics possesses a number of significant advantages of scientific,
ecological and economical interest. Due to high absorption coefficients, organic photoactive layers can be fabricated very thin leading to potentially lower material costs
and a reduced consumption of materials, which makes organic solar cells already interesting from an economic perspective. The characteristic low melting point of organic
materials also allows less energy consuming fabrication processes. Due to low melting
temperatures, high vapor pressures and their ability to be solubilized in numerous organic solvents, both solution and gas-phase methods are possible for the fabrication of
organic thin films.6 Such processing techniques usually allow for both high speed and
low cost, e.g. by roll-to-roll production, where the materials are directly printed onto a
foil substrate, leading to light-weight and large-area flexible solar panels. In combination
with the (semi)transparency of organic solar cells, this offers entirely new possibilities
in terms of solar cell architecture and application, e.g. for mobile devices, house facades
or windows.
Moreover, less material input also leads to ecological advantages of organic solar cells
compared to Si cells. Less environmental impact is also given as the usage or emission
of hazardous materials, inevitable in manufacturing or disposal of conventional photovoltaics, can be avoided.7 In general, organic semiconductors consist of ecologically
harmless hydrocarbons. This leads to a further benefit as hydrocarbons offer innumerable possibilities for improvement by tailoring photoactive materials to adapt structural
and photoelectric properties. Nevertheless, there are mainly two significant drawbacks,
which still prevent a large scale market entry of organic solar cells. One reason is longterm stability. Organic solar cells are very sensitive to ambient conditions. The influence
of e.g. water and oxygen has to be prevented to avoid rapid degradation.8 For that reason, efficient sealing techniques are required, which do not counteract the benefits of
organic solar cells. The second crucial disadvantage is the efficiency, which is steadily
increasing but still too low compared to conventional devices (Fig. 1.1).
Therefore, a further improvement of organic solar cells concerning their power conversion efficiency is essential. For that reason, there is still a great need for research to
gain a better understanding of the basic processes within organic photovoltaics to en-

3

Figure 1.1: Efficiency development of all types of photovoltaic cells within the last 40 years.
Nowadays, the best organic solar cells on a laboratory scale (red filled circles) reach efficiencies
of up to 11.5 %.9

able their optimization. One crucial aspect is the morphology of the photoactive layers.
This thesis provides a detailed look on the influence of changing morphologies on organic
solar cell performance. Particular attention is paid on the comparison of crystalline and
amorphous donor materials. These materials are chosen to be structurally similar so
that upcoming differences can be almost completely attributed to morphological deviations. Moreover, a possibility to enhance the power conversion efficiency is presented
by inserting an additional blocking layer beneath the donor. Again, there is a focus on
the morphology. In particular, the question is answered whether and to what extent
the morphology of the blocking layer influences the efficiency improvement. Typically,
the morphology of organic thin films is already set after its preparation due to certain
material properties. However, it is shown that a post-production process, annealing
of the organic layers with solvent vapor, leads to a reorientation of the molecules and
thus morphological changes. It is shown that such a treatment can improve several
sub-processes within the overall charge generation process and thus also the efficiency
of an organic solar cell. An alternative approach to improve organic photovoltaics is the
application of tailor-made organic semiconductors. Therefore additionally, a detailed
analysis of a new donor material is provided within the last section of this thesis.

Chapter 2

Principles of organic photovoltaics

Photovoltaics (PV) is defined as the generation of electricity by the direct conversion of
sunlight within a device containing photoactive semiconductors. Organic photovoltaic
cells (OPVC) utilize organic semiconductors (OSC) for that purpose. The particular
features of OSCs are presented in the first section of this chapter. The following section
describes the typical architecture and the basic physics of OPVC devices.

2.1

Organic semiconductors

Organic semiconductors are hydrocarbons with semiconductor properties. Semiconductors possess the ability to conduct electricity, in contrast to conductors like e.g. metals,
however, this ability depends on some conditions. Only if sufficiently high voltage is
applied or a certain radiation (infrared, visible, ultraviolet) impinges on the semiconductor’s surface, electricity is conducted. Semiconductors can be either pure elements or
compounds of two or even more different elements. In the field of conventional, inorganic
semiconductors most common are silicon (Si) and germanium (Ge) or gallium arsenide
(GaAs), respectively, all of them being typical representatives of inorganic solar cells.10
There are no elemental semiconductors in the field of organic semiconductors. Inherently, OSCs are composed of at least two different elements, mainly carbon (C) and
hydrogen (H), with carbon always forming the backbone of the molecular structure.
But also hetero-atoms like oxygen (O), nitrogen (N), fluorine (F), or sulfur (S) are common. These different elements can assemble to two different material classes of OSCs,
with low weight molecular materials on the one hand, and polymers on the other hand,
both being used within organic electronic devices. However, within this work the focus
will be exclusively on the first of these two material classes.
The conductivity of OSCs is a consequence of a conjugated π-electron system, i.e. alter5
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Figure 2.1: The four different electron configurations of carbon: Ground state, sp3 -, sp2 -,
and sp-hybridization. The required conjugated π-electron system to achieve semiconductor
properties is provided by sp2 -hybridization.

nating covalent single and multiple bonds (typically double bonds), which arises from
a peculiarity of the electronic structure of carbon.11 Generally, carbon possesses six
electrons overall and four valence electrons with a configuration 1s2 2s2 2p1x 2p1y in the
ground state. However, carbon is able to undergo a hybridization of its atomic orbitals.
This means that orbitals can be energetically lifted or lowered, while electrons are redistributed. Consequently, there are three different hybrid states, as a result of so-called sp-,
sp2 -, and sp3 -hybridization (Fig. 2.1). Triple bonds are achieved for sp-hybridization
and double bonds result from sp2 -hybridization whereas the sp3 -hybridization leads to
four equal σ-bonds, i.e. single bonds to four other atoms. In turn, this means, that
only sp- an sp2 -hybridized carbon can form the backbone of OSCs, as these states can
provide the required conjugated π-electron system. However, molecules containing sp2 hybridized carbon are by far more common.
In the case of an sp2 -hybridization, the 2s orbital combines with the 2px and the 2py orbital so that they level energetically, resulting in three equal sp2 orbitals. These orbitals
are aligned in plane, separated from each other by an angle of 120 ◦ , leading to a trigonal
planar structure. The remaining 2pz -orbital, however, remains unchanged and is aligned
perpendicular to the other orbitals (Fig. 2.2 (a)). The four valence electrons of carbon
are redistributed so that each orbital is occupied by one electron. The overlap of two
sp2 -orbitals of two different C-atoms leads to a σ-bond between these atoms. In the
molecular orbital (MO) theory, this means that the electron of one sp2 -orbital combines
with the other in the binding σ-molecular orbital (Fig. 2.2 (b)). As a result of the strong
overlap of the two sp2 -orbitals, the σ-bond is also strong. Hence, it requires comparatively high energies to lift one electron from the binding σ-MO to the antibinding σ ∗ -MO.
As already mentioned, the sp2 -hybridization of carbon provides double bonds. The
second bond, the so-called π-bond, arises from the overlap of the parallel aligned 2pz orbitals. As this overlap is weaker, also the π-bond is weaker than the σ-bond. In terms
of the MO theory this means that the energetic difference between binding (π) and
antibinding (π ∗ ) molecular orbital is less. As indicated in Fig. 2.2 (b), the π-MO is the
highest occupied molecular orbital (HOMO), while the π ∗ -MO is the lowest unoccupied
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Figure 2.2: (a) sp2 -hybridization of carbon: The 2s orbital combines with 2px and 2py in a
plane while the 2pz orbital remains unchanged perpendicular to it. When connecting to another
C-atom, one sp2 hybrid orbital is responsible for the σ and the pz orbital for the π-bonding.
(b) Associated energy diagram of the molecular orbitals defining the HOMO-LUMO gap of an
organic semiconductor with the levels of bonding π- and antibonding π ∗ -orbital, respectively.

molecular orbital (LUMO). Thus, the difference between these two orbitals is usually denoted as the HOMO-LUMO gap. The HOMO-LUMO or π-π ∗ -transition is the smallest
and thus most probable transition in organic semiconductors. As a result, the HOMOLUMO gap also determines the minimum energy of light, which can be absorbed and
consequently also defines the optical gapi . Typical values of the HOMO-LUMO gap are
between 1.5 and 3 eV, the exact value is determined by the extent of the conjugated
π-electron system. Hence, optical excitation is possible in the range of visible light and
near infra-red.12 In conclusion, the π-bonds form the molecular backbone, while the
π-electron system is responsible for most electronic and optical properties of the organic
semiconductor.
In analogy to inorganic semiconductors the HOMO level can be described as the valence band and the LUMO level as the conduction band of the organic semiconductor.13
However, the width of the energy bands in inorganic semiconductors is much larger (∼
eV) compared to its organic counterparts (∼ meV), which has great impact on charge
transport. The charge carrier mobility µ in organic single crystals at room temperature
is limited to a maximum of ∼ 20 cm2 /Vs,14, 15 while real band transport in inorganic
semiconductors enables mobilities, which are typically 100 - 10000 times higher.16 In
addition, organic semiconductors used in organic photovoltaics are usually no single
crystals, in most cases they are not even polycrystalline but amorphous. As a result, in
most organic semiconductors used for organic electronics incoherent hopping transport
prevails with mobilities of merely 10−5 − 10−1 cm2 /Vs.17
i

Keep in mind that for organic semiconductors, optical and transport gap are not completely identical. The large exciton binding energy leads to an optical band gap which is at a lower energy than
the transport gap. A detailed comparison can be found elsewhere.11
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Hopping transport is a consequence of the weak intermolecular van der Waals forces
prevailing between two organic molecules within the solid, which leads to relatively
small electronic coupling between molecular orbitals of adjacent lattice sites. As a result, charge carriers are strongly bound to the molecule they are located on and need
a certain thermal energy to become mobile. Hence, the charge carrier mobility µ is
determined by temperature. Moreover, also some other parameters can influence the
mobility. So µ increases by an increasing applied electric field F and an increasing
temperature T as well as by a decreasing activation energy ∆E. At high fields, these
empirical correlations are typically expressed by


 √ 
∆E
(2.1)
µ ∝ exp γ F exp −
kB T
with the field activation parameter γ.18 Typical values for the activation energy ∆E are
between 0.3 and 0.5 eV12 At low fields, however, a non-Arrhenius temperature dependence was found using the disorder parameter σ.19 Nevertheless, also within this model,
increasing temperatures lead to an enhanced charge carrier mobility.
Due to the strong coupling of charge carriers to the molecule, also excitons are strongly
bound to the molecule they are generated on. An exciton is a bound state consisting
of an electron and a hole, which are connected via the attractive Coulomb force. Due
to equal but opposite charges of electron and hole, an exciton is an electrically neutral
quasiparticle. In organic semiconductorsii , excitons can be generated by the injection of
charge carriers or by the absorption of photons. While the first case is utilized to generate light through organic light emitting diodes (OLEDs), the second case is decisive for
organic solar cells. The excitons generated in OPVCs are Frenkel excitons. This kind of
excitons occurs within materials featuring a low relative dielectric constant (permittivity) r . This is true for current organic semiconductors used for OPVCs having relative
dielectric constants in the range of 2 - 4.20 In contrast, inorganic semiconductors possess
significantly larger values for r usually between 12 and 16.21 A high dielectric constant
means that the screening of charges within the material is high, thus the Coulomb interaction between electron and hole of the exciton is weakened markedly. Therefore, a
different type of exciton occurs in inorganic semiconductors, the Wannier-Mott exciton
(Fig. 2.3 (a)). Its average radius is larger than the lattice spacing and the binding
energy, i.e. the minimum energy required to dissociate an exciton into electron and
hole is merely in the range of 5 - 15 meV,22 and thus sufficiently below thermal energy
at room temperature (kB T ≈ 25 meV). As a result, excitons in conventional, inorganic
photovoltaic cells are easily separated into free charge carriers without any further effort.
Frenkel excitons (Fig. 2.3 (b)), however, are usually entirely located on one molecule
and are strongly bound due to less screening of the Coulomb interaction between electron and hole.
ii

Of course this is also valid for inorganic semiconductors, however, the focus in the following will be
mainly on organic semiconductors and organic electronics.
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Figure 2.3: The three different types of excitons: (a) Delocalized and weakly bound WannierMott excitons, possess an average radius which exceeds the lattice spacing. (b) On the contrary,
in strongly bound Frenkel excitons, being present in organic semiconductors, the average radius
is very small so that they are usually entirely located on one molecule. (c) The intermediate
case, charge-transfer excitons occur between adjacent molecules. In organic semiconductors
they are found at the donor-acceptor interface. (d) Illustration of the different binding energies of Wannier-Mott and Frenkel excitons and their consequences for inorganic and organic
semiconductors, respectively.

Assuming r = 3 and an electron-hole distance r = 1 nm (due to the small average
radius of the Frenkel exciton), the exciton binding energy can be estimated via
EB =

e2
4π0 r

(2.2)

to approximately 0.5 eV, with the vacuum permittivity 0 . Consequently, thermal energy
is not nearly sufficient to separate excitons in organic semiconductors. The difference
between inorganic and organic semiconductors concerning exciton binding energy and
required distance between electron and hole to overcome the Coulomb potential (the
so-called Coulomb radius rC ) is illustrated in Fig. 2.3 (d).
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The Coulomb radius of a an electron-hole pair at room temperature has to be at least
e2
= 19 nm
rC =
4π0 kT

(2.3)

to overcome the binding energy. As a result, a spontaneous dissociation of Frenkel excitons into free charge carriers is very unlikely. For most Frenkel excitons, in fact, electron
and hole recombine within a few nanoseconds23 and thus are lost for charge generation.
Nevertheless, to achieve more efficient exciton dissociation, a heterojunction concept is
typically used for OPVC, employing two different kinds of semiconductors. There, one
OSC acts as electron donor and the other as electron acceptor, resulting in the so-called
donor-acceptor (D/A) concept.24
Besides Wannier-Mott and Frenkel, there is one further kind of exciton, the chargetransfer (CT) exciton, which lies in between the first two concerning its spatial extent
(Fig. 2.3 (c)). For CT excitons, electron and hole are located on adjacent but different molecules. For OPVC, this means that CT excitons occur at the D/A interface.
Therefore, the relevance of CT excitons increases with an increasing D/A interface.

2.2

Organic solar cells

Organic solar cells (organic photovoltaic cells, OPVC) are electronic components, which
directly convert sunlight (photons) into electrical power by using thin films of organic
semiconductors as photoactive materials. The research on the photovoltaic effect in organic semiconductors started in the late 1950s by working on materials like anthracene
and phthalocyanines.25, 26 However, as only homojunction devices were fabricated, containing only one sort of OSC, they all suffered from very poor efficiency. It took many
years before the first OPVC exceeding 1 % efficiency has been presented by Tang in
1986.24 This breakthrough was realized by the invention of heterojunction devices following the D/A-concept, which combines two organic semiconductors with different
electrical properties. Tang used copper-phthalocyanine (CuPc) as donor material and a
perylene derivative as the acceptor. Possible material combinations are generally determined by the respective HOMO and LUMO levels of donor and acceptor. The charge
generation process within OPVCs will take place only for suitable energy levels.

2.2.1

Charge generation process

To enable charge carrier transfer between both OSCs, HOMO and LUMO level of the
acceptor have to be lower than the corresponding energy levels of the donor. Moreover,
exciton dissociation will take place only if the energy gained by the transfer of the charge
carrier from donor to acceptor (or vice versa) compensates for the binding energy of the
Frenkel exciton. For that reason, it is critical that the charge separated state, i.e. electron on LUMO of the acceptor and hole on HOMO of the donor, is the lowest excited
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state compared to the HOMO-LUMO gaps of donor and acceptor, respectively.27 If
these conditions are fulfilled, an electron of an exciton generated by absorption in the
donor can be transferred into the LUMO of the acceptor, while the hole remains on the
HOMO of the donor. Otherwise, if the exciton is generated within the acceptor, the
hole is transferred to the HOMO of the donor, and the electron remains on the LUMO
of the acceptor.
Light absorption
(Exciton creation)

Exciton diffusion
ηED

ηCT

Charge collection
ηCC

LUMO

Acceptor

EF

Donor

ηAbs

Charge transfer
(Exciton dissociation)

HOM

O

Figure 2.4: Idealized charge generation process within an organic D/A solar cell: Excitons
are generated by the absorption of light and diffuse subsequently towards the D/A interface
where they are dissociated. Resultant electrons and holes are then transported to and collected
at the respective electrode.

However, this is only one sub-process. The complete charge generation process occuring
in OPVCs can be divided into four sub-processes28, 29 as illustrated in Fig. 2.4. First of
all, photons are absorbed, leading to the formation of Frenkel excitons. In the second
step, these excitons can diffuse to the donor-acceptor interface. Exciton dissociation
and the transfer of the separated charge carriers to donor and acceptor, respectively,
represent the third sub-process. Consequently, all free electrons are then located on the
acceptor, while all holes are located on the donor. Finally, the free charge carriers are
transported to the electrodes, where they are collected and thus contribute to the photocurrent. This charge carrier transport is driven by the internal field, which is caused
by the different work functions of anode and cathode material, respectively.
Each of these four sub-processes can be characterized by a separate efficiency, labeled
as the absorption efficiency ηAbs , the exciton diffusion efficiency ηED , the charge-transfer
efficiency ηCT , and the charge collection efficiency ηCC . The product of these partial
efficiencies finally results in the external quantum efficiency ηEQE :
ηEQE = ηAbs · ηED · ηCT · ηCC .

(2.4)

The EQE is usually known as the ratio of the number of generated electrons to the number of impinging photons at a given wavelength. Hence, Eq. (2.4) can be used to describe
the losses, which prevent an EQE of 100 %. The first loss channel for example are optical
losses like reflection at the surface or transmission through the sample, which reduce
ηAbs . Losses in reflection are caused by different refractive indices of different materials
and thus are inevitable. Equally, transmission also cannot be completely prevented. It
is determined by material specific properties and thus given by the choice of the OSCs
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and the thicknesses of the organic films, which cannot be chosen randomly. Due to these
inevitable losses, ηAbs is sometimes omitted, which then leads to the so-called internal
quantum efficiency (ηIQE ), describing the ratio of the number of generated electrons to
the number of actually absorbed photons.
However, the other three terms are part of the calculations of both ηEQE and ηIQE ,
as they describe the conversion process of light into electricity. The first of them, the
exciton diffusion efficiency ηED represents the probability of an exciton to reach the D/A
interface. Again, it is not possible to reach 100 %. The most important factor for that
loss channel, is the poor exciton diffusion length (LD ) of most OSCs of typically only a
few nanometers.30, 31 As a consequence, layer thicknesses of OSCs in OPVCs are usually
chosen to be very thin (10 < d < 50 nm). However, LD is a monotonic function of the
extent of crystalline order,32 which means that highly crystalline OSCs possess a significantly enhanced LD . Nevertheless, even for a rather long diffusion length, some excitons
will not reach the D/A interface. Due to their charge neutrality, excitons cannot be
guided to the D/A interface by the intrinsic electrical field. As a result, some of them recombine within the bulk or are quenched at interfaces in the opposite direction (surface
recombination). The recombination of excitons, which have not been dissociated yet, is
also called geminate recombination, as electron and hole of one exciton recombine with
each other.33 This recombination happens partly radiatively by emitting photoluminescence and partly non-radiatively. Thus, ηED is also limited by the random direction of
exciton diffusion. However, there are two possibilities to optimize ηED . For example,
ηED can be enhanced by increasing the D/A interface, as it enables more excitons to
reach it and dissociate before recombining within the bulk. That point is explained in
more detail in the following subsection concerning solar cell architecture. Moreover, the
thickness of the acceptor layer can be chosen in such a way to exploit cavity effects. The
number of photons absorbed in the photoactive layers does not follow a straight line but
a wavy behavior, induced by the interference between the incident light and the light
reflected from the back electrode.34–36 In this way, more excitons can be generated near
the D/A interface, reach it and thus contribute to the photocurrent.
The next factor determining ηEQE is the charge-transfer efficiency ηCT . In contrast
to all other processes, hardly any losses are expected during charge transfer. The dissociation process at the D/A interface typically takes place over time scales of only a few
hundred femtoseconds or even less.37–39 Thus, it is much shorter than any other competing process and the charge-transfer efficiency typically approaches ηCT = 100 %.40, 41
The final factor is the charge collection efficiency ηCC . The main losses that occur
here, are again due to transport and recombination issues. In contrast to exciton diffusion, the charge carrier transport is directed and driven by the internal field. However,
as already mentioned, hopping transport impedes a high mobility of charge carriers.
This in turn can enhance charge carrier recombination. During the charge collection
process, mainly two types of recombination occur, non-geminate (bimolecular) recom-
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Figure 2.5: Recombination processes in organic solar cells: geminate recombination of an
undissociated exciton within acceptor (a) or donor (b), non-geminate recombination at the
D/A interface (c), exciton-polaron quenching (d, e), and surface recombination (f, g). Nongeminate recombination can also occur within the bulk due to the existence of traps, which is
then called trap-assisted recombination.

bination and exciton-charge annihilation (exciton-polaron quenching). Non-geminate
recombination (also called Langevin-type recombination) is the recombination of electron and hole stemming from different, already dissociated excitons.42 As non-geminate
recombination mainly occurs at the D/A interface, it is more dominant in devices with
large interfacial areas.43 However, non-geminate recombination can also occur within
the bulk, namely as trap-assisted recombination (Shockley-Read-Hall, SRH recombination) through a trap state originating from impurities or structural inhomogeneity.44, 45
Furthermore, exciton-polaron quenching occurs due to the coexistence of excitons and
charges and thus also within the bulk. In spite of their short lifetimes, excitons are notably quenched by charges due to strong optical resonance for resonant energy transfer,
which could be shown to be a general feature in organic semiconductors owing to the
stabilization energies of excitons and polarons.46

2.2.2

Organic solar cell architectures

Due to the high absorption coefficients of OSCs (> 105 cm−1 )iii , only 100 nm thickness
for the photoactive layers is enough to absorb most of the impinging photons when a
reflective back contact is used.48 This high reflectivity of the back contact is typically
ensured by aluminium or silver, selected as the cathode material. The anode material,
however, has to be chosen transparent (or at least semi-transparent) to enable photons
to penetrate the device. Indium tin oxide (ITO) is by far the most common anode material in OPVCs, as it combines excellent optical transparency (> 90 %) and low electrical
resistivity (∼ 10−4 Ω cm).49
The probably most important difference of OPVCs compared to its inorganic counterparts, however, is the already described strong binding energy of Frenkel excitons. For
that reason, OPVCs belong to the group of so-called excitonic solar cells.50 To handle
iii

To compare, the absorption coefficient of amorphous silicon, which is an indirect bandgap semiconductor, is only 103 ∼ 104 cm−1 within the visible range of light.47
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this obstacle, OPVCs nowadays contain (at least) two different OSCs, which serve as
electron donor or electron acceptor, respectively. These OSCs are sandwiched between
anode and cathode together with some additional materials, which form e.g. hole injection or exciton blocking layers. These additional materials, however, and their impact
on the perfomance of an OPVC will be further described in chapter 3.
Within this subsection, the influence of the architecture on solar cell performance is
described. For simplicity, only solar cell architectures with one electron donor and one
electron acceptor material are considered. This is sufficient as still most of the fabricated
OPVCs contain only two photoactive OSCs and the vast majority of relevant features
can be explained on this basis. Talking about different solar cell architecture usually
targets the D/A interface. For this thesis, different architectures have been fabricated
as well, leading to (widely) varying OPVC efficiencies. A schematic drawing of the used
devices containing different D/A interfaces is shown in Fig. 2.6.
Acceptor

Donor

(a)

(b)

(c)

(d)

(e)

Figure 2.6: Architectures of the fabricated donor/acceptor heterojunction solar cells: The
D/A interface is gradually increased from (a) the planar heterojunction, to (b) a PHJ with
roughened interface, and (c) a PHJ with column-shaped donor, to finally (d) a bulk heterojunction fabricated by co-evaporation. The planar mixed heterojunction device (e) combines
the benefits of PHJ and BHJ solar cells.

The simplest design for an OPVC is the planar heterojunction (PHJ). For its fabrication,
electron donor and electron acceptor are evaporated subsequently without any further
effort. The surface roughness of the primarily evaporated donor determines the interface
roughness and thus the interface area. As most OSCs form amorphous films, which are
innately very smooth, PHJ devices possess a comparatively small D/A interface. This
interface, however, can be enlarged, e.g. by using highly crystalline donor materials,
or by post-evaporation treatments like annealing (thermal annealing, solvent vapor annealing). Of course, the resulting effects on the D/A interface are rather small and
not exactly reproducible. For that reason, techniques have been searched, which reproducibly provide a column-shaped donor and thus a greatly enhanced D/A interface. A
possible preparation technique for this aim is glancing angle deposition (GLAD), which
yields nano-columns of the donor by using shadowing effects during its evaporation process.51 For polymer solar cells, another process has been invented, which also provides a
column-shaped donor and thus a greatly enlarged D/A interface, the so-called nanoimprint technology.52, 53

2.2 Organic solar cells

15

A drastic enlargement of the D/A interface and thus a strongly increased exciton dissociation has been achieved by the invention of the bulk heterojunction (BHJ) concept.54, 55
In this case, the interface is extended over the entire bulk. For evaporated small molecule
OPVCs this architecture can be realized by a simultaneous evaporation of donor and acceptor material in the aim of obtaining an interpenetrating network of segregated donor
and acceptor phases. Controlling the morphology of the BHJ in order to ensure maximum exciton dissociation at the D/A interface, in parallel to an efficient charge-carrier
extraction, has been found to be the key for high performance.56 However, the mixing of
donor and acceptor is material specific and cannot be directly determined, but at least,
it can be improved e.g. by substrate heating during co-evaporation or by varying the
mixing ratio.57 Such treatments increase the probability of continuous percolation paths
of both materials towards its respective electrode and thus improve the charge transport.
Nevertheless, these paths can also connect both electrodes with each other leading to
shunts. To prevent this, an additional design was developed, which combines the advantages of the PHJ and the BHJ concept. There, a co-evaporated blend is sandwiched
between neat layers of donor and acceptor, each connected to the associated electrode.
This architecture is called planar-mixed heterojunction (PMHJ). Today, for evaporated
small molecule OPVCs, this concept is by far more widespread than the BHJ concept.
For solution processed polymeric solar cells, however, it is more difficult to realize and
thus less common.
The individual factors determining EQE, ηAbs , ηED , and ηCC , are influenced by the solar cell architecture in different ways. The absorption efficiency ηAbs for example is
increased due to a roughened interface, which induces more scattering. As a result, the
light path through donor and acceptor layers is extended and hence more photons can be
absorbed. This effect increases steadily for the architectures shown in Fig. 2.6 from (a)
to (d). Equally, also ηED increases from PHJ to BHJ. The enlarged D/A interface offers
the possibility to overcome the problem of a short exciton diffusion length, increases the
probability of exciton dissociation and leads to reduced geminate recombination within
the photoactive layers. For the charge collection efficiency ηCC , however, there is an
opposing trend. While non-geminate recombination is a comparatively small problem
for PHJ devices, this loss channel becomes increasingly important for an enlarged D/A
interface. Moreover, BHJ devices often do not provide continuous percolation paths of
donor and acceptor to anode anode cathode, respectively. Hence, charges are trapped
and therefore cannot contribute to the photocurrent. Nevertheless, due to enhanced ηAbs
and strongly increased ηED , the BHJ (PMHJ) concept reveals greater potential than the
PHJ approach, however, only if efficient charge-carrier extraction can be ensured by an
appropriate morphology of the blend.

2.2.3

Parameters of organic solar cells

The most important parameter of an organic solar cell (or a photovoltaic device in general) is its power conversion efficiency (PCE, ηPCE ), which describes the ratio between
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Figure 2.7: Current-voltage characteristics of an idealized solar cell in dark (dashed line) and
under illumination (solid line) featuring no series resistance and infinite parallel resistance. The
curve intersects the y-axis at JSC and the x-axis at VOC . The maximum output power density
of the solar cell is set by JMPP and VMPP , which in turn determines the maximum power point
(MPP). The ratio between the inner rectangle JMPP · VMPP and the outer rectangle JSC · VOC
defines the fill factor.

electrical output and radiative input. The electrical output is generally determined by
measuring the current-voltage (J-V ) characteristics of an OPVC under illumination (Fig.
2.7 (a), red solid line). The resulting J-V -curve contains the three crucial parameters
required to calculate the PCE of the device, the short-circuit current density (JSC ), the
open-circuit voltage (VOC ), and the fill factor (FF). Then the PCE can be obtained by
dividing the product of these three parameters by the incident light power density Pin :
ηPCE =

JSC · VOC · F F
Pin

(2.5)

If no voltage is applied to an irradiated solar cell, the device is under short-circuit conditions and the flowing current is called short-circuit current (ISC ). Of course, its value
depends among others on the irradiated area as more photons impinging on the solar
cell result in more absorption and thus more current. Hence, ISC is divided by the
area of the device and JSC is obtained, which provides comparability to other OPVCs
of different dimensions. For a J-V -curve, JSC represents the intersection of the curve
with the y-axis within the negative current regime. The idealized case depicted in Fig.
2.7 shows a completely horizontal curve around JSC . In fact, the maximum photocurrent jph , which is reached in reverse bias, is larger than JSC . This means that some of
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the generated charge carriers cannot be extracted but are lost due to recombination. In
other words, the steepness of the J-V -curve at JSC already gives a first measure of losses
occurring within the device.
The intersection of the J-V -curve with the x-axis represents VOC . At this point, no
current flows anymore as the generated current due to illumination is completely compensated by the recombination current arising from charge carriers being injected from
the electrodes. As a consequence, the section between JSC and VOC represents the by far
most interesting part of the curve, as it marks the regime where the OPVC generates
power. The maximum power is achieved at the maximum power point (MPP, Fig. 2.7),
which is chosen to be the operating point of the OPVC. It can vary for one device due to
the intensity of irradiation (changed current but almost constant voltage) or due to the
temperature of the solar cell (increasing temperature reduces the voltage). At constant
temperature of the device, the value of VOC is determined by the choice of donor and
acceptor material, or more specifically by the gap between HOMO of the donor and
LUMO of the acceptor (EDA iv .). Due to its importance, this gap, which represents the
CT state at the D/A interface, is also called photovoltaic gap58 or effective gap.59 It
has already been shown that the value of VOC is typically 0.5 - 0.6 V lower than EDA for
BHJ solar cells,60 but also for molecular PHJ devices.61 This drop of VOC compared to
EDA can be explained by radiative and non-radiative recombination losses:
VOC (T ) =

EDA
rad
non
− ∆VOC
(T ) − ∆VOC
(T ) ,
e

(2.6)

rad
are thertaking into account the elementary charge e. While the radiative losses ∆VOC
modynamically unavoidable, it is worthwhile to minimize the non-radiative losses. If
non
this is possible, and ∆VOC
= 0, the thermodynamic efficiency limit of OPVC is reached.
This efficiency limit can be seen in analogy to the Shockley-Queisser limit for inorganic
solar cells.62 However, for organic solar cells it is always a bit lower resulting from the
presence of a CT state at the D/A interface.63–65

The third important parameter for the efficiency of an OPVC is the fill factor, which
is given by the squareness of the J-V -curve. It can be calculated by the ratio of the
rectangle JMPP · VMPP to the rectangle JSC · VOC (Fig. 2.7 (a)):
FF =

JMPP · VMPP
JSC · VOC

(2.7)

High performance OPVCs yield FFs around 70 %, which is still significantly below the
85 % achieved for some inorganic III-V solar cells.5 This difference mainly originates
from the poor charge carrier mobility and the high free carrier recombination in organic
semiconductors.66 The resulting deviation of the J-V -curve of the ideal (rectangular)
iv

In literature, this gap is often also called ECT or EPVG , however, within this work it will always
be denoted as EDA
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behavior can be described by resistances (series and parallel). A more detailed consideration of the influence of resistances on the shape of the J-V -curve follows at the end
of this subsection.
Another possibility which can contribute to a deeper understanding of the performance
of an organic solar cell is measuring its incident photon to current efficiency (IPCE)
via:
hc JSC (λ)
·
(2.8)
ηIPCE (λ) =
eλ Pin (λ)
with Planck’s constant h, speed of light c, wavelength λ, and the spectral sensitivity
JSC (λ)/Pin (λ) of the solar cell. IPCE is just another name for the already introduced
EQE. The main advantage of such a measurement is the possibility to obtain a wavelength dependent response of the OPVC to irradiation. Thereby, one obtains insight
concerning the light harvesting efficiency at different wavelength regions. Nevertheless,
this method only provides a more detailed analysis of JSC , while VOC and FF are not
concerned. As a result, IPCE cannot be used to make a statement concerning the overall
performance of an OPVC.
The J-V -characteristics of an OPVC measured without illumination (Fig. 2.7 (a),
dashed line) are very similar to the typical diode curve, which can be described by
the Shockley equation:




eV
−1 ,
(2.9)
j(V ) = j0 exp
nkB T
with the dark saturation current (recombination current) j0 , the diode ideality factor
n, and the Boltzmann constant kB . The ideality factor describes how exactly the J-V characteristics follow the ideal diode equation. For an ideal diode without trapping of
charge carriers and where recombination is absent or governed by bimolecular recombination, n is expected to be equal to unity.67 However, the ideality factor of real OPVC
devices typically varies between 1 and 2, depending on the prevailing recombination
mechanism. In general, the more trap-assisted recombination occurs, the closer n comes
to 2, with the exact value depending on the distribution of the traps.68 It follows from
all these correlations that n is also connected to the morphology of the photoactive
layers. As disorder, transport issues and recombination are usually enhanced in BHJ
devices, they typically possess a higher ideality factor than their planar counterparts.69
When the solar cell is illuminated, its J-V -curve is shifted downwards by the value
of the photocurrent density jph and the Shockley equation has to be adapted to:




eV
− 1 − jph .
(2.10)
j(V ) = j0 exp
nkB T
Constructing an equivalent circuit for that behavior leads to a diode in parallel with an
additional current source, representing the photocurrent due to illumination. Moreover,
within a real device two unavoidable parasitic resistances has also to be considered. On
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Figure 2.8: Equivalent circuit of a solar cell. Under illumination, a photocurrent jph is
generated. The efficiency of a real solar cell is reduced by resistive effects dissipating power in
series resistance RS and parallel resistance RP , respectively.

the one hand, there is the series resistance RS , which adds up from all series resistance
contributions in the device: from transport through the photoactive layers, from interface transfer and from transport through the contacts.70 To achieve a high FF, RS has
to be as low as possible. On the other hand, there is also a parallel (shunt) resistance
RP , taking into account leakage currents due to pinholesv or leakage currents at the edge
of the device.71 For high FFs, RP has to be large to prevent these leakage currents. The
resulting equivalent circuit is shown in Fig. 2.8.
Including the series resistances RS A and the parallel resistance RP A as a function of
the solar cell area A into Eq. (2.9), one obtains the adapted Shockley equation for real
organic solar cell devices:




e(V − j(V )RS A)
V − j(V )RS A
− jph .
(2.11)
−1 +
j(V ) = j0 exp
nkB T
RP A
Like for JSC , the values of the resistances correlate with the dimensions of the device.
For that reason, RS and RP are typically given area-normalized, i.e. in dependence of A.
The key impact of these parasitic resistances on solar cell performance is the reduction
of the fill factor. The negative effects of an increasing series resistance and a decreasing
shunt resistance are shown in detail in Fig. 2.9 (a) and (b), respectively.
Already for rather small values of RS , the fill factor decreases, while JSC and VOC remain
unchanged. That a changing RS does not affect VOC seems logical as there is no current
flowing at VOC , which could be influenced by a series resistance. The decrease of FF
grows continuously with increasing values of RS so that the J-V -curve changes its characteristic exponential growth into a completely linear behavior. As a consequence, for
high series resistances, also JSC is diminished. By comparing two similar devices with
identical VOC and (at least) similar JSC , an increasing RS can be easily detected by a
decreasing slope in the forward bias regime above VOC .
v

Leakage paths, which are caused by one continuous material connecting both electrodes with each
other, are usually denoted as pinholes.
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Figure 2.9: Influence of (a) series resistance and (b) parallel resistance on the shape of the
j-V -characteristics of a solar cell. If RS gets too big or RP too small, both lead to a decreasing
fill factor of the device. Illustration adapted from literature.21

On the contrary, a decreasing RP , which is similarly adverse for a high fill factor, becomes
apparent within the reverse bias regime, i.e. by an increasing slope of the J-V -curve
around JSC . JSC itself, however, is not affected by a changing parallel resistance. In
contrast, as a finite RP leads to leakage currents or pinholes, which in turn promotes
(surface) recombination, VOC slightly decreases for decreasing values of RP .
Nevertheless, for most devices, which typically posses a rather high parallel resistance,
the influence of the parasitic resistances on VOC is very small and thus can be neglected.
Moreover, for high values of RP (and not too high values of RS ), there is no difference
between jph and JSC . With this in mind, an expression for VOC can be achieved by solving the Shockley
equation under illumination (Eq. (2.9)) for the open-circuit voltage

j(VOC ) = 0 :


JSC
kB T
ln
+1 ,
(2.12)
VOC = n
e
j0
which in turn illustrates the influence of temperature, dark saturation current, and
ideality factor on VOC .72 To take into account the great influence of the photovoltaic
gap EDA on VOC , the correlation

j0 = j00 · exp

−EDA
kB T



(2.13)

between the recombination current, the photovoltaic gap and the so-called coupling
factor j00 , is inserted into Eq. (2.12). The coupling factor describes the electronic
coupling strength between donor and acceptor and is therefore constant for a given
material combination.73 By assuming JSC /j0  1, which is reasonable for a decent
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OPVC, this provides the common correlation:74–76

eVOC ≈ nEDA − nkB T · ln

j00
JSC


.

(2.14)

Thus, there is a linear decrease of VOC with increasing temperature. As a consequence,
EDA can be obtained by a temperature dependent measurement of VOC and linear extrapolation of the curve towards 0 K.
In conclusion, organic solar cells have particular characteristics owing to some immanent physical properties. Most decisive are the high exciton binding energy and the
weak intermolecular van der Waals forces in organic semiconductors. To overcome the
resulting obstacles, the progress of the D/A concept led to various D/A architectures
with interacting advantages and drawbacks. This results from the close interconnection between molecular structure, morphology and device properties as indicated in Fig.
2.10. A better understanding of these interrelated properties and their influence on the
performance of organic solar cells are the aim of this thesis.
Molecular energetics and
absorption

Device
properties
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and transport
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Figure 2.10: Interdependence between molecular structure, morphology and device properties.
Sketch adapted from literature.70

Chapter 3

Materials

Following the well-established D/A concept, two different types of materials build up
the photoactive layer of an organic photovoltaic cell. One of these materials acts as an
electron donor and the other one as an electron acceptor. This requires the ability of
donors to transport holes, and of acceptors to transport electrons. Beside this basic
requirement, by looking for a well-working D/A combination, two crucial aspects have
to be taken into account:
1. Matching energy levels: The LUMO of the acceptor has to be located energetically
in the band gap of the donor and the HOMO of the acceptor has to be deeper
than that of the donor (Fig. 3.1). Furthermore, as VOC is in principle determined
by the intermolecular energy gap, a rather big gap between the HOMO of the
donor and the LUMO of the acceptor is of advantage (cf. subsection 2.2.3). The
energy values of HOMO and LUMO shown in Fig. 3.1 are taken from literature.
It has to be kept in mind that these values usually change material-specifically
in the vicinity of other layers. To obtain the effective energy level alignment, a
measurement of each individual device stack would be necessary.87, 88
2. Complementary absorption: In the best case, donor and acceptor absorb at different wavelengths while covering the whole light spectrum collectively. The absorption characteristics of the materials used in this thesis are shown in Fig. 3.2.
Note that these are just the two most important factors. Of course there are several
other material-depending aspects that can affect the solar cell performance, however,
this goes beyond the scope of this thesis.
In this work 6T, DIP and DBP are used as donors. Moreover, the perylenes DIP
and DBP can also be applied as acceptors as they transport both holes and electrons
quite efficiently. More common acceptors, however, are the fullerenes C60 , C70 as well
23
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Figure 3.1: Molecular formulae and energy level of the used materials PEDOT:PSS
(AI4083),77 HIL1.3,77 α-NPD,78 6T,79 DIP,58 DBP,80 C60 ,81 C70 ,82 ZCl,83 BCP84 and Al.85
6T LUMO is estimated by adding the transport gap to the HOMO.86 However, all values are
only guidelines and may vary in actual devices. The materials are divided in several categories
as they fulfill different tasks shown at the top. Of particular importance are the absorbers with
6T as donor, C60 , C70 and ZCl as acceptors, and DIP as well as DBP, which can serve both
as donor and acceptor. Electron transport through exciton blocking BCP is enabled by defect
states indicated by dashed lines.84
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Figure 3.2: (a) Spectral dependence of the absorption ability of all absorbers used within
this thesis. (b) For better comparability of the overall absorption strengths all curves are
integrated between 400 nm < λ < 700 nm. By summing up all resulting areas and dividing
through the respective value, the absorption strengths can be compared. For example, ZCl and
DBP, which show completely different characteristics, yield almost identical overall absorption
strengths. However, broad spectra are generally more favorable than narrow absorption peaks.

as ZCl. Beside these absorbers, some other organic materials are applied in OPVC
devices. While the polymers PEDOT:PSS and HIL1.3 build a hole injection layer, the
small molecule materials α-NPD and BCP serve as exciton blockers at the anode or the
cathode side, respectively. The features of all these materials are further explained in
the following sections.

3.1

Photoactive organic semiconductors

Organic materials that are used either as donor or as acceptor in an OPVC are labeled
as photoactive organic semiconductors. They are the by far most decisive materials in
an OPVC because they are responsible for the harvesting of light. Also other important
factors like transport processes or charge-transfer are determined by the choice of the
active organic semiconductors. Their number and variety is huge as the combination
of atoms to different molecules is almost unlimited. Thus, the used materials represent
only a small part of organic molecules possibly used in OPVCs. The large structural
possibilities are getting obvious by looking at the structural formulae of the used materials shown in Fig. 3.1. The molecular shapes vary from spherical (C60 , C70 ), to flat
and rod-like (6T, DIP), or flat with twisted side-groups (DBP) to molecules that are
twisted as a whole (ZCl). Each different shape leads to an altered growth behavior and
changes the morphology. Beyond, there is hardly any process in an OPVC which is
not influenced somehow by the choice of donor and acceptor material. Hence, the used
active organic semiconductors are described in detail in the following subsections.
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3.1.1

α-sexithiophene

α-sexithiophene (C24 H14 S6 ) has been used in the field of organic electronics since several
years. Already in the late 1980s, 6T was used as organic semiconductor in field-effect
transistors.89 Some years later, in 1996, it was introduced for the first time in organic solar cells in combination with C60 .90 6T has a simple structure consisting of six
thiophene rings lined up planarly resulting in a rod-shaped molecule of approximately
27 Å in length (Fig. 3.1).91 Upon evaporation, 6T can orient on the substrate in two
opposing ways, either upright-standing or flat-lying. Which of these orientations actually emerges can be influenced by altering substrate temperature, film thickness, the
substrate itself or the deposition rate.92–94 By changing orientation, OPVC relevant
properties like optical (e.g. absorption) or transport (e.g. charge carrier mobility) properties are influenced.95, 96
6T is used as donor material in OPVCs. A drawback of 6T is its high oxidation sensitivity. Due to its high-lying HOMO level, 6T is susceptible to oxidation by ambient air
and thus it is less stable.97, 98 However, the high-lying HOMO offers the possibility to
combine 6T with other materials, which are typically used as donors, like DIP and DBP
(which are then used as acceptors), to achieve remarkably high VOC s.99 Moreover, 6T
features a comparably high exciton diffusion length of 60 ± 5 nm.100 6T was purchased
from Sigma-Aldrich (United States).

3.1.2

Diindenoperylene

Diindeno(1,2,3,-cd,1’,2’,3’-lm)perylene (C32 H16 ) has already been patented in the year
1934101 and was initially used as a red dye. It consists of a perylene core with one indenogroup attached on each side resulting in a planar, rod-shaped molecule with dimensions
of approximately 18.4 Å × 7 Å.102 Its planar shape enables DIP to grow highly crystalline
leading to good charge carrier transport properties103–105 and an exceptionally high exciton diffusion length of up to 100 nm106 due to the direct correlation between crystalline
order and exciton diffusion length.32 This in turn, makes DIP a promising candidate
for organic electronic devices. Indeed, investigations on organic field-effect transistors
(OFETs) using DIP as molecular semiconductor yield exceptionally high charge carrier
mobilities for both holes (0.05 cm2 /Vs) and electrons (0.14 cm2 /Vs).107 This allows
DIP to be used in OPVCs either as donor or as acceptor with high FFs to be expected.
When used as a donor, DIP is typically connected with C60 ,65, 108–110 as this combination
provides matching energy levels and thus promises high open-circuit voltages. As an
acceptor, however, DIP can be utilized in combination with thiophene derivatives (6T,
P3HT), yielding even higher VOC s.99 The big drawback of DIP as organic solar cell
material, however, is its weak absorption resulting in low short circuit current densities.
Generally, DIP shows two different orientations depending on the underlying substrate.
If the interactions between substrate and DIP molecules are dominant, molecules are
lying (λ-orientation),111, 112 while strong molecule-molecule interactions result in the
nearly upright standing σ-orientation. For typical OPVC substrates like PEDOT:PSS
(or its derivative HIL1.3, which is mainly used in this work), DIP molecules orient in
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the σ-orientation, standing almost upright, tilted by an angle of φ ≈ 17◦ with respect
to the surface normal.113 DIP was obtained from Stephan Hirschmann, University of
Stuttgart (Germany).

3.1.3

Tetraphenyldibenzoperiflanthene

Tetraphenyldibenzoperiflanthene (DBP) was synthesized for the first time 1995 by Debad et al. by the oxidative coupling of (7,12-diphenyl)benzo[k ]fluoranthene to dibenzo{[f,f ’ ]4,4’,7,7’-tetraphenyl}diindeno[1,2,3-cd :1’,2’,3’-lm]perylene (C64 H36 ).114 In simplified terms,
DBP consists of a DIP core with one additional benzene ring and two additional phenyl
groups on each side. Due to this similarity, the energy levels of DIP and DBP are comparable, especially the HOMOs are almost identical (5.35 eV and 5.4 eV, Fig. 3.1). DBP as
a polycyclic aromatic hydrocarbon (PAH) shows intense fluorescence emission. Therefore, it was first used in the field of organic electronics in a red organic light emitting
diode (OLED) in 2006.115 It took a further 3 years before DBP was first introduced in
an OPVC as an electron donor in combination with C60 .80 Since then, DBP developed
to a highly promising small molecule organic solar cell material, which is used as donor
in PHJ,116–119 BHJ120 and PMHJ devices,121–123 usually in combination with a fullerene
(C60 or C70 ). Nevertheless, due to its energy level alignment and its ability to transport
electrons and holes, it could potentially be used as acceptor material as well. One of
its major advantages is the strong absorption. Mainly in the spectral range 500 nm
< λ < 650 nm, DBP reveals remarkable absorption with three local maxima at about
520 nm, 560 nm and 610 nm. Especially the last two are a characteristic feature of DBP
(Fig. 3.2). The strong absorption originates from the almost horizontal alignment of
the DBP molecules118 and thus the transition dipole moment, which is - like for DIP aligned along the long axis of the molecule. Compared to DIP, however, the absorption
is red-shifted due to the additional benzene ring on each side leading to an enlarged
π-electron system. Furthermore, the horizontal molecular orientation facilitates charge
transport perpendicular to the substrate (and thus towards the electrodes) due to the
overlap of molecular orbitals.118 The rather flat-lying orientation of the DBP molecules
is caused by the four rotatable phenyl groups, which hinder a well-ordered growth and
thus lead to an amorphous character of thermally evaporated DBP layers. As a result,
DBP films are very smooth and feature a short exciton diffusion length of merely 9 ±
3 nm116 favoring thin DBP layers in PHJ devices. DBP was purchased from Lumtec
(Taiwan).

3.1.4

C60 Fullerene

C60 is the most prominent representative of fullerenes, a modification of carbon, where
the C-atoms are composed to spheres, ellipsoids, tubes or similar hollow shapes. It
is a highly symmetric and extremely stable spheric molecule consisting of 60 carbon
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atomsi forming 20 hexagons and 12 pentagons (Fig. 3.1). C60 is also called Buckminster
fullerene or buckyball and has the shape of a soccer ball with a diameter of 7.1 Å. At
room temperature, C60 molecules are centered on sites of a face-centered cubic (fcc)
structure with a lattice constant of 14.2 Å.124 For the first time, C60 was predicted in
1970,125 however, it took a further 15 years before it was initially synthesized.126 Due to
its high electron affinity, its absorption ability, its ability to transport charge effectively
and its HOMO/LUMO energies, C60 (or its derivatives) are the by far most common
acceptor material in OPVCs.127 Furthermore, the high electron affinity enables efficient
photoinduced electron transfer and exciton dissociation128 and also the exciton diffusion
length of 30–35 nm is above average.129 Hence, electron mobilities in OFETs of more
than 3 cm2 /Vs are possible130 and charge transfer happens ultrafast (sub-picosecond
time scale).131 C60 was obtained pre-purified from CreaPhys (Germany).

3.1.5

C70 Fullerene

Compared to C60 , the fullerene C70 has ten additional carbon atoms resulting in 25
hexagons and 12 pentagons. The five additional hexagons are inserted in the form of
an equatorial belt (Fig. 3.1). They reduce the symmetry and lead to an ellipsoidal
molecular structure (point group D5h ).132 Nevertheless, the positive features of C60 are
retained and also the energy levels are equivalent, making C70 a good electron acceptor
in organic electronic devices, too. Moreover, absorption is even enhanced (Fig. 3.2).
As a result, by replacing C60 through C70 , the photocurrent of an OPVC is increased,
while fill factor and open-circuit voltage remain comparable.133 C70 was purchased from
Lumtec (Taiwan).

3.1.6

Zinc Chlorodipyrrin

A very new material in the field of organic electronics is bis(dodecachloro-5-mesityldipyrrinato)zinc (ZCl), which was first used in an OPVC in 2013.83 Publications reveal its
potential to be an alternative to fullerenes as acceptor material.134, 135 It shows strong
absorption in the range of λ = 450 - 550 nm, reaching almost the same overall absorption strength as C70 , although it has a wider band gap leading to a blue-shifted and
more narrow absorption range (Fig. 3.2). ZCl consists of two chlorinated mesityldipyrrinato anions coupled to the central zinc cation. For simplicity, in Fig. 3.1., ZCl is
shown as a planar molecule. Actually, however, the two dipyrrin ligands are held nearly
perpendicular to each other by the Zn center with a dihedral angle of 87.6 ◦ , forming
a quasi-spherical molecular shape, comparable to fullerenes.83 A spherical shape and
the consequential isotropy toward electron transfer is advantageous over planar molecular structures because it greatly increases the chance for a beneficial alignment with
the donor π-system.136 Moreover, in contrast to all other active semiconductor materials used within this work, ZCl possesses the ability to undergo a so-called symmetryi

Actually, C60 consists of 60 carbon and 60 hydrogen atoms, resulting in the molecular formula
C60 H60 .
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breaking charge transfer (SBCT). SBCT can occur on molecules composed of two or
more identical parts, which is given for ZCl by the two dipyrrin ligands. Thereby, an
exciton, which is initially formed on one ligand dissociates and undergoes intramolecular
charge transfer (ICT), leading to a state in which a hole and an electron are localized
on the same molecule but on different ligands.137 The presence of this ICT state within
a device is expected to markedly affect charge transfer and separation at the D/A interface, resulting in an enhanced VOC .135 ZCl was synthesized in the group of Prof. Mark
E. Thompson at the University of Southern California (USC, United States).

3.2

Hole injection and exciton blocking layers

Donor and acceptor are usually sandwiched between a hole-injection layer (HIL) on the
anode and an exciton blocking layer on the cathode side. In some cases, an additional
exciton blocking layer is inserted at the anode interface between HIL and donor (cf.
section 5.2).

3.2.1

PEDOT:PSS

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a conductive
polymer composed of the two ionomers poly(3,4-ethylenedioxythiophene) (PEDOT, positively charged) and poly(styrenesulfonate) (PSS, negatively charged). For its use in
organic electronic devices it is available as aqueous dispersion. As a result, it cannot be thermally evaporated but requires a wet-chemical process (usually spin coating)
to be applied as thin layer in a device. PEDOT:PSS combines excellent conductivity
(organic standard) with good chemical, thermal and UV stability as well as high transparency.138, 139 For that reasons, it is widely used in the integration of electronic devices
such as OPVCs, actuators, capacitors, sensors and organic-light emitting diodes.140 In
OPVCs it has the additional benefit, that it flattens the rough ITO anode, which reduces the chance of micro-shorts during device operation and increases its work function
(ΦITO ≈ 4.4 - 4.5 eV141 ) for a better hole-injection and extraction.142 For "normal" PEDOT:PSS (Clevios AI4083) this means a work function of Φ ≈ 4.9 eV or even Φ ≈ 5.2
eV when it is heated in vacuum.77 By adding isopropanol, one obtains another hole
injection layer material called HIL1.3, with an even further increased work function of
Φ ≈ 5.7 eV. Hence, HIL1.3 was used almost exclusively within this work as it requires no
further heating process and assures unimpeded hole transfer between anode and donor.
Both AI4083 and HIL1.3 were purchased from Heraeus Clevios (Germany).

3.2.2

α-NPD

N,N’ - bis (naphthalen -1- yl) - N,N’ - bis (phenyl) -2,2’- dimethylbenzidine (α-NPD) is commonly used as hole transport material in OLEDs.143 However, within this work, it is
applied in an OPVC as amorphous exciton blocking layer (EBL) between HIL and donor.
Such a layer is not absolutely necessary for an OPVC, however, it can raise its efficiency
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(cf. section 5.2). An exciton blocking material is selected based on the alignment of its
energy levels related to HOMO and LUMO of the adjacent active semiconductor. In the
case of α-NPD this is the donor material. To ensure hole transport and efficient exciton
blocking simultaneously, the HOMO level must be smaller (or at least similar), while its
energy gap has to be wider compared to the donor (Fig. 3.1). Furthermore, the EBL
should not absorb by itself in the visible range, which is also given by α-NPD through its
wide band gap. α-NPD avoids exciton quenching at the metal/donor interface with the
result that more excitons have the possibility to reach the D/A interface and contribute
to the generation of charge carriers. α-NPD was obtained from Lumtec (Taiwan).

3.2.3

Bathocuproine

2,9-dimethyl-4,7-diphenyl-1,10-phenantroline (bathocuproine, BCP, C26 H20 N2 ) was first
introduced in OLEDs,144 however, it is now the most commonly used exciton blocking
material in OPVCs at the cathode interface.17, 145, 146 In contrast to the anode interface, it is mandatory to insert an EBL between acceptor and cathode as it prevents
the penetration of subsequently evaporated metallic cathode material. Especially for
polycrystalline films, metal atoms can achieve large penetration depths, which considerably increase the probability of OPVC failure due to short-circuiting.147 Moreover, the
eponymous purpose of blocking excitons is also fulfilled. Like α-NPD, BCP also allows
charge carrier transport while blocking excitons at the same time. Efficient blocking
is ensured by the large band gap of BCP (Fig. 3.1), which also prevents any parasitic
absorption of the blocking material in the visible and near infra-red. Due to the blocking effect, exciton quenching at the cathode interface is strongly reduced, which in turn
enhances JSC and thus PCE. The transport of electrons through the EBL is enabled
by defect states below the LUMO of BCP (dashed lines in Fig. 3.1), resulting from
metal penetration of the cathode material into BCP. Hence, the optimal thickness of
the EBL has to be found by a trade-off between exciton blocking, suppression of metal
penetration into the acceptor, and electron transport.148 Depending on the electrode
material and preparation parameters, this thickness is between 5 and 15 nm.149 BCP
was purchased from Sigma-Aldrich (United States).

Chapter 4

Sample preparation and
characterization

The following chapter concerning preparation and characterization of the devices is
roughly divided into four sections: The first one describes two different techniques for
organic thin film preparation, which were used within this work. The consequential
fabrication of organic solar cells and organic field-effect transistors (OFETs) represents
the second section. In the third part, solvent vapor annealing (SVA) is presented in
detail, which is used to influence the organic film morphology. The fourth section,
finally, comprises all experimental methods used for sample characterization.

4.1

Preparation methods

Organic photovoltaic devices are built up either by polymers or small molecule organic
materials, requiring different techniques for thin film preparation. Small molecule thin
films are usually prepared by thermal evaporation, however, this method is unsuitable for
polymers as most of them would decompose due to the prevailing high temperatures.150
Hence, polymer thin films are commonly prepared from solution, e.g. by spin-coating.

4.1.1

Spin coating

Spin coating is a standard preparation method for organic polymer thin films. To
start, the substrate is laid on a chuck and adhered via vacuum. Then, the polymer
solution is dribbled onto the substrate and the rotation is started. The solution spreads
radially owing to the action of centrifugal force and covers the substrate’s surface with
a homogeneous film. By further rotation, the film becomes continuously thinner due to
the radial flow of the solution and evaporation of the solvent until it reaches its final
thickness. The film thickness hf is determined by the initial solution viscosity η0 , its
31
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density ρ, the spin speed ω and the initial solvent mass fraction in the solution x01 via

hf ∝

η0
ρω

1/2

(4.1)

(1 − x01 )

and can thus be controlled by choosing an appropriate rotation speed.151 Moreover, also
the acceleration up to the final spin speed is of importance. While slower acceleration
supports complete wetting of the substrate even for highly viscous solutions, more uniform layers, however, are achieved using faster acceleration.152 In sum, spin coating can
be described as a combination of four consecutive steps, illustrated in Fig. 4.1. In this
work, it was executed with a Delta 6 from Süss MicroTec.

(a)

Vacuum

(b)

(c)

(d)

Figure 4.1: Spin coating process sketched in four steps starting with (a) dribbling of the
polymer solution onto the substrate, followed by (b) the acceleration of the substrate holder to
a given spin speed leading to (c) a thinning of the film. Evaporation of the solvent (d) finally
results in a polymer film of desired thickness. During the whole process, the sample is adhered
to the substrate holder by vacuum.

4.1.2

Vacuum thermal evaporation

Usually, small molecule organic semiconductors show no or only weak solubility in most
solvents. As a result, wet-chemical deposition processes like spin-coating, dip-coating
or spray-coating are inapplicable. Therefore, thermal evaporation in ultra-high vacuum
(UHV, p < 1 × 10−6 mbar) is the most common thin film deposition technique for this
material class.153 The typical geometry of vacuum thermal evaporation (VTE) is "bottom up", which means that the substrate is placed above the evaporation source to avoid
contamination by material previously deposited onto the vacuum chamber wall.154 A big
advantage of this method is the high precision of evaporated layer thicknesses controlled
via quartz microbalances, exposed to the molecular vapor just below the sample holder.
The layer thickness is then calculated by the change of their resonance frequency due to
the additional mass evaporated on. Furthermore, VTE yields more flexibility in device
design compared to wet-chemical processes, where interactions between different organic
materials and solvents have to be taken into account. For VTE, several layers can be put
together on top of each other. Moreover, different structures can be chosen by applying
different shadow masks. Also mixed layers can be achieved easily via co-evaporation
of two or even more materials. A further advantage is the possibility of heating the
substrate during the evaporation process to influence the morphology of the deposited
thin film. However, VTE is wasteful of material, depending on the distance between
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effusion cell and sample and the time that it takes to achieve a stable evaporation rate.
Typical rates range from 0.1 to 1 Å. As a result, VTE is a more time-consuming method
than common wet-chemical processes.
Not only organic materials can be deposited by VTE, also metals, which are used as topelectrode materials, are applied in this way. For metals, higher evaporation rates up to
several Å/s are possible.155 An exemplary design of a VTE chamber and an explanation
of its functional principle are given in Fig. 4.2.

Lamp
Sample holder
with substrate
Mask

Shutter

Quartz
microbalances

Effusion cells

Vacuum

Figure 4.2: Thermal evaporation is executed in an evacuated chamber with p < 1 × 10−6
mbar. The highly purified organic powder, is placed in a crucible surrounded by a heating
coil. Co-evaporation is possible due to four individual effusion cells containing different materials, however, only two are drawn for simplicity. The deposition rate is checked by quartz
microbalances. Until reaching a stable evaporation rate, the sample can be shielded by a shutter. Evaporation occurs through a mask to achieve desired structures. During evaporation,
the substrate can be heated from the back by a lamp. Heat transfer is guaranteed by graphite
platelets.

4.2

Device fabrication

In the production of organic electronic devices absolute cleanliness is of major importance. For that reason, all production processes are carried out either in a clean room,
under nitrogen atmosphere or at UHV with the previously described methods. How this
leads to OPVC and OFET devices, respectively, is described in detail in the following
two subsections.
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4 Sample preparation and characterization

Fabrication of solar cells

A patterned ITO layer on a 2 × 2 cm2 glass slice is the substrate for all OPVC devices.
The ITO layer is of 145 ± 10 nm thickness, has a sheet resistance of 15 Ω/ and serves as
anode. ITO is the most common anode material for OPVC as it combines good electrical
conductivity with a high optical transparency.156 Transparency of one of the electrodes
is essential so that the light to be converted can get into the device. The ITO layer is
patterned in a way that on each substrate four diodes can be produced and contacted
separately (Fig. 4.3). The substrates were purchased from Thin Film Devices (United
States). In a first step, the substrates are cleaned in technical grade acetone, UV/IR
grade acetone and UV/IR grade isopropanol for ten minutes each in an ultrasonic bath.
Further cleaning is done by a subsequent UV/ozone treatment, which is performed for
15 minutes. Moreover, this treatment increases the substrate’s surface energy leading to
an improved wettability for aqueous dispersions. The aqueous HIL material is dribbled
from a syringe and through a nylon filter onto the activated substrate. In the following
step, the spin coater is accelerated with a ramp of nine seconds to a spin velocity of 5000
rpm, which is held for 30 further seconds. The samples are then placed onto a 125 ◦ C
hot plate for 30 minutes to remove remaining water. Spin coating and drying process
finally lead to a HIL layer of 45 nm thickness. All these steps were performed in a clean
room. The next layers (donor and acceptor) are thermally evaporated in UHV either
consecutively or simultaneously for PHJ or PMHJ devices, respectively. Usually, an
evaporation rate of 0.5 Å/s is chosen. The thickness of the active organic layers depends
on the respective exciton diffusion length of each material and is usually chosen between
20 and 50 nm.

Al cathode
Organic layers
(Donor, Acceptor)

Diode
ITO anode

Glass substrate

Figure 4.3: Schematic drawing of the typical sample geometry with a top view on the left
and a cross section on the right side. The position of the cross section is shown by the red
dotted line. The whole device contains four identical diodes (solar cells) with an active area of
2 × 2 mm2 , each consisting of ITO anode, organic layers and Al cathode. The organic layers
include HIL, donor, acceptor and EBL, however, for simplicity, only donor and acceptor are
indicated here.
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EBL and cathode are thermally evaporated as well, however, in another vacuum chamber.
Sample transfer between these two chambers is carried out with a vacuum transfer
system to avoid contamination of the organic layers with ambient airi . Always, 5 nm
of BCP (0.1 - 0.4 Å/s) as EBL and 100 nm of Al (1 - 2 Å/s) as cathode are evaporated
through different shadow masks consecutively to complete the OPVC device. Finally,
one obtains a sample with four identical diodes (solar cells), each with an active area of
0.04 cm2 .

4.2.2

Fabrication of field-effect transistors

For OFET devices, a strongly p-doped silicon (p++ -Si) wafer serve as substrate and gate
electrode simultaneously. On top, they have a thermally grown silicon dioxide (SiO2 )
layer of 300 nm thickness, which acts as gate dielectric. The wafer is broken into parts
of 2 × 2 cm2 . Their cleaning is equal to that of the OPVC substrates. That means that
they are also sonicated in technical grade acetone, UV/IR grade acetone and UV/IR
grade isopropanol for ten minutes each. To remove remaining organic substances from
the surface, they are subsequently exposed to a UV/ozone environment for 15 minutes.
All materials are applied via thermal evaporation. Tetratetracontan (TTC, C44 H90 ), an
unbranched, long-chain hydrocarbon, with a layer thickness of 20 nm is used as passivation layer.157–159 It is evaporated with a rate of 0.3 Å/s and subsequently annealed
for two hours at 60 ◦ C to smoothen its surface. In the next evaporation step, a 25 nm
thick organic semiconductor layerii is deposited through a shadow mask, yielding six
transistors per substrate (Fig. 4.4). Finally, the contacts are evaporated. They consist
either of aluminum (50 nm) to determine the electron mobility or of the organic metal
Tetracyanoquinodimethane-tetrathiafulvalene (TTF-TCNQ, 125 nm) if the hole mobilChannel length
Top contact
Organic semiconductor
Passivation layer (TTC)
Dielectric (SiO2)

D

S

p++- Si
VG

Figure 4.4: Schematic structure of a sample with six transistors. They all consist of p++ Si/300 nm SiO2 /20 nm TTC/25 nm OSC/top contact. Beside different contact materials (Al,
Au, TTF-TCNQ), the only difference between these transistors is the channel length. It varies
from 50 to 150 nm in 20 nm steps.
i

Especially oxygen and water are harmful to most organic semiconductor materials.
Usually, pure semiconductor layers are deposited. However, it is also possible to produce mixed
layers by co-evaporation.
ii
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ity is investigated. For some transistors, also gold contacts (50 nm) are used to achieve
ambipolar transistors. By evaporating the top contact metals through a mask, varying
channel lengths of 50, 70, 90, 110, 130 and 150 µm are defined (Fig. 4.4). These channels
create two seperated contact areas, one working as drain and the other as source of the
transistor.
Within this work, OFETs are fabricated to determine the charge carrier mobility in
active organic semiconductor materials used for OPVC devices.

4.3

Solvent vapor annealing (SVA)

A method to grow single crystals of anorganic semiconductors like silicon, germanium or
gallium arsenide, the Czochralski process, is known for almost 100 years and well understood.160 Single-crystalline silicon solar cells belong to the most efficient photovoltaic
single-junction devices with a PCE more than twice as high as the PCE of its amorphous counterparts.5 By contrast, controlling the morphology of organic materials for
photovoltaic cells still remains a challenge. Commonly, deposition of organic materials
yields amorphous or polycrystalline films. However, the relatively weak van der Waals
bonds prevailing between organic molecules in comparison to the covalent bonds in anorganic semiconductors enable gentler methods to modify the morphology. This includes
annealing techniques using either comparatively low temperatures or solvent processing
methods, like solvent vapor annealing (SVA). As the name suggests, SVA means the
treatment of functional layers with solvent vapor while avoiding direct contact between
the liquid solvent and the organic film. It has already been shown that SVA is able to
increase the crystalline order of organic molecules161–163 and by that improve the PCE
of both polymer-based164 and small-molecule organic solar cells.165 Moreover, SVA is
a simple method, very easy to handle, and carried out with simple equipment at room
temperature and atmospheric pressure. Exposure times vary from seconds166 to several
hours167 as they depend strongly on the material, the desired degree of crystallization
and the solvent. In general, the solvent has to offer a decent solubility of the treated material to enable free molecules to be transported with the solvent as well as a minimum
affinity to the surface to allow high mobility during the reorganization process.167 Moreover, solvents of high vapor pressures and medium donor solubilities are most suitable
for SVA in the context of organic solar cell application.166 This is given by chloroform
(trichlormethane, CHCl3 ), which has already been applied successfully for SVA on organic semiconductor films.163, 167, 168 CHCl3 is a liquid, colorless and hydrophobic solvent
with a boiling point of 61.15 ◦ C, a vapor pressure of 25.9 kPa at room temperature and
thus was used for all SVA treatments within this work.

4.3.1

Physical background

To describe the physics behind SVA, the overall process can be divided in five steps.
However, it has to be mentioned that the following steps do not strictly occur in sequence but take place more or less simultaneously:
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Solvent vaporization and diffusion
Nevertheless, the whole process has to start with the vaporization of the solvent. As
most solvents, e.g. the used chloroform, usually have low boiling temperatures, a significant vaporization in the annealing chamber starts instantaneously. As the sealed
chamber is a closed system, the vaporization process of the liquid takes place until there
is an equilibrium concentration of its vapor in the surrounding air.169 To achieve equilibrium, the solvent vapor has to be transported from the region of high concentration at
the surface of the liquid uniformly through the air. This happens by diffusion. Finally,
a decent amount of solvent molecules reach the surface of the organic film.
Adsorption and absorption
The solvent molecules interact with the molecules of the film. Some of them are adsorbed
and bind to the surface via van der Waals’ interaction. As molecular semiconductor films
often exhibit polymorphism and therefore one or more metastable structures,170 the energetic requirements to change the topography are comparatively low. The contamination
of the surface with solvent molecules is sufficient to imbalance the previously stable film.
The net inward force given on each surface due to missing binding partners on one side
is reduced by adhering solvent molecules, leading to a change in the balance of forces.
This can already be the starting point for a reorganization process of the film. Of even
more importance, however, are molecules being absorbed into the film. How efficient
the solvent molecules are able to enter the film depends mainly on the packing, which
is generally denser for crystalline than for amorphous materials. Thus, amorphous films
yield more crevices for solvent molecules to penetrate into the film. After incorporation,
the solvent molecules induce a swelling of the film,171 shield the cohesive but rather weak
van der Waals’ forces between the organic molecules and can dissolve the film.

Figure 4.5: Vaporized solvent molecules are ad- and absorbed, induce a swelling of the organic
film and initiate the reorganization process. Adapted from Yu.169

Delocalization and Reorganization
The delocalization process of the dissolved organic molecules within the organic film
is dominated by diffusion. A mass transport of the molecules on the surface takes place
over hundreds of microns172 until the molecules reorganize themselves. The energetics

4 Sample preparation and characterization

38

behind are very complex, however, one dominant factor is the minimization of surface
energy. The desire to reduce the surface free energy is generally a defining factor in
the morphology and composition of surfaces. It has already been shown, that the reorganization of different molecules leads to different aggregation structures like highly
anisotropic elongated needles or isotropic rounded domes.172 Besides the minimization
of the surface energy, the interplay between molecule-molecule, molecule-surface and
molecule-solvent interactions is of importance. Again, all these interactions are dominated by van der Waals’ forces. As these forces are found between (induced) dipoles, it
is obvious that composition and structure of the assembling molecules are of importance.
Dewetting
The breakup of thin films into structures with a lower surface energy is a commonly
observed phenomenon in liquids, but dewetting also occurs for thin solid films.173 It has
also already been shown that dewetting is of particular importance for organic semiconductors174, 175 due to the weak van der Waals forces’ already mentioned. Even for DIP,
like it is also used in this work, dewetting could have already been observed, albeit without drop formation and initiated by temperature and not by solvent vapor treatment.170
However, the formation of drops resulting from the competition between intermolecular
forces and surface tension is the most common form of dewetting. In this case, dewetting
leads to small droplets, which develop to larger drops by so called drop coarsening as
described theoretically elsewhere176 and shown exemplary in Fig. 4.6 (b) and (c). This
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Figure 4.6: (a) Example of a dewetting DBP film after 13 minutes of SVA treatment studied
by optical microscopy under 20-fold magnification. (b) Finely-spaced and (c) coarsely-spaced
drops of DBP after SVA showing drop coarsening.

coarsening process can occur either through drop migration or Ostwald ripening. In
the first case, drops migrate toward each other until they collide and merge, while in
Ostwald ripening, pressure differences between adjacent drops drive flow through the
ultra-thin film connecting adjacent drops.169 In both cases, the driving force is again the
minimization of surface energy as for bigger drops fewer atoms are at the unfavorable
surface. However, dewetting of the organic thin film during SVA does not necessarily
take place. Again, the SVA time is a crucial factor determining whether dewetting occurs or not. But also the treated material and the used solvent are of importance.
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Crystallization
When an organic molecule diffuses to the vicinity of a nucleated region, it will bind to the
nucleus and expel its no longer needed solvent molecules. In analogy to thermally-driven
solidification, solvent concentration plays the role of thermal energy and solvent that
is expelled during crystallization represents latent heat.169, 177 The driving force behind
that process is the tendency of the mobile organic molecules to go into a more energetically favorable state. In general, the crystalline state is relatively more stable than
the amorphous state even though the energy difference is small. However, the shape of
some molecules, e.g. due to steric hindrance caused by side groups, may counteract the
crystallization process. This is another reason why different molecules show different
degrees of order after the same time of SVA. In general, however, there is a correlation
between SVA time and the size of the emerging crystalline structures. For very long
SVA times (up to 48h) it is even possible to form millimeter-scale crystalline organic needles with cross sections of less than a micron in size,163 providing potentially convenient
applications in nanowire-based optoelectronic devices as the charge carrier mobility is
expected to be optimal along the 1D molecular packing. However, for PHJ OPVC a
more homogeneous and more areal (2D) extent of the organic material is desired. For
that reason, rather short SVA timesiii are chosen within this work.

4.3.2

Practical implementation

Figure 4.7: Practical implementation of the SVA process: The sample is lying face up in small
Petri dish, which is placed in a sealable jar. The Petri dish is surrounded with the solvent,
then the jar is closed and the time measured until the jar is reopened again and the sample is
removed.
iii

Typical annealing times in this work are in the range of 2 minutes to a maximum of 12 minutes.
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For SVA the substrate along with the organic film is removed from the evaporation
chamber and brought to the clean room. There it is laid face up in a small Petri dish,
which is then placed in a sealable jar with 300 ml volume. After that, 1 ml of chloroform
is injected by a pipette around the dish, so that there is no direct contact between
solvent and sample. However, the solvent evaporates and the vapor can act on the
organic material, as described in the previous sections. The time is measured while the
jar is closed. Typical SVA times are 2, 4, 6, 8, 10 and 12 minutes for solar cells. After
that treatment, these devices are reinstalled into the evaporation chamber. For simple
films to be investigated via microscopy (optical microscopy or atomic force microscopy)
or x-ray reflection, however, longer annealing times are additionally carried out.

4.4

Experimental methods

Already in the year 1267, the English theologian and natural philosopher Roger Bacon
formulated: Sine experientia nihil sufficienter sciri potest - without experience nothing
can be known sufficiently. In the following, all experimental methods used within this
work will be introduced.

4.4.1

X-ray scattering

X-ray scattering (XRS) comprises several characterization techniques using X-ray radiation for the structural analysis of crystalline materials. In the present work, mainly
X-ray reflectivity (XRR) was used, executed by a Seifert XRD 3003 PTS deploying
the Kα1 -line of Copper (λ = 1.5406 Å). In the generally used configuration, the BraggBrentano geometry, beam source and detector are on a fixed radius from the sample
position. Then the beam source is fixed, while sample and detector are rotated by θ and
2θ, respectively (Fig. 4.8(a)). By varying the angle of incident X-rays θ and thus the
detector position 2θ, this measuring process is also called θ-2θ-scan. This configuration
provides out-of-plane information of the sample. The higher the integration time and
the smaller the step width, the better are these information, however, measurements
get very time-consuming. Integration times are chosen between three and ten seconds,
while step widths of 0.01 - 0.02 ◦ are set.
Fig. 4.8 (b) shows an impinging X-ray beam reflected by two parallel lattice planes.
For certain angles of incident θ the optical path difference is an integer multiple n of
the wavelength λ. This leads to constructive interference of the reflected beams and a
so-called Bragg peak emerges. This geometrical correlation is expressed by the Bragg
condition
2d⊥ · sin θ = n λ,
(4.2)
which correlates the peak position with the distance of the lattice planes d⊥ .
The scattering vector ∆~k can be defined by the wave vectors of the incoming and the
reflected beam. In the case of constructive interference, it corresponds to the reciprocal
lattice vector ~q. Due to the Bragg-Brentano geometry, which can only detect lattice
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Figure 4.8: (a) Bragg-Brentano geometry of the XRR setup yielding a θ-2θ-scan by varying
the angle of incidence θ. (b) Fulfilled Bragg condition due to constructive interference of
reflected beams at parallel lattice planes with spacing d⊥ .

planes lying parallel to the surface, the condition for scattering ∆~k = ~q can be considered
to be one-dimensional.178 With k = 2π/λ, this leads by geometrical considerations to
qz =

4π
sin θ.
λ

(4.3)

By using Eq. (4.3), X-ray spectra of θ-2θ-scans can be plotted against the scattering
vector qz . This enables a direct comparison of measurement data taken by different
X-ray scattering systems as qz is independent of the used X-ray wavelength λ. By
combining Eq. (4.2) and (4.3) one obtains a simplified expression for the out-of-plane
lattice spacing
d⊥ = 2π/qz .

(4.4)

Besides the possibility to determine the crystallinity of a sample by its characteristic
lattice plane spacing, also the vertical crystallite size D can be estimated by a modified
Scherrer equation
2πK
(4.5)
D=
∆qz
with ∆qz equal to the full width at half maximum (FWHM) of a Bragg peak and
the Scherrer constant K ≈ 0.94 for spherical domains. However, this value is just an
empirically derived estimation.179
As XRR measurements only detect parallel oriented lattice planes, also an in-plane
XRS technique is used - grazing incidence X-ray diffraction (GIXD180 ). In GIXD, xrays impinge on the sample surface at a grazing angle below the angle of total external
reflection. As a consequence, GIXD is very surface sensitive and provides information
on lattice planes (almost) perpendicular to the surface of a sample. Moreover, due to the
changed geometry, GIXD offers the possibility to determine horizontal crystallite sizes.
GIXD has already been proven to be a well-suited characterization method for organic
thin films.181 It was performed on the X04SA beamline at the Swiss Light Source, Paul
Scherrer Institut, Villigen, Switzerland (12 keV photon energy).182
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4.4.2

X-ray absorption

The absorption of X-rays provides the possibility to determine the local geometric and
electronic structure of matter at sub-molecular resolution. For varying purposes, different methods have been developed. However, within this work, only Near-Edge X-ray
Absorption Fine Structure (NEXAFS) spectroscopy was applied, as it has already proven
to be ideally suited to determine the molecular orientation of amorphous and crystalline
organic semiconductor films.183
NEXAFS spectroscopy was introduced in the early 1980s.184 It uses X-rays to excite
core level electrons from the ground state to an unoccupied state, usually an unoccupied molecular orbital. These core level electrons mostly stem from the innermost shell,
the K-shell, and thus are 1s electrons. The absorbed X-ray intensity is not measured
directly, but by detecting the refilling of the (now empty) ground state with Auger
and/or secondary electrons. There are three different measurement modes, however,
throughout this work, the total electron yield mode was chosen, which determines the
electron yield by measuring the sample current. The choice of the energy of X-rays used
for the excitation of electrons determines the specific element being probed. Therefore,
monochromatic X-radiation is used. Carbon for example, the most important element in
organic chemistry, features a binding energy of 285 eV at the C1s-edge, however, NEXAFS is applicable to most elements in the periodic table. The broad range of X-ray
energies is provided by synchrotron sources.185
In sp2 -hybridized atoms like carbon in an organic semiconductor material, π ∗ and σ ∗ are
the lowest and the second lowest unoccupied molecular orbitals, respectively (cf. Fig.
2.2 (b)). Hence, the lowest electronic excitations and thus most common transitions are
the 1s → π ∗ and the 1s → σ ∗ transition. For organic semiconductors with alternating
carbon single (C−C) and double (C−C) bonds, there are two different σ ∗ transitions
∗
indicated in Fig. 4.9 for a 15 nm thick evaporated DIP film. However, while the σC−C
∗
transition is located at about 292.5 eV, the σC=C transition peak at higher energies is
not clearly identifiable. On the contrary, two separate peaks appear at lower energies.
These peaks at ≈ 285 eV are π ∗ transitions. The split of the 1s → π ∗ transition into two
peaks has also been observed for the structurally similar molecule pentacene.183
A very interesting feature of NEXAFS is its ability to determine molecular orientations.
A first model for this technique, which is based on the angular dependence of NEXAFS
spectra, was developed in 1987.186 It demands NEXAFS measurements under varying
angles of incidence θ of the impinging X-ray photons. By measuring the absorption intensity I, the molecular orientation α with respect to the surface plane can be calculated
via


 


1
1−P
P
2
2
2
1+
3 cos θ − 1 3 cos α − 1 +
sin α ,
(4.6)
I=A
3
2
2
with the normalization constant A and the polarization factor P which is also constant
and depends on the beam line. The reason for different intensities at different angles θ is
also visualized in Fig. 4.9 for the organic semiconductor DIP. DIP shows almost upright
standing orientation (cf. subsection 3.1.2). The dipole moments for π ∗ and σ ∗ transitions
are oriented perpendicular or parallel to the (upright standing) C-C chemical bonds,
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Figure 4.9: NEXAFS spectra of a 15 nm thick evaporated DIP film at 30 ◦ , 55◦ and 90 ◦ angle
of incidence θ of the impinging X-ray photons. The inset shows a DIP molecule with one of
its π ∗ and σ ∗ orbitals each, as well as the orientation of the corresponding transition dipole
moments. For reasons of clarity, the DIP molecule is drawn in a completely upright standing
orientation. The data was recorded by Dr. Andreas Opitz (HU Berlin).

respectively, indicated by the double-headed arrows. This means that the π ∗ transition
intensity is greatest at normal incidence (280 eV < E < 292 eV), while glancing incidence
leads to higher intensities for σ ∗ transitions (293 eV < E < 310 eV). This is in analogy
to optical absorption, which has already been introduced (subsection 3.1.2, Eq. (3.1)).
Moreover, there is a point at about 292 eV, where no difference in absorption for different
angles θ can be observed. It is called the isosbestic pointiv . For all other wavelengths,
there is a dependence of the absorption intensity on the angle of incident X-rays. This
phenomenon is called dichroism and occurs not only for DIP, but for almost every
molecule. Only for point symmetric molecules like the spherical C60 no dichroism can
be observed.187 NEXAFS spectroscopy measurements were performed at the beamline
D1011 (Max-lab, Lund, Sweden) at 30 ◦ , 40 ◦ , 55 ◦ , 70 ◦ , and 90 ◦ angle of incidence of
the impinging X-rays.

4.4.3

Optical absorption

For OPVCs or solar cells in general, optical absorption is one of the key parameters,
as the amount of absorbed light directly determines the maximal producible electricity.
The absorption coefficient α of organic thin films is measured via reflectometry. This
method combines the measurement of transmission and reflection of incident white light
in the spectral range 400 < λ < 900 nm, where the solar spectrum has its highest intensity (visible and near infra-red).
iv

In general, an isosbestic point describes a specific wavelength - and thus energy - where no change
in absorption during a certain process or reaction occurs.
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Figure 4.10: Schematic picture of the reflectometer used to determine the absorption coefficient of organic layers. The light from a halogen lamp impinges almost perpendicularly on
the sample leading to transmission and reflection, detected by T and R, respectively. Ref is
measured to compensate fluctuations of the lamp. Via fiber optic cables, the light is guided to
a multiplexer and finally to the spectrometer.

Transmission (T = IT /I0 ) is described by the Beer-Lambert law. It defines the attenuation of the intensity of an electro-magnetic wave by traveling through a sample of given
thickness d :
IT (d)
= exp(−αd)
(4.7)
I0
with the initial intensity I0 and the transmitted intensity IT . To determine the reflection
(R = IR /I0 ) of the sample, it is assumed that the whole reflection occurs exclusively at
the surface of the sample. As a result, I0 is reduced by the intensity of the reflection IR
and Eq. (4.7) can be written as
IT (d)
= exp(−αd)
I0 − IR

(4.8)

By multiplying numerator and denominator on the left side of Eq. (4.8) with 1/I0 , one
obtains:
T
= exp(−αd)
(4.9)
1−R
In a last step, the absorption of the substrate Asubs has to be taken into account via
Asubs = 1 − Tsubs − Rsubs by separately measuring transmission (Tsubs ) and reflection
(Rsubs ) of the substrate. Inclusion in Eq. (4.9) finally yields the expression for the
absorption coefficient:


1
T
α = ln
.
(4.10)
d
(1 − Asubs )(1 − R)
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However, this calculation does not include strongly scattered light, which might occur
at the sample’s surface and thus does not enter the integrating sphere. In this case,
some of the reflected light cannot be detected with the result that R is underestimated
leading to a slight overestimation of α. However, this problem only occurs for films with
very rough surfaces.
The measurement setup mainly consists of a halogen lamp, a spectrometer and an
integrating sphere (Ulbricht sphere), which is connected to a multiplexer via fiber optic
cables. A schematic drawing and the functional principle is shown in Fig. 4.10.

4.4.4

Atomic Force Microscopy

Atomic force microscopes (AFMs) belong to the group of scanning probe microscopes
(SPMs), which gain information on the sample not by any optical or electro-optical tools,
but by direct interaction of a probe with the sample. This probe is surface sensitive and
images the sample’s topography in molecular or even sub-molecular resolution.188, 189
The first AFM was designed 1985 by Binnig, Quate and Gerber.190

4-quadrant
photodiode

Laser

Tip
Cantilever

z

Sample
y
x

Figure 4.11: Functional principle of an atomic force microscope: A cantilever, which can be
moved in all three dimensions by a piezo crystal, scans the surface of a sample. At its end, a
tip is mounted, which is attracted or repulsed by the sample. These forces lead to a deflection
of the cantilever and are detected by a laser and a 4-quadrant photodiode.

The functional principle of an AFM is shown in Fig. 4.11. A tip, which is mounted
on the end of a cantilever is scanned over a small area of the sample. The scanning
area for all AFM images recorded within this work was 4 × 4 µm2 . A piezo crystal
ensures a very accurate positioning of the tip. There are three different operating modes,
contact, non-contact and tapping mode, which vary in terms of contact between tip and
sample. For soft materials like organic thin films, contact mode is not suitable as the
permanent contact between tip and surface results in lateral forces, which might modify
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morphological features of the sample. In tapping mode, which was used throughout this
work, the cantilever oscillates with a frequency close to its resonance frequency, while
being raster-scanned across the sample and only tapping on its surface. As there is
no continuous contact, degradation of both tip and sample is minimized.191 Attractive
or repulsive forces between tip and sample surface change the oscillation frequency
of the cantilever. This deflection is detected by a laser spot, focused on the back of
the cantilever, from which it is reflected onto a 4-quadrant photodiode. As a result,
the height profile can be visualized either as a false color plot or directly as a threedimensional plot.
All AFM images were recorded under ambient conditions by a Thermo Microscopes
Autoprobe CP-Research device.

4.4.5

Electrical characterization of organic solar cells

All previously described characterization methods have been performed on organic thin
films. The electrical characterization, however, is executed on complete solar cell devices
and provides a direct insight into the efficiency of an OPVC. The measurement of J-V curves yields JSC , VOC and FF, i.e. all parameters determining the solar cell efficiency
(cf. subsection 2.2.3).
The performance of OPVCs is commonly rated in terms of their efficiency with respect to standard reporting conditions defined by temperature, spectral irradiance, and
total irradiance. Measurements are therefore performed at 25 ◦ C cell temperature using the air mass (AM) 1.5 Global (G) reference spectrum with an integrated power of
100 mW/cm2 .192 The AM1.5 G spectrum is defined by the American Society for Test2.0
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Figure 4.12: AM1.5 G spectrum with integrated power of 100 mW/cm2 . Data is taken from
the American Society for Testing and Materials.193
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ing and Materials (ASTM) in close collaboration with the photovoltaic industry and
government research. It describes the average irradiance of the sun reaching the earth’s
surface under a solar zenith angle of 48.19 ◦ . It takes into account one set of specified
atmospheric conditions including the eponymous absolute AM of 1.5, which is a measure for the specific path length of sunlight travelling through the atmosphere. The
corresponding spectrum is shown in Fig. 4.12.
All electrical characterization measurements are performed either in an inert atmosphere or in vacuum, respectively, to avoid degradation. The standard recording of
the J-V -curves is carried out in a so-called solar simulator placed within a nitrogen
filled glovebox. After mounting an OPVC into the solar simulator, voltage is applied
and gradually increased, while current is measured with a Keithley 236 source measure
unit (SMU). For each solar cell, this is always done twice, at first in the dark and then
under illumination. To achieve the desired sun-like spectrum, a xenon arc lamp (LOTOriel 300 W) is linked with an AM1.5 G filter set. The typical illumination intensity of
approximately 100 mW/cm2 is approved by a calibrated 1 × 1 cm2 silicon reference cell
(RERA systems, PV Measurement Facility, Radboud University, Nijmegen). However,
also several smaller intensities can be set using a filter wheel with neutral density filters
attenuating the incident light (Fig. 4.13 (a)).
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Figure 4.13: (a) Schematic illustration of the used solar simulator: The light of a xenon
arc lamp linked with an AM1.5 G filter set passes two filter wheels, which can be used for
light attenuation. By a mirror, the light is then deflected onto the sample and a Si reference
photodiode to detect the exact light intensity. (b) Setup for measuring IPCE-curves (right
part of the sketch) as well as temperature and intensity dependent J-V -characteristics (left
part). Cryostat and filter wheels are used to adapt temperature and illumination intensity,
respectively.

To perform temperature dependent J-V -curves, the sample is transferred without air
exposure to a second setup attached to a nitrogen cryostat, which allows measurements
at various lower temperatures down to about 100 K. For this setup, all measurements
are recorded by a Keithley 237 SMU and illumination is provided by a halogen lamp
(Xenon arc lamp, Osram XBO 150 W), while intensity dependent measurements are
again possible by the use of a filter wheel (Fig. 4.13 (b, left part)).
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With the same setup, also incident photon-to-current efficiency (IPCE) measurements
can be carried out. IPCE describes the ratio of the number of generated charge carriers to the number of incident photons of a given wavelength λ. For that reason, the
halogen lamp has to be linked with a monochromator (Omni-λ300, LOT-Oriel Instruments), while signal extraction is supported by a lock-in amplifier (SR830, Stanford
Research Systems). Wavelengths in the range from 360 - 1100 nm can be applied in
1 nm steps. Calibration of the setup is done by use of Si reference diodes (OSRAM,
BPW34B) with known IPCE. One such diode is measured from time to time instead of
an OPVC. Another, identical diode is always measured simultaneously during the IPCE
measurement of an OPVC, enabled by using a combination of beam splitter and optical
fiber, which guides identical beams on sample and reference diode, respectively.194 Due
to the connection to the cryostat, also temperature dependent IPCE measurement can
be performed (Fig. 4.13 (b, right part)).

4.4.6

Charge carrier mobility measurements

Charge carrier mobility in organic films is determined by electrical transport measurements of OFETs, executed within an evacuated cryostat (p ≈ 10−6 mbar). The contact
between gate electrode and sample holder is ensured by using conductive silver lacquer,
while source and drain are contacted separately by small needle probes. All measurements are performed under exclusion of light as incident light generates additional charge
influencing the result.195 Transfer characteristics are measured applying a constant drain
voltage of ± 2 V, using a positive voltage for electron transport and a negative voltage
for hole transport measurements. Meanwhile, the gate voltage is varied in 1 V steps
from ∓ 10 V to ± 90 V for unipolar transistors and from - 90 V to + 90 V for ambipolar
transistors. Finally, the charge carrier mobility µ can be calculated using the so-called
Shockley method via:
L
· mS
(4.11)
µ=
W C 0 VD
with channel length L, channel width W , capacity C 0 , drain voltage VD and the slope
of the transfer characteristics mS . Measurements are performed using a Keithley 4200
semiconductor parameter analyzer.

Chapter 5

Results and Discussion

The main chapter of this thesis comprises the experimental data and their discussion.
To investigate the effect of morphology on molecular organic solar cells, the focus will be
on two structurally similar materials which show opposite morphology. The first section
will give a detailed comparison of these two organic materials, crystalline DIP and
amorphous DBP. The second section deals with the influence of morphology of exciton
blocking layers on the efficiency of PHJ and PMHJ organic solar cells by comparing
crystalline and amorphous EBLs. In the third section, the effect of SVA on organic
solar cells is examined. SVA affects the morphology of organic thin films, however, big
differences for SVA on crystalline DIP and amorphous DBP occur. In the fourth section,
finally, ZCl is introduced as new acceptor material in OPVCs.
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5.1

5 Results and Discussion

Characterization and comparison of crystalline DIP
and amorphous DBP in terms of organic solar cells

DIP and DBP are well established materials in organic solar cells.108–110, 116–123 Both provide features, which are beneficial during the conversion process of light into free charge
carriers. Although having similar molecular structures, their most striking advantages
are completely different. The following chapter will concentrate on similarities and differences and thus will provide a detailed explanation for the varying solar cell performances
of devices using either DIP or DBP as donor and acceptor material, respectively.

5.1.1

Molecular structure and thin film morphology

To determine the influence of morphology on solar cell performance, it is not useful to
compare two completely different molecules as there are always various factors, which
influence the complete charge generation process and thus the performance of the device. A good approach is to contrast similar molecules, which nevertheless yield different
thin film morphologies. This is the case for the two perylene derivatives DIP and DBP.
While DIP consists of a perylene core and two indeno-groups, DBP possesses one further benzene ring on each side, as well as four additional phenyl groups. The molecular
architectures of DIP and DBP are shown in Fig. 5.1 (a), where the additional groups of
DBP are marked in green. The structural similarities of both materials lead to a comparable energy level alignment. As a result, DIP and DBP can be used both as donor and
acceptor material in OPVCs with the same partners. For example, when being used as
acceptor, they can be combined with 6T. Otherwise, both can be employed as donors
in connection with fullerenes like C60 or C70 . Due to the two additional benzene rings,
DBP possesses a slightly enlarged π-electron system, which leads to a red-shift of absorption and thus to a little smaller energy gap. Therefore, the LUMO of DBP is lower
than that of DIP. However, the HOMO level alignments of DIP and DBP are almost
identical. This can be confirmed by ultraviolet photoelectron spectroscopy (UPS).
UPS typically uses monochromatic photons of the ultraviolet regime to excite electrons
from the valence band into the vacuum.196 For organic semiconductors, however, no
valence band exists and the excited electrons stem from the frontier occupied molecular
orbitals.187 Of main interest is the binding energy of the excited electrons, which can
be determined by measuring their kinetic energy. At the same time, the energy of the
impinging photons and the work function of the detector must be known. Knowing the
binding energy, in turn yields the HOMO level of the examined organic semiconductor
with respect to the Fermi level.197 UPS measurements and evaluation of the obtained
data were carried out by Dr. Andreas Wilke (HU Berlin) at the synchrotron light source
BESSY II using 35 eV ultraviolet photons.
These measurements reveal an identical HOMO-offset between DIP/C60 and DBP/C60
of 1.0 eV and thus also an identical photovoltaic gap EPVG ( = EDA ) of 1.6 eV with an
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Figure 5.1: (a) Structural similarity of DBP and DIP: DBP consists of a DIP backbone
(grey) with two further benzene rings and four additional, rotatable phenyl groups (green).
(b) Consequences on energy level alignment: UPS measurements reveal an ionisation energy
of DBP of 5.4 eV and thus an identical HOMO-offset between DIP/C60 and DBP/C60 . As a
result, for both material combinations, the same VOC is expected.

assumed transport gap of C60 of 2.6 eV198, 199 (Fig. 5.1 (b)). As it has already been
explained in subsection 2.2.3, EDA mainly determines VOC of an OPVC. Therefore, VOC
is assumed to be identical or at least very similar for DIP/C60 and DBP/C60 devices.
Beside all these similarities, there are also major differences between DIP and DBP,
which are mainly caused by the four additional, rotatable phenyl groups of DBP. As
they are typically not oriented in-plane to the perylene core, these groups act as steric
hindrance during thin film growth and thus lead to a completely changed growth behavior. This can be observed by XRD measurements. For a 50 nm thick DIP film, three
peaks - (001), (002), and (004) - appear (Fig. 5.2 (a)). More sophisticated measurements of DIP on ITO even revealed Bragg reflections up to the seventh order,104 which
is indicative of a highly crystalline thin film. The different peaks are separated by qz
= 0.378 Å−1 . This result is in perfect agreement with former measurements.21 With
that, the out-of-plane lattice spacing d⊥ can be calculated via Eq. (4.4), which yields
d⊥ = 16.6 Å. By knowing the molecular length of DIP of approximately 18.4 Å,102 it
can be concluded that the DIP molecules grow highly crystalline on the ITO substrate,
standing almost upright, just tilted by an angle of ≈ 17 ◦ . This upright standing phase
is denoted as σ-phase.
Moreover, XRD data offers the possibility to estimate the minimal vertical crystallite
size D of the measured film. For that, the FWHM of a Bragg peak has to be determined
via a Gaussian fit. In Fig. 5.2 (b) this is done for the σ(001)-peak of the 50 nm thick
DIP film. The fit yields a FWHM of 0.0116 Å−1 . By inserting this result into the modi-
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Figure 5.2: (a) XRD spectra of ITO, ITO/PEDOT/DIP and ITO/PEDOT/DBP: For highly
crystalline DIP, three peaks - (001), (002), and (004) - of the upright standing σ-phase are
visible. For DBP, however, no peaks appear, indicating the amorphous growth of DBP thin
films. For all three samples the (211)-peak of the ITO substrate appears at qz ≈ 1.51 Å−1 .
(b) Enlarged presentation of the σ-DIP (001) peak: A Gaussian fit to this peak yields FWHM
and thus the vertical extent of the DIP crystallites.

fied Scherrer equation (Eq. (4.5)), one obtains a vertical crystallite size of D = 50.8 nm.
This means, that layer thickness and vertical coherence length are identical and the DIP
domains vertically extend across the entire layer. This means that the choice of the layer
thickness already determines the vertical crystallite size, which is in perfect accordance
with previous results.108, 110, 200 The deviations between measured curve and fit on both
sides of the peak are so-called Laue oscillations, which can indicate the number of layers
contributing to the reflection. However, for this measurement, they are too weak to
obtain further information.
The XRD data of a DBP thin film, however, reveal no Bragg reflections (Fig. 5.2 (a)).
The only peak which occurs at qz ≈ 1.51 Å−1 can be attributed to the ITO substrate
as this (211)-peak also appears for measurements on pure ITO. Missing Bragg peaks
are a strong indication for an amorphous growth of DBP thin films. This assumption
is supported by results of Zhou et al. using reflection high energy electron diffraction
(RHEED), where also no signs of DBP crystallinity can be found for samples grown at
room temperature. However, very weak patterns appear when DBP is grown at elevated
temperatures and with small evaporation rates indicating at least weak crystallinity for
certain evaporation conditions.117
The influence of these parameters can be confirmed by AFM measurements, which reveal
the topography of the film. In general, the surface of an evaporated DBP film is very
smooth. A typical measure of the surface roughness is the so-called root-mean-squared
(RMS) roughness, which is the standard deviation of the average surface height. For
a 20 nm thick DBP film grown at room temperature and with the typical evaporation
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Figure 5.3: AFM images of different morphologies of a 20 nm thick DBP layer evaporated
under varying conditions: sample (a) is evaporated at room temperature with a deposition rate
of 0.5 Å/s. For sample (b) the substrate temperature during evaporation is increased to 100 ◦ C.
Additionally, for sample (c) the deposition rate is decreased to 0.05 Å/s.

rate of 0.5 Å/s the RMS roughness is merely 1.7 nm (Fig. 5.3 (a)). When the substrate
temperature during evaporation of DBP is increased to 100 ◦ C, however, the roughness
increases to RMS = 3.9 nm. This is caused by various small, almost spherical structures appearing on the surface of the film (Fig. 5.3 (b)). Hence, the arrangement of
DBP molecules during the evaporation process changes, indicating a slightly increased
order. If the evaporation rate is additionally lowered to 0.05 Å/s, these structures seem
to merge and thus grow. This might imply an even higher order of the film, although
its roughness does not further increase and it is RMS = 3.4 nm, probably due to less
grains (Fig. 5.3 (c)). Nevertheless, although a change in the short-range order of DBP
for varying growth conditions can be confirmed, XRD measurements do not show any
peaks for all of these films. As a result, with these methods DBP films cannot be grown
crystalline but have always amorphous character.
The crystalline character of DIP, however, cannot only be observed by XRD, but is
also visible on AFM images. For a 50 nm thick DIP layer grown on a heated substrate (100 ◦ C), well-ordered, terrace-like structures appear, indicating the individual
DIP monolayers stacked one upon the other (Fig. 5.4). It is striking that such terracing
is significantly increased for thicker layers. This could be explained by the growth mode
of DIP. It has already been proven that DIP shows the tendency to grow in StranskiKrastanov mode on various substrates.201, 202 In this growth mode, initially complete
closed films of one or more monolayers are formed. Beyond a critical thickness, however,
the adsorbate begins to show island growth. This island growth finally is responsible for
terracing. Otherwise, that means that thin layers of DIP, with dominant layer-by-layer
growth are much smoother. Another factor, which influences the DIP layer structure is
the substrate temperature during evaporation. It has already been shown that higher
substrate temperatures lead to enhanced crystallinity associated with growing structures.
While the surface of an unheated sample shows small round-shaped islands with about
80 nm in diameter, the big terraces of the heated sample indicate extended crystallites.21
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Figure 5.4: AFM image of a 50 nm thick DIP layer evaportated on ITO/PEDOT at 100 ◦ C.
For a better visualization of the evolving DIP terraces, different color mappings are chosen
for the same sample sections in (a) and (b). Zooming in provides section (c), where a line
profile is drawn. The resulting line profile is presented in (d) and shows the highly crystalline
arrangement of the DIP monolayers stacked one upon the other indicated by the orange ellipses,
which in turn represent the DIP molecules.

500 nm
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Figure 5.5: SEM ((a), cross section and top view) and AFM (b) micrographs of 100 nm DIP
nanocolumns fabricated by GLAD. The images have been recorded within a collaboration by
Yu et al. and have already been published.203
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The roughness of a DIP film can be even further increased by using an alternative deposition method - glancing angle deposition (GLAD). For this technique, the sample
holder has to be rotated during evaporation. Moreover, the molecular flux has to impinge upon the substrate under a certain angle. This leads to shadowing effects and
limited adatom diffusion during the evaporation process. As a result, one obtains a film
with a columnar microstructure.51, 204, 205 Micrographs of such DIP nanocolumns are
shown in Fig. 5.5. Compared to normal evaporation, the roughness of the DIP layer
can be drastically increased by using GLAD. This in turn leads to an increased D/A interface by subsequent (normal) evaporation of the acceptor material, which is expected
to be favorable for solar cell performance in terms of enhanced exciton dissociation.
However, after evaporation of the acceptor material, stability issues of the nanocolumns
could be observed, leading to accelerated degradation and problems with reproducibility.
As a short summary, it can be stated that when evaporated under normal conditions,
DIP generally forms highly crystalline thin films with rough and structured surfaces,
while DBP films are usually amorphous and smooth. A full analysis of thin film architecture, however, also requires knowledge about molecular orientations. A powerful
tool to get insight into the orientation of molecules in solids is NEXAFS. For that purpose, NEXAFS spectra are recorded by Dr. Andreas Opitz (HU Berlin) for 15 nm thick
films of DIP and DBP under varying angles of incidence of the impinging X-rays. The
molecular orientation within the films can then be calculated via Eq. (4.6). The results
are depicted within Fig. (5.6 (a)). For DIP, the expected tendency for almost upright
standing molecules is clearly confirmed. Data evaluation yields a molecular orientation,
i.e. an angle between substrate and the long axis of the DIP molecule of α ≈ 80 ◦ . Vice
versa, DBP molecules exhibit a rather horizontal orientation of their perylene cores with
α ≈ 40 ◦ . However, it has to be kept in mind, that in the amorphous DBP film, it is not
expected that all molecules show the same orientation. Hence, this value of α merely
represents the average orientation, while some of the DBP molecules lying more flat
and others standing more upright. Nevertheless, this result of a preferred horizontal
alignment is consistent with previous results obtained from variable angle spectroscopic
ellipsometry (VASE) measurements.118
By summing up the results of UPS, XRD, AFM and NEXAFS measurements on DIP
and DBP, a complete picture of molecular structure, energy level alignment and thin
film morphology for both materials can be drawn. A schematic illustration is shown in
Fig. 5.6 (b) and (c). It can be seen that despite their similarities concerning molecular
structure and thus HOMO-LUMO alignment, DIP and DBP possess completely different thin film architectures. While DIP films are highly crystalline and the molecules
within almost upright standing, DBP films are amorphous and consist of molecules with
a preferred horizontal alignment. Thus, DIP and DBP are a perfect pair of molecules
to examine the influence of morphology on the performance of organic solar cells.
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Figure 5.6: (a) NEXAFS measurements reveal almost upright standing DIP molecules and
a preferred horizontal alignment of DBP molecules. In combination with XRD measurements
this leads to the schematic illustration of structure and molecular orientation of (b) DIP and
~ for DIP and DBP,
(c) DBP thin films. Moreover, the respective transition dipole moment M
~
as well as the light electric field E of an impinging photon are shown.

5.1.2

Absorption and transport

By comparing the performance of different solar cells, it is useful to consider the three
most important parameters defining the efficiency of the device: VOC , JSC and FF. In the
previous subsection, it could already be shown, that the photovoltaic gaps of DIP/C60
and DBP/C60 solar cells are identical. As a result, also VOC is assumed to be the same
for both devices. In the following, some features of DIP and DBP are compared, which
indicate some qualitative expectations for JSC and FF in DIP and DBP containing solar
cells, respectively.
One of the most decisive features that determines JSC is the absorptivity of the photoactive organic layers. Of course, there are also several other aspects, which influence
JSC . The best absorption is useless, when the generated excitons do not reach the D/A
interface or are not dissociated effectively. Nevertheless, strong absorption is the basic
requirement for high values of JSC . A crucial property for strong or weak absorption
is the molecular orientation, as absorption depends on the coupling between direct inci~ ). For most molecules
dent light and the transition dipole moment of the molecule (M
~ is aligned along the long molecular axis. In general,
- and also for DIP and DBP - M
light absorption (i.e. the transition probability A) is proportional to the scalar product
~ (which is perpendicular to the direction of light
of the incident light electric field E
~
propagation) and the transition dipole moment of the molecule M
~ · E|
~ 2,
A ∼ |M

(5.1)

~ and E
~ are parallel and null when they are oriented
so that A is maximal when M
perpendicular to each other.206, 207 This correlation is also shown in Fig. 5.6 for DIP
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Figure 5.7: Absorption characteristics of DIP and DBP thin films. The absorption of DBP is
more than 6 times stronger than that of DIP, resulting from different molecular orientations.

(b) and DBP (c). Due to the almost upright standing orientation of the DIP molecules,
there can be only very weak coupling between the electric field of the impinging photons
and the transition dipole moment of the molecules. As a result, only weak absorption
is expected for DIP films. On the contrary, the rather horizontal alignment of the DBP
~ and M
~ , which in turn leads to
molecules enables a much stronger coupling between E
stronger absorption and thus more generated excitons within the DBP film.
This behavior can be attested via reflectometry measurements. By measuring transmission and reflection of DIP and DBP films, their absorption coefficients α can be
calculated via Eq. (4.10). The wavelength-dependent values of α for DIP and DBP are
shown in Fig. 5.7. Integrating the areas below the respective curves yield an absorption
of DBP which is more than six times stronger than that of DIP. Of course, due to different refractive indices, a direct comparison is not absolutely correct, however, variations
of the refractive indices are negligible for strong absorption of thin films. A detailed
comparison of refractive indices n and extinction coefficients k for DIP and DBP can
be found elsewhere.118, 208 Beside the different molecular orientations, another factor
contributes to the stronger absorption of DBP. Due to the enlarged π-electron system
caused by the two additional benzene rings, DBP reveals a slightly smaller optical gap.
As a result, the absorption of DBP already sets in at photon energies of about 1.9 eV.
For DIP, however, the absorption edge is shifted to higher energies by approximately
0.2 eV. Finally, these results lead to the assumption, that DBP containing solar cells
provide significantly higher values of JSC than their DIP counterparts.
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Another factor, which influences JSC is the exciton diffusion length (LD ) within the
organic film, as it determines whether an exciton can reach the D/A interface and thus
contributes to the current. LD represents the average distance an exciton can travel
before it is lost by recombination
and depends on the exciton diffusivity D and on its
√
lifetime τ by LD = Dτ . The value of τ is strongly affected by the sort of excitons,
which are generated. While the lifetime of singlet excitons is only in the order of ns, the
lifetime of triplet excitons is extended by many orders of magnitude due to the forbidden decay of spin 1 triplet states to the spin 0 singlet ground state.209 However, due to
the structural similarities hardly any differences concerning singlet and triplet excitons
and thus τ are expected for DIP and DBP. This means that variations of LD can be
completely explained by different exciton diffusivities. As an improved crystallinity is
associated with enhanced diffusivity,210 higher values of D and thus LD are expected for
DIP compared to DBP. This is true as DIP provides exceptionally long exciton diffusion
lengths of up to 100 nm,106 while typical values of LD for DBP are only in the range of
10 nm.116 As a result, the thickness of DBP layers is strongly limited to a maximum
of 20 - 30 nm to avoid huge recombination losses within the film. DIP layers, however,
can be chosen to be much thicker. The advantages of thicker layers are a more efficient
absorption as well as greater architectural possibilities to adapt layer thicknesses more
precisely.
While exciton diffusion mainly affects JSC , the transport of free charge carriers is one of
the major factors determining the fill factor of an OPVC. A measure of the transport
ability is the charge carrier mobility µ within the organic films. A determination of µ
can be done by use of OFETs. The preparation of OFETs and the data evaluation were
accomplished in cooperation with Stefan Schmidt in the scope of his bachelor’s thesis.211
The OFET devices consist of p++ -Si/300 nm SiO2 /20 nm TTC/25 nm DIP or DBP/top
contact. The choice of the top contact material depends on which charge carrier mobility should be measured. To determine the mobility of holes, a 125 nm thick layer of
the charge transfer salt TTF-TCNQ is chosen, while 100 nm of Al serve as top contact
for electron mobility measurements. Then, the electrical characterization is carried out
under high vacuum conditions and the measured output characteristics are analyzed by
the transfer length method. The best results for DIP and DBP transistors are summarized in Tab. 5.1. For comparison, additional values of charge carrier mobilities in DIP
films are added from literature.107
Semiconductor
DIP (lit.107 )
DIP
DBP

µhole
(cm2 /Vs)

µelectron
(cm2 /Vs)

5 · 10−2
5 · 10−3
1 · 10−3

1 · 10−1
2 · 10−2
5 · 10−4

Table 5.1: Charge carrier mobilities µhole and µelectron in OFETs with DIP or DBP as semiconducting layer, respectively. For DIP, literature values and measured values are compared.
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Both materials have a bipolar nature, i.e. they are able to transport both electrons and
holes. Consequently, DIP as well as DBP can be used in OPVCs as donor as well as
acceptor material. It is striking, however, that the mobility values taken from literature
are about one order of magnitude higher than the measured ones, although the OFET
architectures are more or less the same. Moreover, they have been fabricated and measured by the same equipment. Thus, the most probable explanation for that difference
can be found in DIP quality. The purer the material, the more crystalline layers are expected to grow, which in turn enables higher values of µ. This assumption is supported
by the fact that the exceptionally high FF of 74 % for an DIP/C60 OPVC, which has
been reported by Wagner et al. in 2010,108 could not be reproduced by our group in the
last few years. The influence of DIP purity on the FF have already been published.77
Nevertheless, the measured values show higher µ within DIP films compared to DBP
layers, as it is expected due to morphological reasons. However, compared to other
organic semiconductors also DBP shows decent charge carrier mobilities. For example,
the values of µ within most polymer films are in the range of 10−6 - 10−3 cm2 /Vs.15
The measurement of µ by use of an OFET, however, is just an indirect hint for the
FF in an OPVC as the obtained results cannot be directly translated from one device
to the other. A better measure to estimate the FF of an OPVC is the series resistance
RS , because it is directly measured within the solar cell. In general, RS is one of the
most important factors limiting the FF of OPVCs.212–214 To extract RS , dark current
characteristics can be analyzed. Although the physics behind it is not the same as in an
inorganic p-n junction, it has been shown that the exponential part of the forward-bias
characteristics can be described by a modified Shockley equation:61, 74




q(V − j(V )RS A)
−1 .
(5.2)
j(V ) = j0 exp
nkB T
This equation is based on the Shockley equation for real organic solar cell devices (cf.
Eq. (2.10)), neglecting the parallel resistance RP . This approximation is reasonable for
most solar cells as they possess very small leakage currents so that RP  RS .
For DBP/C60 as well as for DIP/C60 solar cells, temperature dependent J−V -characteristics are recordedi and RS is extracted by fitting Eq. (5.2) to the obtained data for each
temperature. The dark current characteristics and the fits are shown in Fig. 5.8 for the
DBP/C60 (b) and the DIP/C60 (c) solar cell. By comparing both devices, it has to be
mentioned that the photoactive layers in the DIP containing OPVC are - added together
- twice as thick as the corresponding layers of the DBP device. The photoactive layer
architectures are 20 nm DBP/45 nm C60 and 50 nm DIP/80 nm C60 , respectively. Nevertheless, the series resistance at room temperature is almost identical for both devices
with RS = 4.8 Ω cm2 (Fig. 5.8 (a)). At this point, it has to be mentioned that the series
resistance of the ITO substrate plays also a significant role for that value, so that the
obtained results are only to some extent determined by the organic film. However, as all
i

The data of the DIP/C60 solar cell were obtained from Ulrich Hörmann.
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Figure 5.8: (a) Temperature dependent series resistance for DBP/C60 and DIP/C60 devices.
At room temperature there is hardly any difference in RS between the cells. The values of RS
are derived from Shockley-fits to the dark current curves of a DBP/C60 and a DIP/C60 solar
cell, which are shown in (b) and (c), respectively.

compared devices use the same ITO substrate, different values of RS can be traced back
to different organic films. By comparing the curves in Fig. 5.8 (a), an influence of the
layer thickness seems to occur for decreasing temperatures. Although both curves show
an exponential increase of RS with decreasing temperatures (indicated by the dashed
lines following an exponential fit), the strong increase of RS , sets in much earlier for
the thicker DIP device. At room temperature, however, it seems like an increased layer
thickness of DIP and C60 has no major impact on RS . As a reference, an OPVC is fabricated with thinner photoactive layers (30 nm DIP/50 nm C60 ), which possesses only a
slightly lower series resistance (red square). On the contrary, once again it seems like
the purity of the layers and thus the crystallinity is of much greater importance. Julia
Kraus could show in her PhD thesis that the series resistance at room temperature of
an OPVC with 50 nm DIP/80 nm C60 can be even lower with RS = 3.0 Ω cm2 .21 All in
all, it can be stated that the series resistances in DBP and DIP containing solar cells
are similar, which leads to the conclusion that also similar fill factors can be expected.
Now, the question arises why the values of RS are that similar, although DIP provides (much) higher charge carrier mobilities in OFETs. This can be explained by
the anisotropic transport within DIP. In a thin film of almost upright standing DIP
molecules, there is a strong overlap of the delocalized π-electrons parallel to the substrate, while this overlap is markedly weaker in the perpendicular direction (cf. Fig.
5.6 (b)). This vertical direction, however, is crucial in OPVCs, as this is the direction
from the D/A interface towards the electrodes, whereas OFETs measure the mobility
in the horizontal direction parallel to the substrate. In a DBP film, however, due to its
amorphous character, the transport anisotropy is expected to be weaker. As a result the
obtained results of µ measured in an OFET are expected to be in better agreement with
the actual mobilities in an OPVC. In contrast to DIP, the charge carrier mobilities are
even expected to be a little bit higher within the solar cell as the preferred horizontal
orientation of the DBP molecules denotes a stronger overlap of molecular orbitals in the
vertical direction.118
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Blend (mixing ratio)
DBP:C60 (1:2)
DBP:C60 (1:1)
DIP:C60 (1:2)
DIP:C60 (1:1)

µhole
(cm2 /Vs)

µelectron
(cm2 /Vs)

2 · 10−4
4 · 10−4
—
—

2 · 10−1
4 · 10−2
3 · 10−1
6 · 10−2

61

RS A (@ RT)
(Ω cm2 )
4.4
2.4
—
1.9

Table 5.2: Charge carrier mobilities µhole and µelectron from OFET measurements, comparing
DBP:C60 and DIP:C60 blends. Two different mixing ratios (1:1 and 1:2) were investigated.
Additionaly, the respective series resistances are given, obtained from Shockley-fits to the dark
current characteristics of respective solar cells.

In a next step, charge carrier transport in co-evaporated organic films is investigated.
Such films of mixed donor and acceptor materials are used as photoactive layer within
BHJ and PMHJ organic solar cells. For DBP:C60 as well as for DIP:C60 films, two different mixing ratios are examined - 1:2 and 1:1. Electron and hole mobilities are again
obtained by OFET measurements, the results are shown in Tab. 5.2. First of all, it is
striking that only rather bad (DBP:C60 ) or even no (DIP:C60 ) hole mobilities can be
measured. This is caused by the fullerene, which is known to be an (unipolar) n-type
organic semiconductor. While showing good electron mobilities of up to 4.9 cm2 /Vs,
no hole transport is usually detected in C60 films.215, 216 Consequently, hole transport
within the investigated blends has to be ensured by continuous paths of DBP or DIP,
respectively. For the DIP:C60 blend, it seems like no such paths exist within the OFET,
though. The electron mobilities within all investigated films, however, are comparatively
high. This can be explained by the decent electron mobilities within all of the blended
materials. Moreover, it is conspicuous that 1:2-blends (with 66 % C60 ) exhibit electron
mobilities, which are about one order of magnitude higher than that of the 1:1-blends.
In addition, also the series resistances, which are again obtained by a Shockley fit to
the dark current characteristics of corresponding OPVCs, are determined and shown in
Tab. 5.2. The architecture of these devices is generally 5 nm donor/50 nm blend/10 nm
acceptor. With this method, a better transport is indicated for the 1:1-blend compared
to the 1:2-blendii probably due to a better charge carrier balance. The temperature
dependent development of the series resistance of the DBP:C60 (1:2) solar cell is given
in Fig. 5.9. It is striking that, compared to the PHJ solar cells, the device yields lower
series resistances for decreasing temperatures. This means that PMHJ devices exhibit
less temperature dependency on charge carrier transport than PHJ devices, at least for
this material combination. In general, the series resistances of the PMHJ devices are
throughout smaller than that of their planar counterparts, which is surprising at first
sight. However, also in literature, BHJ or PMHJ devices can be found with small values
ii

At least for the DBP:C60 solar cell. A DIP:C60 (1:2) has not been fabricated during the work on
this thesis, so that no value of RS can be given.
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Figure 5.9: (a) Temperature dependent series resistance for a PMHJ DBP:C60 (1:2) device.
(b) The values of RS are derived from Shockley-fits to the dark current characteristics.

of RS .217, 218 This can be realized, when there is an efficient phase separation between
donor and acceptor and not a homogeneous mixture phase of the two materials. Conversely, this means that also DBP:C60 and DIP:C60 blends show good phase separation
and are thus suitable material combinations for PMHJ solar cellsiii . Nevertheless, PMHJ
solar cells usually provide smaller fill factors than PHJ devices. This shows that also a
comparison of RS is just one indicator for the fill factor. Besides transport, there is a
second crucial factor, which influences the FF. This factor is recombination, which is of
greater importance for blended organic films. Due to the greatly enlarged D/A interface,
non-geminate recombination is drastically enhanced within PMHJ devices,43 which in
turn reduces the fill factor of the solar cell. A measure for this correlation is the ideality
factor n. A higher n indicates enhanced recombination and thus a lower FF. For the
ideal case, it is assumed that n = 1 for planar and n = 2 for planar-mixed OPVCs.69
Finally, it can be stated that no big difference between DBP:C60 and DIP:C60 blends
concerning charge carrier transport can be noticed. Both show comparably high charge
carrier mobilities and low series resistances due to good phase separation when evaporated at elevated temperatures. As a consequence, it can be expected that both material
combinations are well suited for PMHJ solar cells and provide similar fill factors.

5.1.3

Solar cell performance

Within this subsection, the previously made assumptions concerning JSC , VOC and FF
of DIP and DBP solar cells are investigated via electrical characterization of the corresponding OPVCs. For that purpose, one decisive factor for JSC has to be considered,
namely the thickness of the photoactive layers. In general, the thicker the layer, the
higher the absorption within. However, absorption and the resulting exciton generation
A prerequisite for such an efficient phase separation is substrate heating to 100 ◦ C during coevaporation, which was done throughout this work.
iii
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are only one factor determining JSC as excitons, which do not reach the D/A interface
for dissociation recombine and thus cannot contribute to JSC . As a consequence, also
the exciton diffusion length has to be considered. Moreover, there is a third contributing
factor. As the organic layers are thin (due to limitations by LD and hopping transport),
a lot of light cannot be absorbed but transmits donor and acceptor. To a large extent,
this portion is reflected at the Al back electrode. As a result, an optical interference
effect (cavity effect) between incident and reflected light occurs due to a superposition
of both beams.219 With this in mind, the ideal active layer thicknesses can be simulated
via the program SETFOS (Semiconducting Thin Film Optics Simulator). For such a
simulation, one specific wavelength has to be chosen, which is usually the wavelength
where the main absorber shows maximum absorption (e. g. DBP ≈ 610 nm). Then,
thicknesses and complex refractive indices of each material within the device are inserted.
On that basis, SETFOS calculates the intensity of the electric field at different positions
within the OPVC. Now, the thickness of the acceptor can be adapted in such a way that
the maximum of the electric field is located exactly at the D/A interface. By keeping
in mind the exciton diffusion length as well, it could already be shown, that for C60
the optimal thickness is between 40 - 50 nm in combination with DIP.220 Due to the
similarities concerning their refractive indices, SETFOS yields almost identical results
for OPVCs with DBP as donor material. As a result, in the following, the C60 acceptor
layer is always chosen to be 45 nm thick. The thickness of the donor, however, does not
influence the correlation between optical interference and position of the interface. The
perfect thickness of the donor layer is thus mainly determined by the respective exciton
diffusion length and by the transport abilities in general. As a result, donor layers of
crystalline DIP can be chosen to be 50 nm, whereas layers of amorphous DBP have to be
remarkably thinner. 20 nm layers have been proven to be ideal. These rather thin layers
of DBP, however, are detrimental when being used as acceptor as they prevent a full
exploitation of the cavity effect. Nevertheless, this is unavoidable as higher thicknesses
would lead to a strong decrease in FF.
Based on these considerations, it follows that a comparison of DIP and DBP cells with
identical layer thickness is not useful. Otherwise, the strong influence of the significantly
different exciton diffusion lengths might obscure other decisive factors. For that reason,
OPVCs with optimized active layer thicknesses for each material combination are investigated and compared with each other. At first, this is done for PHJ solar cells with C60
as acceptor. A comparison of the J-V -characteristics under illumination reveal that the
assumptions made within the subsections 5.1.1 and 5.1.2 are accurate (Fig. 5.10). UPS
measurements predicted identical values of VOC for DIP and DBP in combination with
C60 . This is true as both solar cells provide an open-circuit voltage of 0.91 V. Moreover,
similar fill factors are assumed by measuring and comparing charge carrier mobilities
and series resistances of DIP or DBP devices, respectively. Again, this can be confirmed
as both solar cells yield a comparatively high FF of approximately 68 %. As already
mentioned, for DIP in combination with C60 even higher fill factors of up to 74 % have
already been demonstrated,108 however, this requires very pure materials, as they were
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Figure 5.10: J-V -characteristics under illumination of PHJ solar cells with C60 as acceptor
comparing the different donor materials DIP and DBP.

not available during the work on this thesis. Impurities within the DIP increase the probability of trap-assisted recombination, which leads to increasing ideality factors and thus
decreasing fill factors.21 Finally, reflectometry measurements revealed an absorption coefficient of DBP, which is more than six times larger than that of DIP, leading to the
expectation of a significantly higher JSC in DBP solar cells. J-V -measurements show
that JSC approximately doubles when DIP is replaced by DBP. That the enhancement
of JSC is not as great as the difference in absorption is due to several factors. First of all,
light absorption is not equal to charge generation as generated excitons can recombine
and thus do not contribute to the current. Moreover, the DIP layer is 50 nm thick and
therefore 2.5 times thicker than the corresponding DBP layer. The compared absorption
coefficients, however, are only representative for equal layer thicknesses. Another point
is that the choice of the donor material also influences the absorption of the acceptor.
It is likely that the C60 layer absorbs stronger in combination with DIP because DBP
will absorb more of the light than DIP before it enters the C60 layer in an OPVC. This
effect can be denoted as parasitic absorption. Summing up, due to equal or at least
similar values of VOC and FF, as well as a doubled JSC , a replacement of DIP by DBP
in a PHJ with C60 leads to almost a doubling of the power conversion efficiency from
ηPCE = 1.55 % to ηPCE = 3.03 %.
In a next step, a comparison of DIP and DBP with C60 as acceptor is done for PMHJ
solar cells. Here, the exciton diffusion lengths are of less importance, as the PMHJ
concept leads to a greatly enhanced D/A interface so that much more excitons are able
to reach it. As a result, layer thicknesses can be chosen equal for DIP and DBP devices.
However, another crucial parameter has to be considered, namely the phase separation
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Figure 5.11: Idealized schematic illustration of the film morphology of co-evaporated donoracceptor blends providing either bad (a) or good (b) phase separation.

within the blend. The decisive influence of well-separated donor and acceptor phases
is visualized in Fig. 5.11. A more intimate mixing of the two materials leads to more
recombination losses (indicated by the yellow stars in Fig. 5.11 (a)) and an aggravated
charge carrier transport and thus entails reduced values of FF and JSC compared to
large-scale phase separation (Fig. 5.11 (b)) in corresponding OPVCs. Heating the substrate during co-evaporation is one possibility to improve the phase separation. This
effect occurs equally for both material combinations, so that all blends are heated during
evaporation. Another decisive factor is the choice of the mixing ratio. In the following,
when mixing ratios are given, the first number always denotes DIP/DBP and the second
number the fullerene. For DIP:C60 solar cells, it has already been shown, that an equal
amount of donor and acceptor, i.e. a mixing ratio of 1:1, provides good results.108 Furthermore, Theresa Linderl found out that for this blend a higher amount of DIP is more
favorable than a higher amount of C60 , most likely because DIP is the more crystalline
material within this blend. For DBP:C60 solar cells, however, it is the other way around.
Here, C60 is the more crystalline material and so very poor performances are obtained
for solar cells containing more DBP than C60 in the blend (Fig. 5.12 (a)). It shows
up, that a mixing ratio of 1:2 provides a very good solar cell performance, which is
in accordance with literature.121 For this device, the expected differences compared to
the PHJ can be observed (cf. Fig. 5.10): While JSC is markedly enhanced, due to the
drastically increased D/A interface, the FF and also VOC are reduced. For the FF, this
can be explained by enhanced recombination and additional transport problems. The
enhanced recombination in PMHJ solar cells is also responsible for a slight decrease of
VOC (cf. Eq. (5.3)) from 0.91 V (PHJ) to 0.86 V (PMHJ, 1:1). However, for the 1:2 solar
cell, VOC is even further reduced to 0.81 V. This can probably be associated to shifting
energy levels and a change of the effective work function of the anode. This assumption
is supported by observations, which can be made when an additional blocking layer
is inserted beneath the blend, leading again to a higher VOC of 0.90 V (cf. subsection
5.2.3). Moreover, also literature indicates that correlation between VOC and the buffer
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Figure 5.12: J-V -characteristics under illumination of PMHJ solar cells containing (a) different mixing ratios of the DBP:C60 blends and (b) either DIP:C60 or DBP:C60 blends. In
general, all blends are sandwiched in between pure layers of 5 nm DBP and 10 nm C60 .

layer and thus the anode. When HIL1.3 is replaced by MoOx , no losses in VOC occur.122
Nevertheless, by comparing DIP:C60 and DBP:C60 PMHJ solar cells, the same trends
as for PHJ devices are obtained (Fig. 5.12 (b)), namely similar values for FF and VOC
but a doubling of the JSC from 3.5 to 7.0 mA/cm2 . Consequently, also the efficiency
more than doubles from ηPCE = 1.34 % to ηPCE = 2.85 %. To sum up, the PMHJ devices confirm the expected trend but do not provide the desired efficiency enhancement
compared to corresponding PHJ solar cells.
To exploit the benefits of the PMHJ architecture more efficiently, strong absorbing
materials are necessary. Hence, an improvement can be expected by changing the acceptor from C60 to C70 as films of C70 provide an almost three times larger absorption
coefficient than C60 films (cf. Fig. 3.2). Apart from that, both materials provide similar
properties like energy level alignment and high electron mobilities. Thus, the expected
improvement can be confirmed via J-V -characteristics shown in Fig. 5.13 (a). While
there is again no big change visible for FF and VOC , a drastic increase in JSC occurs due
to enhanced light absorption. This leads consequently to power conversion efficiencies
of ηPCE = 3.39 % for the DIP:C70 solar cell and 5.14 % for the DBP:C70 device. By
comparing both OPVCs with each other, it is striking that the DBP containing solar
cells once again yields less VOC . Once more, this is attributed to shifting energy levels.
To exclude recombination effects, the dark saturation currents j0 of both OPVCs are
compared, because j0 is influenced by recombination and has direct influence on VOC (cf.
Eq. (2.12)). Its value can also be obtained by fitting the modified Shockley equation
(Eq. (5.2)) to the dark current characteristics of the corresponding solar cell. For both
OPVCs shown in Fig. 5.13 (a) the values of j0 are in the same order of magnitude (10−9 ),
so that recombination seems not to be the reason for deviating VOC s, but a changing
effective work function of the anode. Unlike the previously shown OPVC comparisons, a
doubling of JSC and thus ηPCE does not occur for the C70 containing cells, however, the
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Figure 5.13: (a) J-V -characteristics under illumination of PMHJ solar cells with C70 as
acceptor comparing the different donor materials DIP and DBP. (b) IPCE data of the respective
OPVCs; additionally also the absorption characteristics of DIP, DBP and C70 films are given.

improvement still amounts to approximately 50 %. This deviation is ascribed to parasitic absorption between strongly absorbing DBP and C70 . The assumption is supported
by IPCE measurements shown in Fig. 5.13 (b). The characteristic absorption peaks of
DBP at λ = 560 nm and 610 nm are hardly visible anymore due to the comparatively
strong absorption of C70 in the same region. The overlap of the absorption spectra of
DBP and C70 is indicated by the dashed lines in Fig. 5.13 (b). Nevertheless, the IPCE
spectrum reveals an impressively high conversion efficiency of almost 80 % over a very
broad spectrum. This demonstrates the promising potential of this material combination.
Due to their ambipolar character and their suitable energy level alignment, both DIP
and DBP can also be used as acceptor material. It has already been shown that such
OPVCs can yield remarkably high VOC s when connected to the donor 6T.99, 221 Once
again, this can be confirmed via J-V -characteristics as both solar cells possess an VOC
of 1.22 V (Fig. 5.14). Also the other trends like a similar FF and an almost doubling
of JSC can be measured again. However, here the identical values of VOC are surprising.
As DIP and DBP are used as acceptor, their identical HOMO level alignment is not
relevant anymore. The VOC of the investigated solar cells is mainly determined by the
HOMO level of 6T and the LUMO levels of DIP or DBP, respectively. However, the
LUMO of DBP is reported to be ≈ 0.2 eV lower than that of DIP (cf. Fig. 3.1). For that
reason, a smaller VOC would be expected for the DBP solar cell. A possible reason that
this cannot be observed might be an energy level shift of DBP when evaporated on 6T.
It is a well-known fact that the effective energy level alignment can vary when connected
to other materials.87, 88 However, to verify this assumption, UPS measurements of DBP
on 6T would be necessary. Another possible explanation might be given by different
molecular coupling at the D/A interface due to different molecular structures. Such
different structures can influence the electronic coupling between donor and acceptor
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Figure 5.14: J-V -characteristics under illumination of PHJ solar cells with 6T as donor
comparing DIP and DBP as different acceptor materials.

molecules, which in turn effects recombination and thus VOC .222 That this parameter
actually plays a role will be shown in the following subsection 5.1.4.
In conclusion, a clear trend can be stated when comparing crystalline DIP and amorphous DBP concerning organic solar cell performance. This trend is visible for PHJ as
well as for PMHJ devices and does also not depend on whether DIP/DBP are used as
donor or as acceptor. For all investigated OPVCs, replacing DIP with DBP does not
strongly influence FF and VOC , but leads to a significant increase of JSC . In most of the
analyzed devices, JSC can be even doubled. As a result, a corresponding increase of the
power conversion efficiency is obtained as well.

5.1.4

Temperature and intensity dependent electrical characterization

Temperature and intensity dependent characterizations of organic solar cells provide a
deeper insight into different processes occurring within the devices and can also be used
to obtain some specific parameters of the investigated OPVCs. For example, a temperature dependent measurement of VOC is a common method to determine the photovoltaic
gap of a device.59–61 This approach follows Eq. (2.14), which describes the correlation
between VOC , EPVG and temperature. For that purpose, VOC is measured at several temperatures. Then, an estimation of EPVG is obtained by a linear extrapolation of the data
towards 0 K. Moreover, Gruber et al. could show that the slope of this extrapolation is
also a measure for the non-radiative recombination and/or the absorption strength of
the CT state αCT present within the solar cell.65 Simulations showed that a decreasing
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slope is indicative of either less non-radiative recombination or less CT absorption (or
a combination of both). A decisive influence of αCT , however, is expected only for very
large values of αCT , which are not assumed for the investigated material systems. Hence,
in the following, a changed slope is ascribed to different recombination rates. In general,
recombination is quantified by the recombination current j0 , which consists of thermodynamically unavoidable radiative recombination j0,rad and non-radiative recombination
j0,non :
j0 = j0,rad + j0,non .
(5.3)
Comparing VOC vs. temperature measurements of DIP and DBP containing solar cells
yields, that the DBP cells always exhibit a smaller slope than the DIP devices (Fig.
5.15). This is the case for PHJ and PMHJ solar cells with C60 as acceptor as well as for
PHJ devices with 6T as donor material. Most likely this can be attributed to different
molecular electronic coupling at the D/A interface. Eq. (2.13) shows the direct dependency of the recombination current j0 from the so-called coupling factor j00 . Hence,
stronger coupling between donor and acceptor molecules leads to increased recombination. The main factor determining j00 is the mutual molecular orientation of donor
and acceptor at the common interface. For example, parallel oriented molecules show
stronger coupling than molecules which are perpendicular to each other.223, 224 However,
this simplified approach is only reasonable for rod-shaped molecules like 6T and DIP. For
DBP, there is another factor of even higher importance - steric hindrance. It has already
been shown that steric hindrance of the involved molecules reduces electronic coupling
between donor and acceptor and thus decreases recombination at the interface.73, 74, 225
In the case of DBP, this steric hindrance arises from the four phenyl groups, which show
a preferred orientation perpendicular to the perylene core and thus prevent an efficient
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intermolecular overlap at the D/A interface. As a consequence, less coupling leads to
less recombination losses, which becomes visible by the smaller slopes of the DBP solar
cells in Fig. 5.15.
In the following, temperature and intensity dependent electrical characterization measurements of DBP-C60 solar cells (both PHJ and PMHJ) are analyzed in detail. The
approach is adopted from Ulrich Hörmann, who did the same for DIP devices in the
scope of his PhD thesis.187 That way, the obtained results of the DBP solar cells can
be compared with the literature values of DIP. First of all, temperature dependent J-V measurements are performed on an OPVC with a photoactive layer consisting of 20 nm
DBP and 45 nm C60 . The results received under illumination are depicted in Fig. 5.16
(a). It is striking that the value of JSC at room temperature is higher compared to
previously shown results (cf. Fig. 5.10). This can be easily explained by different illumination intensities. While the J-V -curves in subsection 5.1.3 are measured with a solar
simulator using a calibrated AM1.5 G spectrum, here an LED with higher illumination
intensity (≈ 1.9 suns) is applied leading to correspondingly larger currents. Moreover,
for decreasing temperatures a growing s-shape behavior around VOC can be observed.
This is a common phenomenon and can usually be attributed to two factors.77 On
the one hand, there are growing injection barriers for charge carriers at the interface
to cathode and anode, respectively. On the other hand, hopping transport in organic
semiconductors is temperature dependent,226 so that decreasing temperatures lead to
a reduced charge carrier mobility (Eq. (2.1)). For the sake of completeness also the
corresponding IPCE-curves as well as the absorption coefficients of DBP and C60 are
shown in Fig. 5.16 (c). It can be seen that decreasing temperatures lead to similar
losses within the DBP and the C60 dominated part of the spectrum.
Of more importance are the dark current characteristics depicted in Fig. 5.16 (b). As
it has already been described in the previous subsections, the exponential part of the
forward-bias characteristics can be fitted using the modified Shockley equation (Eq.
(5.2)) to obtain the temperature dependence of the recombination current j0 and the
ideality factor n. The fits are described by the solid lines within that plot, while the
measurement values are shown by colored dots, each color representing a measurement
at one distinct temperature. The acquired values of j0 and n are presented in Fig. 5.16
(d). In the following, values of n which are determined by means of J-V -measurements
without illumination are labelled as dark ideality factors ndark . At room temperature, a
comparatively high value of ndark = 2.11 is obtained, which is significantly larger than
n = 1, assumed for an ideal PHJ organic solar cell showing only Langevin type direct
recombination of free electrons and holes.227 Moreover, the obtained results indicate
that ndark even increases for decreasing temperatures. However, it is a common assumption that such a temperature dependency of n does not really exist. This behaviour can
rather be ascribed to a growing influence of RP and thus is denoted as an artifact.187 The
roughly linear decrease of j0 until T ≈ 200 K within this semilogarithmic plot, however,
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Figure 5.16: Temperature dependent J-V -characteristics under illumination (a) and in dark
(b) of a solar cell with the architecture: ITO (140 nm)/HIL1.3 (45 nm)/DBP (20 nm)/C60
(45 nm)/BCP (5 nm)/Al (100 nm). The corresponding temperature dependent IPCE results
are shown in (c). The values of j0 and n derived from Shockley fits to the dark characteristics
are plotted against temperature in (d). Finally, (e) shows the product n · ln(j0 ) versus 1/kB T
to obtain a value for the photovoltaic gap EPVG .
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can be described by the relation
n ln(j0 ) ∝

−EPVG
kB T

(5.4)

derived from Eq. (2.13) by adding the ideality factor n. This equation (5.4) can now also
be used to obtain a value of EPVG of the investigated solar cell by extracting the slope
of n · ln(j0 ) plotted against 1/kB T (Fig. 5.16 (e)). With this method, two different values for EPVG appear, one above and one below the so-called transition temperature.187
However, both values are considerably lower compared to the first estimation, which
was made by the VOC vs. T measurement (cf. Fig. 5.15 (a)). Consequently, doubts arise
concerning the correctness of the values of n and j0 obtained by fits to the dark current
characteristics. The problem concerning this type of data evaluation is the disturbing
influence of parasitic resistances, especially for high currents and deep temperatures.
Furthermore, the exponential current regime used for the Shockley fit is rather narrow
and becomes even smaller for low temperatures. Therefore, a distinct separation of the
series resistance RS and the ideality factor n is almost impossible, which influences the
fit and makes it prone to error.
For that reason, further measurements are performed under illumination of the OPVC.
Here, VOC and JSC are measured for different temperatures and light intensities. In
contrast to the recording of complete J-V -curves, this kind of measurement is faster
and prevents unnecessary stress for the investigated solar cell, avoiding an undesirable
degradation of the device during the experiment. Furthermore, measurements under
short-circuit or open-circuit conditions have the additional benefit that negative impacts of both RS and RP are almost negligible (cf. Eq. (2.12)). Especially RS is not
able to affect VOC since no current flows here. Moreover, only very small parallel resistances (RP < 10−3 Ω cm2 ) have a slight negative impact on VOC . For JSC it is just the
other way around. While RP does not influence JSC , only very high series resistances
(RS > 50 Ω cm2 ) reduce its value (cf. Fig. 2.9). However, for this material combination
such high series resistance can be excluded due to the first (rough) results obtained by
dark-current characteristics, at least for temperatures above 150 K (Fig. 5.8 (a)). As
well, no such small parallel resistances are expected, as high leakage currents would have
a strong negative impact on FF, which cannot be observed.
The results of these measurement under illumination are depicted in Fig. 5.17. First of
all, the received values of VOC for different temperatures and light intensities are plotted
in combination with linear extrapolations of the obtained data towards 0 K to estimate
EPVG (Fig. 5.17 (a)). However, these extrapolations do not provide one single value
of the photovoltaic gap. Its value rather decreases monotonically with reduced illumination intensity. This is in contrast to results, which have been reported for DIP/C60
solar cells.61 In general, there should be no connection between EPVG and light intensity. However, such a deviant behavior has already been observed for other material
combinations and is ascribed to structural disorder,187 which is given in the present case
by the amorphous character of DBP. Nevertheless, the linear extrapolations can easily
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Figure 5.17: Temperature and intensity dependent measurements of VOC and JSC of a solar
cell consisting of ITO (140 nm)/HIL1.3 (45 nm)/DBP (20 nm)/C60 (45 nm)/BCP (5 nm)/Al
(100 nm). Different temperatures are enabled by a liquid nitrogen cryostat, while a white LED
serves as light source and provides a total of 66 different light intensities between 1.9 and 2.3
×10−3 suns. The results of VOC vs. T and JSC vs. T measurements for different illumination
intensities are shown in (a) and (b), respectively. The summarized values of VOC and JSC
at different temperatures are shown in (c). The solid lines are fits with Eq. (5.5) yielding
nlight and j0 shown in Fig. 5.18 (a). As shown in (d), the extrapolations of the temperature
dependent VOC values for different illumination intensities can be forced to end at one distinct
photovoltaic gap energy, yielding good results except for the lowest illumination intensity. For
reasons of clarity some measured data sets are omitted within (a), (b) and (d).
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be forced to one single value of EPVG = 1.48 eV at 0 K (Fig. 5.17 (d)). Moreover, also
the values of JSC at different light intensities can be plotted against temperature in a
semilogarithmic presentation (Fig. 5.17 (b)). In the high temperature range above 200 K
and for all illumination intensities, there is an almost linear decrease of JSC (indicated by
the dashed lines) with decreasing temperatures following a ln(JSC ) ∝ −1/kB T behavior.
This can be most likely ascribed to a hampered hopping transport as the charge carrier
mobility in organic semiconductors shows the same temperature dependence (Eq. (2.1)).
In the next step, the measured temperature and intensity dependent values of VOC
and JSC are plotted against each other for different temperatures between 101 K and
305 K (Fig. 5.17 (c)). In this way, one obtains a pair of VOC and JSC for every measured
temperature and intensity. The direct correlation between these two parameters can be
described following Eq. (2.12) by:


JSC
nkB T
ln
(5.5)
VOC =
e
j0
This equation can now be used to fit the data in the linear regime at high illumination
intensities. The fits are depicted in Fig. 5.17 (c) by the solid lines. However, below
200 K the fits do not converge, so that an evaluation is not possible in the low temperature range. For all other data sets one obtains the light ideality factor nlight and
the recombination current j0 . In contrast to the dark current analysis, these fits are
not influenced by the series resistance. For that reason, the results shown in Fig. 5.18
(a), are expected to be more precise. It is striking, that the values of nlight vary in a
small range between 1.05 and 1.17 and thus are by far lower and show less temperature
dependence than the comparable ndark values, which were determined previously. This
is in considerably better agreement with the common assumption of an PHJ ideality
factor close to unity not showing any temperature dependence. Furthermore, also the
values of the recombination current are significantly smaller than the values from the
dark current characterization, although the curve characteristics are similar.
In Fig. 5.18 (b), a photovoltaic gap of 1.53 eV for the DBP/C60 PHJ solar cell is determined using Eq. (5.4) and the values of nlight and j0 . In contrast to Fig. 5.16 (e), derived
from dark current analysis, the slope is completely linear over the whole temperature
range, probably due to the fact that only temperatures above 200 K are considered. The
value of 1.53 eV is in very good accordance to the previously found EPVG determined by
VOC vs. T measurements, especially for high illumination intensities. For that reason, it
can be stated that the values of n and j0 obtained by measurements under open-circuit
or short-circuit conditions are more reliable than comparable results from dark-current
analysis. For DIP/C60 solar cells, a discrepancy between ndark = 1.56 and nlight =
1.26 was found as well.187 The generally higher value of ndark is explained by trap states,
which become deactivated under illumination. In dark current measurements these traps
serve as recombination centres and thus enhance the ideality factor.67, 226 By comparing
the DBP and the DIP device, it is striking that the difference of ndark and nlight is clearly
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more pronounced for the DBP solar cell. This is attributed to the amorphous character
of DBP, which leads to a higher trap density compared to crystalline DIP.228
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Figure 5.18: (a) Dark saturation current j0 and diode ideality factor nlight plotted against
temperature obtained by fits to the high intensity part of the VOC vs. JSC diagram shown in
Fig. 5.17 (c). The slope of the n · ln(j0 ) vs. 1/kB T diagram in (b) provides a photovoltaic gap
of 1.53 eV for the DBP/C60 solar cell.

It has already been mentioned that organic solar cells have an ideality factor of n = 1
when Langevin type recombination is the dominant exciton recombination mechanism.
Higher values of n, however, are related to additional trap assisted recombination
(Shockley-Read-Hall (SRH) recombination229, 230 ). Conversely, this means that the deviation of n = 1 can be taken as a measure of the trap assisted recombination rate.
For such an interpretation the value of nlight has to be used, because ndark is strongly
influenced by trap states, which do not emerge under normal operation conditions (T ≈
RT and illumination intensity I ≈ 1 sun) and thus can be neglected.67, 226 However, also
nlight contains some inaccuracies. It has been shown in literature, that the determined
ideality factors have to be considered as average values over a broad voltage range.231
For that reason, it is reasonable to determine n differentially. This is possible for both
ndark as well as for nlight . By means of the Shockley equation, the differential dark
ideality factor can be calculated via:
ndark,diff =

∂V
e
.
kB T ∂ ln(J)

(5.6)

The differential light ideality factor, however, can be obtained using Eq. (5.5):
nlight,diff =

∂VOC
e
kB T ∂ ln(JSC )

(5.7)
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Figure 5.19: (a) Ideality factors determined in different ways are plotted against (open
circuit) voltage. Except ndark,diff , all ideality factors almost perfectly approach unity around
VOC . (b) Increasing illumination intensities lead to a decreasing differential light ideality factor
indicating efficient light induced detrapping under illumination.

These differentially determined ideality factors for the highest measured temperature
are plotted against (open-circuit) voltage in Fig. 5.19 (a). Once again, the values of
nlight,diff are significantly below that of ndark,diff . Around VOC , where ndark,diff = 1.68 and
the difference to nlight,diff = 1.0 is smallest this is mainly due to light induced detrapping.
For higher or lower voltages, however, the differences between nlight,diff and ndark,diff are
more pronounced. This can be attributed to the increasing impact of parasitic resistances for ndark (RP at low voltages, RS at high voltages). Consequently, of all ideality
factors shown in Fig. 5.19 (a), ndark,diff contains the most inaccuracies and thus is the
least appropriate parameter to draw conclusions on the recombination mechanisms in
the solar cell. This can be done more reliable by nlight,diff which is unity around VOC .
Similar results are obtained for DIP/C60 solar cells exhibiting nlight,diff = 1.06.187 Consequently, this leads to the assumption that within DBP/C60 (and also DIP/C60 ) PHJ
solar cells under illumination, Langevin type recombination is the dominant loss channel,
while almost no current is lost due to trap-assisted recombination. Indeed, it could be
shown by dark current analysis, that DBP thin films contain many traps in consequence
of structural disorder, however, the obtained results indicate that these traps are rather
shallow. Such shallow traps feature trapping energies of the order of kB T , so that complete detrapping is possible either thermally or due to illumination (or by a combination
of both).
To verify the accuracy of the nlight,diff values, another method is applied. For that
purpose, the temperature dependent values of VOC are once again taken into account
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(Fig. 5.17 (a)). Using Eq. (2.14), the slope of the measured data can be determined by:


dVOC
nkB
j00
m=
=−
ln
.
(5.8)
dT
e
JSC
From that, another light ideality factor can be obtained via:
n=

em
.
kB (ln JSC − ln j00 )

(5.9)

The values of n calculated via Eq. (5.9) are shown in Fig. 5.19 (a) as green open circles.
Moreover, the same is done for the VOC vs. T measurement with fixed intercept (Fig.
5.17 (d)). These values are depicted as blue squares in Fig. 5.19 (a). It is striking, that
all values of n calculated via Eq. (5.9) come very close to unity over the whole voltage
range. Consequently, there is hardly any difference between these two representations
for this material combination. In addition, these values are also in very good agreement
with the values of nlight,diff and thus confirm the validity of the previously obtained results.
Finally, the temperature and intensity dependent behavior of nlight,diff is depicted in
Fig. 5.19 (b). It can be seen, that the ideality factor remains approximately constant
for each measured intensity in the high temperature range above 200 K. For T < 200 K,
however, strong deviations of this behavior can be observed, which do not allow any
reasonable interpretation. This can be explained by the missing linear dependence between VOC and JSC for low temperatures as it has already been observed within Fig. 5.17
(c). Ideality factors with values smaller than unity can thus most likely be explained
as an artifact. Another possible explanation might be an increase of so-called Auger recombination.68 The fact that the ideality factor increases with decreasing illumination
intensity supports the previously made conclusion of light induced detrapping within the
device. While there is hardly any SRH recombination at normal operating conditions,
the reduced light intensity leads to less efficient detrapping within the photoactive layers
and thus an increasing ideality factor.
To summarize it can be stated, that the differentially determined light ideality factor
nlight,diff is well suited to provide statements concerning the recombination mechanisms
occurring in an organic solar cell. Dark ideality factors, however, are prone to error and
thus less appropriate. With this in mind, it can be concluded that both DBP/C60 as
well as DIP/C60 PHJ solar cells are dominated by Langevin type recombination, while
almost no trap-assisted recombination occurs under normal operation conditions.
In a next step, the identical evaluation method is applied to DBP:C60 PMHJ solar cells.
At first, J-V -characteristics under illumination and in dark as well as IPCE-curves are
recorded. The corresponding data is depicted in Fig. 5.20 (a), (b) and (c), respectively.
As expected, compared to the PHJ solar cell, higher values of JSC and IPCE are obtained. Apart from that, no further remarkable differences occur. The previously found
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Figure 5.20: Temperature dependent J-V -characteristics under illumination (a) and in dark
(b) of a solar cell with the architecture: ITO (140 nm)/HIL1.3 (45 nm)/DBP (5 nm)/DBP:C60
(50 nm, 1:2)/C60 (10 nm)/BCP (5 nm)/Al (100 nm). The corresponding temperature dependent
IPCE results are shown in (c). The values of j0 and n derived from Shockley fits to the dark
characteristics are plotted against temperature in (d). Finally, (e) shows the product n · ln(j0 )
versus 1/kB T to obtain a value for the photovoltaic gap EPVG .
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weaknesses of the dark current analysis are checked once again. For that purpose, the
exponential part of the dark J-V -curves is fitted by the modified Shockley equation to
receive ndark and j0 . The results are shown in Fig. 5.20 (d). ndark exhibits a strong
temperature dependence with a minimum of 1.75 around 200 K, which is lower than the
comparable value of the PHJ solar cell. On the one hand, this is counter-intuitively as
PMHJ devices are usually expected to show greater structural disorder and thus also
more trap-assisted recombination. On the other hand, this reveals the same tendency
like the previously shown result of RS , which was also found to be smaller for the PMHJ
than for the PHJ solar cell (subsection 5.1.2). Hence, this is another evidence of the
effective phase separation within co-evaporated films of DBP and C60 . Apart from that,
the values of the recombination current j0 are very similar for PHJ and PMHJ solar cells.
However, doubts concerning the accuracy of the obtained values of ndark and j0 arise
once again by plotting n · ln(j0 ) against 1/kB T (Fig. 5.20 (e)), yielding two different
photovoltaic gaps, which are obviously too small.
As a consequence, measurements under illumination are required once more to obtain reliable results regarding the prevalent recombination mechanism within the PMHJ solar
cell. To start with, VOC vs. T measurements are executed (Fig. 5.21 (a)). It is striking,
that for that solar cell architecture hardly any deviations of EPVG = 1.31 eV occur for
different illumination intensities. Hence, almost identical results are received when the
linear extrapolations are all forced to end at this single value (Fig. 5.21 (d)). As deviations of EPVG for different intensities are usually ascribed to structural disorder,187
this is a further hint of the well-ordered structure within this DBP:C60 (1:2) blend. Furthermore, this value is remarkably smaller than that of the DBP/C60 PHJ solar cell.
This is another evidence of shifted energy levels for DBP:C60 (1:2) PMHJ devices as it
has already been assumed within subsection 5.1.3 due to decreasing values of VOC . A
comparable behavior could not be observed for DIP PHJ and PMHJ solar cells.187
Surprisingly, no linear dependence between JSC and temperature can be observed (Fig.
5.21 (b)), especially for high temperatures around T = 300 K. Such a behavior could not
be found for any other investigated material combination, neither by U. Hörmann,187
nor within this thesis (cf. also section 5.4). Thus, it can be assumed that the hopping
transport in the DBP:C60 film presents the particular feature that it is not solely affected
by temperature itself. Subsequently, to determine nlight and j0 , VOC is again plotted versus JSC and then fitted in the high intensity range with Eq. (5.5). The obtained data
is shown in Fig. 5.22 (b). The ideality factor shows only weak temperature dependence
and oscillates around 1.4. However, this behavior follows no particular trend and can
be seen as evidence for the already mentioned consideration of average n values over a
broad voltage range, requiring a differential determination of the ideality factor to obtain more reliable results.231 Nevertheless, at least the determined combination of n and
j0 seems to be very accurate. By plotting n · ln(j0 ) against 1/kB T a photovoltaic gap of
EPVG = 1.32 eV can be identified (Fig. 5.22 (b)), which is in almost perfect accordance
to the obtained result of the VOC vs. T measurements (Fig. 5.21 (a)).
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Figure 5.21: Temperature and intensity dependent measurements of VOC and JSC of a solar cell consisting of ITO (140 nm)/HIL1.3 (45 nm)/DBP (5 nm)/DBP:C60 (50 nm, 1:2)/C60
(10 nm)/BCP (5 nm)/Al (100 nm). Different temperatures are enabled by a liquid nitrogen
cryostat, while a white LED serves as light source and provides a total of 33 different light
intensities between 1.8 and 2.3 ×10−3 suns. The results of VOC vs. T and JSC vs. T measurements for different illumination intensities are shown in (a) and (b), respectively. The
summarized values of VOC and JSC at different temperatures are shown in (c). The solid lines
are fits with Eq. (5.5) yielding nlight and j0 shown in Fig. 5.22 (a). As shown in (d), the
extrapolations of the temperature dependent VOC values for different illumination intensities
can be easily forced to end at one distinct photovoltaic gap energy. For reasons of clarity some
measured data sets are omitted within (a), (b) and (d).
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Figure 5.22: (a) Dark saturation current j0 and diode ideality factor nlight plotted against
temperature obtained by fits to the high intensity part of the VOC vs. JSC diagram shown in
Fig. 5.21 (c). The slope of the n · ln(j0 ) vs. 1/kB T diagram in (b) provides a photovoltaic gap
of 1.32 eV for the DBP/C60 solar cell.

Finally, ndark and nlight are determined differentially and then compared to the results
obtained from the slopes of the VOC vs. T measurements with free and with fixed intercept (Fig. 5.23 (a)). As expected from Fig. 5.21 (a) and (d), there are almost no
differences between the two ideality factors determined by the slopes of the VOC vs. T
measurements. Moreover, for the highest measured voltage around VOC all light ideality
factors are identical with n = 1.16. Compared to other PMHJ devices, this value of
nlight = 1.16 is very low. For example, for a DIP:C60 PMHJ cell a value of nlight = 1.62
was found.187 Only for smaller voltages, the differential light ideality factor approaches
the differential dark ideality factor, which shows a minimal value of ndark,diff = 1.87.
This comes close to the expected value of n = 2 for solar cells with fully trap-assisted
recombination.67 However, the light ideality factors indicate that there is indeed more
pronounced SRH recombination within the PMHJ compared to the PHJ solar cell, nevertheless Langevin type recombination still seems to be the dominant loss channel. That
is not usual for PMHJ solar cells and is another evidence for the comparatively high
structural order within the blend. In a last step, nlight is plotted against temperature
for different light intensities (Fig. 5.23 (b)). The data confirm that there is hardly no
temperature dependence of the determined ideality factors for all investigated illumination intensities.
To conclude, the obtained values for PHJ and PMHJ DBP-C60 solar cells of EPVG , j0
and n are summarized in Tab. 5.3 and compared to the corresponding parameters of
devices with DIP instead of DBP, taken from literature.187 Most striking is the reduced
EPVG of the DBP:C60 solar cell, indicating shifting energy levels and explaining the re-
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Figure 5.23: (a) Ideality factors determined in different ways are plotted against (open
circuit) voltage. Except ndark,diff , all ideality factors almost perfectly approach unity around
VOC . (b) Increasing illumination intensities lead to a decreasing differential light ideality factor
indicating light induced detrapping under illumination.

duced VOC of that device, and the low ideality factors of both DBP solar cells. They can
help to explain why DBP solar cells - despite their amorphous character - show good
charge carrier transport and provide high fill factors.

Material system
DIP/C60
DBP/C60
DIP:C60 (1:1)
DBP:C60 (1:2)

Cell temperature EPVG
(K)
(eV)
296
305
296
305

1.43
1.53
1.46
1.32

j0
(mA/cm2 )

n

2.1 × 10−12
3.1 × 10−14
1.6 × 10−8
1.8 × 10−9

1.04
1.00
1.62
1.16

Table 5.3: The values of EPVG are taken from Fig. 5.18 (b) and 5.22 (b) (1/kB T vs. n·ln(j0 ));
j0 values are taken from fits at JSC vs. VOC measurement (Fig. 5.17 (c) and 5.21 (c)); n is the
differentially calculated light ideality factor at highest measured intensity. The values of the
DIP solar cells are shown for comparison but were determined by U. Hörmann.187
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Amorphous vs crystalline exciton blocking layers
at the anode interface

Most of the results of this section have already been published.232
The use of exciton blocking layers (EBLs) in organic donor-acceptor solar cells is well
established, however up to now, the focus has mainly been on the cathode side. There,
such blocking layers are mandatory as they prevent the penetration of subsequently evaporated metallic cathode material into the active semiconductor layers. However, it has
been shown that the application of materials like bathocuproine (BCP) or bathophenanthroline (BPhen148, 233, 234 ) also enhance the efficiency of organic solar cells by suppressing exciton-quenching at the metal-organic interface. At the opposite contact, it is also
common to insert a buffer layer consisting of e.g. MoOx or thiophene based polymers
(e.g. PEDOT:PSS) between ITO anode and donor material. This is done because ITO,
due to its insufficient work function, cannot act as the desired hole-selective contact
leading to high leakage currents. But it is usually neglected that, like ITO itself, these
buffer layers are also exciton quenchers due to their quasi-metallic nature. By inserting
an EBL, however, the excitons are hindered to diffuse to and being quenched at the
interface between buffer layer and donor. Consequently, non-radiative recombination is
suppressed at this interface. As non-radiative recombination (jnon (T )) is connected to
VOC via65


kB · T
JSC
· ln
+1 ,
(5.10)
VOC =
q
j0 (Eg , T ) + jnon (T )
less jnon (T ) will lead to an increase in VOC . Radiative recombination (j0 ), however, is
not influenced by the insertion of an EBL. As a result, this effect is rather small. Of
far greater significance is the influence of the EBL on JSC . Excitons being blocked at
the EBL have the possibility to diffuse back to the D/A interface. Moreover, blocking
excitons at the donor/anode interface causes an exciton diffusion gradient away from
the electrodes. By that, more excitons reach the D/A interface where they can be dissociated and by that contribute to the current.194, 235
For PHJ organic solar cells, these positive effects have already been proven by inserting
either crystalline119 or amorphous blocking layers,116 resulting in higher power conversion efficiencies by notably elevating the JSC , while slightly increasing VOC and leaving
the value of FF almost unchanged. Moreover, it was suggested that the use of crystalline
blockers as a nanostructured template could increase the area of the D/A interface, which
would further enhance JSC , indicating that crystalline blockers are more favorable.119
Within this section, the influence of EBL morphology is clarified by comparing blocking
layers consisting of either crystalline DIP or amorphous α-NPD in planar as well as in
planar-mixed heterojunction devices. The blocking materials are selected based on the
alignment of their energy levels related to HOMO and LUMO of the donor material.
To achieve hole transport and efficient exciton blocking simultaneously, the ionization
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potential must be similar (but must not lie deeper than the HOMO of the donor), while
its energy gap has to be wider compared to the donor. To emphasize the blocking effect highly absorbing DBP is chosen as donor material. As electron acceptor material,
mainly the fullerene C60 is used. However, some selected cells are fabricated using the
stronger absorbing fullerene C70 to achieve a maximum PCE of 5.8 % ± 0.2 % in single
junction cells. Generally, the architecture of the PHJ solar cells is ITO (140 nm)/HIL1.3
(45 nm)/blocking layer (x nm)/DBP (15 nm)/fullerene (45 nm)/BCP (5 nm)/Al (100
nm), i.e. the only variables are the material and the thickness of the exciton blocking
layer.

5.2.1

DIP as crystalline EBL in PHJ devices

DIP is chosen to form the crystalline blocking layer, exhibiting exceptionally high structural order in evaporated thin films.104 To be used as EBL material at the anode interface, some prerequisites have to be fulfilled: suitable HOMO and LUMO levels, high
hole mobility, and a small absorption coefficient. In combination with the donor DBP,
DIP is the perfect fit. Due to their structural similarities, they have (almost) identical
HOMO energy levels, preventing the occurrence of energy barriers which can hamper
an efficient hole transport to the anode. Moreover, DIP provides good hole mobility due
to its crystallinity107 and absorption measurements reveal that DIP possesses a wider
energy gap than DBP (cf. Fig. 3.1). This ensures exciton confinement in the DBP
layer and thus provides efficient exciton blocking. The weak absorption of DIP, which is
detrimental when being used as donor material, is also beneficial for an EBL. Otherwise
parasitic absorption would create excitons within the EBL, which cannot reach the D/A
interface and thus do not contribute to charge generation.
The impact of DIP absorption is excluded by varying the thickness of the blocking
layer from 3 to 21 nm in 3 nm steps receiving almost identical values for JSC (Fig. 5.24
(a)). This result leads to the assumption, that 3 nm of DIP already form a (nearly)
closed layer, which is in accordance with investigations, revealing the tendency of DIP
to grow in Stranski-Krastanov mode.201, 202 Compared to the reference without blocking
layer, the gain in JSC is between a minimum of 24 % (3 nm DIP) and a maximum
of 30 % (6 nm DIP), staying almost constant for higher thicknesses of the DIP layer.
Moreover, also the values for VOC (continuously) and FF (at first) show a small increase
(Fig. 5.24 (c)). As mentioned before, this slight but continuous gain in VOC for thicker
blocking layers is an additional effect of the reduced recombination.65, 236
The fill factor increases from 69 % (0 nm) to a maximum of 72 % (6 nm). Due to (more
or less) identical shapes of the J-V -curves of both samples in forward bias regime, an
influence of RS is not relevant here. The reason for the increase of the FF is assumed to
stem from an increased parallel resistance. The J-V -characteristic of the sample with
6 nm DIP reveals a smaller slope near JSC than the J-V -characteristic of the sample
without EBL (Fig. 5.25 (a)). As shown in Fig. 2.9, a smaller slope indicates a higher
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Figure 5.24: Comparison of crystalline EBL DIP and amorphous EBL α-NPD in terms of
electrical characterization: (a, d) J-V -characteristics, (b, e) IPCE curves and (c, f) solar cell
parameters vs. thickness of the exciton blocking layers. The architecture of the PHJ solar cells
is ITO(140 nm)/HIL1.3(45 nm)/EBL(x nm)/DBP(15 nm)/C60 (45 nm)/BCP(5 nm)/Al(100
nm). For reasons of clarity, some curves were omitted in (a), (b), (d), and (e). Moreover,
the J-V -characteristic of a sample with DIP evaporated at 100 ◦ C is shown in (a). A sample
possessing a 21 nm thick α-NPD layer highly doped with MoOx (4:1) is fabricated as well. The
associated J-V -characteristic is depicted in (d), the IPCE curve in (e).
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Figure 5.25: (a) The insertion of a 6 nm thick DIP EBL leads to a higher RP indicated by
the reduced slope of the J-V -characteristic near JSC compared to a sample without EBL. (b)
Further increase of the EBL thickness to 21 nm, however, leads to an increasing RS . As a result,
the highest FF is obtained by the sample with 6 nm DIP. For a better comparability, in both
diagrams, curves are adapted to a common value of JSC and VOC , respectively.

RP , and thus a higher fill factor of the corresponding OPVC. The most probable reason
for an increased RP is a reduced parasitic leakage current. Leakage currents in solar cells
can be considered as undesirable currents that are injected from the electrodes prior to
the turn on voltage.237 It seems like an additional DIP layer between anode and donor
layer is able to reduce that current. The subsequent decrease of the FF down to its
initial value for a 21 nm thick EBL layer, however, is not caused by a further alteration
of RP , but by a growing RS due to increasing transport issues, indicated by a smaller
slope around VOC (Fig. 5.25 (b)). Summing up the improvements in JSC , VOC , and FF,
the PCE increases from 2.8 % for the reference up to 3.8 % for the best cell in this series
containing a 6 nm DIP blocking layer. This is an improvement of more than 37 %.
The similarity of the J-V -characteristics of the solar cells with varying DIP thicknesses
leads to the conclusion, that a possible template effect is not relevant. Due to pronounced
island growth for higher DIP thicknesses, the RMS roughness for the DIP/DBP interface increases, however, this effect does not propagate to the DBP/fullerene interface,
where it could lead to enhanced exciton dissociation and thus a higher JSC . Even for
DIP grown at elevated temperatures (Tsubstrate = 100 ◦ C), which leads to an enhanced
lateral crystallinity of the DIP layer,110 the subsequently evaporated DBP film, leads
to a re-flattening of the sample surface and thus the D/A-interface. In general, AFM
images do not reveal any signs of changed morphology or structure of a DBP layer
grown on DIP, which is either evaporated at room temperature or at 100 ◦ C (Fig. 5.26).
However, investigations are only carried out for a 6 nm thick DIP layer. It is possible,
that an enhanced DIP layer thickness, coming along inherently with a higher degree of
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Figure 5.26: Investigation of a possible templating effect of a 6 nm thick DIP layer either
evaporated on a substrate at room temperature ((a), RT) or at 100◦ C ((b), HT). The enhanced
roughness of the DIP film evaportad at HT disappears by a subsequent evaporation of a 15 nm
DBP layer. A templating effect cannot be observed. Data is presented in shaded mode for a
better visualization of the surface structure.

crystallinity as well as an increased roughness, yields diverging results.
Consequently, also no changes in JSC can be observed for an OPVC with a DIP layer
evaporated at elevated substrate temperature (open symbols in Fig. 5.24 (a)). Therefore,
the by far most dominant effect for the gain in JSC is reduced exciton quenching at the
HIL1.3/organic interface, which is also supported by IPCE measurements (Fig. 5.24(b)),
revealing that the increment is mainly at wavelengths (λ) between 500 nm and 650 nm,
where the maximum absorption of DBP occurs. In the main absorption region of C60
(400 nm < λ < 500 nm), however, only small differences between the IPCE curves are
visible. This is in accordance with the assumption that less excitons generated within
the DBP layer are quenched at the HIL1.3 buffer layer, but instead dissociate at the
DBP/C60 interface, generating free charge carriers.

5.2.2

α-NPD as amorphous EBL in PHJ devices

α-NPD also fulfills the requirements to form an efficient EBL in combination with DBP
concerning energy level alignment and hole transporting ability,238, 239 while hardly absorbing itself in the visible range. In contrast to highly crystalline DIP, thermally
evaporated α-NPD forms amorphous thin films.240 The amorphous character usually
comes along with a smooth surface.241 This can be verified by AFM measurements
(Fig. 5.27). As there is no template effect for DIP, a similar gain in JSC for amorphous
blockers is expected. This assumption is confirmed by electrical characterization. The
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Figure 5.27: (a) AFM image reveals the smooth surface of a 9 nm thick, amorphous α-NPD
layer with an RMS roughness of merely 1.16 nm. The corresponding line profile is shown in
(b). The reflectometry measurement in (c) displays the extremely weak absorption of a 50 nm
thick α-NPD layer in the visible range.

J-V -characteristics are shown in Fig. 5.24 (d)). For the best cell with a 9 nm thick αNPD layer, JSC increases by 29 %. Compared to the 30 % of the device exhibiting 6 nm
DIP, one can state that there is no difference in JSC between devices with crystalline
or amorphous blocking layers within the range of error. Moreover, the same trends for
VOC and FF can be observed compared to devices with crystalline blocking layer (Fig.
5.24 (c)), so that there is again an increase in PCE of about 37 %. This leads to the
conclusion that a possible template effect of crystalline blocking layers as proposed in
literature119 is not occurring or at least its impact is negligible. This result is illustrated
by summing up the characteristic values of the best devices, containing either DIP (RT
and HT) or α-NPD as EBL, in Tab. 5.4.
EBL

dEBL
(nm)

T subs
(◦ C)

J SC
(mA/cm2 )

V OC
(V)

FF
(%)

PCE
(%)

no
DIP
DIP
α-NPD

—
6
6
9

25
25
100
25

4.29
5.81
5.75
5.79

0.90
0.92
0.88
0.91

68.7
71.8
72.4
72.1

2.64
3.82
3.66
3.81

Table 5.4: Efficiency enhancement of an OPVC consisting of ITO/HIL1.3/15 nm DBP/45 nm
C60 /5 nm BCP/100 nm Al by inserting an EBL between buffer layer and donor. There is
no difference using either crystalline DIP (6 nm) or amorphous α-NPD (9 nm) as EBL. Heating the substrate during evaporation to increase DIP crystallinity does not show any further
improvement.

Despite all these similarities, there is a big difference in the thickness dependence of
device parameters between both blocking layers. While there is hardly any correlation
between layer thickness and device performance for the DIP containing solar cells, this
is not the case for the α-NPD devices. There are two different reasons for that deviating
behavior. First, it is assumed that 3 and even 6 nm of α-NPD are not sufficient to form
a closed layer, which leads to incomplete blocking and thus less gain in JSC compared
to architecturally identical DIP devices. Second, blocking layers exceeding 9 nm show
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an increasing s-shape behavior. This feature is ascribed to a growing transport resistance,77 an effect which is obviously much more pronounced for amorphous films as they
generally feature lower charge carrier mobilities.242
To confirm, samples with 21 nm thick α-NPD layers highly doped with MoOx (9:1 and
4:1) are prepared. As a result, the s-shape vanishes (open stars in Fig. 5.24 (d)). However, as MoOx also acts as an exciton quencher,243 JSC decreases again with increasing
percentage of MoOx . The quenching effect is also revealed by the corresponding IPCE
characteristics (open stars in Fig. 5.24 (e)), which show an increasing amount of generated charge carriers up to an α-NPD layer thickness of 9 nm followed by a saturation
for thicker blocking layers.
In a last step, the electron acceptor C60 is replaced by the stronger absorbing C70
to increase JSC and thus PCE. Due to the following results, it becomes obvious that
the choice of the acceptor material is also of importance for the strength of the blocking effect at the anode interface, although no common interface between acceptor and
blocking layer exists. This can be explained by looking at the IPCE characteristics of
an appropriate device (Fig. 5.28 (a)). As C70 absorbs almost in the whole visible range,
and thus, unlike C60 also in the same region as DBP does (Fig. 3.2 (a)), a redistribution
in absorption occurs. That becomes apparent in the IPCE curves and results in less
excitons being generated within the DBP, while parasitic absorption occurs within the
acceptor. As a consequence, the gain in JSC by introducing blocking layers beneath the
donor is only half as big as in the case of C60 as acceptor (Fig. 5.28 (b)). Hence, as the
small increase in VOC and FF is retained for this material combination, an increase in
PCE of 19 % occurs. This result shows that the success of introducing blocking layers at
the anode interface depends strongly on the choice of materials. The more absorption
occurs in the donor, the more gain in PCE can be achieved.
2

60
DBP/C70
α-NPD/DBP/C70

2

Current5Density %mA/cm W

50

IPCE5%NW

40

30

20

10

0

-2

-4

-6

0

%aW

400

500

600

Wavelength5%nmW

700

800

%bW

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Voltage5%VW

Figure 5.28: Change in (a) IPCE and (b) J-V -characteristics due to the insertion of a 6 nm
thick α-NPD EBL in an OPVC with DBP/C70 as active organic semiconductors. Compared
to devices containing C60 , the exciton blocking effect is weakened due to enhanced parasitic
absorption of C70 .
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5.2.3

Exciton blocking layers in PMHJ devices

Mixing donor and acceptor molecules to enhance their interface resulting in more efficient exciton dissociation is a well-established concept.54, 55 In this subsection, PMHJ
devices are prepared, a combination of strictly planar and bulk heterojunction devices,
combining the benefits of both concepts.244 This means that a mixed layer of DBP and
C60 is sandwiched between a DBP layer on the anode and a C60 layer on the cathode
side. Further devices skipping the pure DBP layer on the anode side were fabricated.
The volume ratio DBP:fullerene in the bulk was chosen 1:2, as this composition has
proven to provide high PCEs for this material combination.121
In contrast to the PHJ devices, there are significant differences in J-V -characteristics
comparing crystalline DIP and amorphous α-NPD as EBL (Fig. 5.29 (a)). As the main
difference concerns VOC , however, this is not related to the morphology of the blocking
layers but can be associated to shifting energy levels and a change of the effective work
function of the anode. Compared to PHJ devices, already the VOC of the reference
PMHJ cell drops from 0.90 V to 0.84 V. That is a typical behavior of mixed devices, as
the enlarged interfacial area enhances recombination, which in turn reduces VOC .96, 245
However, VOC is further reduced to 0.79 V introducing a DIP layer and even to 0.76 V
by additionally skipping the pure DBP layer. The opposite effect is observed inserting
α-NPD. In these cells VOC increases again to the value of the PHJ cell and even a little
bit more when the neat DBP layer is omitted.
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Figure 5.29: (a) J-V -characteristics and (b) IPCE curves of the fabricated PMHJ devices
consisting a mixed layer of DBP and C60 . While VOC is reduced by the insertion of DIP, it can
be enhanced by using α-NPD as EBL.

For JSC there is again an increase upon introduction of the blocker layer, however it is
smaller compared to that in PHJ devices. This is explained by the more efficient exciton
dissociation already given by the device architecture, leading to less excitons reaching
the blocking layer interface. Despite that gain in JSC there is hardly any rise in PCE
as the cells showing a higher current either lack in VOC (DIP, red open stars) or in FF
(α-NPD, blue filled stars). The cells without the pure DBP layers show the same JSC
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as the reference. This is due to the fact that blocking excitons with DIP or α-NPD
compensates additional absorption of the thin DBP layer. Thus, the best cell in this
series is the α-NPD/DBP:C60 /C60 device, showing a small increase in PCE from 3.9 %
of the cell without blocking layer to 4.0 %, mainly due to the gain in VOC . While the
gain in PCE for PHJ devices is decreased using C70 instead of C60 , it is just vice versa
for PMHJ solar cells (Fig. 5.30). However, this is not explained by blocking reasons
and therefore a higher gain in JSC . On the contrary, compared to the reference without
blocker even a small decrease in JSC is observed. Though, this deficit is easily compensated by an increase of the fill factor from 55.5 % to 58.9 %. Due to the gain in VOC an
increase in PCE of 12 % is reached leading to an overall efficiency of 5.8 % ± 0.2 %.
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Figure 5.30: (a) J-V -characteristics and (b) IPCE curves of the fabricated PMHJ devices
consisting a mixed layer of DBP and C70 . Using α-NPD as EBL, VOC increases and an PCE
of 5.8 % ± 0.2 % is achieved.

In conclusion, for small molecule OPVCs it could be shown that - depending on the
choice of the buffer layer and the D/A combination - also for PMHJ solar cells a remarkable efficiency enhancement is possible, introducing suitable blocking layers at the
anode interface. The most important results concerning the effect of EBLs on PMHJ
solar cells are summarized in Tab. 5.5.
EBL

acceptor

J SC
(mA/cm2 )

V OC
(V)

FF
(%)

PCE
(%)

no
DIP
α-NPD

C60
C60
C60

8.15
8.12
8.07

0.84
0.76
0.90

57.1
59.8
55.5

3.91
3.71
4.03

no
α-NPD

C70
C70

11.3
11.1

0.82
0.88

55.5
58.9

5.14
5.76

Table 5.5: Solar cell parameters obtained by electrical characterization of PMHJ devices
consisting of ITO/HIL1.3/DBP (or EBL)/DBP:Acceptor (1:2)/BCP/Al. When an EBL is
inserted, it replaces the neat DBP layer beneath the mixed layer.
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5.3

5 Results and Discussion

Solvent vapor annealing on perylene-based organic
solar cells

Most of the results of this section have already been published.246
The first subsection 5.3.1 depicts the influence of SVA on the photovoltaic performance
in general, and on the different processes occurring during charge generation in particular. SVA was performed on morphologically different organic thin films, namely
on amorphous DBP and crystalline DIP. The influence of the SVA induced morphological changes of these thin films on solar cell performance is further investigated in
OPVCs. The device architecture of the studied photovoltaic cells within this section
has been 140 nm ITO/45 nm HIL1.3/30 nm donor/45 nm acceptor (C60 or C70 )/5 nm
BCP/100 nm Al. As donor either DBP (subsection 5.3.2) or DIP (subsection 5.3.3) is
used. For these samples, SVA was performed after evaporation of the donor material.
Furthermore, solar cells were fabricated consisting of two donor layers with 15 nm DIP
and 15 nm DBP, which were evaporated consecutively. In this case, DBP is the primary
absorber while DIP acts as an exciton blocking layer. For these solar cells only the DIP
layer is treated by use of SVA (subsection 5.3.4). The results of this section have already
been published in Ref. 246.

5.3.1

General impact of SVA on the performance of OPVCs

SVA on organic semiconductor films is usually carried out to enhance the crystalline
order. However, this change in the morphological long-range order implies several other
modifications on a smaller scale, which can alter the photovoltaic performance. By dividing the process of charge generation into four sub-processes (photon absorption, exciton
diffusion, exciton dissociation, charge carrier transport, Eq. 2.4), it can be shown how
SVA acts on the charge generation process in various ways.
An increased crystallinity is able to affect the efficiency of the first sub-process as ηAbs
is, on the one hand, determined by the organic layer thickness. A thicker layer means
enhanced absorption and it has already been shown that enhanced crystallinity allows
the use of thicker active layers without negatively impacting the fill factor.247 Furthermore, if SVA is able to change the molecular orientation, it could influence the second
important factor determining ηAbs , the absorption strength of the utilized materials.
The alignment of the transition dipole moment (which is defined by the molecular orientation) with respect to the incident light determines how efficient photons can be
absorbed by the molecule. SVA may provide a potential route to alter the orientation
of molecules within the film, modifying their coupling with incident light and resulting
in a change in ηAbs .
Moreover, all transport processes are expected to improve within the treated layer with
increasing crystallinity. The efficiency of the diffusion of excitons ηED ,32 as well as the
transport of free charge carriers ηCC 248 should increase. This implies that if the donor
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is annealed, the mobility of the holes rises, while a treatment of the acceptor should
improve the electron transportiv . A measure for good transport is a low series resistance
RS . Again, the series resistance can be derived from a fit with the modified Shockley
equation (Eq. 5.2) to the corresponding part of dark current data, as well as j0 and n.
The influence of the series resistance on solar cell performance is visible in the fill factor
(FF), as a high RS reduces FF.71, 214
But not only the FF can be positively influenced, an improvement of ηED might also
contribute to an increase of JSC as the second sub-process, the diffusion of excitons,
also implies that excitons are able to diffuse to the D/A interface and do not recombine
within the bulk. This is far from self-evident, considering that typical exciton diffusion
lengths for organic materials are only a few nanometers.31, 32 An alternative to an increase of the exciton diffusion length is to increase the surface area of the D/A interface
e.g. by co-evaporation. However, this results in a completely different concept, the bulk
heterojunction (BHJ).54, 55 Nevertheless, the interface area can also be increased in planar heterojunction (PHJ) devices, albeit on a smaller scale, by enlarging the roughness
of the donor layer. As roughness is usually connected to crystallinity, SVA also affects
this parameter. Finally, the increase in the number of dissociated excitons leads to an
increase in free charge carriers and thus a higher J SC .
The only process not influenced by SVA is the charge-transfer process, occurring at
the D/A interface. As this dissociation process typically takes place over time scales of
a few hundred femtoseconds or less,37–39 it is much shorter than any other competing
process. Thus, as long as the nature of the D/A interface is not fundamentally changed,
the charge-transfer efficiency already approaches ηCT = 100 %.40, 41

5.3.2

SVA on amorphous donor DBP

In the treatment of organic layers with solvent vapor it is important to consider some
correlations. First, the most suitable solvent has to be found for the material to be
treated. For that reason, the solubility of DBP was evaluated in chlorobenzene, orthodichlorobenzene, chloroform, dichloromethane, toluene, xylene and tetrahydrofuran. Optical microscopy images show that chloroform yields the best results, as the DBP precipitates, which appear for all solvents, are surrounded by a purple-colored area as it is
typical for (evaporated) DBP films.249 However, DBP does not show particularly good
solubility in any of these solvents. It is also observed that DBP, which was dissolved
in chloroform, crystallizes after solvent evaporation. That can be studied filtering the
DBP-chloroform solution through a 0.2 µm polytetrafluoroethylene (PTFE) filter to remove larger, undissolved components. During the vaporization process of the solvent,
small, about 10 – 50 µm long, needle-shaped DBP-crystals grow out of the solution (Fig.
5.31 (a)). Therefore, in the following all SVA treatments are carried out with chloroiv

Experiments have shown that an exclusive SVA treatment of the acceptor is hardly possible. SVA
after evaporation of the acceptor always acts on both donor and acceptor.
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(a)

(b)

100 µm

Figure 5.31: (a) Needle-shaped DBP crystals under 200-fold magnification grown from a
filtered solution of DBP in chlorofrom. (b) Round crystallites formed in a 50 nm thick DBPlayer by annealing for 10 minutes in chloroform vapor. The images are recorded by Andreas
Mittelberger and Florian Graßl, respectively, in the scope of their bachelor’s theses.249, 250

form. Beside the choice of a suitable solvent, it is important to find out an appropriate
duration of the SVA treatment. This also depends largely on the treated material as
well as on the layer thickness.
First of all, annealed DBP thin films are studied by optical microscopy. Inspection
of an image taken from a sample annealed for 10 minutes under 20-fold magnification
reveals that indeed round DBP crystallites are formed with diameters of approximately
50 µm (Fig. 5.31 (b)). To investigate the crystallinity of the annealed layer, X-ray diffraction (XRD) measurements are performed. Initially, out-of-plane X-ray reflection (XRR)
was measured, but just like the pristine layers no reflections, indicating a well-ordered
crystalline structure, can be observed (Fig. 5.32 (a)). Therefore, in-plane (grazing incident X-ray diffraction) measurements are recorded, but also in this configuration no
peaks indicating DBP crystallinity are observable (Fig. 5.32 (b)). For that reason, it
is assumed that the lattice planes are not oriented parallel to the substrate surface,
necessary for detection. Also other groups have already reported on more crystalline
DBP, achieved through different techniques. Growing on a crystalline template119 or on
a heated substrate117 as well as applying organic vapor phase deposition (OPVD) using
a hot inert carrier gas247 were reported to result in DBP layers of higher order. However,
also in these cases the crystallinity could neither be visualized by means of XRD,119 nor
via reflection high energy electron diffraction117 (RHEED) nor by selected area electron
diffraction247 (SAED).
Next, the surface properties of 15 nm films of DBP annealed for various durations are
investigated via AFM. There is no difference for layers growing either on ITO/HIL1.3 or
on glass. Thus, it is assumed that the reorganization of the molecules does not depend on
the substrate. The layers are treated by SVA for 4, 8 and 12 minutes, respectively, and
then compared with each other as well as with an untreated sample. The resulting AFM
images are shown in Fig. 5.33. As reported previously,117, 118 the pristine DBP layer has
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Figure 5.32: Out-of-plane ((a), XRR) and in-plane ((b), GIXD) X-ray diffraction measurements of pristine and annealed (5 minutes) DBP layers. The architecture of the samples is
always ITO/HIL1.3/DBP (50 nm). Peaks indicating DBP crystallinity cannot be observed for
annealed layers for both configurations. The peaks visible in (b) can be clearly attributed to the
ITO substrate. Measurements were performed by Christopher Lorch (Universität Tübingen).

an extremely smooth surface with an RMS roughness of merely RMS = 0.63 nm. This
leads to an almost completely flat line profile (Fig. 5.33 (b)). However, this changes
completely by solvent vapor treatment. Employing chloroform, SVA causes a strong aggregation of the DBP molecules. After 4 minutes of SVA treatment, the RMS roughness
increases more than thirtyfold to 21.65 nm. Longer exposure times enhance this effect.
For example, after 12 minutes of SVA the RMS roughness amounts to 39.8 nm with
DBP islands up to 130 nm height and diameters of approximately 500 nm. A comparison of the images taken for different annealing times show that there is no big difference
between the samples annealed for 8 and 12 minutes, respectively, while the 4 minute
sample (Fig. 5.33 (c)) represents a transition state between not (Fig. 5.33 (a)) and
longer annealed DBP films (Fig. 5.33 (d) and (e)).
The aggregation of molecules leads to a strong inhomogeneity within the DBP film,
which is detrimental to the charge transport properties required for devices like photovoltaic cells.251 In addition to the negative effect on charge transport, the absorption
also drops drastically. The change can already be seen with the naked eye, as the annealed layers become much more translucent, i.e. they absorb less. To quantify this
observation, optical absorption measurements were performed. Here, further samples
with additional annealing times are analyzed, namely 0, 2, 4, 6, 8, 10 and 12 minutes.
It can be seen that there is an unambiguous correlation between the annealing time and
the reduction of the absorption coefficient α (Fig. 5.34). There is hardly any change for
the first two minutes of annealing followed by a slight decrease after four minutes. A
more drastic drop occurs after six minutes. At longer times of SVA no further change is
visible. This correlates quite well with images taken by AFM, which also reveal negligible differences for eight and twelve minutes and an intermediate topography after four
minutes (Fig. 5.33). Thus, the drop of absorption is attributed to a dewetting process
of DBP, leading to a decreased two-dimensional coverage of the substrate. Nevertheless,
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Figure 5.33: AFM images of a 15 nm DBP layer treated by SVA for (a) 0 minutes, (c) 4
minutes, (d) 8 minutes and (e) 12 minutes. Moreover, the line profiles for each sample are
shown (b).

it seems like longer annealing times lead to an increasing absorption for wavelengths
greater than about 630 nm. However, this can be attributed to scattering, resulting
from the increasing roughness of the surface of the annealed DBP films. As scattering
is neither detected in transmission nor in reflection, it is included in the calculated absorption A = 1 − R − T and leads to that artifact.
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Figure 5.34: Correlation between SVA time and absorption drop of an annealed 15 nm DBP
layer. Long annealing times (t > 4 min) lead to a strong decrease of the absorption coefficient.
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However, dewetting is not the only process which contributes to the absorption drop.
NEXAFS measurements reveal an additional change in molecular orientation. Measurements on pristine films yield a higher intensity of the 40◦ as compared to the 90◦
spectrum in the low energy region (≈ 284.6 eV, cf. Fig. 5.35 (a)) which is related to
the transition from the C1s core level to the LUMO level. This reveals a more flat
lying perylene core. After 4 minutes of SVA, however, no angular dependence appears
any more. This is indicative of a reorientation process which has started, leading to an
intermediate configuration (Fig. 5.35 (b)). This is in perfect agreement to the results
obtained by AFM and optical absorption measurements. Further annealing yields a
reversed angular dependence indicating a change of molecular orientation due to solvent
vapor annealing (Fig. 5.35 (c)). These results indicate a more upright oriented perylene
core leading to an unfavorable orientation of the transition dipole moment – which is
aligned along the long axis of the molecule – and thus less absorption. For this reason,
the strong drop in optical absorption for SVA times exceeding 4 minutes can also be
explained by an adverse change in molecular orientation. Nevertheless, the NEXAFS
results also show that SVA indeed provides a potential route to alter the orientation of
molecules within organic thin films. Although SVA reduces the optical absorption of
DBP, it is likely that the absorption of other organic thin films (with initially rather
upright standing orientation) can be enhanced by means of SVA.
The change in orientation of the DBP molecules can be made more visible through
another illustration. For that purpose, it must be kept in mind, that the DBP molecule
possesses two different π-systems. While the π-systems of the four phenyl rings can be
taken as one, a clear distinction has to be made to the π-system of the perylene core.
Each π-system possesses its own energy gap. In general, the energetic distance between
HOMO and LUMO is defined by the spatial extent of the respective π-system. The
larger the π-system, the smaller the π − π ∗ distance and thus the energy gap. As a result, radiation of longer wavelengths (i.e. less energy) is sufficient for a π − π ∗ -transition
to occur. In the case of DBP, the perylene core features a larger π-system then the
phenyl rings. Hence, in the NEXAFS spectra, the first peak in the energy range from
283.8 eV to 284.8 eV can be referred to the perylene core, while the second peak between
284.9 eV and 285.5 eV represents the phenyl rings. By extracting the intensities of the
respective energy ranges for varying angles θ, the change in orientation of perylene core
and phenyl rings becomes apparent in Fig. 5.35 (d) and (e), respectively. The dashed
lines within these figures are guides to the eye and represent some molecular orientations
α calculated via Eq. (4.6). The change in orientation of the perylene core is clearly visible. While the molecules within the untreated film are oriented by an angle of α ≈ 40 ◦ ,
they tilt up through 6 min of SVA to an angle of α ≈ 60 ◦ with respect to the substrate
surface.
The molecular orientation of the sample annealed for 4 minutes is very close to the
so-called magic angle of 54.7 ◦ . For this angle, the term (3 cos2 α − 1) within Eq. (4.6)
becomes zero so that there is no correlation between absorption and the angle of in-
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Figure 5.35: C1s NEXAFS spectra of a 15 nm DBP film annealed for 0 (a), 4 (b) and 6
minutes (c) at 40 ◦ and 90 ◦ angle of incidence (θ) of the X-ray photons. The black arrow in
(a) and (c) at about 284.6 eV indicates a distinct change in dichroism, arising from a change in
molecular orientation from rather horizontal to more upright standing alignment. Additional
data for θ = 30 ◦ , 55 ◦ , 70 ◦ confirm this trend, but are omitted for clarity.
The complete data set, however, is used to extract the angular dependence of the NEXAFS
intensity for the perylene core (d) and the phenyl rings (e). An energy range from 283.8 eV to
284.8 eV for the core and an energy range from 284.9 eV to 285.5 eV for the rings is taken into
account.
(f) NEXAFS measurements reveal a rather lying perylene core and upright standing phenyl
rings for an untreated DBP film. (g) After 6 minutes of SVA, however, both core and rings
show a rather upright standing orientation. For reasons of clarity, the molecular orientations
are drawn in an exaggerated way, the actual orientations are less explicit. The NEXAFS data
was recorded by Dr. Andreas Opitz (HU Berlin).
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cident X-rays anymore, leading to an isotropic absorption. There are three different
possibilities yielding a molecular angle of α = 54.7 ◦ .187 The most obvious is that the
molecules are actually oriented at an angle of 54.7 ◦ to the substrate. For the perylene
core, this is indeed possible as that angle lies between the orientations of rather lying
and rather standing molecules. The second possibility is an isotropic orientation of
the molecules. This is also a realistic scenario for the transition state after 4 minutes
of SVA. Finally, also molecules showing an intrinsic isotropy (like spherical C60 ) reveal
an angle of 54.7 ◦ , however, this possibility can be excluded for the perylene core of DBP.
Furthermore, it seems to be the case that also the orientation of the phenyl rings changes
similar to the perylene core. However, the trend towards a more upright standing orientation is attenuated (Fig. 5.35 (e)). Nevertheless, this supports an additional result
comparing the untreated sample and the DBP film solvent annealed for 6 minutes. Fig.
5.35 (a) reveals a horizontally oriented perylene core and upright standing phenyl rings.
This becomes obvious by the change of the dominant absorption intensity for θ = 40 ◦
and θ = 90 ◦ in the different energy ranges for perylene core and phenyl rings, respectively. Fig. 5.35 (c), however, indicates a more upright orientation of both core and
rings as the absorption intensity for perpendicular impinging X-rays is higher in both
energy ranges. As the out-of-plane orientation of the phenyl rings with respect to the
perylene core for DBP molecules in pristine films is the main reason for its amorphous
growth, a more parallel alignment of core and rings facilitates a more crystalline growth
of DBP thin films. The change in orientation of perylene core and phenyl rings due to
SVA is illustrated in Fig. 5.35 (f) and (g). Summing up, it is assumed that a combination of dewetting and molecular reorientation is responsible for the strong decrease of
absorption of solvent vapor annealed DBP films.
Due to all these SVA induced alterations, OPVCs containing annealed DBP as a donor
layer are expected to be less efficient. Evaluating the performance of corresponding solar
cells confirms these problems. For elevated SVA times (t ≥ 6 min) all relevant values
diminish. The decreased absorption leads to a smaller J SC , the fill factor declines due
to poor transport and a low parallel resistance and the open-circuit voltage (V OC ) is
reduced by enhanced recombination as the strong DBP aggregation leads to the appearance of pinholes limiting V OC .252 The origin of the loss in J SC can clearly be seen in the
IPCE curves (Fig. 5.36 (b)). The main contribution of DBP (500 nm < λ < 650 nm)
nearly vanishes completely for 8 and 12 minutes. However, for 4 minutes SVA, the decrease in DBP absorbance is small and is compensated by an enhanced response from
the fullerene layer (400 nm < λ < 500 nm), resulting in a slight increase in J SC . This
increase is likely due to the enlarged area of the D/A interface caused by the surface
roughening observed by AFM. In addition, the series resistance decreases slightly and
the FF increases, resulting in a 10 % increase in PCE from 2.3 % to 2.5 % for the device
without SVA and the device treated with 4 minutes SVA, respectively (Fig. 5.36 (c)).
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Figure 5.36: (a) J-V -characteristics, (b) IPCE curves with absorption spectra of DBP and
C60 and (c) solar cell parameters vs. annealing time. The architecture of the solar cells
is ITO(140 nm)/HIL1.3(45 nm)/DBP(30 nm)/C60 (45 nm)/BCP(5 nm)/Al(100 nm). The times
listed in (a) and (b) represent the time of SVA treatment, which is always done after evaporation
of the donor DBP.

Based on these results, the positive effects anticipated for SVA – the increase of ηED
and ηCC – do indeed occur, however the duration of SVA must be precisely controlled
in order to avoid significant aggregation of molecules within the film which deleteriously
affects absorption and charge transport. A possible strategy to circumvent this problem
would be to increase the DBP-layer thickness, as the enhanced crystallinity should allow
a thicker film without negatively impacting RS or FF.247 However, by changing the layer
thickness, also the SVA time has to be adjusted. The result that 4 minutes of SVA are
the best choice is only valid for a DBP film thickness of 15 nm.
Moreover, SVA was also tested for co-evaporated DBP:C60 -layers in cooperation with
Florian Graßl in the scope of his bachelor’s thesis.250 The idea to use SVA on mixed
layers has already been realized successfully for P3HT:PCBM polymer blends yielding a
more favorable morphology.253, 254 However, AFM image reveal that already 5 minutes
of SVA lead to a strong roughening of the mixed layer. Thus, similar problems like for
the PHJ devices are expected. Nevertheless, OPV devices are fabricated to examine the
influence of SVA on the performance of DBP:C60 BHJ solar cell. The thickness of the
mixed layer is chosen to be 50 nm, while the mixing ratio is 1:2. Four identical samples
are prepared. While one sample serves as a reference, the other three are solvent vapor
annealed for 5, 10, and 15 minutes, respectively. As all the annealed samples show a
strong decrease in J SC , V OC , and FF, no further samples have been fabricated. It is
assumed that the strong aggregation of DBP which was found for PHJ solar cells is
equally detrimental for BHJ as well as PMHJ devices.

5.3.3

SVA on crystalline donor DIP

In addition to DBP, the effect of SVA is also tested on DIP. Evaporated at reduced temperatures (200 K), DIP also grows amorphous on ITO.200 However, it has already been
shown that the substrate temperature plays a significant role for crystallization.104, 108, 255
Already at room temperature, DIP is known to grow crystalline in Stranski-Krastanov
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Figure 5.37: (a) Out-of-plane XRD measurements of samples consisting of ITO/HIL1.3/DIP
(50 nm) either pristine or annealed for 4, 8, 12 and 16 minutes. For all samples the same
peaks, σ(001) and σ(002), appear. They do not show any broadening due to SVA. (b) XRD
measurements of samples with a reduced DIP layer thickness of 15 nm, however, reveal a
growing σ(001)-peak due to SVA, indicating an increased crystallinity.

mode on various substrates.201, 202 This means that a possible roughening effect caused
by SVA is expected to be more pronounced on rather thin DIP layers, which are smoother
than thicker ones due to its growth mechanism. Similar to DBP, XRR measurements
do not reveal any change in the out-of-plane crystallinity due to SVA on 50 nm thick
DIP layers evaporated at room temperature. For the pristine as well as the SVA-treated
sample, both the σ(001) and the σ(002)-peak appear at qz = 0.38 Å−1 and qz = 0.75 Å−1
respectively. Moreover, neither broadening of these peaks, which indicates a change
in the vertical extent of the crystalline domains, nor the presence of additional peaks
are detected (Fig. 5.37 (a)). Full width at half maximum (FWHM) of each peak is
determined and crystallite sizes are calculated via the modified Scherrer equation (Eq.
(4.5)). The results are nearly identical, yielding vertical coherence lengths close to the
layer thickness of 50 nm. Thus, SVA cannot increase the vertical extent of 50 nm thick
DIP layers as already the choice of the layer thickness defines the vertical crystallite
size (cf. subsection 5.1.1). However, the lateral grain size is expected to grow. This
would be in accordance to results of DIP layers evaporated at elevated temperature,110
which can be described as thermal annealing. However, to determine the increase of
the lateral domain size via XRR, in-plane measurement on solvent vapor annealed DIP
samples would have been necessary.
An effect of SVA on the crystallinity of DIP becomes apparent, however, by reducing the
DIP thickness to 15 nm (Fig. 5.37 (b)). It is known that the thickness also influences
the structure of DIP films.113 Evaporated at room temperature, for such a low layer
thickness the σ(001)-peak does not appear for pristine films. However, increasing the
SVA time leads to a growth of the σ(001)-peak, which implies a more pronounced crystallinity of the film. This result is supported by the evaluation of 15 nm thick DIP layers
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Figure 5.38: AFM images of a 15 nm DIP layer treated by SVA for (a) 0 minutes, (b) 4
minutes, (c) 8 minutes and (d) 12 minutes. By applying FFT (g) the average lateral domain
distance can be obtained for the 8 minute (e) and the 12 minute (f) sample. It grows with
increasing SVA time from 217 nm to 287.5 nm.

via AFM. A distinct change of topography is visible by comparing the AFM images of
DIP layers which are either untreated or treated by SVA for four, eight, and twelve minutes, respectively (Fig. 5.38 (a-d)). The smooth surface of the pristine layer roughens
continuously with increasing SVA time. The RMS roughness rises from 1.99 nm (0 min)
to 2.14 nm (4 min) and 3.75 nm (8 min) up to 9.18 nm (12 min). Island-like structures
appear on the surface with increasing diameters up to approximately 250 nm for the 12
minute sample. Thus, the increased surface roughness will provide an increased D/A
interface area upon evaporation of the acceptor. At the same time, AFM images indicate that the long-range order within the DIP donor increases and this should also lead
to a similar increase of structural order in the subsequently evaporated C60 acceptor
layer.256 This change of morphology, which has already been indicated by XRD on the
15 nm thick DIP film, is proven by means of AFM using a fast Fourier transform (FFT,
Fig. 5.38 (g)). That mathematical operation converts the AFM image from the spatial
domain into the frequency/wavelength domain. By that, repeating patterns coming
along with crystallinity can be identified and distance distributions are provided. To
interpret the results, data is averaged over the whole angle range of θ and fitted by
Gaussian distributions.110 Such a fit yields some parameters including FWHM, the area
of the peak, and the position of the peak center xc . For the desired purpose, however,
only xc is needed. By simply dividing 1/xc , the average lateral domain distances can
be obtained. The results show, that indeed the lateral grain size grows by a factor of
1.3 from 217 nm (8 min SVA) to 287.5 nm (12 min SVA) with increasing SVA time (Fig.
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5.38 (e, f). Due to the very weak crystallinity, it was not possible to detect the domain
distances for the pristine and the 4 minute sample, though.
Increasing the grain size is a promising approach to increase the charge-carrier mobility within an organic semiconductor, as intermolecular charge hopping across grain
boundaries, or through disordered domains, is not as efficient as within ordered domains.257, 258 To verify, OFETs are fabricated consisting of p++ -Si/300 nm SiO2 /20 nm
TTC/25 nm DIP (x min SVA)/top contact. The top contact material is either 100 nm
Al to measure electron transport or 125 nm TTF-TCNQ to investigate hole transport.
SVA was performed on the DIP layer for 10 minutes and compared to a reference OFET
without SVA. The expected increase of charge carrier mobility is detected for electrons.
By using the Shockley method (Eq. (4.11)), one obtains µe = 6.8 × 10−2 cm2 /Vs for
the reference and µe = 1.6 ×10−1 cm2 /Vs for the annealed sample. Consequently, the
electron mobility in DIP has more than doubled, which is another strong indicator for
the enhanced crystallinity of DIP by means of SVA. However, DIP is used in OPVCs as
donor material at the anode side. Therefore it mainly transports holes. Unfortunately,
hole mobility measurements on solvent vapor annealed OFETs failed due to the used
top contact material. TTF-TCNQ consists of two molecules (TTF and TCNQ), which
form an ion pair. Microscopy images reveal, however, that the solvent treatment seems
to decompose that complex into its two separate components. Changing the contact
material to nickel does also not enable any mobility measurements due to missing adhesion between nickel and DIP.
A prerequisite for good transport is a continuous organic layer. In contrast to DBP,
this is given for the DIP molecules, which do not aggregate strongly in the process of
SVA. As a result, a drastic decrease in absorption as was observed for the SVA treated
DBP layer does not occur. In fact, absorption measurements even show a growing
absorption coefficient, however it is just a minor effect (Fig. 5.39 (d)). As this effect
appears over the whole measured spectral range, it is assumed to be a measurement
artifact due to increased scattering caused by the enhanced surface roughness. This
assumption is further supported as the main increase occurs for the 12 minutes sample.
As shown before by AFM measurements, this is also the sample, which shows the most
significant rise in surface RMS roughness.
NEXAFS measurements were performed to clearly identify the origin of the rising absorption coefficient. Comparing pristine and annealed DIP layers, NEXAFS measurements
show no change in angular dependence, meaning that there is also no change in molecular orientation and thus absorption strength. The corresponding data is shown in Fig.
5.39 (a, b). The results for the pristine DIP film are in very good agreement to data
found in literature.96, 259 The extracted intensities of the energy range between 284.5
eV and 286.5 eV confirm the tendency of standing molecules in both pristine and SVA
treated DIP films (Fig. 5.39 (c)). A desired change to a more flat-lying orientation due
to SVA does not occur.
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Figure 5.39: C1s NEXAFS spectra of a 15 nm DIP film annealed for 0 (a) and 30 minutes
(b) at 30◦ , 40◦ , 55◦ , and 70◦ angle of incidence of the X-ray photons. No change in dichroism
is visible, indicating that there is no change in molecular orientation. This is confirmed by the
extracted angular dependence of the NEXAFS intensity in the energy range from 284.5 eV to
286.5 eV (c). Therefore, the increase in the absorption coefficient due to SVA (d) originates
from enhanced scattering at the roughened DIP surface. The NEXAFS data was again recorded
by Dr. Andreas Opitz (HU Berlin).
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Figure 5.40: Sketch of light beams impinging on the donor and being reflected at the Al
cathode. Due to a roughened interface, the light path through mainly the acceptor but also
through the donor is enhanced in (b) compared to the smooth interface in (a). For that reason,
more excitons are generated in OPVCs with a rough D/A interface.
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It is assumed that such an alteration is more likely for initially amorphous layers. However, this confirms the interpretation that more scattering occurs at the roughened DIP
surface, which results in an extended light path. In turn, this leads to more excitons
generated within the organic layers, mainly in the acceptor layer (Fig. 5.40). As a result,
the corresponding solar cells show a small but continuous increase in J SC . Based on the
AFM images, absorption, and NEXAFS measurements, it can be assumed that both
the enlarged interface as well as the extended light path due to enhanced scattering are
responsible for this gain. Moreover, the FF increases by almost 10 % while V OC remains
unaffected. The gain in FF comes along with a decrease in RS , which drops continuously
with increasing SVA time (Fig. 5.41 (d)). As a consequence, the efficiency of DIP-based
solar cells is improved through SVA by 16.8 % (Fig. 5.41 (a, b)). These results are
comparable with improvements achieved using glancing angle deposition.203 However,
SVA is the more viable method as it is very easy to handle and does not require any
sophisticated equipment.
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Summing up, it can be shown that also already crystalline layers can be affected positively using SVA. Again the efficiencies ηED and ηCC are raised, apparent from the gain
in J SC and FF, respectively. Moreover, negative effects like a strong aggregation or an
unfavorable reorientation of the molecules accompanied with a decreasing ηAbs , which
were observed for amorphous DBP, do not occur. However, as DIP inherently yields
poor absorption, even for the SVA-treated case, the PCE is low. In this work it was
increased from 1.55 % (no treatment) to 1.8 % applying 12 minutes SVA.

5.3.4

SVA on exciton blocking layer DIP

In a last step, solar cells are fabricated consisting of two donor layers, combining a 15 nm
thick DIP layer with a 15 nm DBP layer, which are evaporated consecutively. Thus, in
sum, there is again an overall donor thickness of 30 nm. In this case, DBP is the primary
absorber while DIP acts as an exciton blocking layer (cf. section 5.2.1). For these solar
cells only the DIP layer is treated by use of SVA. The idea is to combine the positive
effects observed for solvent vapor annealed DIP with the exciton blocking concept119, 232
and strongly absorbing active organic semiconductors. For that reason, C70 replaces C60
as acceptor material to achieve more efficient absorption.
Again, it is not useful to perform the SVA after evaporation of DBP, because the strong
aggregation of the molecules also occurs on a DIP substrate accompanied with the drop
in absorption for longer SVA times. Absorption measurements even show that in this
case the aggregation process of DBP already starts for shorter SVA times compared to
HIL1.3/DBP (SVA) without DIP blocking layer. As a result, four minutes of SVA are
already too long (Fig. 5.42 (a)). This can be explained by the different substrates. The
surface of DIP is rougher than that of HIL1.3. Consequently, also the DBP layer evaporated on top is expected to be rougher. In this case it is easier for the CHCl3 molecules
to penetrate in and act on the DBP layer. As a result, the whole reorganization process
and thus also the aggregation of the DBP molecules is accelerated. Therefore, the decrease of J SC and FF sets in for shorter SVA times, too.
However, by treating only the exciton blocking layer DIP with solvent vapor these parameters can be enhanced. The gain in J SC indicates that the SVA-induced increase in
surface roughness of the DIP layer propagates to the DBP/C70 interface, where excitons
dissociate and by that determine J SC . This is confirmed by AFM images of samples
consisting of glass/45 nm HIL1.3/15 nm DIP/15 nm DBP. The annealing was performed
on DIP for 4, 8 and 12 minutes. The RMS roughness of the surface of the subsequently
evaporated DBP layer increases from 0.69 nm to 1.44 nm and 3.14 nm up to 4.24 nm
(Fig. 5.42 (b-d)). This means that the evaporation of the DBP layer smoothens the
roughened DIP layer, however, as desired, the D/A interface is enlarged compared to a
pristine DBP film. Moreover, scattering that occurs at the rough DIP surface should enhance the path of light through the DBP layer and by that also the absorption. Whether
the enhanced crystallinity of the DIP layer also leads to a higher order in the amorphous
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Figure 5.42: (a) Correlation between SVA time and absorption drop of a DIP/DBP (SVA)
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absorption coefficient is calculated with the overall thickness of 30 nm.
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DBP layer cannot be clearly confirmed. However, it is suggested that this is the case, as
again the FF of the corresponding photovoltaic cells increases while the values of their
series resistance decline (Fig. 5.42 (h)). This correlation is not linear, which shows that
RS is just one factor contributing to FF.71 The expected gain in J SC appears (Fig. 5.42
(e, f)) and the PCE can be increased by 20 % from 3.4 % to 4.1 %. Compared to the
reference without EBL with an initial PCE of 2.8 % it can be stated that by combining
the exciton blocking concept with SVA an improvement of almost 50 % can be achieved.
The results are summarized in Tab. 5.6.

EBL

SVA
(min)

J SC
(mA/cm2 )

V OC
(V)

FF
(%)

RS
(Ωcm2 )

PCE
(%)

no
DIP
DIP
DIP
DIP
DIP
DIP

no
no
2
4
6
8
10

4.82
5.75
5.97
5.96
6.24
6.30
6.46

0.88
0.91
0.91
0.90
0.91
0.91
0.91

66.1
65.9
66.4
70.0
69.4
69.5
69.3

1.63
2.16
2.15
1.94
1.61
1.67
1.52

2.80
3.44
3.61
3.77
3.94
3.97
4.06

Table 5.6: Efficiency enhancement of an OPVC consisting of ITO/HIL1.3/(15 nm DIP (y min
SVA))/15 nm DBP/45 nm C70 /5 nm BCP/100 nm Al. Efficiency is enhanced by SVA of the
exciton blocking DIP layer.

IPCE-curves (Fig. 5.42 (g)) show that the gain in J SC caused by the insertion of the
additional exciton blocking layer is mainly due to a greater contribution of excitons
generated within the DBP layer. However, the SVA on DIP leads mainly to more contribution of the fullerene C70 . A similar result was obtained for SVA on DBP (cf. Fig.
5.36 (b)) where C60 was used as acceptor material. Thus, this trend is not influenced by
changing the acceptor from C60 to C70 . It is assumed that this behavior originates from
two other factors. First, as already mentioned, the light path, which is enhanced mainly
within the acceptor. Second, the longer exciton diffusion lengths in fullerenes compared
to that in DBP. This multiplies the effect of the enhanced light path, as not only more
excitons are generated, additionally more excitons can reach the D/A interface, where
they are dissociated.
By changing the hole-injection layer from HIL1.3 to molybdenum oxide (MoOx ) another interesting feature of SVA occurs; it can reduce the energetic barrier between the
Fermi level EF of the ITO anode and the HOMO level of the donor (or exciton blocking)
layer DIP. It has already been shown, that such energetic barriers cause the appearance
of s-shapes in j-V curves of OPVCs.77, 260 Such an s-shape behavior also occurs for solar
cells with the architecture: ITO/10 nm MoOx /15 nm DIP/15 nm DBP/40 nm C60 /10 nm
BCP/100 nm Al. However, by applying SVA onto DIP, this s-shape is reduced continu-
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ously with increasing SVA time (Fig. 5.43 (a)). It is assumed that a changing ionization
potential of DIP is connected to that effect. More precisely, the HOMO energy level of
DIP on MoOx seems to be slightly lifted by means of SVA. UPS measurements would
be necessary to validate this assumption, however, have not been performed within the
scope of this thesis. As the ionization potential of DIP depends on the molecular orientation,261, 262 SVA possibly changes the orientation of DIP molecules on MoOx . Another
interesting aspect, is the vanishing s-shape for samples of the same architecture, which
are solvent vapor annealed after the evaporation of DBP (Fig. 5.43 (b)). This proves
that SVA not only acts on the top layer which is in direct contact, it has the potential
to influence subjacent layers as well, depending on the layer thicknesses.
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Figure 5.43: J-V -curves of solar cells consisting of ITO/10 nm MoOx /15 nm DIP/15 nm
DBP/40 nm C60 /10 nm BCP/100 nm Al. Due to SVA, the s-shape vanishes in both cases, (a)
when applied after evaporation of DIP, and (b) when acting on subsequently evaporated DBP.
The numbers in brackets represent the layer thickness and the SVA duration, respectively.

In conclusion, the influence of solvent vapor annealing on the morphology of perylenebased OPVCs could be shown. Depending on the initial state, SVA induces major or
minor alterations. While initially amorphous DBP layers reorganize completely, the
changes in already crystalline DIP films are less pronounced. Nevertheless, for both
material systems several processes contributing to the conversion of light to electrical
power can be improved. In fact, SVA contributes to a majority of the sub-processes
involved in various ways. For instance, the absorption efficiency ηAbs is influenced by an
aggregation and/or by reorientation of the molecules. The reorganization process also
leads to a higher structural order within the organic film. This enhanced crystallinity,
resulting in a decreasing series resistance, has a positive impact on transport processes
so that the efficiencies of exciton diffusion ηED and charge collection ηCC go up, resulting
in a higher FF. Moreover, ηED is increased by a roughening of the D/A interface, as this
enlargement enables more excitons to reach the interface before recombining within the
bulk. In this way, a higher JSC can be achieved. However, it could be shown that the
SVA-induced changes on organic solar cells are not necessarily positive and depend on
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some crucial correlations, which are different for each organic material. Thus, SVA has
the potential to improve organic solar cells of various compositions, nevertheless for each
material a suitable solvent, the best layer thickness and a convenient SVA time has to
be found.
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Introduction of ZCl as acceptor material in organic photovoltaic cells

ZCl is a very new material, which was first synthesized in 2013, so that only few publications exist concerning the application of ZCl in organic solar cells.83, 134, 135 It is not
viable commercially but is exclusively synthesized by the Department of Chemistry of
the University of Southern California, Los Angeles in the group of Prof. Mark Thompson. Due to its energy level alignment, ZCl is suitable for the application as acceptor
material in OPVCs. Today, the vast majority of acceptor materials are fullerenes as
they possess some unique advantageous features. However, their energy level alignment
limits EDA , so that the maximal achievable VOC of fullerene-based OPVCs in combination with common donors does usually not exceed 0.9 V. ZCl offers the possibility to
enhance VOC on the one hand by a higher-lying LUMO (Fig. 3.1). On the other hand,
it is reported to belong to a group of molecules, which are able to undergo a so-called
symmetry-breaking charge transfer (SBCT). This process might offer a potential route
to minimize the driving force necessary to form the CT state, which in turn would reduce recombination losses and thus enhance VOC .135 However, due to the novelty of ZCl,
many uncertainties and open questions still exist.
Within a collaboration between USC and Augsburg University, ZCl could also be investigated as new acceptor material in organic solar cells within our group. First results
were obtained in cooperation with Philippe Linsmayer in the scope of his bachelor’s
thesis.263 It shows up that ZCl features very strong absorption between 450 nm < λ <
570 nm. Its absorption coefficient α within this spectral range considerably exceeds the
values of α of all other materials, which were considered within this thesis (Fig. 3.2 (a)).
However, the main absorption occurs in a rather narrow regime, so that the overall absorption over the whole visible spectrum is (only) similar to that of e.g. DBP (Fig. 3.2
(b)). Moreover, XRD measurements do not reveal any diffraction peaks, which would
indicate crystallinity of the ZCl thin film. This is in accordance with literature, which
describes ZCl films as amorphous.83
Due to its energy level alignment, a combination of ZCl with DBP as donor material
seems to be promising. The EDA of this conjunction predicts a large VOC and the high
absorption coefficients of both materials a large JSC . However, there are also some significant drawbacks. Both materials are amorphous and possess a short exciton diffusion
length. For that reason, the photoactive layers have to be chosen rather thin. The J-V characteristics of a solar cell with 20 nm DBP/20 nm ZCl reveal that an OPVC with this
material combination actually possesses a remarkably large VOC of 1.32 V, however, underperforms regarding JSC (Fig. 5.44 (a)). The comparatively small JSC of 2.1 mA/cm2
can be explained by some interacting factors. Intrinsicly, the thin layers cannot provide
complete absorption of the impinging light. Moreover, the small layer thicknesses do not
allow the exploitation of cavity effects arising from reflected light at the back electrode
(cf. subsection 5.1.3). Nevertheless, a simple increase of the layer thicknesses cannot
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Figure 5.44: Comparison of OPVCs containing ZCl as acceptor with two different donors,
DBP and 6T. The layer thickness of ZCl in combination with 6T is chosen to be either 20 nm or
40 nm. The corresponding J-V -characteristics are shown in (a), while the results of the IPCE
measurements are depicted in (b).

solve this problem, as this would indeed enhance absorption, however, most of the generated excitons would not reach the D/A interface and thus would not contribute to the
current. Another problem concerning the JSC of this material combination is parasitic
absorption, which occurs because both materials show strong absorption at similar wavelengths while almost no absorption happens at smaller wavelengths below λ < 500 nm.
This is confirmed by the IPCE measurements depicted in Fig. 5.44 (b). Furthermore,
the amorphous character of both material also leads to a rather low fill factor for that
OPVC of merely 42.4 %.
Higher JSC and FF can be obtained by replacing DBP with 6T (Fig. 5.44 (a)). At
first, solar cells are produced with a photoactive layer of 60 nm 6T and 20 nm ZCl.
Although 6T shows significantly weaker absorption compared to DBP, this OPVC provides a higher JSC of 2.9 mA/cm2 , which can be explained by a more complementary
absorption and the increased donor thickness. A thicker donor layer is enabled by the
higher structural order within 6T, coming along with a comparably large exciton diffusion length of approximately 60 nm.100 The enhanced crystallinity is also responsible for
the improved FF of 58.6 %. However, VOC drops to 0.84 V. A further improvement of
all relevant parameters can be obtained by doubling the ZCl layer thickness to 40 nm.
The reason for the improved VOC = 0.92 V can most likely be ascribed to incomplete
covering of the rough 6T film by the thin 20 nm ZCl layer leading to pinholes and thus
enhanced recombination reducing VOC .252 The extrem roughness of the 6T film can be
confirmed via AFM images.263 The improvement of JSC to 3.7 mA/cm2 and FF to 62 %
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Figure 5.45: Temperature and intensity dependent measurements of VOC and JSC of a solar cell consisting of ITO (140 nm)/HIL1.3 (45 nm)/6T (60 nm)/ZCl (20 nm)/BCP (5 nm)/Al
(100 nm). Different temperatures are enabled by a liquid nitrogen cryostat, while a white LED
serves as light source and provides a total of 66 different light intensities between 1.2 and 1.1
×10−3 suns. The results of VOC vs. T and JSC vs. T measurements for different illumination
intensities are shown in (a) and (b), respectively. The summarized values of VOC and JSC
at different temperatures are shown in (c). The solid lines are fits with Eq. (5.5) yielding
nlight and j0 shown in Fig. 5.46 (a). As shown in (d), the extrapolations of the temperature
dependent VOC values for different illumination intensities can be forced to end at one distinct
photovoltaic gap energy, however, yielding good results only for high illumination intensities.
For reasons of clarity some measured data sets are omitted within (a), (b) and (d).
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is probably explained by the cavity effect. Due to the thicker acceptor, much more
excitons are generated in close proximity to the D/A interface, so that less excitons are
lost due to recombination within the bulk. As a consequence, the contributions of both
6T as well as ZCl to JSC are enhanced as it is verified by IPCE measurements (Fig. 5.44
(b)). In addition, the rough 6T surface causes a large D/A interface advantageous to
ηED and is thus another reason for the improved values of JSC and FF.
In the following, temperature and intensity dependent electrical characterization of the
ZCl containing solar cells is carried out and presented in Fig. 5.45. Data measurement
was performed in collaboration with Mark Gruber and Andrew Bartynski. As dark current characteristics revealed error-prone results (cf. subsection 5.1.4), the focus will be
exclusively on measurements under open-circuit and short-circuit conditions. The first
solar cell to be considered is the one with the 20 nm ZCl acceptor layer evaporated on
60 nm 6T. At first, VOC vs. T measurements are performed for different illumination intensities (Fig. 5.45 (a)). Linear extrapolations of the obtained data yields, except for the
highest intensities, a monotonic decrease of EPVG with decreasing intensities, so that its
value deviates by almost 0.2 eV. As a consequence, the method to force all extrapolations
to one single value fails for low intensities (Fig. 5.45 (d)). The JSC vs. T dependence
in Fig. 5.45 (b), however, depicts the expected ln(JSC ) ∝ −1/kB T behavior in the high
temperature range above 200 K. Subsequently, the received data of VOC is plotted against
JSC for all measured temperatures in Fig. 5.45 (c) and fitted in the high intensity regime
with Eq. (5.5). These fits yield the temperature dependent values of the light ideality
factor and the recombination current shown in Fig. 5.46 (a). At room temperature the
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Figure 5.46: (a) Dark saturation current j0 and diode ideality factor nlight plotted against
temperature obtained by fits to the high intensity part of the VOC vs. JSC diagram shown in
Fig. 5.45 (c). The slope of the n · ln(j0 ) vs. 1/kB T diagram in (b) provides a photovoltaic gap
of 1.33 eV for the 6T/ZCl (20 nm) solar cell.
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comparatively high value of nlight ≈ 1.8 confirms the rather high recombination losses,
which are expected due to the incomplete covering of the rough 6T donor layer by 20 nm
of ZCl. The behavior of j0 for high temperatures above 200 K nicely follows Eq. (5.4),
before showing a steeper decrease for lower temperatures. The photovoltaic gap of this
solar cell can then be estimated by combining the obtained values of nlight and j0 (Fig.
5.46 (b)). The result of EPVG = 1.33 eV is in good accordance with the estimated value
following from the extrapolation of VOC vs. T data for the highest illumination intensity.
Finally, nlight,diff is determined following Eq. (5.7) and is depicted together with the
light ideality factors obtained from the slopes of the VOC vs. T measurements (Fig. 5.45
(a), (d)) in Fig. 5.47 (a). The results confirm an ideality factor of n = 1.8, which can
be found over a broad voltage range. Only the value of the ideality factor calculated
by Eq. (5.9) from the VOC (T) slope without fixed intercept decreases continuously for
decreasing voltages due to deviating values of EPVG at 0 K (cf. Fig. 5.45 (a)). Interestingly, nlight,diff shows almost no intensity dependence at high temperatures (Fig. 5.47
(b)). From this it follows that within this OPVC hardly any light induced detrapping occurs. A possible explanation for this behavior is the presence of deep traps with energies
exceeding the additional energy input due to illumination. Moreover, it is conceivable
that the enhanced recombination due to pinholes, which does not occur for all other
investigated solar cells, comes into play here.
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Figure 5.47: (a) Ideality factors determined in different ways are plotted against (open circuit)
voltage. Around VOC the values obtained by all methods approach n = 1.8. (b) Hardly no
detrapping is visible due to increasing illumination intensities, so that the differential light
ideality factors shows almost no intensity dependence, at least for high temperatures around
RT.

116

5 Results and Discussion

This would mean that trap-assisted recombination is not the main recombination loss
channel here and plays a comparatively smaller role than indicated by the high value
of n = 1.8. This in turn could explain why an altered illumination intensity does not
affect the ideality factor.
To circumvent the problem of incomplete 6T covering and thus enhanced recombination
losses, the ZCl layer thickness is doubled to 40 nm. By looking at the corresponding VOC
vs. T data of this OPVC, it is striking that the estimated EPVG raises by approximately
0.15 eV to 1.48 eV for maximal illumination intensity (Fig. 5.48 (a)). This increase is
clearly confirmed by the slope of the n · ln(j0 ) vs. 1/kB T plot (Fig. 5.49 (b)). As donor
and acceptor material are identical of the compared solar cells, this increase can clearly
be attributed to reduced recombination due to less (or even no) pinholes. Nevertheless,
extrapolations of different intensity data do again not end up at one single value of
EPVG , so that the fixed intercept method does also not work properly here (Fig. 5.48
(d)). As expected, the temperature dependent behavior of JSC is more or less identical
comparing the solar cells with 20 nm and 40 nm ZCl (Fig. 5.45 (b) and Fig. 5.48 (b), respectively). The values of j0 and nlight are then again obtained by fits to the VOC vs. JSC
data (Fig. 5.45 (c)). The reduced recombination becomes apparent by a comparison
of the fit results. The recombination current j0 of the OPVC with 40 nm ZCl (Fig.
5.49 (a)) decreases roughly by two orders of magnitude, compared to the thinner device,
while also the ideality factor drops to approximately nlight = 1.55 at room temperature.
This ideality factor further decreases down to n = 1.44 when it is determined differentially or by the slopes of the VOC vs. T data (Fig. 5.50 (a)) and is thus significantly
smaller than n = 1.8, which was found previously for the OPVC with only 20 nm ZCl.
However, compared to DBP/C60 solar, which were investigated in subsection 5.1.4, this
value is still comparably high and indicates that trap-assisted recombination plays a
significant role for that material combination. Illumination induced detrapping can be
observed when plotting the intensity dependent light ideality factor against temperature
(Fig. 5.50 (b)). Such detrapping, which could not be found for the solar cell containing
only 20 nm ZCl, indicates that the previously formulated deep trap theory is improbable
for this material combination. All observed peculiarities could rather be traced back to
the incomplete covering of the rough 6T film with the acceptor layer.
As a consequence of all these results, it can be stated, that the applied method of
temperature and intensity dependent electrical characterization is better suited to solar
cells with perfectly matched layer thicknesses, which are not affected by any additional
loss channels. Only this way, correct and comparable values of EPVG , n and j0 can be
obtained for a given donor-acceptor combination.
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Figure 5.48: Temperature and intensity dependent measurements of VOC and JSC of a solar cell consisting of ITO (140 nm)/HIL1.3 (45 nm)/6T (60 nm)/ZCl (40 nm)/BCP (5 nm)/Al
(100 nm). Different temperatures are enabled by a liquid nitrogen cryostat, while a white LED
serves as light source and provides a total of 66 different light intensities between 1.2 and 1.2
×10−3 suns. The results of VOC vs. T and JSC vs. T measurements for different illumination
intensities are shown in (a) and (b), respectively. The summarized values of VOC and JSC
at different temperatures are shown in (c). The solid lines are fits with Eq. (5.5) yielding
nlight and j0 shown in Fig. 5.49 (a). As shown in (d), the extrapolations of the temperature
dependent VOC values for different illumination intensities can be forced to end at one distinct photovoltaic gap energy, however, again yielding good results only for high illumination
intensities. For reasons of clarity some measured data sets are omitted within (a), (b) and (d).
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Figure 5.49: (a) Dark saturation current j0 and diode ideality factor nlight plotted against
temperature obtained by fits to the high intensity part of the VOC vs. JSC diagram shown in
Fig. 5.48 (c). The slope of the n · ln(j0 ) vs. 1/kB T diagram in (b) provides a photovoltaic gap
of 1.48 eV for the 6T/ZCl (40 nm) solar cell.
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In a final step, the temperature and intensity analysis is performed on a solar cell with
20 nm DBP / 20 nm ZCl. Although the photoactive layer is even thinner than that of the
60 nm 6T/20 nm ZCl solar cell, similar problems due to pinholes are not expected here
because of the smooth DBP surface. Once again, the analysis starts with the evaluation
of the VOC vs. T measurement. Here, the linear extrapolations do not show a similar
behavior with a intensity dependent monotonic decrease of EPVG as previously observed
for the 6T/ZCl solar cells. The obtained values of the photovoltaic gap rather fluctuate
around 1.85 eV (Fig. 5.51 (a)). For that reason, all extrapolations can be easily forced
to end up at this value (Fig. 5.51 (d)). Again, the accuracy of that value can be verified
successfully by the slope of the n · ln(j0 ) vs. 1/kB T plot (Fig. 5.52 (b)). Moreover, also
for this material combination, JSC decreases linearly with temperature in a semilogarithmic presentation for temperatures above 200 K (Fig. 5.51 (b)).
Subsequently, light ideality factor and recombination current are determined by fits to
the VOC vs. JSC representation in the high intensity regime (Fig. 5.51 (c)). The obtained
data is depicted in Fig. 5.52 (a). The obtained results reveal hardly no temperature dependence of nlight and a value of approximately 1.3 at room temperature. This value
more or less coincides with the diffentially determined light ideality factor of 1.28 (Fig.
5.53 (a)). In comparison to DBP/C60 solar cells with n = 1, this reveals an increased
trap-assisted recombination. As the donor layer is identical for the compared devices,
this increase can be completely attributed to ZCl or to altered conditions at the interface.
As a result, ZCl films seem to contain more traps than fullerene films. This counteracts
possible gains in VOC by exploiting SBCT when C60 is replaced by ZCl. Very strong
detrapping is again found by plotting the light ideality factor for different illumination
intensities (Fig. 5.53 (b)). However, this is attributed to DBP as a similar behavior
could be observed previously for the DBP/C60 devices, but not for 6T/ZCl solar cells.
In conclusion, the obtained results of EPVG , j0 and nlight,diff of all investigated ZCl containing solar cells are summarized in Tab. 5.7.

Material system
DBP/ZCl
6T/ZCl (20 nm)
6T/ZCl (40 nm)

Cell temperature EPVG
(K)
(eV)
310
307
307

1.85
1.33
1.48

j0
(mA/cm2 )

n

7.3 × 10−17
3.6 × 10−8
4.3 × 10−10

1.28
1.80
1.44

Table 5.7: Summary of the most interesting parameters of the ZCl containing solar cells
obtained by the temperature and intensity dependent analysis: The values of EPVG are taken
from Fig. 5.46 (b), 5.49 (b) and 5.52 (b), respectively (1/kB T vs. n · ln(j0 )). The values of j0 ,
however, are extracted from fits to the JSC vs. VOC plots (Fig. 5.45 (c), 5.48 (c) and 5.51 (c)).
n is the differentially determined light ideality factor at highest measured intensity.
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Figure 5.51: Temperature and intensity dependent measurements of VOC and JSC of a solar
cell consisting of ITO (140 nm)/HIL1.3 (45 nm)/DBP (20 nm)/ZCl (20 nm)/BCP (5 nm)/Al
(100 nm). Different temperatures are enabled by a liquid nitrogen cryostat, while a white LED
serves as light source and provides a total of 66 different light intensities between 2.2 and 2.2
×10−3 suns. The results of VOC vs. T and JSC vs. T measurements for different illumination
intensities are shown in (a) and (b), respectively. The summarized values of VOC and JSC
at different temperatures are shown in (c). The solid lines are fits with Eq. (5.5) yielding
nlight and j0 shown in Fig. 5.52 (a). As shown in (d), the extrapolations of the temperature
dependent VOC values for different illumination intensities can be forced to end at one distinct
photovoltaic gap energy, yielding good results over the whole investigated intensity range. For
reasons of clarity some measured data sets are omitted within (a), (b) and (d).
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Figure 5.52: (a) Dark saturation current j0 and diode ideality factor nlight plotted against
temperature obtained by fits to the high intensity part of the VOC vs. JSC diagram shown in
Fig. 5.51 (c). The slope of the n · ln(j0 ) vs. 1/kB T diagram in (b) provides a photovoltaic gap
of 1.85 eV for the DBP/ZCl solar cell.
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efficient light induced detrapping under illumination.

Chapter 6

Conclusion and outlook

Within the scope of this thesis, the influence of thin film morphology on the efficiency
of small-molecule organic solar cells was investigated. Numerous variables can affect
solar cell performance, so that it is useful to address the influence of morphology by a
comparison of similar molecules. This is the case for DIP and DBP which exhibit similar
molecular structures and thus comparable energy level alignment, which was confirmed
via UPS. However, it could be shown by XRD that DIP thin films grow highly crystalline, while DBP thin films possess an amorphous character. In turn, this means that
both molecules differ concerning their molecular arrangement. This different arrangement includes not only structural order but also molecular orientation. The orientation
was examined via NEXAFS and revealed almost upright standing DIP molecules and a
preferential horizontal alignment of the DBP molecules.
This difference in molecular orientation drastically impacts the ability of the organic
films to absorb the impinging light. In general, absorption depends on the coupling
between incident light and the transition dipole moment of the molecule, which is, for
both DIP and DBP, aligned along the long axis of the molecule. As a consequence, a
horizontal orientation of the molecules leads to a more efficient coupling and thus absorption. This can be verified by reflectometry measurements, revealing an absorption
coefficient of DBP films, which is more than six times higher than that of its crystalline
counterpart. Nevertheless, the crystallinity of DIP films includes also some advantages.
For example, it enables a by far longer exciton diffusion length and is also advantageous concerning charge carrier mobility. However, it could be shown by measurements
on OFETs that also within amorphous DBP films surprisingly good charge carrier mobilities are achieved. It must be taken into account, however, that this measurement
technique only determines mobilities parallel to the substrate and not towards the electrodes. As transport in DBP and especially in DIP is expected to be anisotropic, other
methods or devices like CELIV (charge extraction by linearly increasing voltage264 ) or
123
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metal-insulator-semiconductor (MIS) diodes265 have to be utilized, though. Nevertheless, the good transport abilities of both DIP and DBP could also be confirmed by low
series resistances within PHJ and PMHJ solar cells determined via dark current analysis.
On the basis of absorption, transport and energy level alignment, differences and similarities regarding OPVC performances of DIP and DBP solar cells can be explained
plausibly. It could be shown, that replacing DIP by DBP provides a doubling of JSC
in PHJ and PMHJ solar cells when used as donor with C60 as well as in PHJ with 6T
when applied as acceptor due to the improved absorption. To fully exploit the benefits of
DBP, however, for PHJ devices, layer thicknesses have to be adjusted, while for PMHJ
solar cells the right mixing ratio between donor and acceptor has to be found. This
is necessary to achieve an effective phase separation between donor and acceptor. For
DBP:C60 , a mixing ration of 1:2 was determined to be very well suited. Besides, similar
values of VOC and FF are measured for DIP and DBP solar cells, which is explained
by similar energy level alignments and transport properties, respectively. Consequently,
the doubled JSC results in an approximate doubling of PCE.
J-V -characteristics indeed determine the efficiency of an OPVC, however, they provide only a very limited insight into the inherent processes, which are responsible for
solar cell performance. This requires a deeper analysis, accessible via temperature and
intensity dependent measurements. In this way, general statements can be made concerning the photovoltaic gap, while recombination losses can be quantified by identifying
the recombination current j0 and the diode ideality factor n. There are two different
approaches for their determination. On the one hand, the dark current characteristics
can be fitted by a modified Shockley equation. However, the obtained values are errorprone. Due to the absence of illumination, trap states occur, which do not appear under
normal working conditions. For that reason, the value of ndark was always found to
be higher than that of nlight . Especially for amorphous DBP, which innately possesses
more trap states than crystalline DIP, this plays a significant role. Additionally, parasitic resistances affect the determined values, especially RS , which is calculated within
the same fit like j0 and n. On the other hand, both values can also be determined under
open-circuit and short-circuit conditions. This method has the benefit that disturbing
influences of parasitic resistances can be minimized. Moreover, due to sample illumination, efficient detrapping occurs. With this method, it could be shown that DBP/C60
solar cells possess an ideality factor of unity and thus do not (or only minimal) suffer
from trap-assisted recombination. Even for PMHJ devices, the ideality factor is comparatively very low with n = 1.16, indicating the good phase separation within these
solar cells. In comparison to DIP, less recombination losses can be assumed in DBP
solar cells due to a reduced value of the recombination current. For PHJ devices with
DBP, j0 is about two orders of magnitude smaller compared to DIP devices, for PMHJ
devices at least one order of magnitude. Nevertheless, the obtained picture is still not
complete. An even more detailed characterization is possible by a combined analysis of
electroluminescence data and CT determination via high-sensitive IPCE. Actually, these
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measurements have already been performed on the same devices to ensure comparability
of the different results, however, their evaluation will follow by Theresa Linderl.
In a next step, it could be shown how strongly the efficiency of organic solar cells can
be enhanced by inserting an exciton blocking layer at the anode interface. Moreover, it
is determined whether the morphology of this layer influences its effect. In general, the
use of an EBL enables more excitons to reach the D/A interface and thus significantly
increases JSC . DIP was chosen to form the crystalline EBL, while DBP was used as
donor and C60 as the acceptor. For that material combination, JSC could be improved
by 30 %. Moreover, a slight increase of VOC due to reduced recombination and also a
slight gain in FF, resulting from a higher RP , could be observed. Summing up, the
power conversion efficiency can be lifted by more than 37 % up to 3.8 %. With amorphous α-NPD as EBL, almost identical improvements regarding JSC , VOC and FF could
be achieved, at least when the thickness of the EBL is chosen properly. Thus, it could
be shown unambiguously that the morphology of the EBL has no impact on the performance of the OPVC. Furthermore, it could be shown for the first time that EBLs are
also able to improve the efficiency of PMHJ devices. This, however, has other reasons
than before. Due to the already greatly enlarged D/A interface of PMHJ solar cells,
an improvement of JSC is not achieved, however, VOC and FF increase. The improved
VOC , which is more pronounced compared to PHJ devices, can be explained by shifting
energy levels and a change of the effective work function of the anode. The increase of
FF can again be attributed to a larger RP and thus reduced leakage currents. This way,
a PCE of 5.8 % could be achieved for a PMHJ solar cell using C70 as strongly absorbing
acceptor material.
Usually, the structure of an organic semiconductor film and hence its morphology and
the molecular orientation are already defined after the manufacturing process. However,
it could be shown that these properties can be altered by a post-productional method
called solvent vapor annealing. SVA was first applied to amorphous DBP to achieve
more crystallinity coming along with an improved charge carrier transport and an extended exciton diffusion length. It could be revealed via optical microscopy that DBP
actually forms crystallites when treated with chloroform. As a result, the efficiency
of SVA treated DBP solar cells could be increased by almost 10 % because JSC and
the FF can be improved. This is explained by an enlarged D/A interface and higher
structural order, respectively. However, this positive effect is restricted and only occurs for short annealing times of maximal 4 minutes. Longer treatments cause a strong
aggregation of the molecules, leading to a pronounced inhomogeneity of the film detrimental for absorption and charge transport. Furthermore, longer annealing times cause
a molecular reorientation, which could be proven via NEXAFS. The initially preferred
horizontal orientation vanishes and a rather upright standing arrangement was found.
Hence, the drop of absorption can be explained by a combination of dewetting and
molecular reorientation leading to a decreasing JSC . As also VOC and FF diminish due
to enhanced recombination and complicated transport, respectively, an extensive SVA
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treatment causes a significant deterioration of DBP solar cell efficiency. Nevertheless,
the possible improvement of solar cell performance could be confirmed for short SVA
times. Moreover, the NEXAFS results demonstrate that SVA provides a potential route
to alter the orientation of molecules, a fact that could prospectively exploited for organic
films possessing a less favorable molecular orientation.
Subsequently, SVA was applied to already crystalline DIP films. Nevertheless, the treatment induces a further improvement concerning structural order, which could be reaveled
via AFM. Furthermore, a fast Fourier transform of the obtained images proves the enhanced average lateral domain distance of the DIP crystallites. Besides, the roughness
of the film increases due to SVA and thus the D/A interface leading to an increased JSC .
NEXAFS measurements demonstrate that a reorientation process, as it was observed for
DBP, does not occur, so that the gain in JSC can be ascribed exclusively to the enlarged
interface. The enhanced crystallinity also leads to an increased FF, so that the PCE of
DIP solar cells can be improved by almost 17 % using SVA.
By combining the positive results of SVA on DIP and DIP as exciton blocking layer,
it is demonstrated that the efficiency of an OPVC can be improved by almost 50 %.
By that, PCEs of more than 4 % can be achieved for PHJ organic solar cells. Besides,
another feature of SVA could be observed. By using MoOx as hole injection layer, the
J-V -characteristics revealed an s-shape behavior, which disappears applying SVA. This
indicates that SVA is able to reduce the energetic barrier between the Fermi level of the
ITO anode and the HOMO of the donor. To visualize this effect, UPS measurements
would be necessary to show that the HOMO of the donor is actually slightly elevated
by means of SVA. In general, it can be stated that SVA offers many possibilities. It
provides the ability to influence morphology, affect molecular orientation and change the
energy level alignment of the treated organic semiconductor film. As a consequence, JSC ,
VOC and FF of OPVCs of various material combinations can potentially be increased.
However, a reduction of all these factors is possible as well. Therefore, to fully exploit
the benefits of SVA, material, layer thickness, solvent and SVA time have to be adjusted
exactly and individually for each treated film. In conclusion, SVA still offers many possibilities for future improvements of organic solar cell efficiencies. For example, SVA could
also be used for PMHJ devices. Here, it might be used to improve the phase separation
of donor-acceptor blends, which inherently exhibit a homogeneous mixture phase of the
two materials.
Finally, ZCl is introduced as new acceptor material in OPVCs. It possesses interesting
properties like high absorption and the (probable) ability to undergo SBCT. However,
ZCl forms amorphous films and thus provides only short exciton diffusion lenghts, limiting its layer thickness. In combination with DBP, very high VOC values of more than
1.3 V are possible, compared to DBP/C60 , however, JSC and FF are significantly reduced.
This is mainly attributed by the layer thickness restrictions caused by the amorphous
character of both materials, which leads to incomplete absorption and non-utilization
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of the cavity effect. Temperature and intensity dependent measurements revealed enhanced trap-assisted recombination losses compared to DBP/C60 devices, leading to a
light ideality factor of n = 1.28. As both considered solar cells have the same donor, the
increased trap density can be ascribed to ZCl compared to C60 . Moreover, solar cells
were fabricated using 60 nm of 6T as donor material. At first, a ZCl layer thickness of
merely 20 nm was chosen, however, it became obvious that this thickness is not sufficient
to fully cover the rough 6T surface. As a result, temperature and intensity dependent
measurements are not useful for these solar cells, because the obtained results are obscured by this issue. For that reason, 40 nm of ZCl were evaporated on 6T leading to
a solar cell with a PCE exceeding 2 %. A higher efficiency is, among others, hampered
by comparatively strong trap-assisted recombination leading to n = 1.44. Nevertheless,
ZCl is an interesting material, which adds new possibilities for future solar cells, especially when fullerens cannot or should not be used. However, for that purpose and to
fully exploit its potential, a deeper understanding of this new material and the occurring
processes within need to be gained.
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