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Chapter 1

Motivation

In December of the year 2015, the United Nations Framework Convention on Climate
Change (UNFCCC) agreed to keep the global temperature rise within this century below
1.5 °C compared to pre-industrial levels1 in order to combat severe effects of climate
change. To reach this challenging goal, the signing countries obligate themselves to
reduce the concentration of greenhouse gases in the atmosphere.
The German Government’s decision to phase out nuclear power until 20222 and the
fact that combustion of fossil fuels is inconsistent with the goal to reduce greenhouse
gasses, makes the only reasonable option an energy revolution towards renewable energy
sources. In the year 2016, already 31.7 % of the total consumed electricity in Germany
was provided by renewable energy sources.3 However, electricity amounts to only about
20 % of the total energy consumption.4
With 1.75 · 1017 W total irradiation on the earth the sun is the largest energy source
available.5 Integrating this energy over one hour amounts to 630 EJ, which is more than
the total global primary energy demand of the year 2015 (571 EJ).6 Assuming a power
conversion efficiency of 15 % for the average photovoltaic system, a coverage of 0.07 %
of the earth would be sufficient to meet this demand. Despite this tremendous amount
of energy surplus provided by the sun, only 6.4 % of the total electricity consumed
in Germany in the year 2016 originates from photovoltaics.3 Although conventional,
commercially available Silicon photovoltaic modules have a power conversion efficiency
of 17 %7 and record laboratory scale Silicon solar cells can reach up to 26 % efficiency,8
photovoltaics is still not competitive with fossil and nuclear energy sources. Especially
the dependence of photovoltaics on the daytime and the weather conditions because of
the lack of appropriate storage technologies impedes a fast expansion of photovoltaics.
Until the year 2040 only about 32 % of the global electricity are predicted to be generated
by renewable energy sources and roughly 10 % of these will be attributed to solar energy.9
One reason for this is the large energy payback time (EPBT) of conventional photovoltaic technologies. The EPBT provides a measure for the time an energy system has
1
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to be operated to recover the energy that was necessary to make the system.10 Depending on the location at which the module is installed, this EPBT can range from one
to two-and-a-half years for Silicon based solar cells.11 Especially the purification and
crystallization of the Silicon wafers is energy consuming.10
The lower energy payback time is one advantage of organic solar cells. Although
the efficiency of commercially available modules is with 7 − 8 %12 well below the one
of Silicon based solar cells, the EPBT for this type of third generation photovoltaics is
calculated to be possibly as low as about one day in the future13 and at the moment
is already at less than three months.14 Further advantages of organic photovoltaics are
the possibility to produce lightweight, flexible, semitransparent modules that can have
different colors due to the large variety of materials, without the dependence on scarce
materials. With this large diversity of properties organic photovoltaics do not have
to compete with Silicon based modules in roof top applications but can be used as a
complementary technology. First successful test installations of organic photovoltaics
are currently running all over the world. For example, in the African Union Peace and
Security Building in Addis Abeba, Ethiopia, an active solar shade sail in the form of
the African continent is spanned over the patio.15 Furthermore, an application of solar
foils on lightweight structured buildings like air domes was successful.16 Both examples
are shown in Figure 1.1.
a)

b)

Figure 1.1: Successful building integration of organic photovoltaic modules on flexible,
lightweight and partially transparent substrates. a) Active solar shade sail over the patio
of the African Union Peace and Security Building in Addis Abeba, Ethiopia (Picture taken
from OPVIUS GmbH15 ). b) Application of solar foils on the shell of an air dome (Image ©
Heliatek, taken from Ref. 17).

On laboratory scale, the power conversion efficiency of organic solar cells has already
risen to 11 − 12 %8 for heterojunction devices and 13.2 % for an organic multi-junction
solar cell.18 Compared to the first organic heterojunction solar cells that were reported
in the year 1986 by Tang et al.,19 which only had a power conversion efficiency of about
1 %, this is a big step.
Within the first years of research on organic photovoltaics the increase in efficiency
could mainly be achieved by the choice of material combinations that covered the solar
spectrum to a larger degree and thus increased the generated photocurrent. However,

3
within the last years, the focus of the research on organic photovotltaics has more and
more changed towards understanding the comparatively low open-circuit voltage Voc
at a given energy gap Eopt of the light absorbing material. This so-called bandgapvoltage offset is only about 0.3-0.4 eV in Silicon or GaAs solar cells20, 21 and only slightly
larger in perovskite cells.22 However, in organic solar cells, this energy loss is at least
0.6 eV and depending on the material combination can even exceed 1 eV.23 This large
bandgap-voltage-offset is currently one of the main bottlenecks towards making organic
solar cells competitive with their inorganic counterparts.24 Some reasons for these large
energy losses can be found in the working principle of organic solar cells. Especially
the required heterojunction between an electron donating and an electron accepting
material is responsible for a large part of the energy losses. At this donor/acceptor
interface so called charge transfer (CT) states are formed, where the electron is situated
on the acceptor material and the hole on the donor side. Both charge carriers are still
Coulombically bound in the CT exciton.
These CT states at the donor/acceptor interface were found to play a crucial role
in the working principle of organic solar cells only a few years ago. On the one hand
it is widely acknowledged that these CT states play an important role concerning the
separation of excitons into free charge carriers and thus for the generation of the photocurrent, although the exact mechanism is still not well understood.25 On the other
hand, the energy of these CT states that is smaller than the optical gap Eopt of the
absorbing materials, is considered to be an upper limit for the open-circuit voltage Voc
of organic solar cells.26–28 However, so far only little is known about how the energy and
the form of the distribution of CT states is affected by macroscopic parameters like the
morphology of donor and acceptor layers and the energetic properties directly at the
interface.
The work presented in this thesis contributes to these open questions with a special
focus on charge transfer states and associated energy losses. To create a comprehensive
picture about the correlations between local morphology at the donor/acceptor interface, the electronic properties within the solar cell stack and the distribution of CT
states several donor/acceptor material combinations are investigated by means of different measurement techniques. Especially the comparison of the crystalline growing
diindenoperylene (DIP) and the amorphous growing tetraphenyldibenzoperiflanthene
(DBP) as donor materials in combination with the fullerene C60 as acceptor material
are used to investigate the influence of the donor morphology on the distribution of
CT states in the first part of this work. A combination of sensitive energy level measurements, temperature dependent emission and absorption spectra and time-resolved
photoluminescence reveals remarkable differences in the distribution of the CT states.
Thus, a clear connection between the distribution of occupied states of the donor layer
and the distribution of CT states is established. Additionally, the comparison of solar
cells with different hole injection layers reveals a strong influence on the open-circuit
voltage Voc that is attributed to different band conditions of the energy levels within the
solar cell due to a strongly different work function of the respective hole injection layers.
Furthermore, the influence of the donor/acceptor interface area and thus of the number
of CT states is investigated by different means.

4
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In the second part, non-fullerene acceptor materials are investigated. In the material
combinations presented in this part a thermalization within a distribution of several CT
states towards states with the lowest energy can be made responsible for large energy
losses.
In Chapter 7 α-sexithiophene (6T)/DIP solar cells that are prepared on substrates
at different temperatures enable to investigate the influence of molecular orientation
and electronic coupling between donor and acceptor molecules. Simulations of temperature dependent Voc measurements with a modification of the Shockley-Queisser theory
suggest that a temperature dependent competition between recombination via the optical and the CT gap leads to the observed differences in temperature dependent Voc
measurements. A transition temperature Ttr is introduced that separates the temperature regimes, where recombination across the CT gap (T < Ttr ) and the optical gap
(T > Ttr ) dominates. These simulations are verified by temperature dependent electroluminescence spectra.
In the last part energy losses are reviewed. Several strategies to reduce energy losses
are suggested. On exemplary solar cells that are discussed within this work, the influence
of these strategies on the different loss channels and the total energy loss of the respective
solar cells is discussed.

Chapter 2

Basic Principles of Organic Solar Cells

The following sections have partially been taken from earlier work29 and have been
extended and updated where necessary.

2.1

Organic Semiconductors

The term "Organic Semiconductor" describes a class of materials that is mainly made
out of carbon- and hydrogen-atoms, with only a few heteroatoms like oxygen, nitrogen
or sulfur included in the molecular structures. All the different combinations of these
elements can be categorized into two material classes, polymers and low weight molecular
materials, also referred to as small molecules. Whereas small molecules are already
the smallest unit of a compound, polymers are composed of many repeating subunits.
Within this work the focus will be exclusively on small molecules as active materials of
the presented solar cells.
Nevertheless, to show semiconducting properties a conjugated π-electron system is
a decisive factor for both material classes. It originates from alternating covalent single
and double bonds. Whereas the molecular backbone is built up by σ-bonds between
sp2 -hybridized orbitals of carbon atoms, the conjugated π-electron system is formed by
overlapping pz -orbitals of neighboring carbon atoms. This is illustrated in Figure 2.1 b)
using the example of ethene. The three sp2 -orbitals of both carbon atoms, which lie in
one plane with an angle of 120° between each other (see Fig. 2.1 a), form one σ-bond
to the neighboring carbon atom and two σ-bonds to the hydrogen atoms. The remaining pz -orbitals of both carbon atoms that are oriented perpendicular to the plane of
the sp2 -orbitals form the π-bond. As the overlap between the two pz -orbitals is weaker
than the one between the sp2 -orbitals, the resulting π-bond is considerably weaker than
the σ-bond.30 As can be seen in the energy level diagram in Figure 2.1 c) the bonding molecular π-orbital forms the highest occupied molecular orbitals (HOMO), whereas
5
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Figure 2.1: Schematic representations of a) the sp2 -hybridization of a carbon atom, b) the
formation of π- and σ-bonds in ethen and c) the resulting energy level diagram of ethene,
showing the bonding and anti-bonding molecular orbitals. The lowest electronic excitation
takes place between HOMO- and LUMO-level, represented by the π- and the π ∗ -molecular
orbital, respectively (after Ref. 31). d) Distribution of π-electrons in the HOMO and e) LUMO
of a diindenoperylene (DIP) molecule. f) Delocalized π-electron density of the DIP molecule
in the electronic ground state (d-f: Calculations performed by T. Lampe using the Schrödinger
Materials Science Suite).

2.1 Organic Semiconductors
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the antibonding π ∗ -orbital is the lowest unoccupied molecular orbital (LUMO). If the
molecules become more complex and contain benzene rings as basic units, like the diindenoperylene (DIP) molecule shown in Figure 2.1 d)-f), the π-electron system can
become delocalized over the whole molecule. For DIP in the ground state this is illustrated in Figure 2.1 f), where the π-electron density is shown in gray. The π-electron
distribution in the HOMO and the LUMO of DIP is shown in Figure 2.1 d) and e),
respectively. The energy level diagram for DIP is far more complex than for ethene and
is shown in Figure A.1 of the Appendix. The HOMO-LUMO transition is the smallest energy gap in organic semiconductors and is an intrinsic property of the individual
molecule, depending on the size of the conjugated system and the influence of functional
groups. This opens the possibility to tune the optoelectronic properties to meet specific
needs.30 The size of this HOMO-LUMO gap typically lies in the range of 1.5 to 3.0 eV
leading to light absorption and emission in the visible spectral range30 but being too
large for thermal excitation of charge carriers from the HOMO into the LUMO at room
temperature (E300K ≈ 25 meV).32 Thus free charge carriers have to be generated by
injection from contacts, doping, field effect accumulation or, like in organic solar cells,
by photoexcitation.33
Charge Transport in Organic Semiconductors
Depending on the degree of crystallinity, charge transport in organic semiconductors
can either be of band-like character or hopping transport. Whereas the intermolecular
transport for highly ordered crystalline organic semiconductor films and organic single
crystals at low temperatures can be described as a band-like transport, the transport
mechanism in typically observed polycrystalline and amorphous films is a thermally
assisted hopping transport.30 In organic molecular crystals the individual molecules are
kept together by weak van der Waals bonds that lead to only weak electronic interaction
between the molecular orbitals of adjacent lattice sites34 and thus result in narrow bands
with bandwidths of the order of a few hundred meV.35
In contrast, in amorphous films variations in the intermolecular distance and orientation lead to a Gaussian distribution of the absolute values of the molecular energy,
which then result in charge carriers and excitations that are localized at the individual
molecules. Consequently the electronic structure of an organic solid largely preserves
that of a single molecule.36 As the free charge carriers are localized on single molecules,
charge carrier transport operates via a thermally activated hopping mechanism in a
broad, Gaussian-shaped density of states (DOS),35, 37 which is illustrated in Figure 2.2
a). Injected or photoexcited charge carriers relax down to states of lower energy, where
at the transport energy steady-state charge transport takes place.
Furthermore, like the already discussed DIP, organic molecules generally have a
non-spherical shape, leading to structural anisotropy within the molecular crystals that
results in anisotropic properties,38 as illustrated in Figure 2.2 b). The π-electron density
of each DIP molecule is illustrated as gray ovals. In the horizontal direction the strong
π-orbital overlap enables high mobilities, whereas in the vertical direction the same

8
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orbitals only weakly overlap and thus limit charge carrier transport. The required πorbital overlap further highlights the strong dependence of charge carrier mobility on the
degree of order in organic semiconductors as demonstrated in Figure 2.2 c). Whereas
single crystals with band transport can reach mobilities higher than 10 cm2 /Vs,39 the
mobility of polycrystalline films is limited by grain boundaries40 and can reach values
between 0.01 and 1 cm2 /Vs, which is in the same range as the mobility in amorphous
silicon. However, the lowest mobility is observed in amorphous organic films with only
10−5 -10−3 cm2 /Vs as a result of spatial and energetic disorder.41

Figure 2.2: a) Charge transport via thermally activated hopping between localized states
within a Gaussian distribution of the DOS with the disorder parameter σ. Injected or excited
charge carriers relax towards the transport energy, where steady-state charge transport takes
place (after Ref. 37). b) Schematic illustration of anisotropic charge carrier transport due to
different degrees of π-orbital overlap in different directions. As an example, the π-electron
densities of DIP molecules are sketched as gray ovals (after Ref. 41). c) Comparison of the
influence of morphology on charge carrier mobility in organic semiconductors and silicon (after
Ref. 41).

2.1 Organic Semiconductors
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Optical Tranistions in Organic Semisconductors
Due to the weak electronic delocalization, optical absorption and emission spectra
of organic molecular solids are to the first order very similar to the spectra in gas phase
or in solution (apart from the solvent shift and some broadening due to band formation
in crystals or disorder in amorphous solids). Particularly, the spectra are structured by
intramolecular vibrations, so that the term "oriented gas" is also often used to describe
organic molecular crystals.30 The basic optical processes in organic semiconductors can
be illustrated in a Jablonski diagram as shown in Figure 2.3.

Figure 2.3: Simplified energy level diagram of an organic molecule illustrating the most
important optical transitions involving the ground state S0 , the first excited singlet state S1
and the first excited triplet state T1 . The direction of the small arrows indicates the spin
direction of the involved electrons. Upon absorption of light, the molecule is excited from S0
to the excited state S1 (green), from where it can decay radiatively back to the ground state
S0 (flourescence) or via intersystem crossing (ISC) and the triplet state T1 (phosphorescence).
Typical lifetimes of excited singlet and triplet states are ns and ms, respectively (after Ref. 42).

In the ground state, the HOMO of the molecule, is occupied with two electrons of
opposing spin, so that the total spin is zero, i.e. a spin singlet and therefore is labeled S0 .
Upon absorption of an incident photon one of these electrons can be lifted to a higher
excited state, e.g. the LUMO or LUMO+1. Simultaneously, the molecule is excited to a
higher excited singlet state, e.g. S1 . The more detailed picture in Figure 2.4 shows that
the electronic states are split into several sublevels due to different vibronic states of the
molecules. If a molecule is excited to such a higher vibronic state, a fast, nonradiative
transition to the lowest vibronic state of the respective electronic energy level occurs.
This process occurs on a ps-timescale and is called "internal conversion".43 From the
lowest vibronic level of the first excited electronic state the molecule can descend to one
of the vibronic levels of the elecronic ground state (see Fig. 2.4 right part). If this is
accompanied by the emission of a photon, it is called fluorescence. This transition is

10
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spin-allowed and therefore S1 states have a lifetime in the ns-regime.30 As a result of the
relaxation of higher vibronic states to the lowest vibronic state the emission spectrum
is red-shifted compared to the absorption spectrum (Stokes-shift) and the mirror image
of emission and absorption, shown in Figure 2.4, is observed. According to the FranckCondon principle the probability for an electronic transition depends on the overlap of
the vibronic wave functions of the initial and final state and determines the intensity of
the individual transitions.44–46

Figure 2.4: The potential energy curves with vibrational wavefunctions for the ground (S0 )
and the excited state (S1 ). The vertical arrows symbolize optical transitions from S0 to vibrational levels of S1 in case of absorption (green) and from S1 to vibrational levels of S0
in case of fluorescence (blue). The overlap of the vibrational wavefunctions determines the
shape of absorption and emission spectra (center) with the vibronic progression according to
the Frank-Condon principle (after Refs. 32 and 47).

Interaction between the singlet system and the triplet system, the so called "intersystem crossing" (ISC), is forbidden. But this is partially lifted due to a very weak
spin-orbit coupling. Therefore triplet states have a long but finite lifetime in the msregime. However, if the molecules contain heavier atoms, like bromine, iodine or heavy
metal atoms like platinum and iridium, the spin-orbit coupling becomes stronger and
the intersystem-crossing rate increases. For these materials, the lifetime of the triplet
states becomes shorter (µs) and the radiative transition from the first excited triplet
state T1 to the electronic ground state S0 that is called phosphorescence, can be very
efficient.48
In addition to the already discussed radiative transitions between S1 or T1 and the
ground state S0 , there are also nonradiative processes that enable transitions to the
ground state without the participation of any photons.

2.1 Organic Semiconductors
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Excitons in Organic Semiconductors
The type of excitons that are generated upon illumination with light marks the
biggest difference between organic and inorganic solar cells. In inorganic semiconductors excitons (electron-hole pairs) have binding energies below kB T (≈25meV at room
temperature) as the Coulomb interaction between different charge carriers is screened
due to high dielectric constants (r ≈12-16). These weakly-bound Wannier excitons (see
Fig. 2.5 a)) can easily be separated by thermal energy.

Figure 2.5: Illustration of the three different types of excitons: a) the delocalized and weakly
bound Wannier exciton as it is observed in inorganic semiconductors, b) the strongly bound
Frenkel exciton that is localized at one single molecule and c) the charge-transfer exciton, where
electron and hole are situated on neighboring molecules. d) Schematic comparison of the size of
the wavefunction (rB ) and the width of the coulomb potential at kB T . (a), b) and c) redrawn
from Ref. 48, d) adapted from Ref. 49).

In contrast, in organic semiconductors, upon illumination with light (or by injection
of charge carriers), strongly bound Frenkel excitons are created. As illustrated in Figure
2.5 b), for this type of excitons the electron and the hole are located at the same molecule.
Together with the low dielectric constants of r ≈2-4 and therefore only a low screening of

12
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the Coulomb interaction, this results in typical binding energies of about 0.4 to 1eV30, 50
that cannot be overcome by the thermal energy at room temperature. Therefore organic
solar cells belong to the class of "excitonic solar cells" together with dye-sensitized solar
cells.49, 51 This strong exciton binding energy EEB in organic semiconductors results in a
pronounced difference between the energy gap defined by the HOMO-LUMO gap (Eg )
and the optical gap Eopt :
Eopt = Eg − EEB
(2.1)
The second type of excitons that is present in organic semiconductors is the chargetransfer exciton. For these excitons the electron-hole distance is one or two times larger
than the distance between two molecules. In terms of their binding energy and their
spacial extension they therefore lie between Wannier and Frenkel excitons. Chargetransfer excitons are observed between molecules of the same material but also, like at
the donor/acceptor interface in organic solar cells, between different species.48

2.2

Solar Cell Device Characteristics

The electric behavior of any solar cell can be best determined by the measurement of
the current-voltage (j-V ) characteristic. For dark conditions, the j-V characteristic of a
solar cell equals the typical characteristic of a diode, whereas upon illumination the j-V
characteristic is shifted to negative current density values by the amount of the generated
photocurrent jph . Therefore, the j-V characteristic of a solar cell under illumination can
be described by the Shockley-equation extended by jph :52




eV
− 1 − jph
(2.2)
j(V ) = j0 exp
nkB T
with j0 being the dark saturation current, e the elementary charge, n the diode ideality factor and kB the Boltzmann constant. The diode ideality factor n can be used to
determine the dominant recombination mechanism in the solar cell. Langevin recombination, which is the direct recombination of free charge carriers, provides an ideality
factor of one, whereas trap-assisted recombination (Shockley-Read-Hall recombination)
raises the ideality factor to a value of two.53 In real devices, however, Equation 2.2
has to be extended further to describe the j-V characteristics properly. Therefore, a
shunt resistance RP parallel to the diode, to account for leakage currents, and a series
resistance RS , to account for all contact resistances, are added to the original equivalent circuit. A finite parallel resistance RP leads to a constant increase of the current
with increasing voltage around the short-circuit current (jSC ), whereas RS might lead
to a flattened j-V curve around the open-circuit voltage VOC and in extreme cases to a
pronounced s-shape.52, 54, 55 Thus, to describe real solar cells, the following equation is
appropriate:52, 56




V − jRS
e(V − jRS )
−1 +
− jph
(2.3)
j(V ) = j0 exp
nkB T
RP
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The measurement of the j-V characteristics of a solar cell grants access to the main
parameters that are important to describe solar cells, as shown in the upper part of
Figure 2.6. To be independent of the active area of the solar cell, it is common to use
current densities instead of current here to grant comparability. The power density of the
solar cell, shown in the lower part, is the product of the current density and the voltage.
Between 0 V and VOC the power density is negative and the solar cell generates power.
The marked parameters, like the open-circuit voltage VOC and the short-circuit current
jSC as well as the fillfactor FF and the power conversion efficiency η are elucidated in
the following.

Figure 2.6: Current-voltage characteristic of an idealized solar cell in dark (gray line) and
under illumination (blue line). Short-circuit current jSC and open-circuit voltage VOC are
marked. The maximum output power density Pmax of the solar cell is defined by the maximum
power point MPP that is set by jMPP · VMPP (blue rectangle). The ratio between the blue and
the gray rectangle determines the fillfactor FF.

Short-circuit Current
The short-circuit current density jSC can be measured under short-circuit conditions
without any applied external voltage (V = 0). However, in non-ideal devices jSC is not
necessarily equal to the maximum photocurrent jph that is only reached under reversed
bias for many organic solar cells. Furthermore, the assumption of a constant, field independent photocurrent is only a simplification that cannot explain an often observed
intersection of dark and light j-V curves of organic solar cells at a so-called compensation voltage under forward bias.57, 58 The magnitude of jSC depends on the amount of
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photons that is absorbed in the active layer of the solar cell and thus strongly depends
on the absorption coefficients of the used materials and the intensity of the incident light
Pin .
Open-circuit Votage
The voltage, at which the net current in the external circuit completely vanishes
(j = 0) is called open-circuit voltage VOC . At this voltage, the photocurrent is completely
compensated by the dark recombination current. In organic solar cells, the magnitude of
VOC is limited by the charge transfer energy ECT and thus can be strongly influenced by
the choice of the material combination of donor and acceptor materials. More detailed
information on the interplay of energy levels, ECT and VOC is given in Chapter 2.4.
Solving the Shockley equation (Eqn. 2.2) for open-circuit conditions, reveals that Voc
additionally depends on jsc and thus on the intensity of the incident light Pin :


jsc
kB T
ln
+ 1 −→ Voc ∝ Pin
(2.4)
Voc =
e
j0
Fillfactor
As can be seen in Figure 2.6, between 0 V and VOC the solar cell generates power.
But the maximum power density can only be reached at the maximum power point
(MPP) with the corresponding current density jMPP and voltage VMPP at which the
solar cell is operated normally. The fillfactor (FF) is defined as the ratio between the
maximum power output (jMPP · VMPP - blue rectangle) and the product of short-circuit
current and open-circuit voltage (jSC · VOC - gray rectangle) and is a measure for the
steepness of the j-V curve.
jMPP · VMPP
(2.5)
jSC · VOC
As the FF, together with VOC and jSC , linearly influences the overall efficiency of
the solar cell, high FF are essential for high performance solar cells (see Eqn. 2.6 below).
However, in organic solar cells, typical FF are in the range of 40 − 70 % which is considerably lower than for crystalline silicon or GaAs solar cells (80 − 86 %).8
FF =

Power Conversion Efficiency
The power conversion efficiency (PCE or η) of a solar cell is defined as the ratio
between the maximum electrical power density that is generated by the solar cell Pmax
and the intensity of the incident light Pin . It can be expressed as follows:
jMPP · VMPP
FF · jSC · VOC
Pmax
=
=
(2.6)
Pin
Pin
Pin
Here it becomes obvious that for an efficient solar cell not only a high jSC and VOC
are essential, but also a high FF.
η=
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Figure 2.7: a) Spectral irradiance of the standard AM 1.5 g (blue) terrestrial solar spectrum
in comparison to the extraterrestrial spectrum AM 0 (gray) (Data taken from Ref. 59). b)
Schematic illustration of the geometric situation for the different reference spectra.

Due to the spectral sensitivity of all solar cells, the power conversion efficiency η
is strongly dependent on the spectrum of the light source. Therefore, standard testing
conditions for solar cells have been defined. The device temperature has to be 25 °C
and the light intensity must be 100 mW/cm2 of an air mass (AM) 1.5 global reference
spectrum.60 This is a simulated spectrum of the solar radiation that reaches the surface
of the earth under an angle of 48.2° relative to the surface normal of the earth.61 The
term global implies that not only direct irradiation is considered (AM 1.5d) but also
light scattered from the atmosphere. In Figure 2.7 different reference spectra and their
geometrical origin are presented.
External Quantum Efficiency
An additional measure for the performance of the solar cell is the external quantum
efficiency (EQE) that is often also referred to as incident photon to current efficiency
(IPCE). In contrast to the power conversion efficiency, which is a measure that integrates
over all wavelengths of the used light source, the IPCE is a spectral quantity. It is defined
as the ratio of the amount of charge carriers produced by the solar cell to the number
of incident photons of a given wavelength. Thus it can be determined by a wavelength
dependent measurement of jSC :
IPCE =

hc jSC (λ)
·
eλ Pin (λ)

(2.7)

Here h is the Planck’s constant, c the speed of light, e the elementary charge and λ
the wavelength. The IPCE therefore provides a quantum yield for specific wavelengths
that is independent of the light source but a property of the device and hence more
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suitable for comparison. The wavelength dependence of the IPCE spectrum is a result
of the absorption spectrum of the active materials used within the solar cell, but does
not necessarily has to coincide with the absorption spectrum. As the exciton diffusion
length in organic semiconductors is rather short, for thick layers it might be that the
photons of a wavelength, where the material absorbs well create excitons too far away
from the junction, where they are separated. In this case the excitons recombine before
reaching the junction and do not contribute to the photocurrent. This leads to low
efficiencies for wavelengths with high absorption and higher efficiency where absorption
is worse, which is called antibatic behavior of the device. If the IPCE spectrum matches
the absorption spectra one is speaking of symbatic behavior,62 which is expected for
organic bulk heterojunction solar cells.

2.3

Physics of Organic Solar Cells

Solar cells are devices that directly convert absorbed photons into electrical power. In
inorganic semiconductors the thermal energy is sufficient to dissociate the created excitons into free electron-hole pairs that are subsequently separated by the pn-junction.
However, organic solar cells belong to the group of excitonic solar cells, as the generated
excitons, the so called Frenkel-excitons, are strongly bound and therefore thermal energy
is not sufficient to dissociate them into free charge carriers (see Chapter 2.1). Hence,
the first organic solar cells that consisted only of one organic semiconductor material
sandwiched between two electrodes, had very poor efficiencies.63 The application of
organic semiconductors in photovoltaic devices therefore needs strategies to efficiently
separate the created excitons. This breakthrough was realized by C. W. Tang in the
year 1986 by the introduction of two-layer organic photovoltaic cells.19 In these solar
cells the photoactive layer consists of two different organic materials, where one is acting
as electron acceptor and the other as electron donor. For efficient charge separation at
the interface between donor and acceptor, it is necessary that the two materials form a
type-II heterojunction,64 which means that the HOMO and LUMO of the donor material
lie higher than the respective levels of the acceptor material. With this donor/acceptor
concept first solar cells with an efficiency of about 1% were possible.19

2.3.1

Charge Generation Process

The complete charge generation process within organic solar cells can be separated into
six individual steps on a macroscopic level as illustrated in Figure 2.8:65, 66
a) Upon absorption of a photon with energy higher than the bandgap of the semiconductor materials, an electron is excited from the HOMO to the LUMO and thus a
Coulombically-bound Frenkel exciton is created. This process can happen either
on the donor or the acceptor material.
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b) As Frenkel excitons are electrically neutral, the motion towards the donor/acceptor interface is not driven by the electric field, but is rather a random diffusion
based on a concentration gradient. As the excitons have to reach the donor/acceptor interface within their lifetime, the exciton diffusion length limits the thickness
of the individual organic layers.67 The exciton diffusion length LD depends on the
lifetime of the excitons τ , the diffusion constant D and the dimensionality of the
diffusion process that is considered in the parameter Z:48
√
(2.8)
LD = Z · D · τ
c) At the donor/acceptor interface charge transfer of the electron to the LUMO of
the acceptor or the hole to the HOMO of the donor occurs and a charge-transfer
(CT) exciton is created.
d) In the next step, the Coulombically-bound charge-transfer exciton is separated
into free charge carriers.
e) If the excitons are dissociated, the generated charges can be transported to the
electrodes. This is a process that is driven by the internal field caused by the
difference in work function of the anode and cathode material.
f) Finally, the charges are extracted by the cathode and the anode and lead to the
photocurrent.
However, both exciton dissociation and separation are still not fully understood.
A closer insight into charge-transfer complexes and their influence on VOC is given in
Chapter 2.4.
To all the different steps of photocurrent generation listed above, a separate efficiency
can be ascribed. The external quantum efficiency ηEQE is the product of all these single
efficiencies:
ηEQE = ηAbs · ηED · ηCT · ηCC = ηAbs · ηInt

(2.9)

Where ηAbs is the absorption efficiency and ηED the exciton diffusion efficiency. The
charge-transfer state formation and the exciton dissociation are combined to a chargetransfer efficiency ηCT as well as the charge carrier transport and extraction by the
contacts that are represented by the charge collection efficiency ηCC . At the same time
all these efficiencies describe loss channels of the solar cell due to optical or recombination losses. If optical losses like reflection and transmission are neglected, the internal
quantum efficiency ηInt describes the ratio of the number of absorbed photons to the
number of generated charges. The three parameters of the internal quantum efficiency
ηInt (ηED , ηCT and ηCC ) strongly depend on the morphology of the organic semiconductor films as well as the interface architecture within the device. To optimize these
parameters different donor/acceptor heterojunction architectures have been established
that are presented in the following chapter.
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Figure 2.8: Schematic process of photocurrent generation in a planar heterojunction: a)
Absorption of light and exciton generation, b) exciton diffusion to the donor/acceptor interface,
c) transfer of the electron to the acceptor (CT exciton), d) separation of the CT exciton,
e) charge carrier transport to the electrodes and f) charge carrier collection at the contacts
(redrawn from Ref. 47).

2.3.2

Device Architecture of Organic Solar Cells

Parts of the following section have been adopted from T. Linderl et al. Advanced Energy
Materials 7 (2017) 1700237.24
The simplest architecture for organic heterojunctions is the planar heterojunction
(PHJ), where donor and acceptor layer are processed subsequently. For this configuration, the surface roughness of the donor layer determines the interface area between
donor and acceptor. Whereas amorphous organic layers form very smooth surfaces, for
crystalline or polycrystalline organic films the surface roughness is strongly increased.
Additionally, a sharp interface as it is illustrated in Figure 2.9 a) is only a very ideal
picture. Recent work has shown that even in the case of prototypical “model systems”
the interface can exhibit non-idealities like intermixing, even if both materials are evaporated subsequently or disorder due to different orientations at the interface compared
to the bulk, such that it is no longer an abrupt clean interface.68, 69 One drawback of
the planar configuration is however, that the exciton diffusion length in organic semiconductors is often only in the range of a few nanometers.70–72 To ensure that as many
excitons as possible reach the interface between donor and acceptor, the layer thickness
is therefore strongly limited. As the absorption coefficients for organic semiconductor
films are typically of the order 105 cm−1 ,70 an optical absorption length of 100 − 200 nm
is required to absorb a significant fraction of the incident light. Therefore, layer thicknesses in PHJ devices have to be carefully chosen to achieve the maximum efficiency
that is possible for the used material combinations. Furthermore, interference conditions
within the solar cell have to be considered. As one electrode is usually a metal electrode,
the incident light is reflected and if layer thicknesses have been chosen in a way that
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the absorption maximum is close to the donor/acceptor interface, the efficiency can be
improved significantly.73 The main advantage of PHJs is, that if excitons are separated
into free charge carriers, these can be transported to the electrodes without too much
loss as continuous paths are guaranteed.

Figure 2.9: Schematic illustration of different heterojunction architectures used in typical
organic solar cells: a) Bilayer device with a planar heterojunction (PHJ), b) Bulk heterojunction
(BHJ) with increased interface due to coevaporation of donor and acceptor molecules and c)
planar-mixed heterojunction (PM-HJ) with a mixed layer sandwiched between two thin neat
layers of donor and acceptor material.

To overcome the bottleneck of short exciton diffusion length, the bulk heterojunction
concept has been introduced (see Fig. 2.9 b)). Donor and acceptor material are, in the
case of small molecules coevaporated, which increases the donor/acceptor interface to
the entire bulk. Therefore exciton dissociation can be improved significantly, as independent of the site, where the exciton is generated, there is always a donor/acceptor
interface within the range of the exciton diffusion length that can separate the exciton
into free charge carriers. However, charge carrier extraction at the contact can only be
granted, if continuous percolation paths of neat material to the respective electrodes exist. Otherwise charge carriers are captured at islands of one single material and have to
recombine, as they cannot be transported to the contacts. Therefore control of morphology and the degree of phase separation within the bulk are essential for efficient BHJ
solar cells.74 Although the mixing between two organic compounds is material specific,
it can be influenced by choosing different substrate temperatures during evaporation or
by changing the mixing ratio.75 Furthermore, paths that go through the entire device
from one contact to the other might occur and lead to strong quenching of both, charge
carriers and excitons at the contacts.
To prevent this, a third device architecture, the so called planar-mixed heterojunction
(PM-HJ) has been introduced (see Fig. 2.9 c)). In these devices a mixture of donor and
acceptor is sandwiched between neat layers of donor and acceptor, each connected to
the corresponding electrode.
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The Role of Charge Transfer States in Organic
Photovoltaics

As already explained in Chapter 2.3.1, due to the strong exciton binding energy in organic semiconductors a combination of donor and acceptor materials in form of a type-II
heterojunction is necessary to separate excitons into free charges. At this donor/acceptor
interface the lower lying frontier orbitals of the acceptor material, or more precisely the
difference between optical gap and the energy of the interfacial charge-transfer states,
provide a driving force ∆E for the charge transfer of either the electron from donor to
acceptor or, vice versa, the hole from acceptor to donor, depending on which material
the exciton was created. This electron-hole pair at the donor/acceptor interface that is
still Coulombically-bound is situated in a charge-transfer state (CT state). The energy
gap of this CT state is therefore at a lower energy than the optical gaps of both, donor
and acceptor material. For a PHJ the situation in an energy diagram is schematically
shown in Figure 2.10 a). But since organic films always feature a certain degree of disorder, there is not a single value for the energy of the CT state but a broad distribution of
CT states76 as will be discussed later. However, the exact mechanism how CT excitons
become separated into free charges still is under investigation. Different possible procedures are discussed in Section 2.4.5. In contrast, the importance of the donor/acceptor
interface properties for the open-circuit voltage VOC is already well established26, 28, 76–80
and will be discussed in the following sections.

2.4.1

The Detailed Balance Limit for Heterojunction Solar Cells

The following section has already been published as a part of T. Linderl et al. Journal
of Optics 18 (2016) 024007.81
The detailed balance limit of a solar cell is a thermodynamic efficiency limit and has
first been considered by Shockley and Queisser in 1961.82 They predicted the thermodynamically possible efficiency of a single pn-(homo)junction to be about 33%. Recently,
their model has been extended to describe organic solar cells, where the introduction of
an energy offset at the heterojunction poses an intrinsic energy loss that further reduces
the maximum possible efficiency.83–87
The heterojunction as black body radiator
In this approach, both the sun and the solar cell are regarded as black body radiators
at their specific temperatures (Tsun ≈ 5778K and Tsolar cell ≈ 300K). In accordance with
Planck’s law of radiation, the photon flux, i.e. the number of photons per unit area
and per unit time, emitted by a black body at temperature T is given by the integral
of the black body spectrum n(E, T ) over all energies E. To account for the fraction of
photons relevant for the photo-active material, the black body spectrum is additionally
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weighted by the absorption profile α(E) of the solar cell, yielding the photon flux that
is absorbed by the cell N (T ):
Z

∞

α(E)n(E, T )dE

−1


Z ∞
1
E
α(E) 2 3 2 exp
=
−1
E 2 dE
4π
~
c
k
T
B
0

N (T ) =

0

(2.10)

Here ~ is the reduced Planck constant, c the speed of light and kB is the Boltzmann
constant. For an idealized pn-junction, α equals 0 for photon energies below the band
gap and 1 for photon energies above the band gap of the semiconductor. Please note,
that α, strictly speaking, denotes the absorbance and is thus dimensionless. It should
not be mixed up with the absorption coefficient, which has the dimension 1cm−1 .
The situation changes slightly for a heterojunction of two different (not necessarily
organic) semiconductors: The absorption onset is no longer given by the optical gap of
either of the semiconductors. Instead, a charge transfer process, where an electron is
excited from an occupied state of one semiconductor to an unoccupied state of the other
semiconductor, enables additional absorption at photon energies below the smallest
individual band gap (cf. Figure 2.10 b)). Thus the absorption profile contains two steps
and is given by:85


: E < ECT
0
α(E) = αCT
: ECT < E < Eopt ,


α0 ≡ 1 : E > Eopt

(2.11)

where Eopt denotes the smaller optical gap of both semiconductors and ECT the charge
transfer energy. αCT denotes the absorption strength of the CT transition relative to α0
and is typically of the order 10−3 times the absorption of the optical gap.
The short circuit current jsc in the radiative limit can now be calculated with the
help of Equation 2.10 from the number of photons emitted by the sun (approximated
as black body radiator at 5778K) and absorbed by the solar cell. Note that since the
sun emits its radiation isotropically into all space, only a fraction of s = 2.18 × 10−5 of
the photons reach the surface of the earth.87 If every absorbed photon generates one
electron-hole pair, the short circuit current is given by the following equation, where e
is the elementary charge:
jsc = esN (T = 5778K)
(2.12)
On the other hand, Equation 2.10 can be used to calculate the photon flux emitted by
the solar cell as required by Kirchhoff’s law of radiation.88 The origin of the generation
of photons is the recombination of electrons and holes. This may be expressed as a
radiative recombination current j0,rad for a solar cell at a temperature of 300K:
j0,rad = eN (T = 300K)

(2.13)

22

2 Basic Principles of Organic Solar Cells

Figure 2.10: a) Energy level diagram of a PHJ solar cell displaying the energetic situation of
CT excitons at the donor/acceptor interface. b) Within the extended Shockley-Queisser limit
for organic solar cells the type-II heterojunction has an idealized two-step absorption profile,
resulting from the ECT and Eopt energy gaps of the donor/acceptor heterojunction (Picture
taken from Ref. 81).

This quantity can be extracted as the reverse saturation current j0 from an ideal device,
if radiative recombination, i.e. emission of photons, is the only allowed recombination
mechanism. Then, the detailed balance also requires that in equilibrium the amount of
absorbed photons equals the amount of emitted photons, if no net current flows. The
latter is fulfilled under open circuit conditions. An expression for Voc can be derived
from the Shockley equation52 (Eqn. 2.2) for an ideal solar cell (ideality factor n = 1,
series resistance Rs = 0 and parallel resistance Rp → ∞) under illumination:


jsc
kB T
ln
+1
(2.14)
Voc =
e
j0
This expression shows that Voc is reduced by the reverse saturation current. Note that
j0 is generally not limited to (thermodynamically inevitable) radiative recombination
but usually contains an additional contribution from non-radiative processes, thus that
the reverse saturation current is given by
j0 = j0,rad + j0,non−rad

(2.15)

As a direct consequence, the open-circuit voltage of a solar cell is maximal in the
radiative limit, i.e. if j0,non−rad = 0. This also implies that an ideal solar cell simultaneously is an ideal light emitting diode, from a photonic point of view89 with only
radiative recombination occurring. Note, however, that even in the thermodynamically
ideal case entropic losses are present that are caused by the difference of the solid angle
under which the sun appears on earth and the solid angle into which emission from the
solar cell occurs.90 In terms of Voc all intrinsic radiative losses amount to a reduction of
about 300mV compared to the photovoltaic gap EPVG , which is the energy gap about
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which electrons and holes recombine.91–94 In the context of organic solar cells EPVG is
oftentimes identified with the energy of the CT states ECT .87, 95–100
The coupling factor
Equation 2.14 relates the open circuit voltage to the short circuit current and the dark
saturation current. This can be extended to relate Voc to the photovoltaic gap EPVG of
the solar cell by inserting the following expression into Equation 2.14:64


−EPVG
j0 = j00 · exp
(2.16)
kB T
Here j00 denotes the coupling factor that is generally assumed to be a constant accounting for the electronic coupling strength of the material system95, 97, 98, 101 and EPVG
denotes the energy gap across which electrons and holes recombine. Please note, that j00
as defined by Equation 2.16 also includes the dependence of the electronic coupling on
the interfacial area in a heterojunction device. However, if devices with similar interface
morphology are compared, it directly reflects the different electronic coupling of donor
and acceptor molecules. Under the assumption jsc /j0  1, Equation 2.14 and Equation
2.16 yield the commonly found relation:64, 102, 103
 
j00
.
(2.17)
e · Voc ≈ EPVG − kB T · ln
jsc
Equation 2.17 implies a linear dependence of Voc on the temperature, which approaches a value of EPVG /e at absolute zero. A linear extrapolation to 0K of Voc
measured at a series of temperatures is thus widely used in order to experimentally
determine EPVG .26, 87, 95, 96

2.4.2

CT Energy and Open-Circuit Voltage

Equation 2.17 implies that the photovoltaic gap EPVG poses an upper limit to the opencircuit voltage VOC . For organic heterojunction solar cells EPVG is often identified with
the energy of the charge transfer state ECT .87, 95–100 For both, polymeric and molecular organic materials with a wide range of different energy levels, a linear correlation
between Voc at room temperature (illuminated with 1 sun AM1.5G) and ECT was observed:26, 28, 77, 95, 100, 101
e · VOC = ECT − 0.6 eV
(2.18)
Compared to the bandgap-voltage offset in Si or GaAs solar cells (0.3-0.4 eV) the recombination losses between Voc and ECT in organic solar cells are considerably higher24 and
therefore will be discussed separately in Section 2.4.3.
A more complex and realistic model that describes how CT states determine Voc is
presented by Burke et al.76 There an equilibrium between CT states and free carriers
is assumed which adjusts due to charge carriers that form CT states and split again
several times before they recombine. Independent of the charge carrier mobility, a
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certain fraction of charge carriers will then always be in CT states. This fraction is
calculated by using Boltzmann statistics and the free energy difference between CT
states and free carriers.
To avoid any thermodynamic driving force, which is a fundamental requirement for
equilibrium, the process of forming a CT state has to provide as much free energy as
is lost by reducing the number of free electrons and holes by one. The free energy of
electrons or holes is called quasi-Fermi level of the respective charge carrier (EFe− /EFh+ ).
Therefore, equilibrium between CT states and free charge carriers can be written as the
chemical potential of CT states µCT being equal to the quasi-Fermi level splitting for
electrons and holes:
µCT = EFe− − EFh+
(2.19)
With this equation, equilibrium between CT states and free charge carriers provides a
possibility to express the open-circuit voltage Voc in terms of the chemical potential of
CT states:
e · VOC = EFe− − EFh+ = µCT
(2.20)
The number of occupied CT states NCT is then derived by integrating over the
density of possible CT states gCT (E):






Z ∞
2
µCT − E
σCT
eVOC − ECT
dE = f N0 exp
exp
NCT =
gCT (E) · exp
kB T
2(kB T )2
kB T
−∞
(2.21)
with σCT and ECT being the standard deviation and the center of the CT state distribution, f the volume fraction of the donor/acceptor interface and N0 the density of
electronic states in the device. The recombination current within the solar cell can thus
be written as:




2
ef N0 L
σCT
eVOC − ECT
eNCT L
=
exp
exp
(2.22)
jrec =
τCT
τCT
2(kB T )2
kB T
with τCT being the average lifetime of CT states and L the thickness of the solar cell.
Since at open-circuit no current is flowing, the recombination current has to be equal
to jSC of the illuminated solar cell (jrec = jSC ). Therefore Equation 2.22 can be solved
for Voc :


2
ef N0 L
σCT
− kB T ln
(2.23)
e · VOC = ECT −
2kB T
τCT jSC
Unlike Equation 2.17, which was derived from the detailed balance limit and the
Shockley equation, this equation considers interfacial disorder as well as an arbitrary
energetic landscape for free charge carriers.76 With this equation Burke et al. directly
connect the open-circuit voltage Voc to the degree of donor/acceptor intermixing, the
center energy of the CT state distribution, the degree of energetic disorder at the interface and the CT state lifetime.76 Furthermore, different groups could show that the
distribution of CT states can be more complex than the so far assumed single Gaussian
CT band. The coexistence of mixed and aggregated phases (amorphous or crystalline)
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can lead e.g to energetic shifts of the CT states energy or relaxation to lower lying CT
states, which in turn has a strong impact on Voc .24, 104–106

2.4.3

Energy Losses associated with the CT Energy

Parts of this section have already been published in T. Linderl et al. Advanced Energy
Materials, 7 (2017) 170023724 and have been adopted from this work.
Energy losses in organic solar cells are also often denoted as voltage losses. Both
terms mean the difference between the optical gap and the energy equivalent of the
open-circuit voltage (e · Voc ). As already mentioned in Section 2.4.2 energy losses in
organic solar cells are relatively large, which results in relatively small Voc compared
to the optical gap Eopt of the light absorbing materials. While this so-called bandgapvoltage offset can be as low as 0.3 − 0.4 eV in Si or GaAs solar cells20, 21 and only a little
larger in perovskite solar cells,22 organic photovoltaic cells exhibit total energy losses of
at least 0.6 eV - in many cases however, this offset can approach and even exceed 1 eV.23
According to the working principle of organic photovoltaics (see Chapter 2.3 and
Figure 2.10), there are two main steps, where energy losses occur:
1) in the charge transfer process between Eopt and ECT to form the CT state (∆E)
2) in the process of charge separation and extraction between ECT and Voc (∆Erec )
Thus, Voc can be written as:
e · VOC = Eopt − ∆E − ∆Erec

(2.24)

with ∆E being the so-called driving force for the formation of CT states and ∆Erec
the recombination loss in the dissociation and conversion of CT states to free carriers
performing work in the external circuit. Note that, strictly speaking at Voc the photovoltaic cell does not deliver any power at all, but it is generally accepted to take this
value instead of the voltage at the maximum power point VMPP . Due to their different
physical origin, it is common to treat both loss terms separately. In particular, the
following expression is frequently used to quantify recombination losses only:
e · VOC = ECT − ∆Erec

(2.25)

Following the approach by Shockley and Queisser82 adapted for heterojunction solar
cells (see also Section 2.4.1) an upper limit for the power conversion efficiency can be
calculated.83, 85–87 Using the parameters ECT and αCT as input parameters Gruber et
al.87 could calculate the PCE and Voc for different combinations of ECT and αCT . The
results are shown in Figure 2.11.
As expected, the PCE as a function of the optical gap Eopt decreases with increasing
driving force ∆E and at the same time the position of the maximum efficiency is moving
to slightly larger values. But remarkably, also αCT has a pronounced effect on both the
PCE and Voc (see Figure 2.11 b)). Especially, if αCT is lowered from the typical values of
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Figure 2.11: Calculated PCE and Voc following the modified Shockley-Queisser detailed
balance approach with Eopt = 1.9 eV and both, ECT (a) and αCT (b) as variable parameters
for different driving forces ∆E (Pictures taken from Linderl et al.24 and originally published
in Ref. 87).

10−3 found in a bulk heterojunction, i.e. in a co-evaporated equimolar donor/acceptor
mixture, towards extremely small values, Voc increases by a few tenths of an eV. The opencircuit voltage Voc can then even exceed ECT and reach values predicted by Shockley and
Queisser for the given gap. Note that the dramatic increase in PCE for αCT approaching
1 is due to the effect of a reduced energy gap Eopt =ECT , approaching the optimum gap
of the Shockley-Queisser limit in this case.
While the simulations can provide an upper limit for the PCE of organic photovoltaics and nicely demonstrate the importance of both, the energy level offset at the
donor/acceptor interface as well as the absorption strength of the resulting CT state
for the total energy loss, they miss one important ingredient, viz. the presence of nonradiative recombination. Thus, the recombination loss term ∆Erec in Equation 2.25 has
to be extended to account for both contributions, leading to the following expression for
Voc :
r
nr
e · VOC = ECT − ∆Erec
− ∆Erec
(2.26)
r
As shown in the literature, the radiative loss term (∆Erec
) depends logarithmically on
nr
the absorption strength αCT of the CT state, and the non-radiative loss term (∆Erec
) can
nr
be written as ∆Erec = −kB T ln(ηEL ), with ηEL being the electroluminescence quantum
efficiency for light emission from CT states.26, 28 Actually, as several authors have pointed
out, because of the extremely low values of ηEL of the order of 10−6 (as compared to
10−3 − 10−2 in GaAs, Si or perovskites) the non-radiative loss term is the dominant one
in organic photovoltaics.21, 22
According to the different sources of energy losses in organic photovoltaics discussed
above (see also Fig. 2.11) one can follow different strategies to reduce them:
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1) Reducing the driving force ∆E:
This is the most obvious approach for reducing energy losses. It can be achieved
by varying the relative energy level position at the donor/acceptor interface, e.g.
by systematically changing the redox energies of a family of donor materials while
keeping the acceptor fixed, or vice versa.107 For very low driving forces CT absorption and emission overlap strongly with singlet absorption (and emission) of the
donor and/or the acceptor material and thus can hardly be measured.108 However,
for many material combinations such low driving forces correlate with a poor free
charge carrier generation rate, which can be attributed to increased repopulation
of singlet states of the donor or acceptor material108–112 This is in agreement with
the observation by Li et al.113 that by reducing ∆E the total energy loss cannot
be reduced below 0.6 eV without significant losses in IPCE. Only few material
combinations are known so far that combine a low driving force with high power
conversion efficiency.105
2) Reducing the CT strength αCT :
The absorption strength of the CT state αCT contains two different contributions:
one is the density of CT states per unit volume and the second is given by the
electronic coupling strength between donor and acceptor.26, 28 Both properties can
be controlled by either changing the morphology (going from BHJ to PHJ or by
dilution114 ) or by changing the molecular orientation. Further discussion on this
topic will be given in Chapter 7 and 8.
3) Reducing non-radiative recombination:
Non-radiative energy losses in organic solar cells can be as large as 0.35−0.55 eV in
polymer:fullerene BHJ cells, where radiative losses are only 0.24 eV.22, 26, 28, 115 Only
recently, Benduhn et al.115 suggested to apply "the energy gap law for radiationless
transitions" reported by Engelman and Jortner in 1970116 to CT emission. They
observed that the empirical relation e · VCT = ECT − 0.6 eV is not strictly valid
when data over a large range of CT energies are analyzed. Actually, the slope
between e · Voc and ECT is slightly larger than one, indicating that there is an
energy dependence of the non-radiative loss term, as predicted by Engelman and
Jortner. In simple words, the non-radiative decay rate knr depends on the energy
of the excited state, because the higher the latter is the more vibrational quanta

CT
). As
~ω are needed for dissipation and thus, the lower is knr (knr ∝ exp − E~ω
demonstrated by Benduhn et al., the effect of non-radiative recombination losses
nr
in organic photovoltaics is quite dramatic, because ∆Erec
can be as large as 0.55 eV
for an ECT of 0.6 eV, while it is only about half as large for ECT = 1.6 eV.115 This
clearly shows that material synthesis should focus to tune CT states toward a
higher radiative decay efficiency. However, the challenge is not to increase radiative
losses at the same time.80
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Factors influencing the Open-Circuit Voltage
Despite the already mentioned factors that influence Voc like ECT , the reverse saturation current, temperature and recombination losses, there are further properties that
affect Voc although some of them only indirectly.117 In the following section a short summary about these different influences on Voc and how they are connected to the above
mentioned strategies to reduce energy losses is given.
One important factor that strongly influences Voc is the illumination intensity. The
Shockley equation (Eqn. 2.14) already predicts a logarithmic dependence of Voc on jsc ,
which in turn is linearly dependent on the illumination intensity for many organic solar
cells.118 The effect of illumination intensity is directly connected to a second factor
that influences Voc , the charge carrier density. With increasing charge carrier density
recombination within the solar cell increases, which leads to a higher reverse saturation
current j0 that is also part of the Shockley equation.
Furthermore, the shape of the DOS as well as energetic disorder influence Voc .
Blakesley and Neher could demonstrate by simulations that increasing disorder leads
to a reduction of Voc .119 Graham et al.104 could argue that both ionisation energy and
ECT are strongly dependent on phase composition and structural order and thus also
strongly influence Voc . Furthermore, Ndjawa et al.106 observed that the coexistence
of areas with different degree of order in the acceptor or donor material can result in
strongly different CT energies. For rubrene:fullerene solar cells they observed that crystalline rubrene results in an ECT that is up to 0.4 eV lower than for amorphous rubrene.
Hole delocalization in aggregate rubrene that results in a lower ECT could be identified
as the origin. Moreover, even for some PHJ configurations the interface between donor
and acceptor can exhibit intermixing or disorder,68, 69 leading to a broad distribution of
CT states. Furthermore, due to grain boundaries or impurities, tail states that reach
far into the HOMO-LUMO gap might exist. The relaxation of charge carriers into these
deep tail states might also influence Voc . Therefore the morphology and the microstructure of the active organic layers play a crucial role for energy losses and thus for Voc in
organic photovoltaics.
Strongly connected to the morphology is the donor/acceptor interface area. Reducing
the interface area between donor and acceptor molecules results in a reduction of the
CT strength αCT which is one of the above mentioned strategies to reduce energy losses
in organic solar cells. Vandewal et al.114 observed that by reducing the donor content
in small molecule:fullerene photovoltaic cells below 10 % increases Voc logarithmically in
the same way as the interface area decreases, whereas the CT energy remains constant
for all mixing ratios. This result can be explained in terms of reduced recombination
for a smaller interface. However, this implies that for organic solar cells a tradeoff
between a minimum interface for high Voc and a maximum interface for high charge
carrier generation and thus a maximum jsc exists.
All aspects considered so far assume Ohmic contacts. However for non-Ohmic contacts, in the case of injection or extraction barriers, Voc is also reported to depend on
the work function difference of the two electrodes.65 If the workfunction of the contact
is not aligned with the quasi-Fermi level of the organic material a space-charge region
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is created upon device operation. This strongly modifies the electrochemical potential
of the charge carriers in dependence of the distance from the contact.117, 120

2.4.4

Experimental Determination of CT State Energies

Parts of this section have already been published in T. Linderl et al. Journal of Optics
18 (2016) 02400781 and have been adopted from this work.
A direct evidence for the existence of CT states can be found in absorption and
emission spectra of organic donor/acceptor combinations. For various different polymer:fullerene photovoltaic devices, an emission spectrum that is dominated by a redshifted peak compared to the spectra of the single materials, was reported.28, 77, 109, 121–130
This emission peak could be attributed to the emission of charge transfer states at the
interface between donor and acceptor. Due to the reciprocity relation between emission
and absorption, sub-bandgap absorption was also expected. However, highly sensitive
methods are necessary to observe CT absorption bands. Optical absorption and emission
spectra are related by the following equation:52, 131


E
2
(2.27)
If (E) ∝ σ(E)E exp −
kB T
with σ(E) being the absorption spectrum as a function of the photon energy E and
If (E) the emitted photon flux by Boltzmann populated states that are responsible for
the absorption σ(E). T is the temperature of the material and kB is the Boltzmann
constant.
Based on the framework of Marcus theory, Vandewal et al.26 used the following
equations to extract ECT from reduced absorption (σ(E) · E) and reduced emission
(If (E)/E) spectra:
fσ
exp
σ(E)E = √
4πλ0 kB T
f If
If
=√
exp
E
4πλ0 kB T





−(ECT + λ0 − E)2
4λ0 kB T

−(ECT − λ0 − E)2
4λ0 kB T





(2.28)
(2.29)

with σ(E) and If (E) being the absorption cross section and the emission rate, respectively. ECT is the energy difference between CT ground state and CT excited state and
λ0 the reorganization energy that is associated with CT absorption (see Fig. 2.12 b)). fσ
and fIf are proportional to the electronic coupling matrix element132 and a measure for
the donor/acceptor material interaction.26 As illustrated in Figure 2.12 a) absorption
and emission spectra form a mirror image, where the intersection point of both spectra
equals ECT . The reorganization energy λ0 can be deduced from fitting absorption and/or
emission spectra with Equation 2.28 and 2.29. However, in real materials disorder can
lead to situations where this Stokes-shift is more than 2λ0 with emission only taking
place from the lowest energy excited states.
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Within this work IPCE (EQE) measurements are used to determine CT absorption.
The IPCE spectrum is equal to the absorption spectrum weighted by the absorbedphoton-to-electron internal conversion efficiency η. For a device with one back-reflecting
metal electrode, IPCE spectrum and absorption are connected by the following equation:26
IP CE(E) = ησ(E)NCT 2d
(2.30)
where d is the thickness of the organic layers of the solar cell and NCT the number of
CT states. By inserting Equation 2.28, the IPCE spectrum can be fitted with:26


−(ECT + λ0 − E)2
f
exp
(2.31)
IP CE(E) = √
4λ0 kB T
E 4πλ0 kB T
In this equation the prefactor f equals ηNCT 2dfσ .
All presented equations predict a maximum peak intensity at ECT + λ0 and ECT − λ0
for absorption and emission, respectively (see Fig. 2.12 a)). Furthermore, these equations
predict that CT absorption and emission bands are broadened by temperature T and
λ0 . For material systems with large amount of disorder, both ECT and λ0 become
temperature dependent.76

Figure 2.12: a) Schematic illustration of the determination of the CT energy by reduced
absorption and emission spectra, using the same ECT and λ0 values for both spectra. b) Gibbs
free energy diagram of the ground and the excited CT states. The energy differences that
determine the maximum of the absorption and emission spectrum as well as ECT and λ0 are
marked (both pictured drawn after Ref. 28).

However, the classical role allocation of the two gaps, Eopt being responsible for
the onset of the photocurrent and ECT being the only gap across which recombination
of charge carrier pairs occurs, is not always granted. Faist and Nelson have recently
shown by a systematic tuning of the interfacial energy level offset through a variation
of the acceptor in polymer:fullerene cells that recombination via the singlet state of the
donor competes with CT state recombination for small enough LUMO offsets.110 Ran
and Nguyen found that the observation of singlet exciton electroluminescence in such
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BHJ solar cells also critically depends on the morphology of the donor:acceptor mixed
films.133
An indirect method to determine the CT state energy are temperature dependent
measurements of the j-V characteristic of the solar cell.26, 95 As already discussed in
the Chapters 2.4.1 and 2.4.2 for Equations 2.17 and 2.23 a linear extrapolation of temperature dependent measurements of Voc towards 0 K can be used to extract the charge
transfer energy ECT . But also the analysis of saturation current and ideality factor for
both dark and different illumination intensities as well as different temperatures can
be used to determine an activation energy that was shown to be identical to the CT
energy.95

2.4.5

The Role of CT States in the Charge-Generation Process

A detailed understanding of the mechanisms underlying free charge carrier generation at
the donor/acceptor interface and the associated energy losses in organic solar cells are
essential for the design of highly efficient donor/acceptor pairs. In literature different
pathways are discussed that are illustrated in Figure 2.13. This Jablonski diagram
contains the energetic positions of the singlet- and triplet-states of the material with
lower optical energy gap Eopt , a manifold of CT states, with CT1 being the CT state
with the lowest energy as well as the energy of the charge separated state ECS .

Figure 2.13: Jablonski diagram of the relevant energetic states for charge separation at the
donor/acceptor interface. S1 and T1 are the excited singlet and triplet states of the absorber
with the lower energy gap. CT is the charge transfer state and CS the charge separated state.
The arrows indicate different possible charge separation paths via hot CT states (green) or via
relaxed CT states (blue and nude colored) (drawn after Ref. 130).

Although the importance of CT states in the charge carrier generation process is
widely acknowledged, there is a strong discussion about whether relaxed or higher energy
CT states, so called "hot" CT states form the intermediate species between Frenkel
excitons and free charge carriers.25, 80, 130 In the following both concepts are elucidated.
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Excess energy concept - hot CT dissociation
The idea behind this concept is that excess energy, brought about by the transfer of one
charge carrier to the other material at the interface due to the different electron affinities
(or ionization potentials), can support the dissociation of the CT exciton. The initially
created CT state possesses excess thermal energy that can be used to populate higher
electronic CT states ("hot" CT states, CTn ) that either couple more efficient to charge
separated states (CS) or thermalize and thus create more expanded and therefore more
loosely bound CT excitons.25 Exciton dissociation via hot CT states is schematically
illustrated with green arrows in Figure 2.13. As such hot excitons quickly thermalize,
charge separation via hot CT states has to occur on an ultrafast timescale only a few
100 fs after the excitation.134, 135 Therefore, only very fast measurement techniques like
transient absorption,136 second harmonic generation (SHG)137 and photoemission spectroscopy138 were able to detect efficient high energy CT exciton dissociation.134 The
relaxed lowest energy CT state (CT1 ) then acts as a trap for CT excitons that can only
recombine radiatively or non-radiatively.
Moreover, the concept of hot CT exciton dissociation implies an increasing dissociation yield with increasing excess energy.25 For some material systems a dependence of
the internal quantum efficiency (IQE) on the photon energy was observed that could be
attributed to an increased dissociation yield due to excess energy.139, 140
Particularly, Bakulin et al.141 reported spectroscopic measurements with an increased
photocurrent yield, if an additional low energy, infrared push pulse on a steady state
background illumination was used. These results can be explained by occupied relaxed
CT states that are excited to hot CT states by the IR push pulse where the CT excitons
can be dissociated more efficiently.
For a long time a minimum driving force of at least 0.2 eV was regarded to be
necessary for efficient charge generation in organic solar cell devices and many attempts
to reduce the driving force further also reduced the total PCE.112, 113, 142–145 However, Liu
et al.146 reported a non-fullerene solar cell with very low driving force that achieves 9.5 %
efficiency and almost 90 % IQE. This already indicates that there are further processes
for efficient exciton dissociation apart from separation via hot CT states.
Charge generation by relaxed CT states
For other material systems however, the free carrier generation yield upon excitation
of the donor, the acceptor or CT states does not change. This indicates that for these
material combinations the overall free carrier generation yield is independent of the
faster dissociation rate of hot CT states, although CT states with almost no excess
energy are excited in these experiments.80, 130, 147–150 The important message of these
measurements is that the photocurrent can be generated by directly exciting CT states
without excess energy.25, 130 This indicates that photogeneration of free charge carriers
is dominated by relaxed CT states no matter where in the device the exciton was
originally generated.25 It seems that excess energy is dissipated before the excitons
are dissociated.25 Similar results were obtained by Jailaubekov et al.,138 who observed
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that excess energy is dissipated within picoseconds and thus faster than dissociation of
CT states.
Vandewal et al.130 suggest that if relaxation in the CT manifold from CTn to CT1
is much faster than exciton dissociation via hot CT states, the free charge carrier generation yield will be defined by the competing mechanisms of dissociation and recombination of the thermally relaxed CT1 manifold. This mechanism predicts a quantum
yield and field dependence of the free charge carrier generation that is not dependent
on photon energy but rather on the interfacial energy landscape.130
Charge carrier generation via relaxed CT states is schematically illustrated in Figure
2.13, where the blue arrow indicates thermalization to the lowest energy CT manifold
and the nude-colored arrows indicate charge carrier dissociation and the formation of
CT states from free carriers. Recombination to the ground state is not shown here.
Parameters affecting exciton dissociation
Despite the already discussed experiments, the exact mechanism how excitons escape
their Coulomb potential is still not solved.
Photoemission studies indicate that interface dipoles might assist exciton dissociation
due to a screening of the Coulomb potential. In some material systems even without any
illumination a partial charge transfer induces an interface dipole leading to a shift in the
vacuum level of up to 0.25 eV that reduces the electrostatic potential by 0.1−0.2 eV.151, 152
Moreover, Arkipovet al.153 could show that a dipole interlayer screens the Coulomb
potential and thus supports exciton dissociation. By quantum chemical calculations
both, charge transfer and polarization effects could be made responsible for the formation
of interface dipoles at the donor/acceptor interface.154
An additional effect that can assist exciton dissociation is the typical disorder observed in organic thin films. Strong disorder leads to a broadened DOS and thus at an
average less thermal energy is necessary for charge carriers to hop from one site to the
next.155 Experimentally this has been supported by a controlled change of morphology
of the same material system, which has a strong influence on both Voc and jsc .156, 157
Furthermore, several authors could show that delocalization of especially the hole
on the donor side reduces the exciton binding energy.151, 153

Chapter 3

Materials and Sample Preparation

In the following Chapter all organic materials that were used for the work presented
within this thesis are introduced. They are discussed in the same order as they are used
during the fabrication of the solar cells, beginning with the substrate covered with the
anode and the hole injection layers, followed by different donor and acceptor materials
as well as exciton blocking materials and the top contact. At the end of this chapter
all used methods for sample preparation are explained. The content of this chapter has
partially been taken from earlier work.29

3.1

Materials

In Figure 3.1 the molecular formulae of all materials are schematically illustrated together with an overview of the energy levels of thin films of the respective materials.
Please keep in mind that the presented energy levels are taken from a broad variety of
literature values and can therefore only be used for a rough estimate. The real energy
level alignment has to be determined by direct measurement in the individual device
stack.36, 158

3.1.1

ITO-Anode

Indium-Tin-Oxide (ITO) is a transparent and conductive oxide that is widely-used in
organic photovoltaics. It is an indium oxide, In2 O3 , doped with up to 9 mol% of tin
(In2 O3 : Sn)32 to enhance the conductivity. Due to its high workfunction of 4.2 to
4.8 eV159–161 ITO is suitable as hole-injecting electrode in organic solar cells. Furthermore, to effectively couple light into the solar cell, where it can be absorbed by the
organic layers, a high transmittance of the anode is required, which is, at least in the
visible range, up to 90 %162 for ITO. Therefore all organic solar cells presented in this
35
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work have been fabricated on ITO-coated glass substrates. The ITO on top of the
glass substrates has been pre-patterned and purchased from Thin Film Devices, Inc.,
Anaheim, CA, with a thickness of 110 ± 10 nm and a sheet resistance of 20 ± 2 Ω/.163

3.1.2

Hole-Injection Layers

Poly(3,4-ethylenedioxythiophene)(PEDOT) is a conducting polymer that, if mixed together with poly(styrenesulfonate) (PSS), forms the PEDOT:PSS complex, where PSS
is the polymeric counter ion to the PEDOT cation. For the use in organic electronics it is
sold in aqueous solution under the trade name AI4083. Therefore it can be deposited by
spin-coating (see Chapter 3.2.1) instead of evaporation. Used as a buffer layer between
ITO and the active organic layer it compensates the rough ITO surface and thus prevents shorts between the two electrodes. Moreover, by the relatively high work function
of PEDOT:PSS hole extraction is increased.164 The exact value of the workfunction of
PEDOT:PSS however is very sensitive to the processing conditions, especially residual
solvents and different drying conditions can have a strong influence.54, 165 For the same
PEDOT:PSS the workfunction can range from 4.75 eV (normal preparation conditions,
see Chapter 3.2) to 5.1 eV, if the layer is additionally heated in vacuum.54 Within this
work AI4083 is referred to as PEDOT:PSS.
A slightly different hole injection layer is HIL 1.3, which is based on the PEDOT:PSS
formula but has a workfunction of 5.7 eV even without additional annealing.54 Both,
PEDOT:PSS and HIL 1.3 were used as purchased from Heraeus Clevios, Germany.

3.1.3

Photoactive Organic Semiconductors

In the following the absorber materials of the organic solar cells are presented.
α-sexithiophene (6T)
α-sexithiophene (C24 H14 S6 ) is a rod shaped oligothiophene with six thiophene rings lined
up linearly to a molecule with a length of approximately 2.7 nm.166 The orientation of
6T molecules within thin films can be influenced strongly by the growth conditions like
the substrate, the substrate temperature and the evaporation rate.167–170 This strongly
affects optical and transport properties of 6T films within working devices as transistors
or solar cells.167, 169, 171 In particular, the absorption coefficient of films evaporated at
room temperature is significantly larger than for films evaporated at 100 °C substrate
temperature172 and differences in the bulk mobility of almost three orders of magnitude
for different substrate temperatures have been reported.169
In organic solar cells 6T is used as a donor material. The first reported 6T solar cells
used the fullerene C60 as acceptor,173 however, the high lying HOMO of 4.7 eV provides
the opportunity to use 6T in combination with materials that are normally used as
donors, like DIP174 and DBP,175 which yields exceptionally high VOC s.
6T was purchased from Sigma Aldrich and purified twice by temperature gradient
sublimation.
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Figure 3.1: Schematic illustration of molecular formulae and energy levels (in eV) of the used
materials PEDOT:PSS (AI4083),54 HIL 1.3,54 α-NPD,176 6T,174, 177 DIP,178, 179 DBP,180 the
fullerenes C60 100 and C70 ,181 ZCl,182 PDIR-CN2 ,183 BCP184 and Al.65, 185 The 6T LUMO is
estimated by adding the transport gap to the HOMO.177 For PEDOT:PSS only the value for
PEDOT:PSS preheated in vacuum is sketched. Defect states enable the transport of electrons
through BCP. All energies are literature values and might change in real devices. In this plot
energy levels have negative values, as they are given with respect to the vacuum level.

Diindenoperylene (DIP)
Diindenoperylene (C32 H16 ) consists of two indeno-groups that are attached to a perylene
core (see Fig. 3.1), resulting in a planar shape with the length of 1.8 nm.186 Structural
investigations revealed two different bulk phases for DIP: In the low temperature phase
the molecules form a triclinic crystal structure, whereas in the high temperature phase
above 403 °C a monoclinic phase is observed.187, 188 However, in thin films only the high
temperature phase is present,189 but with two different orientations of the crystallites.
With SiO2 substrates and high substrate temperatures the σ-orientation prevails, where
the molecules are oriented almost upright standing with the long axis tilted by an angle of
ϕ = 17 ° with respect to the substrate normal.189, 190 For low temperatures or metal substrates the molecules are oriented with their long axis parallel to the substrate, which is
called λ-orientation.190, 191 On typical substrates for organic solar cells, like PEDOT:PSS
coated ITO, DIP grows in the σ-orientation.178 Further, DIP exhibits extremely high
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structural order in evaporated thin films,189, 190 which explains the observed high exciton
diffusion length of up to 100 nm.192 Moreover, DIP exhibits ambipolar transport193 with
high electron and hole mobility, which qualifies DIP as donor and acceptor material
within organic solar cells.174, 178
The DIP used in this work was purchased prepurified from S. Hirschman, 3. Physikalisches Institut, University of Stuttgart, Germany.
Tetraphenyldibenzoperiflanthene (DBP)
The molecule Tetraphenyldibenzoperiflanthene (C64 H36 ) is, like DIP, a perylene derivative that has a very similar core structure. It consists of a DIP core with one additional
benzene ring at both ends and four phenyl groups that are attached on both sides (see
Figure 3.1). As these phenyl groups are bound to the core via a single bond, they can
rotate and do not lie in the same plane as the core. This leads to amorphous films
with almost flat lying molecules,194, 195 if DBP is evaporated. Therefore DBP layers are
smooth196 and exhibit only a short exciton diffusion length of 9 ± 3 nm,197 which limits
the practical film thickness, if DBP is used in organic solar cells. However, the flat lying
molecules enable good charge carrier transport perpendicular to the substrate plane and
thus towards the electrodes.195
Moreover, thin DBP films possess a strong absorption as the transition dipole moment is, like for DIP and 6T, aligned along the long axes of the molecule and therefore
parallel to the substrate for lying DBP molecules.195 As the π-electron system is enlarged by the two additional benzene rings, compared to DIP, the absorption spectrum
is red-shifted as the optical gap is slightly smaller.
The HOMO levels of DIP and DBP are almost identical (see Figure 3.1) and DBP
exhibits ambipolar charge transport as well, so that both materials can be used as
donor and acceptor in organic solar cells.175, 180, 195, 197 DBP was used as purchased from
Lumtec, Taiwan, without any further purification.
Buckminsterfullerene C60
The Buckminsterfullerene C60 is a spherical molecule that consists of 60 C-atoms arranged in 20 hexagons and 12 pentagons, resulting in the shape of a ball with a diameter
of 7.1 Å. At room temperature it crystallizes in a face-centered cubic (fcc) arrangement
with a lattice constant of 14.2 Å.198
C60 shows an optical bandgap of 1.9 eV,199 which shifts the absorption spectrum
towards longer wavelength compared to DIP and 6T. However, the absorption close
to the bandgap is rather low as it is a dipole forbidden transition.200 The low-lying
LUMO of 4.1 eV100 qualifies C60 as an acceptor material in combination with various
donors. Furthermore, ultrafast charge transfer in the fs-regime between C60 and various
polymers is reported.201 Its comparably large dielectric constant of  = 4.4202 further
stabilizes charge transfer states formed upon dissociation of excitons.203 Moreover, a
high exciton diffusion length of 30 − 35 nm204 and high electron mobilities in organic
field effect transistors (OFETS) of up to 3.5 cm2 /Vs are measured.205 C60 was purchased
from CreaPhys, Germany, and Lumtec, Taiwan, and was used as received.
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Fullerene C70
The fullerene C70 has, compared to C60 , ten additional C-atoms that are inserted in the
form of five hexagons. Hence, the symmetry of the molecule is reduced, resulting in
an ellipsoidal structure.206 In spite of the enlarged π-electron system, the HOMO and
LUMO level of C70 are quite similar to those of C60 (see Fig. 3.1). However, the absorption coefficient is enhanced, which results in higher photocurrents, if C60 is replaced by
C70 in organic solar cells, while VOC and FF remain constant.207, 208 C70 was purchased
from Lumtec, Taiwan and used as received.
Zinc Chlorodipyrrin (ZCl)
Zinc Chlorodipyrrin (bis(dodecachloro-5-mesityldi-pyrrinato)zinc) belongs to a new class
of acceptor materials that is reported to undergo symmetry breaking charge transfer
(SBCT).182, 209, 210 ZCl consists of two chlorinated dipyrrin ligands that are coupled almost perpendicular to each other via a Zn-center (dihedral angle of 87.6 °), forming a
spherical molecular shape.182 In Figure 3.1 however, ZCl is depicted as a planar molecule
for simplicity. Upon illumination with light, ZCl undergoes SBCT. SBCT can occur on
molecules or compounds consisting of two or more identical parts, like the two dipyrrin
ligands in ZCl. If an exciton is formed upon absorption of light on one of those ligands, it can undergo an intramolecular charge transfer. This results in a hole and an
electron that are localized on different ligands with reduced coupling between hole and
electron.210 As smaller driving forces for charge separation promise smaller energy losses
due to charge transfer, this class of acceptor materials is a promising candidate to reduce
overall energy losses in organic solar cells.182, 209, 210 Additionally, SBCT occurs on an
ultra-fast time scale so that it can compete with charge transfer processes taking place
between donor and acceptor molecules.209 ZCl has a strong but narrow absorption band
between 450 and 550 nm.210 The ZCl used for this work was synthesized and provided
by the group of Prof.Dr.M. Thompson at the University of Southern California, United
States.
PDIR-CN2
PDIR-CN2 (N,N’-bis-(2-ethylhexyl)-1,7-dicyanoperylene-3,4:9,10- bis(dicarboxyimide))
is another acceptor molecule that is based on a perylene-core. The functionalization of
the perylene core by cyano groups lowers the energy of the LUMO and thus stabilizes
charge carriers. Furthermore, the formation of oxygen-related electron traps is prevented
and, as the core planarity decreases, solubility increases.211, 212 In thin evaporated films,
PDIR-CN2 grows in small crystals with a smooth surface with a surface roughness σRMS
below 1 nm183 as the branched alkyl side chains inhibit long range order.211 Like for
the other perylene derivatives used within this thesis, the transition dipole moment is
oriented along the long axis of the molecules.183 Upon coevaporation with the donor
material DIP, mixture occurs on a molecular level and a co-crystal of both materials
is formed.183 Within this co-crystal a charge transfer complex is formed that is characterized by a weak charge transfer of 0.17 electrons in the ground state and by a strong
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and highly anisotropic excited state charge transfer.183 PDIR-CN2 was purchased as
ActivInk N1400 from Polyera, United States, and used as received.

3.1.4

Exciton Blocking Layers

To avoid non-radiative recombination at the interface between acceptor and the metal
cathode,213 a thin exciton blocking layer (EBL) of BCP is inserted in all solar cells
shown in this work. In some devices an additional EBL between HIL 1.3 and the donor
is introduced, because ITO and the hole-injection layers are also quenching excitons due
to their quasi-metallic behavior.197, 208 To guarantee unhindered charge carrier transport
between the contacts and the corresponding active organic material, it is important that
the respective energy levels match well.
α-NPD
N,N’-Bis(naphthalen-1-yl)-N,N’-bis(phenyl)-2,2’-dimethylbenzidine (α-NPD) is a typical hole transport material in organic light emitting diodes (OLEDs).214, 215 However,
within this work α-NPD is used as EBL between HIL 1.3 and the donor layer for some
devices. Using an EBL at the anode side can increase the total power conversion efficiency of solar cells significantly.208 Due to its high bandgap and the energy of its
HOMO level, α-NPD is well suited as an EBL in solar cells using DIP or DBP as donor
material (see Figure 3.1). Furthermore, due to the high bandgap, α-NPD does absorb
hardly any light in the visible spectrum. In evaporated films it grows amorphous.216
α-NPD was purchased from Lumtec, Taiwan, and used as received.
Bathocuproine (BCP)
For all solar cells shown in this work Bathocuproine (2,9-dimethyl-4,7-diphenyl-1,10phenantroline) is used as EBL between acceptor and metal cathode. BCP has a large
bandgap of 3.5 eV184, 217 that renders it suitable for exciton blocking and prevents absorption in the range of the solar spectrum. But, in combination with e.g. fullerenes
as acceptors, large injection barriers are expected from comparison of the LUMO levels.
However, metal penetration into the BCP layer creates defect states within the bandgap
and thus enables efficient injection of electrons.218 These defect states are illustrated
in Figure 3.1 by dashed lines within the bandgap of BCP. Additionally, BCP acts as a
protection layer that prevents metal-induced defect states in the acceptor layer.219–222
The optimum layer thickness depends on the used cathode material and ranges from
5 − 15 nm.218

3.1.5

Cathode

For the metallic top contact of the solar cells a 100 nm thick Al-layer (Φ = 4.2eV65, 185 )
is used, as it is highly reflecting and especially with fullerene acceptors and ZCl, the
energy level alignment is good. Aluminium layers are thermally evaporated and the Al
pellets are bought from Kurt J. Lesker Company Ltd., United States.
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Sample Preparation

In the following chapter two different techniques for organic thin film preparation are
described and finally the detailed device fabrication process for organic solar cells, as it
was used for this work is explained.

3.2.1

Spin-Coating

Spin-coating or spin-casting is a standard method for the preparation of thin films
from solution. However, a good solubility of the desired material is required. The
layer thickness is controlled by the process parameters that are the concentration of
the material in the solution, the spin speed (typically between 500 and 6000 rpm) and
the molar mass of the material. For sufficiently high rotation speeds, the total layer
thickness h∞ can then be calculated according to the following equation:
h∞ = ω −1/2 · M a/3 · c0

(3.1)

where ω denotes the rotation speed, M the molar mass of the material, a is a material
specific exponent and c0 is the concentration of the material in the solution.223

Figure 3.2: Schematic illustration of the four different phases of spin coating: 1. Dropping
of the solution onto the substrate, 2. acceleration of the sample holder to the desired speed
followed by 3. the reduction of the thickness by a radial flow of the solution and evaporation
of the solvent and 4. film drying by further evaporation of the solvent. During all four steps
the sample is held on the chuck by vacuum.

Principally, the process of spin-coating can be described by four different phases. In a
first step, the substrate is fixed to the chuck by vacuum and the solution is dropped on a
large area of the substrate. During the second step, the acceleration, the excess solution
is spun from the substrate. The acceleration ramp as well as the amount of excess liquid,
however, do not influence the layer thickness.224 But faster acceleration generates more
uniform layers.225 In the third phase, the centrifugal forces lead to a liquid flow from the
center to the edges of the substrate, which reduces the film thickness. The viscosity of
the liquid depends on the concentration of the solution. During the rotation evaporation
of the solvent takes place and thus increases the viscosity of the solution until the final
thickness is determined by the collapse of the liquid flow. Therefore, the final film
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thickness depends on the initial concentration of the solution with higher concentrations
leading to thicker layers. At the same time higher rotation speed leads to thinner layers
as the centrifugal forces are higher. In the final step, the reduction of the film thickness
is caused by evaporation of the remaining solvent. The spin coater used for thin film
preparation from solution in this work is a Delta 6 from Süss MikroTec.

3.2.2

Vacuum Thermal Evaporation

A second method to prepare organic thin films is vacuum thermal evaporation, also
known as organic molecular beam deposition. This technique is especially used for materials of low molecular weight and insoluble materials, for which spin-coating is not
possible. To avoid doping with ambient gas molecules the pressure inside the vacuum
chamber should be in the low 10−7 mbar range. Furthermore, this low pressure makes
a directed molecular vapor beam possible. A schematic sketch of the inside of an exemplary evaporation chamber is shown in Figure 3.3. For evaporation, the materials are

Figure 3.3: Schematic sketch of the inside of a vacuum chamber used for thermal evaporation
of organic small molecules. The organic material is placed in a crucible surrounded by a heating
coil. The evaporation rate is controlled by quartz microbalances. Coevaporation is possible due
to individual effusion cells that can be heated separately. The sample, as well as the different
crucibles can be shielded by shutters. The lamp can be used to heat the substrate during
evaporation.

situated in powder form in crucibles that are often made from quartz glass. These crucibles are located in effusion cells that consist of a heating coil around the crucible and a
heating shield to reduce heat losses. To evaporate the organic material at a certain rate,
the crucible is heated to an appropriate temperature by increasing the current flowing
through the heating coil. The evaporation rate is measured with a quartz microbalance.
Due to the additional mass on the microbalances upon evaporation, their resonance
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frequency changes, which can be related to the mass of the evaporated material and
thus can be used to calculate the layer thickness.226 The substrate on which the film
is supposed to be grown is situated above the effusion cells and can be shielded by a
shutter. The shutter and the use of the quartz microbalances allow the preparation of
well-defined layer thicknesses.
Co-evaporation of several different materials can be realized by different effusion cells
that can be heated separately. The layer thicknesses can be controlled by individual
microbalances for each material.
Additionally, the morphology of the organic layer can be influenced by different
substrate temperatures. Therefore a lamp is placed above the sample holder that can
be used to illuminate the substrate from the back. For an improved thermal coupling a
graphite plate is fixed to the substrate from the backside.
An advantage of vacuum thermal evaporation is that layers of different materials can
easily be evaporated on top of each other and structuring of the organic films on the
substrate can be achieved by masks that are situated directly below the substrate.
Vacuum thermal evaporation is also used for the deposition of the metal contact
of the solar cells shown in this work. However, different boats and crucibles that are
heated by a constant current flow are used for the evaporation of metals.

3.2.3

Preparation Process for Organic Solar Cells

All organic solar cells presented within this work were fabricated on structured ITOcovered glass substrates with the dimension of 2 × 2 cm2 . The ITO-layout is shown in
Figure 3.4 in dark gray. These substrates were cleaned in an ultrasonic bath in technical grade acetone and UV/IR-grade acetone and isopropanol for 10 minutes each.
Subsequently, the substrates were blown dry with nitrogen and cleaned further by

Figure 3.4: Schematic illustration of the geometry of organic solar cells with the ITO-structure
in gray, the organic layers in green and the Al-cathode in light gray. The intersections of the
Al-cathodes with the ITO-structure in the center define four solar cell pixels, each with the
size of 2 × 2 mm2 . The right picture shows the cross section along the red dashed line.

UV/Ozone treatment for 15 minutes. Moreover, UV/Ozone treatment increases the
wettability of the substrate for several hours. This is important for the consecutive spincoating of the hole injection layer. Both, PEDOT:PSS and HIL 1.3, are spin coated at
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5000 rpm for 30 s with an acceleration ramp of 5 s. Both materials are deposited from
a syringe through a hydrophilic nylon filter with a pore size of 0.45 mm. Afterwards the
samples are dried on a hot plate for 30 min at 125 °C to remove residual solvents. This
procedure results in a hole injection layer of about 30 nm thickness.
The active organic materials are then deposited by vacuum thermal evaporation at
a pressure of about 3 · 10−7 mbar. For 6T a rate of 0.3 Å/s and for all other materials
0.5 Å/s are used. Without exposing the substrate to air it is then transferred to a
different vacuum chamber for the deposition of the 5 nm thick exciton blocking layer of
BCP and the Al-cathode (100 nm). The resulting geometry shows four solar cell pixels
on one substrate with an active area of 4 mm2 each, as illustrated in the center of Figure
3.4.

Chapter 4

Characterization Techniques

In the following chapter all experimental techniques that are used in this work to characterize solar cells and organic layers are described together with their physical background.

4.1

Electrical and Photovoltaic Characterization

Steady-state j-V characteristics provide a direct insight into the efficiency of the solar
cell as the measured j-V curve directly shows the important parameters jSC , VOC and
the fillfactor FF (see also Chapter 2.2).
The j-V curve is recorded by a sweep of the bias voltage in the dark and under illumination with a solar simulator, while recording the current response of the solar cell. The
solar simulator is integrated in a nitrogen filled glove box and enables measurements under simulated sunlight (100 mW/cm2 ) by a xenon arc lamp (LOT Oriel). The spectrum
of this solar simulator is shown in comparison to the real AM 1.5G spectrum in Fig.
4.1. The light intensity is calibrated by a 1 cm2 silicon reference cell (RERA systems,
PV Measurement Facility, Radboud University, Nijmegen, Netherlands) and constantly
controlled by a second Si reference cell (BPW34B, Osram) next to the sample position.
During the measurements with illumination, not only one pixel, but the whole sample
is illuminated. The voltage is applied by a Keithley Source-Measure-Unit (SMU) model
236 that measures the resulting current at the same time.
In addition to the j-V characteristics recorded under 1 sun illumination intensity
(100 mW/cm2 ), intensity dependent measurements can be performed by the use of different neutral density filters that are situated in a filter wheel between light source and
sample holder.
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Figure 4.1: a) Comparison of the spectrum of the solar simulator with the AM 1.5G reference
spectrum. Additionally the spectrum of a white LED that is used for illumination in the
measurement setup for temperature dependent j-V characteristics, is shown. b) Schematic
illustration of the solar simulator setup: The light from the xenon arc lamp is directed onto the
sample by a mirror. Between mirror and sample the light has to pass two filter wheels, used
for intensity attenuation. Next to the sample a Si reference cell constantly detects the actual
light intensity.

4.2

Incident Photon to Current Efficiency

For the measurement of the incident photon to current efficiency (IPCE; see Chapter
2.2) the illumination wavelength is swept, while jSC is measured. The setup is built
around a liquid nitrogen cryostat (CryoVac). The transfer into the cryostat is possible
without exposing the sample to ambient air and during the measurement the inner of the
cryostat is either evacuated or filled with 350 mbar nitrogen contact gas for temperature
dependent measurements. A monochromator (Omni-λ300, Zolix Instruments Co., Ltd.)
and a halogen lamp allow wavelength dependent measurements in the range from 350
to 1100 nm in steps of 1 nm. The monochromatic light beam is then coupled into an
optical y-fiber. One arm of this fiber is directed onto a calibrated Si-reference diode
(Thorlabs, FDS 100) with a known IPCE spectrum, whereas the other light beam is
chopped and focused onto the solar cell inside the cryostat. The diameter of the light
beam is smaller than one pixel. A lock-in amplifier (Stanford Research Systems SR830)
that is synchronized to the chopper frequency is used to measure the current signal of
the solar cell. Simultaneously, a Keithley 237 SMU measures the current generated at
the reference cell at the second arm of the y-fiber.
With the help of a second calibrated Si-photodiode a factor C can be calculated that
relates the intensity at the sample position and at the reference position. Within the
measurement program the IPCE of the solar cell is calculated from the ratio between
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the measured jSC of the solar cell and the current of the reference cell, the known IPCE
of the reference cell and the calibration factor for the different light intensities according
to the following equation:
IPCEsolar cell =

jSC,solar cell IPCEreference cell
·
jreference cell
C

(4.1)

As the sample is within the cryostat for IPCE measurements, also temperature dependent IPCE can be recorded. The IPCE measurement setup is schematically illustrated
in Figure 4.2.

Figure 4.2: Schematic illustration of the IPCE setup at the left side of the cryostat and the
setup for temperature and intensity dependent j-V curves at the right side. As the diameter
of the light beam in the IPCE measurement is small, the measured pixel is only partially
illuminated. For the temperature dependent j-V characteristics the illuminated area is larger
than one pixel.

4.3

Temperature Dependent Measurements of the j-V
Curve and the Open-Circuit Voltage Voc

To perform temperature dependent measurements of the complete j-V curve or only of
the open-circuit voltage (Voc (T)) the same cryostat as for IPCE measurements is used.
However, only a white LED (ledxon, Alustar 3W, 10°) with a stabilized current source
is used as a light source and the light beam is focused on the pixel of the solar cell with
the help of a lens (see Figure 4.2 for the measurement setup and Figure 4.1 a) for the
spectrum of the white LED). The resulting light spot is slightly larger than the pixel
size. The light intensity can be changed by reducing the current for the white LED.
The measurement is performed by a Keithley 236 SMU and the measurement program
provides the possibility to either measure the whole j-V curve or only the open-circuit
voltage VOC for different temperatures. With this cryostat temperatures as low as 100 K
are possible.
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Electroluminescence Measurements

For electroluminescence (EL) measurements the sample is placed in a nitrogen cryostat.
Thus temperature dependent EL measurements down to about 80 K can be performed.
The measurements are performed under a dc-voltage driven from a Keithley 2400 source
meter. To detect the EL spectrum, the light is coupled into an optical fiber via a collimating lens. The optical fiber is directly connected to the entrance slit of a spectrometer
(SP2300i, Princeton Instruments) that is linked to a liquid-nitrogen cooled CCD-camera
(PyLoN:100BR eXcelon, Princeton Instruments). As the dark current of this system is
extremely low, very sensitive measurements of the emission of charge transfer states can
be performed in a spectral wavelength range between 350 and 1000 nm.

4.5

Time-Resolved Photoluminescence

Time resolved photoluminescence measurements have been performed in cooperation
with the group of Prof.Dr.H. Krenner, Experimental Physics I, University of Augsburg.
For photoluminescence measurements, a 50 nm thick organic layer was deposited on
a silicon substrate with native oxide covered with HIL 1.3.

Figure 4.3: Simplified schematic measurement setup for temperature dependent time-resolved
photoluminescence. The detection of the photoluminescence can either occur in dependence of
the wavelength by the CCD-camera or time-resolved by the SPAD.

To be able to perform temperature dependent measurements the sample was situated
in a liquid helium flow cryostat (Janis Research ST-500). To excite excitons, the beam
of a pulsed laser diode (PicoQuant LDH-P-660) with a wavelength of 661 nm is focused
on the sample by a microscope with an objective that is suitable for the near infrared
region (Olympus LM PLAN IR) with a 50× magnification and a numerical aperture of
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0.55. Within the microscope a 50:50 beam splitter redirects the laser beam onto the
sample, where the photoluminescence is excited. The laser beam that is reflected by the
sample surface, together with the photoluminescence signal, again passes the objective
in reverse direction and reaches the beam splitter. Due to the dichroitic behavior of the
beam splitter all wavelengths below 700 nm, including the laser beam, are reflected in the
direction of the laser beam entrance, whereas wavelengths above 700 nm, which make up
the interesting photoluminescence signal of the investigated CT states, are transmitted.
The measurement signal is then focused on the entrance slit of a spectrometer (Acton
Research SpectraPro 2500i) that is coupled with a liquid nitrogen cooled CCD-camera
(Princeton Instruments Spec-10:2KB). Additionally, narrow wavelength regions of the
spectrum can be reflected by a mirror inside the spectrometer to an exit that is connected
to a single photon avalanche diode (SPAD, PicoQuant PDM Series). In combination
with the time-correlating single photon counting system (PicoHarb300) the SPAD is
used for time-resolved measurements of the photoluminescence. The optical pathway
of the measurement setup is depicted in a simplified manner in Figure 4.3. The time
resolution of the described setup is 40 ps.
However, the time-resolved signal that is measured is influenced by the length of the
laser pulse as well as the reaction and read-out time of the detector. Therefore, the measured signal is a convolution of the original signal with the instrument response function
(IRF) of the measurement setup. To be able to deduce the original signal from the measurements, the IRFs for all different measurement conditions were recorded additionally.
The evaluation of the measured time dependence of the photoluminescence was then
performed with the help of the program FluoFit from PicoQuant that deconvolutes the
the measured signal and the IRF.

4.6

Ultroviolet Photoelectron Spectroscopy

Photoelectron Spectroscopy (PES) is an established method to probe the energy position of occupied energy levels by using ultraviolet radiation.227 Therefore, PES is based
on the photoelectric effect that is the emission of electrons due to light absorption. Ultraviolet Photoelectron Spectroscopy (UPS) uses photons with energy of the ultraviolet
regime and is thus suitable for the investigation of valence bands or frontier occupied
molecular orbitals in case of organic materials.
As monocromatic photons of the energy Ephoton = hν impinge on the sample they
excite electrons from occupied states. If the excitation energy is high enough to overcome
the work function φsample and the binding energy EB , the electron can be ejected into
vacuum and the remaining kinetic energy of the electron directly at the surface Ekin =
hν − EB − φsample can be measured by an energy selective detector. This detector is
electrically contacted with the sample, which means that the Fermi-levels EF align. But
the work function of the sample and the analyzer are generally not equal, leading to a
potential difference that accelerates the photoelectrons on their way from the sample
to the detector. The energetic landscape of this situation is sketched in Figure 4.4 b).
0
The kinetic energy at the detector must therefore be written as Ekin
= Ekin + (φsample −
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φdetector ), with φdetector being the work function of the detector.102, 228 Consequently, the
binding energy of the electronic state under observation with respect to the Fermi-level
depends only on the work function of the detector φdetector and not on the work function
of the sample:
0
− φdetector
(4.2)
EB = hν − Ekin
If φdetector is known, the intensity onset for low binding energies (valence region) marks
the energy of the HOMO-level with respect to the Fermi-level227 as these electrons are
directly emitted from the highest occupied energy states from the DOS and thus have
0
. Additionally, this onset can be used to investigate hole
the highest kinetic energy Ekin
injection barriers, if a thin layer of an organic material is deposited on top of an electrode
material.229
The high energy end of the UPS-spectrum, the so called secondary electron cutoff
(SECO) can be used to determine the work function of the sample φsample . The secondary electrons undergo inelastic scattering events on their way out of the material
and thus lose kinetic energy and at the same time the information about their initial
states. Therefore, the secondary electrons provide a continuous background to the distinct spectrum of the primary electrons. The electrons that cause the cutoff have zero
kinetic energy when they reach the sample surface but are then accelerated due to the
contact potential difference of sample and detector. At the analyzer they have the ki0
netic energy Ekin
= φsample − φdetector that can be used to determine the work function
of the sample φsample , if the detector work function φdetector is known.
A bias voltage between detector and sample is applied to separate electrons coming
from the sample and detector secondary electrons that are created by sample electrons
that hit the detector. This bias voltage has to be taken into account for the calculation
of binding energy and work functions. The shift of the energy levels of the sample with
respect to the detector energy levels due to the bias voltage is illustrated in Figure 4.4 c).
To avoid any further scattering of the electrons after they leave the sample, UPS
measurements have to be performed in ultra-high vacuum.
However, UPS measurements for thick organic films entail the problem of sample
charging. The low conductivity of organic semiconductors leads to photo-holes that
are left near the surface after photoemission. Consequently the sample surface charges
positively, which influences the kinetic energy of the photoelectrons.230
To avoid this problem in this work low-energy UPS (LE-UPS) was used. The lowenergy photons only excite energy levels near EF without excitation of deeper lying
energy levels, which reduces the number of photoelectrons. Furthermore, low-energy
photoemission has a longer probing depth and thus can be used to investigate buried
interfaces.230 As the number of photoelectrons is decreased to a level of about 10−5
compared to normal UPS there is no sample charging observed. To keep the signal to
noise ratio high, the background level is reduced by a light source that is connected to
a zero-dispersion double monochromator with extremely low stray light.
UPS spectra shown in this work are measured in cooperation with the group of
Prof.Dr.H. Ishii at Chiba University, Japan, in their laboratory. Two different light
sources, a Xe-lamp and a D2 -lamp, are used as excitation light source (UV and VIS) for

4.6 Ultroviolet Photoelectron Spectroscopy

51

the energy range of 1.5 − 6.5 eV and 3.6 − 8.0 eV, respectively. To eliminate stray light,
a zero-dispersion double monochromator (Bunkoukeiki M25GTM-DZ) is adapted to the
light sources. The incident angle of the light beam was 55° from the surface normal
and emitted photoelectrons are detected at the surface normal direction with a 120 mm
hemispherical analyzer (PSP Vacuum Technology RESOLVE120). All measurements
are performed under a sample bias of −10 V and the total energy resolution of the
setup is 0.23 eV. The samples are prepared in a separate preparation chamber and are
subsequently transferred into the measurement chamber without breaking vacuum. Both
chambers have a base pressure below 5·10−7 Pa. A schematic sketch of the measurement
setup is shown in Figure 4.4 a).
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Figure 4.4: a) Schematic measurement setup for UPS measurements. The sample is prepared
and measured in two individual ultra high vacuum chambers. For illumination two different
light sources can be chosen. To reduce stray light to a minimum, a zero-dispersion double
monochromator is used (drawn after Ref. 231). b) Schematic diagram of the different energy
scales during UPS measurement. The right part describes the energy levels of the detector and
the left part the energy levels of the sample. As the sample and the analyzer are electrically
in contact, the Fermi-levels are aligned. c) Energy level diagram for UPS measurements with
additional bias voltage ( b) and c) redrawn from Ref. 228).

Chapter 5

Charge Transfer States in
Perylene/Fullerene Solar Cells

5.1

Comparison of Crystalline and Amorphous Donor
Materials

DIP and DBP are unique organic small molecules as they can be used as donor and
acceptor materials in organic small molecule solar cells.54, 174, 175, 178, 179, 195–197, 208, 232–237
Although the molecular structure of these two materials is quite similar, thin films
show significant differences concerning morphology, molecular orientation, absorption
and transport. The fundamental investigation of the thin film characteristics and their
influence on the solar cell device performance was part of former theses and is shortly
summarized in the first part of the following section. This knowledge is essential for
the deeper understanding of the subsequent discussion about charge transfer states and
energy losses of solar cells using these two perylene derivatives either as donor material
like in this chapter or as acceptor material in combination with the donor 6T (see
Chapter 7).

5.1.1

Morphological Differences and the Influence on Absorption and Transport

The content of this subsection was part of former theses but is necessary for a deeper
understanding of the following investigations and is therefore discussed here.
The advantage of comparing DIP and DBP as donor materials in combination with
the acceptor C60 is that their molecular structures are very similar since they are both
perylene derivatives. Whereas DIP consists of a perylene core with two indeno groups
attached, one at each side, DBP molecules are built up by a DIP core with one additional
53
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Figure 5.1: AFM pictures for a) DIP and b) DBP evaporated on an ITO/PEDOT:PSS
substrate at RT (left) and at 100 °C (right). c) Molecular structure of DIP and DBP (Pictures
a) and b) taken from Refs. 47 and 238).

benzene ring on each side and four additional phenyl groups. The molecular structures
of both materials are shown in Figure 5.1 c) with DIP being the upper and DBP the
lower one. Whereas the similarity in their molecular structure leads to almost identical
energy levels,238 particularly similar HOMO-HOMO offsets in combination with C60 , the
small differences in their molecular structure, especially the four phenyl rings, induce
fundamental differences concerning thin film growth. These differences induce strongly
different absorption coefficients and exciton diffusion lengths.
AFM (Atomic Force Microscopy) is a surface sensitive method that is often used to
investigate the topography in molecular or even sub-molecular resolution.239–241 Figure
5.1 a) and b) show AFM pictures of both DIP and DBP, respectively. For the left pictures
the respective material is evaporated on a substrate at room temperature, whereas
for the right picture the substrate was heated to 100 °C during evaporation. For all
samples the substrate is ITO/PEDOT:PSS with 50 nm of DIP or 20 nm of DBP on
top. These different thicknesses are chosen according to the layer thickness used in
PHJ solar cells with the respective material as donor. Especially for DIP the substrate
temperature strongly influences the crystallinity. For an unheated substrate small round
islands with a diameter of about 80 nm occur. However, heating the substrate to 100 °C
strongly increases the size of the crystallites, resulting in a terrace-like structure with a
large surface area.47, 178 The DBP films however exhibit a completely different surface
structure. For both substrate temperatures the surface is relatively smooth, showing
only a root-mean-squared (RMS) roughness of 1.7 nm and 3.9 nm for room temperature
and 100 °C substrates, respectively. For room temperature no crystallites are observed,
whereas at 100 °C substrate temperature small round shaped structures appear.238
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Additionally, XRR (X-Ray Reflectivity) measurements (not shown here) reveal a high
crystallinity for DIP layers on ITO/PEDOT:PSS substrates, showing a strong Bragg
reflection at qz = 0.378Å−1 that can be assigned to a lattice plane spacing of dDIP =
16.6Å that is characteristic for the σ-phase of DIP, where the molecules stand with their
long axis almost upright on the substrate surface with a tilt angle of 17°.178, 190, 242, 243
Distinct Laue oscillations around the DIP (001) reflection clearly evidence coherently
ordered films with crystallites that go throughout the whole DIP layer thickness.178 Even
if DIP is coevaporated with C60 , both AFM and XRR measurements reveal a cohesive
DIP structure, where, especially for heated substrates, the domain size is limited by the
layer thickness, with small C60 crystallites in between.178 Therefore, in PM-HJ solar cells
the mixed layer is rather a layer that reveals strong phase separation and no mixture
on a molecular level.
For DBP, however, even for an elevated substrate temperature no Bragg reflections
are reported, indicating amorphous film growth on ITO/PEDOT:PSS substrates independent of the substrate temperature.238 In literature only for very low growth rates
and high substrate temperature, weak crystallinity is reported.233 NEXAFS (Near-Edge
X-ray Absorption Fine Structure Spectroscopy) and VASE (Variable Angle Sectroscopic
Ellipsometry) measurements indicate a rather lying, horizontal orientation of DBP
molecules within the film with an average orientation angle of 40° between substrate
and the long axis of the molecules. However, as this is an amorphous film (some people
also use the term "anisotropic molecular glass"244 ) for some molecules this angle might
be higher and for some smaller.195, 238 On silicon substrates mixtures of DBP and C60
are reported to show a fine domain structure on AFM pictures and GIWAXS (Grazing
Incidence Wide Angle X-Ray Scattering) patterns reveal some signs of crystalline DBP
and C60 .245 However, on Silicon/PEDOT:PSS substrates the observed scattering peaks
disappear which indicates that in real devices the crystallinity is remarkably reduced
compared to films on crystalline silicon substrates.245
To sum up these morphological differences, for DIP highly crystalline layers with
almost upright standing molecules are observed, whereas DBP layers are amorphous
with mainly flat lying molecules.
These differences strongly influence further important properties like absorption, exciton diffusion length and charge transport. The probability for optical transitions A
−
→ →
−
→
−
and thus for light absorption is A ∼ |M ◦ E |2 with E being the electric field of the
incident light that is perpendicular to the propagation direction of the light beam and
−
→
M the transition dipole moment of the molecules in the illuminated layer.246 As the
transition dipole moment lies along the long axis of the molecule for both, DIP and
DBP, it is perpendicular to the electric field of the incoming light beam for the standing
DIP molecules, whereas it is almost parallel for lying DBP molecules.196, 208 Therefore,
the orientation of the molecules within thin films maximizes absorption for DBP, while
almost minimizing it in the case of DIP. This leads to remarkably larger absorption
coefficients for DBP layers than for DIP layers,238 which is shown in Figure 5.2 b) in the
following section. Whereas for the standing DIP molecules the maximum absorption
1
, the absorption coefficient for the lying DBP molecules is
coefficient is only about 3 µm
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enhanced by a factor of almost 10 although both molecules have almost the same core
structure. Additionally, the DBP absorption onset is shifted towards higher wavelengths
due to the molecular core that is enlarged by two additional benzene rings. This results
in a larger π-electron system238 leading to a smaller energy gap compared to DIP.
The second property that is strongly influenced by morphology is the exciton diffusion length. Generally a higher crystallinity is associated with a higher exciton diffusivity
D that, √
together with the exciton lifetime τ , determines the exciton diffusion length LD
(LD = Dτ ).247 This explains, why in amorphous DBP layers the exciton diffusion
length is limited to only about 10 nm,197 whereas in crystalline DIP layers exciton diffusion lengths up to 100 nm are reported.192 Hence, to maximize the fraction of created
excitons that reaches the interface between donor and acceptor material in organic solar
cells, different layer thicknesses have to be chosen for DIP and DBP. Whereas for DBP
15 − 20 nm is already the limit, for DIP much thicker layers are possible.
Furthermore, charge carrier transport is strongly influenced by morphology. The
mobility of free holes and electrons can be measured in organic field effect transistors
(OFETS), however, the measured mobility is an in-plane mobility, which often differs
from the out-of-plane mobility that determines the current in organic solar cells and light
emitting diodes. These anisotropic transport properties are a result of the molecular
shape and orientation resulting in strong overlap of the delocalized π-electron systems
in one direction, whereas in the other direction this overlap is rather small. For DIP
transistors both, high electron (0.14 cm2 /Vs ) and hole mobility(0.052 cm2 /Vs) are reported.193 For amorphous DBP layers the mobility is strongly reduced to 5·10−4 cm2 /Vs
and 1 · 10−3 cm2 /Vs for electrons and holes, respectively.238

5.1.2

Device Characterisation

In the following section solar cells are investigated using either DIP or DBP as donor
material in combination with fullerene C60 as acceptor. Furthermore different architectures are used: Planar heterojunction (PHJ) solar cells, where neat layers of donor and
acceptor are deposited on top of each other and planar-mixed heterojunction (PM-HJ)
solar cells, in which a mixed layer of donor and acceptor is sandwiched between a neat
donor layer at the anode side and a neat acceptor layer at the cathode side. For all
solar cells the substrate was heated to 100 °C during evaporation of the donor and the
mixed layer, whereas the substrate temperature was reduced to room temperature (RT)
again for evaporation of the acceptor. The exact layer sequence of the discussed solar
cells is the following (in brackets the mixing ratio (mass fraction), layer thickness and
substrate temperature are given):
• PHJ DBP/C60 :
ITO/PEDOT:PSS/DBP(20 nm, 100 °C)/C60 (45 nm, RT)/BCP(5 nm)/Al(100 nm)
• PM-HJ DBP:C60 :
ITO/PEDOT:PSS/DBP(5 nm, 100 °C)/DBP:C60 (1:2, 50 nm, 100 °C)/C60 (10 nm,
RT)/BCP(5 nm)/Al(100 nm)
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• PHJ DIP/C60 :
ITO/PEDOT:PSS/DIP(50 nm, 100 °C)/C60 (45 nm, RT)/BCP(5 nm)/Al(100 nm)
• PM-HJ DIP:C60 :
ITO/PEDOT:PSS/DIP(5 nm, 100 °C)/DIP:C60 (2:1, 50 nm, 100 °C)/C60 (10 nm,
RT) /BCP(5 nm)/Al(100 nm)
For the PM-HJ solar cells different mixing ratios are used, as for DIP based PM-HJ the
2:1 and for DBP based PM-HJ the 1:2 mixtures show the best device performance.238
Although the characterization and comparison of DIP and DBP in terms of j-V
characteristics has already been part of a previous PhD-thesis,238 it is shortly repeated
here, too, as it is the basis of a deeper analysis of CT states in these solar cells.
The short-circuit current jsc of a solar cell is determined by its incident photon to
current efficiency (IPCE) or external quantum efficiency (EQE). This quantity describes
how many of the incident photons are absorbed, how many excitons are dissociated and
subsequently extracted from the contacts as free charge carriers. The IPCE spectra
for the four solar cells that are discussed in this chapter, are shown in Figure 5.2 a).
For a deeper understanding of these spectra the absorption coefficients of the single
materials are given in Figure 5.2 b) for comparison. Solar cells using DIP as donor are
displayed in green, whereas DBP solar cells are blue. Comparing absorption coefficients
and IPCE-spectra, enables to clearly distinguish between the contributions by DBP
absorption in the wavelength range between 500 and 650 nm and a lower contribution
originating from C60 absorption between 400 and 500 nm. For DIP based solar cells the
absorption coefficients of both materials overlap for a large wavelength range, however
two peaks at about 500 and 550 nm can clearly be assigned to DIP, whereas the shoulder
at about 620 nm clearly is a C60 contribution. Furthermore, replacing DIP with DBP
strongly increases the maximum IPCE value to almost 70 % in the PM-HJ architecture.
However, one has to keep in mind that mixing ratios for PM-HJ solar cells and the
donor layer thickness in PHJ solar cells are not equal for both materials due to the
limited exciton diffusion length in DBP films. For the DBP PM-HJ (light blue curve)
the IPCE spectrum shows a tail structure above 670nm, although neither DBP nor
C60 show absorption for this wavelength range. As higher wavelength correspond to
smaller energies, absorption at this wavelength range has to be via an energy gap that
is smaller than the optical gaps of both, donor and acceptor material. Therefore, this
tail structure is already a sign of absorption via charge transfer (CT) states and will be
discussed further in the next subsection.
Since jsc can be calculated by integrating over the IPCE spectrum for all wavelengths,
the IPCE spectrum can be used to identify the material that is mainly responsible for
photocurrent generation. Considering only the PHJ devices, it can be seen that for
the DIP PHJ the main part of the IPCE spectrum is dominated by C60 , whereas for
the DBP PHJ the spectrum is dominated by the DBP signal. The same holds for the
PM-HJ cells. Although the mixed layer of the DIP PM-HJ offers additional DIP due
to the 2:1 mixing ratio, DIP peaks in the corresponding IPCE spectrum are still low
compared to the C60 absorption regime. Similar observations can be made for the DBP
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Figure 5.2: a) IPCE spectra of the different DIP and DBP based solar cells together with b)
absorption coefficents for the used materials. In the IPCE spectra the characteristic absorption
peaks of the different materials are marked with arrows (absorption coefficients taken from Ref.
238). The inset sketches the molecular orientations of DIP (green) and DBP (blue) molecules
on an ITO/PEDOT:PSS substrate.

PM-HJ, where the mixed layer exhibits excess C60 but the DBP signal still dominates
the IPCE spectrum. Consequently, for both DIP/C60 solar cells the acceptor C60 is the
main absorber, whereas the photocurrent in DBP/C60 solar cells is mainly generated
by DBP absorption. This is caused by the relative absorption strength of the donor
materials compared to C60 and is thus a result of the different orientation of DIP and
DBP molecules in thin films.
From these IPCE spectra larger jsc values for PM-HJ solar cells compared to the PHJ
architecture and higher photocurrent for DBP solar cells than for DIP solar cells are
expected. These increased photocurrents for PM-HJs can be explained by the increased
interface between donor and acceptor and thus a boosted exciton dissociation efficiency.
Again, a higher jsc for DBP solar cells is expected from these IPCE spectra due to the
difference in the molecular orientation and hence a larger absorption coefficient for DBP.
The corresponding j-V characteristics for all four solar cells are given in Figure 5.3
a) and b) for dark conditions and under 1 sun illumination intensity, respectively. Additionally, the dark j-V characteristics were fitted with the modified Shockley equation
(black dashed lines):




e(V − j · RS · A
−1
(5.1)
j(V ) = j0 exp
nkB T
with j0 being the reverse saturation current, n the ideality factor and RS · A the specific
series resistance. These fitting parameters together with the characteristic values of the
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j-V curves under illumination are summarized in Table 5.1. Concerning the short-circuit
current jsc , all expectations made with the corresponding IPCE spectra are confirmed.
Both DBP solar cells reveal higher jsc values than DIP cells with the same architecture
and for both PM-HJ devices jsc is increased compared to the corresponding PHJ solar
cell. Both PM-HJ solar cells reveal relatively low fill factors of only about 40 %. However,
this can be attributed to high bulk recombination rates and lower carrier mobilities
within the mixed phase.47, 178, 248, 249 Concerning the PHJ solar cells, the DBP device
shows a higher FF than the DIP device. However, in literature and also within our
group much higher FF up to 74 % were reported previously for DIP/C60 PHJ solar cells
at a substrate temperature of 100 °C.47, 178, 238 In addition to this smaller FF for the
illuminated j-V curve one can see in the dark curve that the DIP PHJ shows almost
one order of magnitude lower current in forward direction than the other cells. This
might be connected to the large series resistance of 17.47 Ωcm2 extracted from the fit
with the Shockley equation that is remarkably high. Wagner et al.54 investigated the
influence of DIP material purity on the device j-V characteristics and observed the
same behavior. They could identify a reduced hole mobility in the material batch with
reduced purity as the origin of lower currents in forward direction, lower FF and both
higher series resistance and ideality factor. As the two DIP solar cells shown here are
not evaporated at the same time, it is likely that different material batches with different
purity are the reason for the different results from the Shockley fit. In addition to the
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Figure 5.3: a) j-V characteristics in logarithmic representation in the dark and b) under 1sun
illumination intensity in linear representation for PHJ and PM-HJ solar cells using DIP (green
curves) or DBP (blue curves) as donor material in combination with C60 as acceptor.

FF, the recombination within the solar cell is given by the reverse saturation current j0
that is also a result of the fit with the Shockley equation.250 The lowest recombination
current can thus be found in the PHJ solar cells independent of the donor material. By
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Table 5.1: Short-circuit current jsc , fill factor FF, open-circuit voltage Voc , the power conversion efficiency η and the fitting parameters of the Shockley equation: Reverse saturation
current j0 , ideality factor n and specific series resistance RS · A of DIP /C60 and DBP/C60
solar cells in PHJ and PM-HJ architecture.

Solar Cell
PHJ DBP/C60
PM-HJ DBP:C60
PHJ DIP/C60
PM-HJ DIP:C60

jSC
(mA/cm2 )
-4.01
-7.30
-2.81
-4.07

FF
(%)
68
39
62
40

Voc
(V)
0.87
0.85
0.91
0.86

η
(%)
2.37
2.42
1.59
1.40

j0
(mA/cm2 )
1.91 · 10−9
2.52 · 10−8
2.06 · 10−9
1.84 · 10−7

n
1.60
1.75
1.9
2.25

RS · A
(Ωcm2 )
2.95
2.98
17.47
2.94

going from the PHJ configuration to the PM-HJs, recombination strongly increases for
both donors. This effect is even stronger for DIP, which is counter intuitive as for DIP
stronger phase separation than for DBP is expected. However, as already mentioned
previously, the PHJ fit results strongly deviate from literature results.54
All in all, the DBP based solar cells show a higher power conversion efficiency η
than observed for the two DIP/C60 solar cells, which can be attributed to the larger
short-circuit current jsc due to a higher absorption for the rather lying DBP molecules.
Temperature dependent measurements of Voc
In the following section the measurement data for the DIP/C60 PHJ are taken from
References 47 and 95.
In literature, temperature dependent measurements of both, the dark and the light jV characteristics are a well established approach to determine the CT energy of organic
solar cells. Especially the temperature dependence of Voc is often linearly extrapolated
to 0 K, since the CT energy was predicted theoretically and verified experimentally for
different material combinations to describe the upper limit of Voc for 0 K.26, 28, 87, 95, 251, 252
In Figure 5.4 temperature dependent measurements of Voc for different illumination
intensities of the previously discussed solar cells are shown. The illumination of the
devices was performed with a white LED. The highest intensities (bright colores) and
lowest intensities (dark points) are given for each device. However, the intensities are
not directly measured but calculated from the measured jsc for each intensity and the jsc
obtained from the measurements performed in the solar simulator with an illumination
intensity of 1 sun. For this calculation jsc has to depend linearly on the illumination
intensity. For both DBP based devices and the DIP:C60 PM-HJ the layer sequence is
as described above. For the DIP/C60 PHJ the shown data is taken from literature.47, 95
Although this device has slightly different layer thicknesses (50 nm DIP and 80 nm C60 ),
it shows the same Voc under illumination with an intensity of 1 sun as the device described
above (measured at 300 K), so that the assumption of similar results for both devices is
justified.
For the DIP/C60 PHJ Voc linearly depends on temperature for a large temperature
range down to almost 100 K. Only for low light intensities Voc deviates from this linear
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Figure 5.4: Temperature dependent measurements of Voc for different light intensities (bright
dots equal high light intensities) together with linear extrapolations towards 0 K for a) DIP/C60
PHJ, b) DIP:C60 PM-HJ, c) DBP/C60 PHJ and d) DBP:C60 PM-HJ. For all four samples
PEDOT:PSS is used as hole-injection layer and the substrate temperature during donor and
mixed layer evaporation is 100 °C. (Measurement data for the DIP/C60 PHJ are taken from
Refs. 47 and 95).
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behavior for temperatures lower than 150 K, which is ascribed to a temperature dependent series resistance.95 Additionally, the authors attribute the higher slope of the linear
extrapolation for low light intensities to a higher dark saturation current j0 and thus
to higher recombination for low light intensities. However, linear extrapolations for all
different light intensities result in the same value of ECT = 1.4 V for 0 K, if only the
temperature range with linear dependence is evaluated. For the DIP based PM-HJ the
temperature range, where Voc linearly depends on temperature is only down to 225 K
especially for high light intensities, but linear extrapolation to 0 K yields the same value
as for the PHJ, indicating similar energetics at the donor/acceptor interface in PHJs
and PM-HJs. For DBP based devices the linear temperature range of Voc is even smaller
than for DIP based solar cells. For the PHJ only values down to 250 K can be used for
linear extrapolation, as for lower temperatures the slope slightly changes. The same
holds for the PM-HJ, where a strong kink occures at 250 K for high intensities and at
about 200 K for lower intensities. However, linear extrapolations of this small temperature ranges yield the same CT energy of ECT = 1.4 eV for both devices like for DIP
based solar cells, although the fits for the DBP:C60 PM-HJ for very high light intensities slightly overestimates the slope of the measurements, if the linear extrapolations
are forced to one single value at 0 K.
This first method to determine the CT state energy ECT of solar cells using amorphous DBP and crystalline DIP as donor in combination with the fullerene C60 as
acceptor material indicates identical CT energies for both material combinations, which
are furthermore independent of the device architecture. However, the smaller temperature ranges, where Voc linearly depends on the surrounding temperature for DBP based
devices indicate higher recombination losses for these devices for lower temperatures.
This might be a result of worse transport properties for low temperatures due to the
amorphous film growth of DBP.

5.1.3

Spectroscopic Investigation of CT States

Additionally to the above discussed temperature dependence of Voc , CT states can
also be investigated spectroscopically. Emission from charge-transfer excitons at the
interface between donor and acceptor was first detected in the year 2005 for polymerfullerene photovoltaic cells in photoluminescence and electroluminescence spectra.121 In
the same year Goris et al.253 was able to detect sub-bandgap absorption signals in polymer/fullerene blends by sensitive Photothermal Deflection Spectroscopy (PDS). In the
following years these CT absorption and emission features attracted more and more attention122–124, 126, 254 and Vandewal et al.27, 77 could finally relate absorption and emission
spectra to each other as well as the energy of these CT states to the open-circuit voltage
Voc of organic photovoltaic cells. Nowadays, the spectroscopic investigation of organic
solar cells is a standard method to directly detect charge transfer states.
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IPCE spectra
In the previous section temperature dependent measurements of Voc were used to determine the CT energy of the investigated solar cells. In the following section DIP/C60 and
DBP/C60 PHJ and PM-HJ solar cells are investigated with spectroscopic methods using IPCE measurements to detect absorption features and electroluminescence to detect
emission signals. These investigations focus on the spectroscopic signal of charge-transfer
states in both donor/acceptor systems. The used devices are of the same architecture
and same layer thickness as already described above.
IPCE spectra on a linear scale were already presented and discussed in the last section
(Figure 5.2) together with absorption coefficients for all single materials. Despite the
linear scale, for the DBP:C60 PM-HJ an additional signal above 700 nm can be seen
that cannot be ascribed to absorption from any of the single materials. To have a closer
look on this feature, all four IPCE spectra are plotted on a logarithmic scale in Figure
5.5 a). Additionally, IPCE spectra of single layer solar cells with either DIP, DBP or
C60 are shown in Figure 5.5 b). The layer sequence for these single layer devices is:
ITO/HIL 1.3/organic layer (50 nm, RT)/BCP (5 nm)/Al. Especially for DIP and DBP
the absorption edge around the optical gap at about 600 and 680 nm, respectively, is
rather sharp, whereas for C60 the spectrum shows some weak structures for wavelengths
larger than 650 nm. These values coincide well with literature values that report an
optical gap of 1.9 eV210 (652 nm), 2.1 eV255 (590 nm) and about 1.9 eV199 (652 nm) for
DBP, DIP and C60 , respectively. Although IPCE spectra are closely related to the
absorption spectrum of the respective organic material, they do not have to match
exactly. The IPCE spectrum strongly depends on the point, where most excitons are
created within the organic layer and the point, where these excitons are separated. Thus
the exciton diffusion length in the organic layer plays a crucial role. This might lead to
an antibatic behavior of the device, which results in a lower efficiency where absorption
is high and a higher efficiency for low absorbing wavelengths.62 This behavior can be
seen especially for the DBP single layer device, where the IPCE spectrum shows equally
high values for 400 nm and 610 nm, whereas the absorption coefficient in Figure 5.2
shows four times larger absorption for 610nm. Additionally, the relative peak heights of
the four characteristic absorption peaks in the IPCE spectrum differ strongly from the
ones of the absorption coefficient. This antibatic behavior indicates that excitons are
generated at the ITO/PEDOT:PSS side of the device, but have to get to the Al-cathode
to get separated. Due to the similar energy levels of DIP and DBP, this antibatic effect
is also expected for the DIP single layer device. But in the DIP spectrum, the antibatic
behavior is not observed. This might be due to a strongly increased exciton diffusion
length and the low absorption coefficient of DIP. For C60 the IPCE spectrum follows
the spectrum of the absorption coefficient, which indicates that absorption and exciton
separation both take place at the ITO/PEDOT:PSS electrode. However, as for the
interpretation of the heterojunction IPCE spectra on the logarithmic scale only the
absorption onset of the individual materials is of interest, this should not be affected by
this antibatic behavior.

64

5 Charge Transfer States in Perylene/Fullerene Solar Cells

Figure 5.5: IPCE spectra of a) perylene-fullerene solar cells in PHJ and PM-HJ architecture
and b) IPCE spectra of single material diodes with the following layer sequence: ITO/HIL
1.3/organic layer (50 nm, RT)/BCP (5 nm)/Al. The inset shows the energy level alignment in
a typical PHJ solar cell at open-circuit conditions, illustrating the different energy gaps within
the solar cells.

With the knowledge of the exact absorption onsets of the individual materials, the
IPCE spectra of the heterojunction solar cells can now be discussed in detail. In Figure
5.5 a) DBP based solar cells are shown in blue, whereas DIP based devices are displayed
in green. The light colors represent PM-HJ architectures and dark colors PHJs. The
characteristic absorption features of the individual material for wavelengths lower than
650 nm were already discussed within the scope of the linear scaled plot (Figure 5.2).
Hence, the following discussion focuses on higher wavelengths. Especially for the DBP
PM-HJ solar cell a relatively strong and broad absorption band above 700 nm is striking.
This feature is also visible for the DBP PHJ, however, the intensity is reduced by almost
two orders of magnitude. For DIP this additional absorption is not that dominant as
no clear shoulder is visible, however, a long tail structure up to 980 nm is visible for the
PM-HJ, whereas for the PHJ this signal can only be assumed in a small tail around
800 nm. This additional absorption is visible for wavelengths larger than 750 nm, which
is energetically below the absorption onset of all used materials. These high wavelengths
correspond to energies that are smaller than the optical gaps of all materials. Considering the energy level diagram, as it is shown in the inset of Figure 5.5 a), the only
possible energy gap with an energy smaller than Eopt , via which absorption can occur,
is the charge-transfer energy ECT at the interface between donor and acceptor material.
In these charge transfer states, the hole is situated on the HOMO of the donor, whereas
the electron is located in the LUMO of the acceptor molecules. Although both charge
carriers are situated on different types of molecules they are still Coulombically bound,
resulting in an ECT that is smaller than the intermolecular HOMO(D)-LUMO(A) differ-
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ence at the interface. The different intensities for this CT absorption can be understood,
if the morphology of the different material systems and the different architectures are
considered. Principally, PM-HJ solar cells have a larger interface between donor and
acceptor material than PHJs, which involves a higher number of CT states. Therefore,
absorption via these large amount of CT states is stronger for mixed layers than for
planar interfaces. However, this effect is much stronger for DBP, where the difference is
almost two orders of magnitude, than for DIP. But as already discussed in Section 5.1.1,
DIP:C60 PM-HJ exhibit strong phase separation, especially, if the substrate is heated
during evaporation. For DBP:C60 solar cells on heated ITO/PEDOT:PSS substrates
no signs of phase separation are reported in literature, so that for the material system DBP:C60 mixtures on a molecular level are expected. In terms of donor/acceptor
interface this means that the strong phase separation in DIP:C60 PM-HJs leads to a
reduced interface compared to the strongly intermixed DBP:C60 PM-HJ that exhibits
an extremely large interface and thus a higher number of CT states.
For the PHJs the situation is different. AFM pictures (Figure 5.1) indicate a smooth
interface for DBP/C60 PHJs, whereas the DIP surface is relatively rough. This would
lead to an increased interface for DIP/C60 cells compared to DBP/C60 PHJs. However,
recent publications could show that even for PHJs the interface is not sharp, but can exhibit disorder and intermixing, even if both materials are evaporated subsequently.68, 69
Still, the intensity of CT absorption in the IPCE spectrum is almost one order of magnitude larger for the DBP/C60 device. For the interfaces suggested by AFM pictures, this
indicates that the interface area and thus the number of CT states is not the only factor
that determines the CT absorption strength. A second factor is the electronic coupling
strength between donor and acceptor molecules that is proportional to the overlap between donor and acceptor π-electron systems. It might be that for lying DBP molecules
this overlap with the π-electron system of C60 is larger than for standing DIP molecules.
However, this topic will be discussed further below.
For the DIP based solar cells as well as the DBP PHJ the IPCE spectra exhibit some
substructures between 600 nm and 750 nm. Three shoulders can be distinguished here.
However, this structure is not an effect of different CT states, but can rather be assigned
to absorption of pure C60 , as the C60 single layer device shows the same structured IPCE
spectrum with clear features at 620, 680 and 710 nm.
A second method to detect CT signals spectroscopically is to detect recombination
via CT states either by photoluminescence or electroluminescence spectroscopy. In the
following the electroluminescence spectra of DIP and DBP based solar cells are discussed.
Electroluminescence (EL) spectroscopy
For electroluminescence spectroscopy the organic solar cell is operated as an organic
light emitting diode (OLED) by applying a forward voltage to the device and detecting
the emission. Like for the IPCE spectra above, in the following, EL spectra of PHJ and
PM-HJ solar cells are compared to the spectrum of single layer devices to distinguish signals originating from single materials and those from CT emission. The layer sequence
of the heterojunction devices used for EL measurements is the same as described above,
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whereas the single layer devices, unlike the devices for IPCE measurements, were fabricated on ITO/PDOT:PSS substrates with substrate temperature of 100 °C in case of
DIP and DBP and RT for C60 with a 100 nm thick organic layer for all three materials.
In Figure 5.6 electroluminescence spectra for DIP/C60 solar cells are summarized.
To understand the emission spectrum of a heterojunction of two materials, the spectra
of the individual materials are essential. Therefore, on the left, the spectra of single
layer devices with DIP (top) and C60 (bottom) are given for comparison. The plot in
the center shows the spectrum of a DIP/C60 PHJ, whereas the right plot shows the same
measurements on a PM-HJ device. For all spectra peak fits with Gaussians have been
performed. The peak centers of all Gaussians are summarized in Table 5.2.
Generally, the lowest HOMO-LUMO transition in C60 molecules is symmetry forbidden,256 however, vibronic coupling and disorder in thin films allow violation of the parity
selection rule.257 For the C60 -single layer device, EL spectra for an applied voltage of
1.0, 2.0 and 4.0 V are shown. The spectral shape in terms of peak positions does not
vary for different applied voltages, but the relative intensity changes strongly. Especially
increasing the applied voltage from 1.0 V to 2.0 V reduces the relative intensity of the
high wavelengths signal significantly. For proper fitting of the C60 spectrum four peaks
are necessary at about 728 nm (1.70 eV), 745 nm (1.66 eV), 805 nm (1.54 eV) and 970 nm
(1.28 eV). The first three peak values are in excellent agreement with reported literature
values at 1.71, 1.62 and 1.53 eV.200 The last peak at high wavelength is not discussed in
literature separately, but for C60 a broad spectrum between 1.3 and 1.9 eV is reported.200
The low energy signal might be emission from defect states or triplet states, however no
detailed analysis of this signal was performed within this work.
In contrast to the C60 spectra, the spectral shape of DIP strongly depends on the
applied voltage. For low voltages a broad featureless spectrum between 600 nm and
900 nm is measured that can be fitted with two Gaussians centered at 729 and 798 nm.
Increasing the applied voltage leads to pronounced peaks, especially for lower wavelengths and at least five Gaussians are necessary to fit high voltage DIP spectra. The
main EL peak positions are similar to those found by photoluminescence measurements
in literature.95, 258, 259 The spectrum is characterized by the 0-0 transition at E ≈ 2.14 eV
(579 nm) that is followed by a vibronic progression with peak energies at 1.98 eV and
1.80 eV. Additionally, two broad Gaussians are necessary to fit the spectrum properly in
the high wavelength range. They are situated at approximately the same positions as
the two Gaussians that were used to fit the low voltage spectrum. Judging from their
energetic position, it is possible that this part of the spectrum is luminescence from
defect states for example at grain boundaries.
For both heterojunctions EL spectra strongly depend on the applied voltage. However, the spectrum of the PHJ and the PM-HJ look completely different. For the PHJ
voltages as low as Voc provide a usable spectrum that consists of two main features.
In the low wavelength region between 650 − 800 nm two Gaussians are necessary to fit
the spectrum (699 nm and 738 nm) that can be ascribed to emission from DIP and C60 ,
respectively. However, at wavelengths above 900 nm an additional peak becomes visible.
Although C60 can show emission in this wavelength range, it is more likely that this emis-

5.1 Comparison of Crystalline and Amorphous Donor Materials

67

sion originates from CT states at the interface between donor and acceptor, as for this
low voltages no electroluminescence for the C60 single layer device could be measured.
Furthermore, this emission vanishes, if the applied voltage is increased, which would
not be expected for pure C60 emission. Already for 1.5 V clear signs of the vibronic
progression of DIP dominate the whole spectrum that covers a wavelength range from
570 − 880 nm for higher voltages.
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Figure 5.6: Electroluminescence spectra of DIP and C60 single layer devices (left), a DIP/C60
PHJ (center) and a DIP:C60 PM-HJ solar cell for different applied voltages between 0.9 V and
4.0 V. All measurements were performed at room temperature.

For the PM-HJ device the spectra exhibit a completely different shape. Especially at
low voltages the spectra are dominated by strong emission above 900 nm. Only for higher
voltages the emission gets broader and covers wavelengths from 550 to above 1000 nm.
Fitting the spectra reveals that the low wavelength part of the spectrum is, as for the
PHJ, dominated by emission from neat DIP. As the C60 emission for high wavelengths
is only very weak, the broad emission above 850 nm cannot be described by any of the
used materials and is therefore attributed to emission from CT states. Already without
fitting this CT emission one can clearly notice that the emission peak strongly shifts to
lower wavelengths for higher voltages. Gaussian fits support this observation revealing
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a shift from 1042 nm for 0.9 V to about 920 − 930 nm for high voltages. Possible reasons
for such a strong shift to higher energies of CT emission could be strong band-bending
or the existence of trap states in at least one of the used materials. However, for the
interface of ITO/PEDOT:PSS and heated DIP only a small interface dipole moment of
−0.25 eV is reported54 so that strong band-bending is unlikely. Hence, voltage dependent
state filling of the DOS and thus of the CT state distribution is most likely the reason
for this strong blue-shift of the CT emission. Considering the strong spectral change
of the DIP single layer device for different voltages, it is probably the DIP DOS that
causes this strong shift.
Similar measurements for DBP/C60 devices are shown in Figure 5.7. Again on the
left side the spectra of single layer devices are given, whereas in the center of the plot the
spectra of the PHJ and on the right side spectra for a PM-HJ are shown. For all devices
different voltages are displayed with the lowest voltage being around Voc . As the C60
spectra were already discussed above, only the DBP single layer spectra are discussed
here. The center positions of the Gaussians used to fit these spectra are again shown in
Table 5.2. Like for DIP, five Gaussians are necessary to fit the DBP spectra, with the
first peak centering at 647 nm. But all peaks are relatively close to each other, which
results in one broad spectrum without any clear structure. In addition to the spectra
of the neat DBP layer, a spectrum of a device with 1 % DBP doped in a Rubrene
matrix with an applied voltage of 6.0 V is shown. Due to the low DBP concentration
no agglomeration of DBP molecules in the Rubrene matrix is expected. The data for
this device is taken from the Mastersthesis of B. Sykora,260 however the fit was done
by myself. This spectrum strongly deviates from the neat DBP spectrum shown in
dark blue. Instead of a broad featureless spectrum, it shows two sharp peaks at about
610 nm and 665 nm. However, to fit the spectrum properly, four Gaussians are necessary
that are situated at 609, 625, 665 and 679 nm. Compared to the neat DBP layer, the
first peak is thus shifted by about 40 nm to lower wavelengths. This difference between
the neat DBP layer and single DBP molecules can be understood, if the molecular
surrounding is considered. A molecule in a neat DBP layer is surrounded by other DBP
molecules and thus can only interact with other DBP molecules. However, if only 1 %
of DBP molecules is doped in a matrix of another molecule, no interaction between
different DBP molecules is expected as they are far apart from each other. Therefore,
the spectrum of DBP doped in Rubrene is rather the spectrum of a single DBP molecule.
The red-shifted spectrum of the DBP single-layer device, compared to the spectrum of
DBP doped in Rubrene is then caused by aggregation of the DBP molecules in the neat
DBP layer. The peak positions that are observed for the DBP based PHJ as well as the
PM-HJ, however, do not coincide with this spectrum of diluted DBP, but are in good
agreement with the ones of the neat DBP film. The molecular environment of one DBP
molecule within the solar cell, even in the PM-HJ, is not as strongly diluted as in the
Rubrene matrix. Therefore, in the following discussion DBP peak positions as they are
observed in the neat DBP film are used.
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Figure 5.7: Electroluminescence spectra of DBP and C60 single layer devices (left), a
DBP/C60 PHJ (center) and a DBP:C60 PM-HJ solar cell for different applied voltages between
0.85 V and 4.0 V. All measurements were performed at room temperature. The spectrum of
the device, where 1 % DBP is doped in a Rubrene matrix is taken from Ref. 260.
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Unlike the DIP spectra, DBP spectra do not change their spectral shape for different
voltages, so that five Gaussians with almost similar peak positions could be used for all
applied voltages. This might already be a first hint that the emission spectrum of DBP
is not dominated by defects or trap states like for DIP.
Almost the same holds true for the EL spectra of the DBP/C60 PHJ in the wavelength
range between 600 − 850 nm. Only the shoulder at about 800 nm decreases in relative
intensity for higher voltages, but all peak positions stay almost the same for all measured
voltages. Comparing the peak centers to the peaks of the single layer devices, all peaks
of the PHJ can be described by emission originating from DBP. However, both DBP and
C60 have a Gaussian centered at about 800 nm so that the PHJ peak at 790 nm cannot
be clearly correlated to one material. Like for the DIP/C60 PHJ, only the spectrum of
the lowest applied voltage shows emission for high wavelengths with a peak centering
at 970 nm. Although this is exactly at the same wavelength, where C60 shows a peak,
it is more likely that for such low voltages this emission originates from CT states at
the donor/acceptor interface. Furthermore, this assumption is supported by the PM-HJ
spectra with strongly increased interface area. Here, for all voltages the spectrum is
dominated by a broad CT emission peak in the wavelength range from 800 nm to above
1000 nm. Only for 1.5 V and higher voltages emission between 600 − 800 nm appears.
This part of the spectrum can perfectly be described with the first three peaks of the
DBP spectrum (see Table 5.2). However, to fit the CT part of the spectrum properly,
one single Gaussian, like for the DIP PM-HJ, is not sufficient. Only with the help of a
second Gaussian the CT part can be described.
To further analyze the CT part of the EL spectrum, EL measurements for different
temperatures down to 50 K were performed. The spectra for an applied voltage of 2 V
are shown together with the different Gaussians that give the overall fit results (red
dashed lines) in the right part of Figure 5.8. For all temperatures the peak positions
of both CT peaks are given in Table 5.2. Reducing the device temperature for the
DBP:C60 PM-HJ clearly leads to an inversion of the relative peak heights of the two CT
Gaussians. Whereas for RT and 250 K the peak at higher wavelengths clearly dominates
the whole spectrum, both CT peaks are almost equally high for 200 K and for lower
temperatures the CT Gaussian at lower wavelengths dominates. Additionally, reducing
the temperature induces a shift of about 50 nm of both peak centers towards higher
wavelengths. Decreasing CT state energy for decreasing temperatures was also reported
by Vandewal et al.26 However, as already described in Chapter 2.4.4 and as will be
discussed further below, the EL peak position is not exactly the CT state energy, but is
related to it by the reorganization energy λ0 that might also be temperature dependent.
More than one CT peak for donor/acceptor mixtures have already been reported
in literature for various material systems.76, 104–106, 183, 261 All these authors attribute
the different CT peaks to different morphologies within the organic films. In these
publications, strong phase separation and crystalline phases of at least one material were
identified to lead to delocalization of at least one charge carrier type of the CT excitons
and thus to a reduction of the CT binding-energy which results in an increasing CT state
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Figure 5.8: Electroluminescence spectra of all single layer devices (left) and all four solar
cells (center) recorded at room temperature. The spectrum of the DBP:C60 PM-HJ is shown
for different temperatures to verify the existence of two CT emission peaks (right). All spectra
are recorded at an applied voltage of 2.0 V.

energy.105 Liu et al. reported two CT peaks, if DBP is mixed with the fullerene C70 . For
high C70 concentrations, two discrete CT peaks are shown centering at about 1.4 eV and
1.23 eV. The authors could correlate this with the coexistence of C70 nanocrystallites and
amorphous phases, with the higher energy peak being the one of more delocalized CT
states in the nanocrystallites. Furthermore, they could correlate the C70 domain size to
the CT state energy and lifetime via a quantum confinement model. If the same results
are assumed for C60 instead of C70 , the relative EL intensity of the more delocalized CT
states increases for reduced temperatures. The exact reason, however, is still not clear.
On the one hand, it might be that for low temperatures electron and hole mobility within
the mixed layer of the PM-HJ are highly different. This would lead to an encounter of
electrons and holes rather at the interface between neat layers and the blend than in
the center of the mixed layer. The delocalized CT states that are responsible for CT
emission at lower wavelength, would then be situated at the interface between one of
the neat layers and the mixed layer. However, the CT signal of planar interfaces is
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extremely weak, as could be seen in the EL spectra of the PHJ solar cells, so that it
is rather unlikely that they result in such a strong CT emission for lower temperatures.
On the other hand, it might be that both CT states feature different radiative decay
rates. If recombination via CT states is described by Langevin-recombination that is
recombination of two free charge carriers, then different mobilities in amorphous and
crystalline fullerene can lead to strongly different recombination rates, which results in
different CT state lifetimes. Therefore, lifetime measurements for DIP:C60 and DBP:C60
mixtures are discussed below.
To shortly summarize this investigation of EL spectra for DIP and DBP based solar
cells, the spectra of all cells recorded for an applied voltage of 2.0 V, together with the
single material spectra and the fits with Gaussians are displayed in the left and centered
part of Figure 5.8. All spectra could perfectly be described with the combination of
several Gaussians, if one CT Gaussian is used for the DIP:C60 PM-HJ and two for the
DBP one. For the PHJ devices no CT emission is measured for a voltage of 2.0 V. The
spectral part at lower wavelengths could be described by emission of the respective donor
materials for all solar cells.
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Table 5.2: Peak centers of Gaussian fits to the electroluminescence spectra of DBP, DIP and
C60 single layer devices as well as DIP/C60 and DBP/C60 planar- and planar-mixed heterojunctions.

Device
DBP only
DIP only
C60 only
PHJ
DIP/C60

PM-HJ
DIP:C60

PHJ
DBP/C60

PM-HJ
DBP:C60

RT
250K
200K
150K
100K
50K

Voltage
(V)
1.5
2.0
4.0
1.6
2.0
4.0
1.0
2.0
4.0
0.9
1.0
1.5
2.0
3.0
4.0
0.9
1.0
1.5
2.0
3.0
4.0
0.85
1.0
1.6
2.0
3.0
4.0
0.9
1.0
1.5
2.0
3.0
4.0
2.0
2.0
2.0
2.0
2.0
2.0

Peak 1
(nm)
646
646
647

Peak 2
(nm)
675
678
678

Peak 3
(nm)
725
727
727

585
589

626
625

689
674

585
585
584
578
579

623
623
624
626
627

674
685
683
683
682

578
580
581
581
582
645
641
641
641
640
641

626
627
628
628
685
685
683
685
684
681

668
680
666
668
668
727
722
719
717
723
720

636
635
635
634
635
640
666
670
672

676
675
674
674
675
674
730
729

708
723
721
722
723
724
722

Peak 4
(nm)
800
800
800
729
714
717
730
727
728
699
700
700
700
700
695

Peak 5
(nm)
839
839
830
798
803
770
749
743
743
738
739
735
735
735
732

Peak 6
(nm)

Peak 7
(nm)

807
805
803

979
968
967
1040
979

785
787
790
790
790
785

709
744
739
742
726
830
813
830
830
831
816

764
810
807
804
805

801
807

858
860
857
857
857

880
880
881
880
880
881
918
928
928
925
929

1042
1027
972
959
921
930
970

946
946
941
938
931
927
938
947
969
974
974
975
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CT State Lifetime

The following measurements of the CT state lifetimes were performed in cooperation
with the group of Prof.Dr.H. Krenner, Experimental Physics 1, University of Augsburg.
The samples were prepared by myself and measurements were performed together with
L. Janker and S. Hammer, the evaluation of the data was then again done by myself.
To further investigate the CT states in Perylene/C60 solar cells and to be able to
distinguish the two CT distributions observed for the DBP:C60 PM-HJ, time-resolved
photoluminescence measurements for different wavelengths within the CT part of the
above discussed EL spectra (800-1000 nm) were performed.
Figure 5.9 a) and b) show photoluminescence lifetime measurements at RT, 150 K
and 100 K for DBP:C60 and DIP:C60 mixtures, respectively. For both mixtures 100 nm
of a 1:1 blend were evaporated on a HIL1.3 covered silicon substrate. The substrate
temperature was kept at RT during evaporation for both devices. For each temperature the decay of the photoluminescence intensity was measured for various wavelengths
to determine how the lifetime changes for different wavelengths and thus for the energetic distribution of CT states. The fitting process (dark lines) was performed with
the program FluoFit from PicoQuant that deconvolutes the measured signal using the
instrument response function (IRF). As the IRF is a measured signal, the fits shown in
Figure 5.9 are no smooth lines but contain some noise.
For both donor materials and all investigated temperatures the decay of the PL signal
can only be fitted by using a biexponential function. This indicates the superposition
of two different decay processes. The two different lifetimes for each wavelength and
all temperatures are summarized in Table 5.3. For both mixtures the lifetimes increase
with increasing wavelength, so that the states with the lowest energy have the longest
lifetime. Furthermore, reduced temperatures additionally increase CT state lifetimes.
This indicates that charge carriers that occupy states with higher energy can relax into
lower energy states, however, those charge carriers in the states with lowest energy
cannot relax further. Additionally, reduced temperatures lead to a lower probability of
the backtransfer to states with higher energy, which increases the CT state lifetime for
lower temperatures and low energy states (high wavelengths).
Although the overall trend for both mixtures is similar, the detailed analysis of the
lifetimes reveals strong differences. For the DBP:C60 mixture at RT lifetimes strongly
increase from 0.75 ns for 800 nm to almost 3 ns for 1000 nm. However, reducing the
temperature evidences that lifetimes are not increasing continuously. For 150 K lifetimes
for low wavelengths up to 850 nm are almost equal (2.2 ns). The same holds for 100 K and
the high wavelength region above 925 nm (7 ns). Between these two regions the lifetimes
increase continuously. However, for the DIP:C60 mixtures the situation is different. For
all measured temperatures lifetimes increase continuously with increasing wavelength.
For both mixtures the development of the lifetimes with increasing wavelength at a
measurement temperature of 100 K is illustrated in Figure 5.10. Furthermore, lifetimes
are slightly larger for the DIP:C60 mixture than for the DBP based sample. These results
are in good agreement with the already discussed EL spectra for these two mixtures.
The DBP:C60 mixture with two CT Gaussians in the EL spectrum also shows two
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Figure 5.9: Time-resolved photoluminescence measurements (light colored lines) for 1:1 mixtures of a) DBP:C60 and b) DIP:C60 . The decays are measured for different wavelengths
between 800 and 1000 nm for RT (upper graphs), 150 K (center) and 100 K (bottom). Dark
colored lines show a convolution of the fit results and the IRF. Data evaluation was performed
with the program FluoFit.
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Table 5.3: Lifetimes for 1:1 mixtures of DIP:C60 and DBP:C60 for different temperatures.
Lifetimes were obtained by fitting the time-resolved photoluminescence measurements with a
biexponential decay function.

Device

DBP:C60 1:1

DIP:C60 1:1

Wavelength
800 nm
830 nm
850 nm
875 nm
900 nm
925 nm
950 nm
970 nm
1000 nm
800 nm
830 nm
850 nm
900 nm
950 nm
970 nm
1000 nm

τ1 D B P : C

1 0

τ1 D I P : C

L ife tim e (n s )

τ2 D I P : C

1.631

0.411

1.879

0.600

1.969

0.681

2.924
1.124

1.022
0.475

1.702
2.513
3.440

0.467
0.667
0.913

3.942

1.077

150 K
τ1 (ns) τ2 (ns)

100 K
τ1 (ns) τ2 (ns)

2.225
2.194
2.829
3.921
4.647
5.591
6.190

0.399
0.402
0.594
1.014
1.223
1.543
1.769

2.416
2.892
4.140
5.641
6.968
7.064
7.056

0.468
0.590
0.976
1.317
1.860
1.749
1.762

4.497
5.277
6.640
8.054
8.945

0.892
1.009
1.4003
1.873
1.928

4.158
5.284
7.218
8.204
9.998

0.786
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Figure 5.10: Lifetimes measured at 100 K of the DBP:C60 (blue) and the DIP:C60 (green)
mixture. Dots show the longer lifetime τ1 and rectangles the short lifetime τ2 . All lifetimes are
listed in Table 5.3.
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different lifetimes for lower and higher wavelengths with a constantly increasing lifetime
for wavelengths in between the two regimes where the Gaussians in the EL spectra
overlap each other. In contrast, for the DIP:C60 mixture, where only one broad Gaussian
is necessary to fit the CT contribution of the EL spectrum, the lifetime constantly
increases without the formation of different regimes, indicating the relaxation within
one single Gaussian distribution.
Although these lifetime measurements support the picture of two distinct CT Gaussians for the DBP:C60 mixture, their origin is still unclear. However, in literature some
authors discuss the influence of morphology on CT excitons and their lifetime. Liu et
al.105 investigated mixtures of DBP and the fullerene C70 . The authors could attribute
the two observed CT emission peaks to localized and delocalized CT excitons. The
CT peak with higher energy only occurs in devices with a minimum C70 crystallite
size of 4 nm, where electron delocalization can occur. This CT peak at higher energies
(lower wavelengths) has larger CT lifetimes than the CT peak at lower energies that is
attributed to localized CT excitons. This is exactly the opposite of what is observed
for DBP:C60 1:1 mixtures within this work. However, for this 1:1 mixture no strong
C60 crystallization is expected, so that it is unlikely that the two wavelength regimes
with different distinct lifetimes originate from localized and delocalized CT excitons.
This case would rather be expected for the strongly phase separating DIP:C60 mixtures,
where different crystallite sizes are observed. However, only one CT peak is observed
for this material combination, which indicates that, due to the strong phase separation,
all crystallites of this mixture are large enough so that only delocalized CT excitons are
observed.
In contrast, Bernardo et al.262 investigated different mixing ratios of α-NPD and
C60 and observed monoexponential decays for mixtures, where only localized CT excitons are observed. But for a 1:4 mixture of α-NPD and C60 a biexponential decay is
measured, where the rapid decay in the beginning can be attributed to the dissociation
of delocalized CT excitons and the longer lifetime to localized CT excitons. A similar
influence of CT state delocalization on the CT state lifetime is reported by Chen et
al.263 for Rubrene/C60 solar cells. However, in the measurements on the DIP:C60 and
DBP:C60 blends all decays have to be fitted with a biexponential equation, independent
of whether the mixture is rather on a molecular scale as in DBP:C60 samples or with
strong phase separation like for DIP:C60 mixtures. Therefore, for the DBP:C60 mixture
it is more likely that the two different CT Gaussians can be attributed to different orientations of DBP molecules with respect to their C60 partner at the interface between
donor and acceptor than to localized and delocalized CT excitons due to different degrees
of crystallinity within the mixture. However, the exact origin of the two different processes that lead to the observed biexponential decay for all devices and all wavelengths
remains unclear. Bernardo et al.262 attribute the two different CT state lifetimes for
α-NPD:C60 mixtures to localized and delocalized CT states. However, the lifetime they
report is an integrated lifetime over the whole energy range of the CT state distribution.
But different degrees of delocalosation not only influences the lifetime of CT states but
also their energy, which is ignored in this integrated lifetime measurements. The time-
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resolved measurements shown in this work are measurements for distinct wavelengths,
but still show a biexponential decay. Therefore, localized and delocalized CT excitons
can explain the different lifetimes observed for different wavelengths but cannot be the
origin of the biexponential decay. However, already the simple picture of CT states that
can be refilled by any external exciton source would lead to a biexponential decay of the
PL intensity. Exactly this situation can be found in organic solar cells, if the excitation
wavelength of the time resolved PL measurement not directly excites CT states but
donor and/or acceptor molecules, like it is the case for the used 661 nm laser. According
to the IPCE spectra of the single-layer devices (see Fig. 5.5) DBP and C60 do absorb at
this wavelength, but DIP molecules are not excited.
Furthermore, as already discussed in Chapter 2.4.2, Voc not only depends on the
energy of CT states, but also on their lifetime that describes the rate at which CT
states recombine radiatively or non-radiatively (see Equation 2.23).76 Therefore, lifetime
measurements can be used to identify energy losses in organic solar cells. But, although
DIP based mixtures show slightly larger CT state lifetimes than DBP:C60 mixtures,
it is difficult to determine which of the two corresponding PM-HJ devices would have
larger losses in Voc , since Voc only depends logarithmically on the lifetime of CT states.
Furthermore, the same holds for the number of CT states and the electronic coupling
between donor and acceptor molecules, which makes it even more difficult to disentangle
all these influences. Still, if only the lifetime is considered, longer lifetimes for DIP:C60
mixtures would lead to lower losses in Voc compared to DBP:C60 devices. However, the
difference in the number of CT states of both mixtures due to the completely different
morphology counteracts the influence of the different lifetimes.

5.1.5

Determination of ECT

As already described in Chapter 2.4.4 Vandewal et al.26, 28 introduced several equations
based on Marcus theory that can be used to describe reduced absorption (or IPCE) and
reduced emission spectra. This approach has now developed to be the standard method
to determine CT state energies within the OPV community. To identify the CT state
energy, the previously discussed IPCE and EL spectra are used. From these spectra
reduced emission and reduced IPCE spectra are calculated and subsequently the low
energy parts of the spectra are fitted by Equation 2.29 and 2.31, respectively. For more
clarity these equation are shown again below:


fEL
−(ECT − λ0 − E)2
If
=√
exp
(5.2)
E
4λ0 kB T
4πλ0 kB T


fIPCE
−(ECT + λ0 − E)2
exp
(5.3)
IPCE(E) · E = √
4λ0 kB T
4πλ0 kB T
In these equations If is the measured emission spectrum, ECT the CT state energy,
λ0 the reorganisation energy that is related to the Stokes shift and fIPCE and fEL are
proportional to the electronic coupling matrix element. The f parameters therefore
provide access to the strength of the donor/acceptor material interaction.26 However,

5.1 Comparison of Crystalline and Amorphous Donor Materials

79

fIPCE = ηNCTC 2dfσ is a composed constant with d being the thickness of the active
layer, NCTC the density of CT states and η the internal absorbed photon to electron
conversion efficiency in the CT band. Only the factor fσ contains the proportionality
to the electronic coupling matrix element.28 The parameter fEL can only be used to
determine the relative intensity, if several emitting CT peaks are present, as the height
of the EL spectrum is normally adjusted to the height of the CT peak in the IPCE
spectrum.
For the above discussed DIP and DBP based solar cells, reduced emission and IPCE
spectra are shown in Figure 5.11 together with the fit results for the low energy part of
both spectra. The resulting fit parameters for ECT , λ0 , fIPCE and fEL are summarized
in Table 5.4 for all devices. According to the discussion of the EL and IPCE spectra
above, for DIP based solar cells and the DBP PHJ one Gaussian is used, whereas for
the DBP:C60 PM-HJ two Gaussians are necessary. However, since especially the CT
emission of the PHJ devices is extremely weak and only for the DBP PHJ a clear CT
band in the IPCE spectrum is visible, the fit results for these devices are rather imprecise.
But for both PM-HJ devices the CT contribution is relatively strong, especially for the
DBP device (see Fig. 5.11b) and c)), so that these fit results should be reliable. To cope
with the two CT bands that were observed in the EL spectra of the DBP:C60 PM-HJ,
the sum over two Gaussians was used to fit the whole CT contribution:



If
2
 X
fEL/IPCE,i
−(ECT,i ∓ λ0,i − E)2
p
=
exp
(5.4)
E

4λ0,i kB T
4πλ0,i kB T
i=1
IP CE(E)E
The minus sign is used for fitting reduced emission and the plus sign for reduced absorption. This approach is displayed in detail in Figure 5.11 c) with the nude-colored
dashed line being the total fit and the gray lines the two Gaussians (dashed for EL and
continuous for IPCE). As only the maxima of the total fits are aligned and not the
corresponding Gaussian pairs, the crossing-points do not mark ECT,i for the case of two
or more CT bands.
For both DIP devices, the intersection points of the EL and IPCE fits in Figure 5.11
a) lie at almost the same energy of 1.46 eV for the PHJ and 1.45 eV for the PM-HJ.
The reorganisation energy λ0 is larger for the PM-HJ than for the PHJ, but both are
in the same range as reported for other material combinations.26, 264 The f parameter
as determined from fitting of the IPCE spectrum is one order or magnitude larger for
the PM-HJ than for the PHJ. This parameter however, is influenced by the number of
CT states as well as the electronic coupling between donor and acceptor molecules. As
discussed earlier, by going from PHJ configuration to PM-HJ the interface area between
donor and acceptor is strongly increased, which additionally increases the number of
CT states. However, it is also possible that the electronic coupling between donor and
acceptor molecules changes. In the PHJ the electronic coupling is mainly dominated
by the π-electron overlap between standing DIP molecules and overlying C60 (edge-on
configuration) that is expected to lead to a rather low coupling factor. Only due to
interface roughness a small part of DIP and C60 molecules are arranged in the face-on
configuration (fullerene next to the DIP plane) that enables stronger π-electron overlap.
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Figure 5.11: Determination of the CT energy by modeling CT absorption (IPCE) and emission with the help of Marcus theory as proposed by Vandewal et al.26, 28 DIP/C60 PHJ and
PM-HJ spectra (a) are fitted with one Gaussian. For the DBP/C60 devices one Gaussian is
used for the PHJ and two for the PM-HJ (b). c) CT part of the DBP:C60 PM-HJ spectra with
total fit (nude-colored dashed lines) and the two individual Gaussians used to fit the emission
(gray dashed line) and IPCE spectrum (continuous gray lines). The fit parameters are given
in Table 5.4.
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In the PM-HJ however, this configuration is expected to be far more common compared
to the PHJ, as strong phase separation with still standing DIP molecules is reported.232
For the DBP/C60 PHJ ECT is slightly smaller than for the DIP device, which might
be due to slightly different HOMO levels for both materials. But also λ0 is significantly
lower, whereas the parameter fIPCE is almost identical for both donor materials. But
considering the poor CT signal for both devices, it is difficult to draw any concrete
conclusions from these results. For the PM-HJ two different ECT values are obtained,
with the lower one coinciding perfectly with the one obtained from the PHJ. The larger
one with ECT = 1.53 eV is even higher than the value obtained for both DIP devices.
Like for the DBP/C60 PHJ λ0 is smaller than for both DIP based devices. However, as
there are two peaks for the DBP PM-HJ, these values are hardly comparable. Therefore,
the spectra of the DBP:C60 PM-HJ was additionally fitted with only one Gaussian. The
fit itself is not shown here, but the fit parameters are included in Table 5.4. These values
clearly show that the reorganisation energy λ0 is still smaller for the DBP:C60 PM-HJ
than for DIP devices, although this fit is the sum of two peaks. This might indicate
smaller energy losses for DBP based solar cells. Vandewal et al.264 could show that λ0
values correlate with the polaron relaxation energy of single donor molecules.
Burke et al.76 could relate the measured reorganisation energy at a certain temperature λ0 (T ) to the standard deviation of the CT state distribution σCT , which is a
measure for the interfacial energetic disorder, via the following equation:
λ0 (T ) = λ +

2
σCT
2kB T

(5.5)

The parameter λ is then the intrinsic reorganisation energy. This equation implies that
the measured reorganisation energy already includes the presence of energetic disorder.
The same holds for the measured ECT .76 For a very rough estimation we can assume
the small λ0 value determined for the DBP/C60 PHJ to be the intrinsic reorganisation
energy λ and then determine σCT for the DIP:C60 PHJ and PM-HJ using the measured
λ0 (300 K) values. This rough estimation yields a standard deviation of the CT state
distribution of σCT = 79 meV for the DIP/C60 PHJ and σCT = 107 meV for the PM-HJ,
which is in the range that is reported in literature for other material combinations.76
Considering the fIPCE parameters for the case, where the spectra are fitted with
two Gaussians, the one for the higher energy is about twice as high as the one for the
DIP based PM-HJ, whereas the one that is associated with the lower CT energy is remarkably lower. To disentangle the influence of the number of CT states and electronic
coupling between both donors and the fullerene C60 , the parameters for both PHJs can
be considered. As already discussed in the introduction of this chapter, DBP PHJs have
a rather smooth interface, whereas for DIP PHJs the DIP surface roughness slightly
increases the interface area compared to a perfectly planar interface. For standing DIP
covered with C60 no strong electronic coupling is expected. But for the rather lying
DBP molecules it could be that the electronic coupling is larger, although the phenyl
side groups might slightly increase the distance of the DBP core and C60 . Similar investigations have been performed by DFT (Density Functional Theory) calculations by Yi et
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Table 5.4: CT state energy ECT , reorganisation energy λ0 , fIPCE and fEL as they result from
the determination of the CT state energy via Equations 2.29 and 2.31 for different DIP/C60
and DBP/C60 solar cells. For the DBP PM-HJ the results of two different fits are shown: one
uses two Gaussians and one only one Gaussian.

Device
PHJ DIP/C60
PM-HJ DIP:C60
PHJ DBP/C60
PM-HJ DBP:C60
two Gaussians
PM-HJ DBP:C60
one Gaussian

ECT (eV)
1.46
1.45
1.43
1.43
1.53
1.49

λ0 (eV)
0.30
0.40
0.18
0.14
0.19
0.17

fIPCE (eV2 )
1.38 · 10−3
1.65 · 10−2
1.01 · 10−3
5.10 · 10−3
2.97 · 10−2
9.73 · 10−1

fEL (eV2 )
2.14 · 10−1
0.68 · 10−1
1.44 · 10−1
1.21 · 10−1
9.85 · 10−2
2.25 · 10−1

al.265 The authors could show that electronic coupling depends on both, intermolecular
distance and relative molecular orientation. For the material system Pentacene/C60 and
the same intermolecular distance, electronic coupling is therefore larger for the face-on
than the edge-on configuration. However, if the electronic coupling in the DBP/C60
PHJ would be significantly stronger than in the DIP/C60 PHJ, the interface area in the
DIP based PHJ would need to be considerably larger than for the DBP/C60 interface
in order to result in similar fIPCE -values as observed here. Therefore, it is more likely
that electronic coupling between donor and acceptor molecules is of the same magnitude for both material combinations. For the PM-HJ this implies that the different
fIPCE values originate from differences in the number of CT states. As the DIP:C60
PM-HJ undergoes strong phase separation, which is not reported for DBP:C60 PM-HJ
on ITO/PEDOT:PSS substrates, a significantly larger interface and therefore a higher
number of CT states is expected for the DBP device.
Compared to the ECT values determined by extrapolating temperature dependent
Voc measurements to 0 K that result in the same value of ECT for all four devices, fitting
IPCE and EL spectra yields slightly larger values. Although, these values are also close
together for all four solar cells, the energy of the lowest CT transition in DBP/C60 devices
seems to be slightly lower than for the DIP based devices. Additionally, temperature
dependent measurements of Voc contain no information about electronic coupling and
about how many CT bands exist, which is an instructive information. However, from
this comparison of the two different methods to determine ECT , VOC (T ) measurements
seem to deliver a rough estimation, but for a closer investigation spectroscopic methods
yield a higher amount of information and especially, if both IPCE and EL spectra are
used, a higher accuracy.
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UPS Measurements

The UPS measurements in the following section were performed in cooperation with the
group of Prof.Dr.Ishii, Chiba University, Japan. Whereas I contributed to the measurements of the PHJs during my stay at Chiba University, the mixtures where measured
by different members of Prof. Ishii´s group and the obtained data was evaluated by
myself.
The electronic structure at the donor/acceptor interface determines the CT energy
and thus Voc of the measured solar cell. For a detailed understanding of CT states it is
therefore crucial to investigate the electronic structure of different material combinations.
Additionally, gap states that possibly exist within the HOMO-LUMO bandgap region
might strongly influence device performance, not only by influencing Voc via the quasiFermi level positions, but also by acting as recombination centers and thus reducing the
charge carrier mobility and jSC of the device.230, 266–268 To determine the distribution of
the density of states (DOS) of the HOMO region, including gap states that reach far into
the HOMO-LUMO bandgap region, low-energy ultraviolet photoemission spectroscopy
(LE-UPS) measurements on DIP(DBP)/C60 PHJ and DIP(DBP):C60 mixtures were
performed. To keep the samples that are used for UPS measurements as close as possible
to the above described solar cells, the samples were prepared on ITO substrates. However
as a hole-injection layer HIL1.3 was used instead of normal PEDOT:PSS. For the PHJs,
after measuring the spectrum of the substrate, subsequently 0.5, 1, 3, 10 and 25 nm of
the donor material were evaporated and measured, followed by 1, 3, 10 and 45 nm of
C60 . After each evaporation step UPS spectra for various photon energies between 7.7
and 4.5 eV were recorded.
Figure 5.12 a) shows UPS measurements detected by using an excitation photon
energy of hν = 7.7 eV. The spectra display, how the secondary electron cutoff (SECO)
and the HOMO region evolve during step-by-step evaporation of DBP on an ITO/HIL1.3
substrate (spectra 1-7). Figure 5.12 b) illustrates, how the evolution of the SECO and
the HOMO region continues after the DBP/C60 interface is formed (spectra 7-11). SECO
and HOMO onset are marked by black lines and are determined by linear extrapolation
of the spectral slope. Upon spin-coating the HIL1.3 layer on top of the ITO substrate, a
strong shift in the SECO region of 1.12 eV can be observed (spectra 1 and 2), indicating
a strongly increasing work function. Depositing 0.5 nm of DBP on top of HIL1.3 reverses
this shift by 0.53 eV (spectrum 3). With increasing DBP layer thickness this backward
shift further increases and is not yet saturated at a thickness of 25 nm. This evolution
of the SECO clearly shows that the vacuum level (VL) for such a device is by far not
aligned. Instead a strong upwards shift is induced by HIL1.3 that subsequently relaxes
back upon DBP deposition. In the same way as the SECO shifts to lower kinetic energies
with increasing DBP thickness, the HOMO onset moves away from the Fermi energy
to about 0.5 eV below EF for 25 nm (spectrum 7), indicating that HOMO and VL shift
in a similar manner due to strong band bending. For the 25 nm thick DBP layer the
ionization energy (IE) is IE = 5.24 eV. Upon reaching the DBP/C60 interface, the SECO
remains at almost the same level as for 25 nm DBP, revealing no further change in the
VL. For thin C60 layers (spectra 8 and 9) the HOMO onset of C60 is not the onset with
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Figure 5.12: UPS spectra measured with a photon energy of 7.7 eV of a) an ITO
(spectrum 1)/HIL1.3 (spectrum 2) substrate that is subsequently covered with thicker DBP
layers (spectra 3-7; 0.5, 1, 3, 10 and 25 nm). b) On top of 25 nm of DBP, C60 is evaporated and
measured in steps of 1, 3, 10 and 45 nm (spectra 8-11). SECO and HOMO onset are marked
with black lines for each spectrum. The Fermi-energy, determined from the fit (red line) of the
Fermi region of the ITO substrate (see inset), is given by the black dashed line. HOMO and
HOMO-1 are marked in the spectrum of the 25 nm thick DBP layer (number 7).
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highest energy (12.6 eV), since here the signal is still influenced by the underlying DBP.
This indicates that for thin C60 layers on DBP, the C60 layer is not yet completely closed.
Therefore, the second raise of the spectra was used to determine the C60 HOMO onset
for 1 and 3 nm, but no shift in the C60 HOMO region is observed.
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Figure 5.13: UPS spectra measured with a photon energy of 7.7 eV of a) an ITO (spectrum
1)/HIL1.3 (spectrum 2) substrate that is subsequently covered with thicker DIP layers (spectra
3-7; 0.5, 1, 3, 10 and 25 nm). b) On top of 25 nm of DIP, C60 is evaporated and measured in
steps of 1, 3, 10 and 45 nm (spectra 8-11). SECO and HOMO onset are marked with black lines
for each spectrum. The Fermi-energy, determined from the fit (red line) of the Fermi region of
the ITO substrate (see inset), is given by the black dashed line. The position of HOMO and
HOMO-1, as they are marked with black arrows in spectrum 7, is taken from Ref. 178.

Similar measurements for a DIP/C60 PHJ on ITO/HIL1.3 are shown in Figure 5.13.
For the DIP/C60 sample similar evaporation steps like for DBP were chosen. The backward shift of the SECO is with 0.82 eV even slightly stronger for 0.5 nm of DIP than
for DBP (spectrum 3). With increasing DIP layer thickness the SECO shifts further
to lower kinetic energies, leading to a total shift of 1.52 eV compared to the SECO of
HIL1.3. The same shift is, like for DBP, observed in the HOMO onset of DIP. Hence,
strong band bending for both donor materials is observed. For the 25 nm thick DIP
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layer (spectrum 7) the calculated IE is very similar to the one of DBP (IEDIP = 5.25 eV).
Upon evaporation of C60 on top of DIP (spectra 8-11), no further shift in the SECO and
HOMO region is observed. However, determining the HOMO onset of C60 by linearly
extrapolating the high energy part of the spectrum yields the DIP HOMO for C60 layer
thicknesses up to 10 nm, which can be explained by the higher surface roughness of DIP
compared to DBP. Therefore, thicker C60 layers are necessary to completely cover the
underlying DIP. In his PhD-Thesis, A. Wilke269 also reports strong bend bending for
DIP on HIL1.3, whereas he does not observe any changes of SECO and HOMO onset
with increasing layer thickness, if DIP is evaporated on PEDOT:PSS. How the different
hole injection layers and the connected difference in the band structure might eventually
influence the device performance of the investigated solar cells is discussed further below
in Chapter 5.3. The band diagram for the DBP/C60 and DIP/C60 PHJs in Figure 5.15
a) and b) summarize the above discussed UPS measurements.
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Figure 5.14: UPS spectra of a) a 50 nm thick DIP:C60 mixture with mixing ratio 1:1 (upper part) on an ITO/HIL1.3 substrate (lowest and center spectrum) and of b) a 50 nm thick
DBP:C60 mixture with mixing ratio 1:1. SECO and HOMO onsets are marked with black lines
and the Fermi energy, determined from the ITO substrate, is given by the black dashed line.
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Additionally, UPS measurements have been performed on 1:1 mixtures of DIP:C60
and DBP:C60 on ITO/HIL1.3 substrates (see Fig. 5.14 a) and b), respectively). However,
UPS spectra were only recorded for 50 nm thick mixtures, so that the evolution of the
band bending can not be tracked. Again a strongly increasing workfunction for HIL 1.3
on top of ITO is observed. The different shifts of 1.02 eV and 1.2 eV observed here might
be due to differences in the preparation process of the HIL 1.3 layer. As spin-coating
is performed in ambient conditions, especially differences in humidity can influence the
resulting workfunction. Like for neat DIP or DBP, a strong shift of the SECO towards
lower kinetic energies can be observed for both mixtures. The HOMO onset of both
mixtures show the HOMO value of the used perylene derivative (see Figure 5.12 and
5.13) and yield an IE of IEDIP:C60 = 5.38 eV and IEDBP:C60 = 5.32 eV. These values
coincide well with values from literature reporting an ionization energy of IE = 5.35 eV
and IE = 5.4 eV for DIP and DBP, respectively.178–180 Figure 5.15 c) and d) show the
band diagram for the DBP:C60 and the DIP:C60 blends. As only one thickness was
measured, the curved lines indicate the assumed band bending for these blends.
To further investigate the distribution of states into the energy gap, the excitation
energy was reduced to energies as low as 4.5 eV. Combining the measurements of different
excitation energies by aligning the valence regions leads to an overall spectrum that
contains information about the distribution of states far into the energy gap of the
investigated material. The corresponding combined spectra for the 25 nm thick DIP
and DBP layers on top of the ITO/HIL1.3 substrate are shown in Figure 5.16 in terms
of the binding energy relative to the vacuum level. The Fermi-energy is plotted as a
dashed line and the gap region, as determined from Figures 5.12 and 5.13 by linear fits
to the SECO and the HOMO onset region, is visualized by the colored backgrounds.
Here it becomes obvious that the determination of one distinct HOMO energy by the
intersection of a linear fit to the onset region and the energy axis does not describe the
distribution of energetic states in organic semiconductors properly.
For both, DIP and DBP, the HOMO region is fitted by Gaussian function (gray lines).
Whereas for DBP the complete HOMO region can be fitted with only one Gaussian, two
Gaussians are necessary to properly fit the DIP spectrum, as at 5.34 eV a second shoulder
becomes visible for lower energies. This part is completely neglected, if UPS spectra are
only measured with 7.7 eV and plotted in linear representation. The σ values for the
Gaussian fits are σDIP,1 = 0.138 eV and σDIP,2 = 0.135 eV for the lower and the higher
energy Gaussian, respectively, and σDBP = 0.251 eV. This is in good agreement with the
fact that DIP is growing rather crystalline, whereas DBP is growing amorphous, where
a broader density of states is expected.
In literature UPS measurements on DIP are reported that were performed with even
higher excitation energy.100, 190, 269 In these publications one can clearly see that HOMO
and HOMO-1 are close together in the case of DIP. The combined DIP spectrum in
logarithmic representation in Figure 5.16 a) also does not show a clear separation between the two Gaussians, however, the peaks of the two Gaussians are only separated
by about 0.3 eV, which is less than the reported 0.6 eV. Therefore, it is unlikely that the
DIP HOMO is the one with lower energy of the two shown Gaussians. Moreover, in
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Figure 5.15: Band diagram of a) the DBP/C60 PHJ, b) the DIP/C60 PHJ, c) the DBP:C60
blend and d) the DIP:C60 blend. All diagrams show the distribution of the vacuum level (VL)
and the HOMO onset within the device stack. For thin C60 layers on DIP the HOMO onset of
the donor material is measured, which results in a step within the C60 layer in graph b). For
the 1:1 mixtures the curved lines illustrate the assumed band bending.
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Figure 5.16: Combined LE-UPS spectra for 25 nm thick layers of DIP (a) and DBP (b) on
an ITO/HIL1.3 substrate. The Fermi-energy is given by the black dashed line. The HOMO
region of both materials is fitted with Gaussians (gray lines). The center energy Emax and
the σ values of all Gaussians are given. The colored areas at the right part of both spectra
show the gap regions, as determined from Figures 5.12 and 5.13 by linear fits to the SECO and
HOMO onset region of the spectra in linear representation measured with an excitation energy
of 7.7 eV. The exponential tail is visualized by the nude-colored lines. For DIP the values for
HOMO and HOMO-1, as indicated by the black arrows, are taken from Ref. 178 and for DBP
from Figure 5.12.
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the linear representation in Figure 5.13 the HOMO and HOMO-1 are observable as two
shoulders in the energy range between 11.3 and 12.5 eV. As these two HOMO peaks are
relatively close together, the above discussed σ values for the DIP HOMO might be influenced by some contributions from the HOMO-1 and thus the actual σ value might be
even smaller than determined by simply fitting the first peaks for DIP. However, analyzing the HOMO onset in the linear representation might be influenced by the underlying
second Gaussian by changing the slope of the measured onset. Although the low energy
part between 5.0 and 5.4 eV can well be fitted by a Gaussian distribution of states, it
does not necessarily have to be Gaussian. In general, only for the HOMO a Gaussian
DOS is assumed. However, the existence of additional states that lie energetically below
the HOMO of DIP is proven by these measurements, even if their origin is still unclear.
One possible explanation for this second Gaussian distribution could be that not all
DIP molecules are perfectly standing, but some lying molecules exist. In this case a
second Gaussian with low intensity and slightly different energy for lying DIP molecules
would overlap with the one of the standing molecules. However, this was not further
analyzed. For DBP the Supporting Information of Reference 270 report a simulated
DOS with HOMO and HOMO-1 being clearly separated. This can be confirmed by the
measurements shown here, where two clearly separated peaks are visible in the linear as
well as in the logarithmic representation (centered at binding energies of about 5.8 and
6.6 eV). Therefore, σ values determined for DBP should be more accurate than for DIP.
Furthermore, for very low binding energies around the Fermi-energy the spectrum of
DIP clearly deviates from the Gaussian fits and transforms to an exponential tail that
reaches far into the gap. For the DBP spectrum almost no deviation from the Gaussian
is detected.
To further investigate these states within the energy gap, similar measurements have
been performed on the 1:1 mixtures of both donor materials in combination with the
fullerene C60 . The combined spectra are shown in Figure 5.17 a) and b) for DIP and
DBP based mixtures, respectively. Like for the neat donor materials, the distribution
of occupied states reaches far into the colored areas that mark energies smaller than the
HOMO determined from spectra measured with hν = 7.7 eV. Again the valence region
of the DBP:C60 mixture can be fitted with only one Gaussian (σDBP:C60 = 0.228 eV),
whereas for the DIP:C60 mixture two shoulders are visible. The lower energy Gaussian
has a width of σDIP:C60 ,1 = 0.170 eV, whereas the width of the higher energy Gaussian
σDIP:C60 ,2 = 0.191 eV is slightly larger. For the DIP based mixture these values are
slightly increased compared to the ones of the neat DIP layer, however, upon mixing
with C60 the crystallinity of the layer decreases as well. For DBP the width even
decreases slightly compared to the neat layer, which might indicate that C60 induces
some order to the film in this case.
For lower binding energies the spectra clearly deviate from the Gaussian fits and
the observed exponential tail structures are even more pronounced than for the neat
donor layers, especially in the case of the crystalline DIP that undergoes strong phase
separation when being mixed with C60 . Here the exponential tail already starts at an
intensity that is one order of magnitude larger than for the amorphous DBP mixed with

5.1 Comparison of Crystalline and Amorphous Donor Materials

In te n s ity (a rb . u n its )

a )

In te n s ity (a rb . u n its )

b )

1 0

7

1 0

6

1 0

5

E

E

1 0

3

1 0

2

1 0

1

1 0

7

1 0

6

1 0

5

1 0

4

1 0

3

1 0

2

1 0

1

1 0

0

D IP :C

1 :1

6 0

F

= 5 .8 7 e V

m a x ,1

σ1 = 0 . 1 9 1 e V

4

1 0

91

E

m a x ,1

= 5 .4 8 e V

σ1 = 0 . 1 7 0 e V

E

D B P :C

E

1 :1

6 0

m a x

F

= 5 .8 0 e V

σ = 0 .2 2 8 e V

8 .0

7 .5

7 .0

6 .5

6 .0

5 .5

5 .0

4 .5

4 .0

3 .5

B in d in g e n e rg y re la tiv e to V L (e V )

Figure 5.17: Combined LE-UPS spectra for 50 nm thick layers of a) DIP:C60 mixtures and
b) DBP:C60 mixtures with a mixing ratio of 1:1 on an ITO/HIL1.3 substrate. The Fermienergy is given by the black dashed line. The HOMO region of both materials is fitted with
Gaussians (gray lines). The center energy Emax and the σ values of all Gaussians are given.
The colored areas at the right part of both spectra show the gap regions, as determined from
Figure 5.14 a) and b) by linear fits to the SECO and HOMO onset region of the spectra in
linear representation measured with an excitation energy of 7.7 eV. The exponential tail is
visualized by the nude-colored lines.
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C60 . Nevertheless, for both material combinations this exponential part spreads out to
about 0.75 eV above the Fermi level.
To directly compare the distribution of gap states of the neat donor layers to the ones
of the mixtures with C60 , a summary is shown in Figure 5.18 with the colored points
being the combined spectra of the neat donor and the black spectra the measurements
of the 1:1 mixtures with C60 . The spectra are aligned to each other in the valence region.
Here one can clearly see that for DBP only a small amount of exponential tail states are
present and that these do not increase significantly, if DBP is mixed with the fullerene
C60 . However, for DIP the amount of exponential tail states strongly increases upon
mixing with C60 . This observation leads to the conclusion that the observed exponential
tail states of the LE-UPS spectra for both material combinations are not a result of any
additional states that are created upon mixing two materials, since they are already
present in the spectra of the neat materials. One plausible explanation that takes the
morphological differences between the two donor materials into account is that these
tail states are the result of grain boundaries. In the crystalline DIP that undergoes
phase separation, when mixed with C60 , more grain boundaries are present than in the
amorphous DBP layer that is expected to mix with C60 on a rather molecular level.
The increased density of tail states for the mixture of DIP and C60 compared to the
neat DIP signal could also originate from C60 LUMO states that are occupied due to a
charge transfer from excited DIP molecules. However, if this would be the case, similar
results for DIP and DBP mixtures should be measured, which is not the case. Similar
exponential gap states have been observed in literature for CuPc, Rubrene and thick
layers of C60 .230, 268
a )

b )

E

D IP :C 6 0

1
D B P

8 .0

7 .5

7 .0

6 .5

6 .0

5 .5

5 .0

4 .5

E

F

In te n s ity (a rb . u n its )

In te n s ity (a rb . u n its )

D B P :C 6 0

4 .0

B in d in g e n e rg y re la tiv to V L (e V )

3 .5

F

1
D IP

8 .0

7 .5

7 .0

6 .5

6 .0

5 .5

5 .0

4 .5

4 .0

3 .5

B in d in g e n e rg y re la tiv to V L (e V )

Figure 5.18: Comparison of the combined LE-UPS spectra for a) neat DBP (blue) and the
DBP:C60 1:1 mixture (black) as well as b) the neat DIP layer (green) and the DIP:C60 1:1
mixture (black). The spectra are aligned to each other in the valence region, which is indicated
by the gray dashed line.
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To further investigate the influence of C60 on the exponential tail states, Figure 5.19
shows the energetic situation observed in a planar heterojunction of DIP and DBP with
C60 . The spectra on top are the same spectra of the neat 25 nm thick donor layers that
were already discussed above. On top of these layers thin C60 layers were evaporated and
again measurements with different excitation energies were performed. The spectra in
the center show the situation with only 1 nm of C60 and the spectra on the bottom with
3 nm C60 . For the sample with DIP as donor the weakly pronounced exponential part of
the neat DIP spectrum is strongly increased, if DIP is covered with a 1 nm thick layer of
C60 . Not only the intensity is increased, but also the spectrum is reaching further into
the gap region. Whereas for the neat DIP layer the spectrum ends at about 4.5 eV, the
spectrum of the bilayer system with only 1 nm C60 reaches as far as 4.25 eV. However,
increasing the thickness of the C60 layer to 3 nm leads again to a reduction of gapstates
to even less than for the neat DIP layer. The onsets of the exponential tails are marked
by gray dashed lines.
The same observation can be made for the donor DBP covered with the acceptor C60 .
Whereas for the neat DBP layer only very little gapstates are observed, they are slightly
more pronounced for the bilayer with a 1 nm thick C60 layer on top. For increasing C60
layer thickness they almost vanish again. This leads to the conclusion that the interface
between donor and acceptor increases the number of gap states, but the reason for this
is still not clear, especially since for such thin acceptor layers no complete coverage
of the donor can be expected. Occurring charge transfer states could be one reason,
but would lead to a different behavior of the donor/acceptor mixtures than observed in
Figure 5.17. Stronger pronounced signal of CT states would be expected for the almost
molecular mixture of DBP and C60 , but exactly the opposite is observed. It is possible
that the initial coverage with the acceptor C60 changes the surroundings of the donor
molecules at the interface and thus leads to the observed exponential gap states. As in
the planar configuration the interface between the rough DIP and C60 is larger than for
the DBP/C60 material combination, this could explain the stronger effect for DIP.
In order to analyze, whether these gapstates influence the device performance of
organic solar cells, it is interesting to investigate their contribution to the absorption
coefficient of the materials. However, the measurements of the absorption coefficients,
as they are shown in Figure 5.2 b) of Section 5.1.2 are not sensitive enough to detect
the absorption of these states that lie so far within the energy gap. Therefore, sensitive
IPCE measurements are used to analyze the influence of these gapstates on the photocurrent of organic solar cells. In order to be able to distinguish between gapstates
and CT states, IPCE measurements were not performed on heterojunction devices but
single layer devices with the following architecture: ITO/HIL 1.3/organic layer (50 nm,
RT)/BCP (5 nm)/Al. The IPCE spectra for DIP and DBP single layer devices are
shown in Figure 5.20 a) and b), respectively. Like the combined spectra of the LE-UPS
measurements, the first absorption peak of the DBP spectrum can be fit with one single
Gaussian, whereas for the DIP spectrum a second shoulder at lower energies is visible,
so that two Gaussians are necessary. The low energy parts of both spectra are fitted
linearly. For DBP the whole decline of the subgap region exhibits the same slope so that
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Figure 5.19: Comparison of LE-UPS spectra of a) the neat DIP layers and b) the neat DBP
layer (top) and the spectra of the same layers covered with a 1 nm (center) and a 3 nm thick
(bottom) C60 layer. The exponential tails are indicated by a nude-colored line. The onset of
the exponential tail is marked by the gray dashed line.
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the spectrum can be fitted with one straight line. Only for very low energies a small
deviation from the fit can be seen. For DIP, however, this is not possible. For energies
between 2.05 and 2.15 nm a steeper slope is necessary than for lower energies and a clear
kink separates the two regions. For low energies a clear exponential distribution of the
IPCE spectrum can be observed. From the slope of these linear fits, the Urbach energy
EU can be calculated. This Urbach energy is smallest for DBP and clearly larger for the
exponential tail in the DIP spectrum, which is a sign for absorption via disorder induced
tail states.271 Therefore, this strong exponential contribution to not only the absorption
of DIP, but also to the photocurrent of the single layer device can most likely be ascribed
to absorption of the gapstates that were more pronounced in the UPS spectrum of DIP.
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Figure 5.20: IPCE spectra of a) DIP and b) DBP single layer devices with the architecture
ITO/HIL 1.3/organic layer (50 nm, RT)/BCP (5 nm)/Al. The low energy region is fitted linearly to emphasize different slopes for DIP. From the slopes the Urbach energy EU is calculated.
The optical gaps Eopt of 2.1 eV for DIP255 and 1.9 eV for DBP210 are marked with black arrows.
Like the UPS spectra the first absorption peak of DBP is described with one Gaussian, whereas
for DIP two Gaussians are necessary.

Additionally, it is important to know, whether these exponential tails observed in
the UPS spectra, influence the open-circuit voltage Voc of the solar cells and thus contribute to energy losses. Therefore, Figure 5.21 shows measurements of Voc for different
illumination intensities. The devices are the same as discussed in Chapter 5.1.2. As the
intensity could not directly be determined, Voc is plotted against jsc , which is expected
to depend linearly on the illumination intensity. From a fit of these measurements with
the Shockley equation (Eqn. 2.2) the ideality factor n can be determined. This ideality
factor n is a measure for the dominate recombination mechanisms within the solar cell.
For Langevin-recombination, which is direct recombination of two free charge carriers,
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Figure 5.21: Measurements of the open-circuit voltage Voc of DBP/C60 and DIP/C60 PHJs
and PM-HJs for different illumination intensities, resulting in different jsc . The ideality factors
n are obtained from a fit (continuous lines) with the Shockley equation (Eqn. 2.2). For the
DBP based devices and the DIP/C60 PHJ two ranges with different n are determined, whereas
for the DIP:C60 PM-HJ one n value describes the whole intensity range.

n equals unity, whereas for trap-assisted recombination the value increases.53 For the
two DBP based solar cells as well as the DIP/C60 PHJ a kink is observed that separates two intensity regimes. For high illumination intensities (high jsc ) a ideality factor
close to one is observed for these devices, whereas the n values for low jsc and thus low
illumination intensities are clearly larger. This indicates that for low illumination intensities trap-assisted recombination dominates, whereas for high intensities recombination
of free charge carriers predominates. For the DIP:C60 PM-HJ solar cell the whole intensity range can be described with n = 1.67, which indicates dominant recombination
via traps for the whole intensity range. Considering the exponential tails of the DOS
observed in the UPS measurements, the two different regimes with different ideality factors describe recombination via these tail states for low intensities and filled tail states
and thus recombination of free charge carriers for high intensities. For the DIP:C60
PM-HJ the phase separation in the blend leads to a large number of tail states that are
not completely filled even for the highest intensities, leading to dominant trap-assisted
recombination for the complete measured intensity range. Thus, especially for low light
intensities, Voc is strongly influenced by the here observed tail states.
Altogether, the here observed gapstates that reach far into the energy gap of the
used organic materials, could be a possible reason for the large energy losses that are
typically observed in organic photovoltaics. This topic is discussed in more detail in
Chapter 8.
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Summary and Discussion

In the previous section the influence of donor morphology on the solar cell performance
is investigated by comparing devices with the crystalline growing donor DIP with DBP
based devices that show an amorphous growth. Despite the influence of the different
morphologies and molecular orientations on j-V characteristics, the focus is laid on the
detection and investigation of CT states. This is achieved by not only determining the
CT energy, but rather by a detailed analysis of different methods to determine the CT
energy and the spectroscopic signal of such CT states. Additionally, UPS measurements
and time-dependent photoluminescence measurements are used to provide a deeper understanding of the observed differences for both donor materials.
Despite their strong morphological differences, both donor materials provide very
similar Voc values, if combined with the acceptor fullerene C60 . A first analysis of the
temperature dependence of Voc provides an upper limit for Voc for a temperature of 0 K of
1.4 eV for all considered devices, independent of the used donor and device architecture.
However, not only by a detailed spectroscopic analysis of both donor materials, but also
by emission and absorption measurements of working solar cell devices, strong differences
between the two donor materials are observed. A combination of both, absorption and
emission spectra, provides a more accurate picture of the distribution of CT states
and its dependence on the morphology within the active organic layers. All provided
values are slightly larger than the 1.4 eV determined from temperature dependent Voc
measurements. Moreover, this method reveals two CT Gaussians for DBP based devices
with slightly lower values for the lowest CT energy. These two CT Gaussians are most
likely the result of different molecular orientations of DBP molecules in relation to the
C60 molecules within the mixed film. Additionally, higher reorganisation energies are
determined for the more crystalline DIP based solar cells, which might indicate smaller
energy losses for DBP based solar cells. Differences in the fIPCE parameters of the
PM-HJ devices could be attributed to a higher number of CT states in the DBP based
device, due to mixing on a rather molecular scale, compared to strong phase separation
for DIP:C60 mixtures. This shows that temperature dependent measurements of Voc
provide a rough estimation of the CT energy, whereas the results determined by fitting
the combination of absorption and emission spectra not only reveal more accurate values,
but also deliver additional information about electronic coupling between donor and
acceptor molecules, the number of CT states and how many CT bands exist for a material
combination. A detailed analysis of electroluminescence spectra for different voltages
and temperatures, proves the existence of two separate CT Gaussians for the DBP:C60
PM-HJ. Additionally, time dependent photoluminescence measurements for different
wavelengths within the CT emission regime reveal two different distinct lifetimes for
DBP:C60 mixtures, with distinctly longer lifetimes for lower energies. In contrast, the
same measurements deliver steadily increasing lifetimes for increasing wavelengths for
DIP:C60 mixtures without the formation of two regimes, where similar lifetimes are
measured. Furthermore, voltage dependent EL spectra reveal a strong blue shift of the
CT band with increasing voltage by more than 100 nm for the DIP:C60 PM-HJ, whereas
for the DBP based device the spectra only shift slightly.
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To investigate the influence of morphology on the energetics at the interface between
donor and acceptor, UPS measurements for planar heterostructures as well as mixtures
of both donor materials with C60 are shown. If evaporated on ITO/HIL1.3, strong band
bending for both donors is observed that is not saturated for layers as thick as 25 nm
for the neat donor layers and also for the mixtures strong band bending is expected.
Additionally, the combination of UPS spectra with different excitation energies show a
distribution of states that reach far into the optical gaps of the individual materials and
even extend to energies above the Fermi-energy for both neat donor materials. These
additional states clearly deviate from a Gaussian fit to the HOMO level of both materials,
which is more pronounced for the crystalline growing DIP. Upon mixing both donors
with the fullerene C60 , these states strongly increase for the DIP based mixture, whereas
the amount of states stays almost the same for the DBP:C60 mixture compared to the
neat donor layers. These additional states could be attributed to the existence of grain
boundaries, as they are particularly strong for the crystalline DIP:C60 mixture, where
strong phase separation with crystallites that penetrate throughout the whole layer is
observed. Additionally, it is striking that the UPS-DOS for DIP based devices shows
two Gaussians in the HOMO region, whereas the CT signal of the optical spectra only
show one Gaussian. For DBP based devices exactly the opposite is observed. The optical
spectra reveal two CT Gaussians and UPS measurements only show one. However, UPS
measurements only probe the HOMO of the donor material, whereas the optical spectra
probe the combined DOS of the donor HOMO and the acceptor LUMO. This indicates
that the acceptor morphology might as well have a strong influence, especially on the
results of the optical spectra.
Comparing the results of the lifetime measurements to the above discussed UPS
measurement and the IPCE spectra of the respective PM-HJs reveals that for DBP
based devices the two distinct lifetimes come along with only little deviation from the
HOMO Gaussian in the combined UPS measurements and thus only little trap states
as well as IPCE spectra that show a clear CT shoulder and relatively low reorganisation
energies λ0 . For DIP based devices the steadily increasing lifetime of CT states for
lower energies is accompanied with many additional states in UPS spectra, not only
above the Fermi level but already close to the two Gaussians observed in the HOMO
region. Additionally, IPCE spectra for DIP based devices reveal larger reorganisation
energies than for DBP based devices and the CT contribution is rather a tail to the
DIP spectrum than a clear shoulder. All these measurement techniques therefore show
rather discrete energy levels for DBP, whereas for DIP the distribution of states is a
broad Gaussian composed of many different energy levels accompanied by trap states.
This again emphasizes that the amorphous growing DBP material shows more discrete
energy levels than the crystalline growing DIP.
All these measurements can be combined to get a comprehensive picture how morphology and the connected distribution of states influence the device performance and
especially the spectroscopic signal of CT states. A schematic illustration in Figure 5.22
shows the energetic situation at the interface between donor and acceptor for the case
of DBP/C60 on the left and for DIP/C60 on the right side. To simplify this picture,
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only one CT Gaussian is shown for the DBP:C60 case, although EL spectra and lifetime
measurements show two different CT bands. The orange colored area visualizes the situation when only few charge carriers and therefore CT excitons are within the device. In
contrast, the red colored area illustrates state-filling for a high amount of charge carriers.
This clearly shows how different the process of state-filling is for both donor materials.
For DBP, where only a small amount of gapstates is present, the energy of the occupied
states only changes a little when going from a small to a higher charge carrier density.
However, in DIP based devices, where the number of gap states is large, they have to
be filled first. As within the energy region of these gapstates not so many states are
present, they fill up fast, which results in a strong change in the energy of the occupied
states for different charge carrier densities (red and orange situation in Fig. 5.22). If
the device is now operated as an OLED to detect the emission spectrum of CT states,
the orange and the red situation illustrate low and high applied voltages, respectively.
The different degree of filled tail states results in the strong voltage dependent shift
of the CT emission observed for DIP:C60 PM-HJs. Therefore, the results of the UPS
measurements are directly connected to the observed voltage dependent EL spectra. For
DBP based devices, the CT part of the EL spectrum only shifts slightly towards lower
wavelengths for higher applied voltages, since for DBP the energetic difference between
orange and red charge carrier density is only small. In contrast, this energetic difference
is high for DIP based devices, where a strong shift of the CT peak is observed. The
same observations can be made for the EL spectra of the single layer devices. Whereas
for the DBP device the EL spectrum does not change for different applied voltages, DIP
spectra for low and high voltages look completely different. Therefore, the shift of the
CT peak in the EL spectra of the heterojunctions is directly connected to state-filling
within the donor DOS and thus also the CT DOS for the here investigated material
combinations.
However, not only within the EL spectra the influence of the strong differences in
the DOS is visible. The IPCE spectra show signs of different DOS as well, if the spectra
of DIP and DBP single layer devices and DIP:C60 and DBP:C60 PM-HJs are compared.
For the DBP:C60 PM-HJ the CT shoulder is clearly visible and well separated from the
signal of the single materials and the IPCE spectrum only deviates from the Gaussian
fit slightly before reaching the sensitivity limit of the IPCE measurement setup. For
the DIP:C60 PM-HJ, however, the CT contribution is rather a long tail structure, where
no clear shoulder can be observed. For this spectrum it is more difficult to fit the CT
contribution with Gaussians and the spectrum deviates from the fit for high wavelengths.
That this behavior results from the DOS of the donor materials becomes obvious, if
the IPCE spectra of single layer devices for DIP and DBP are considered. The DIP
spectrum shows a clear contribution of the gapstates observed in UPS spectra, which
become visible by a kink at about 2.05 eV in the DIP spectrum. In contrast to the DBP
spectrum, the low energy region in the DIP spectrum shows two different slopes that
are a clear sign of absorption via states that deviate from the Gaussian form of the
DIP HOMO. Furthermore, the ideality factor n determined from intensity dependent
measurements of Voc reveals recombination via trap states for the DBP based devices
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Figure 5.22: Schematic illustration of the energetic situation at the interface between donor
and acceptor for low (orange) and high (red) charge carrier and exciton density. On the left side
the situation for no or little trap states like in DBP based devices is shown, whereas the right
side illustrates the filling of states for materials with a high density of states within the optical
gap, like it is observed for DIP based devices. Schematically the state filling for the LUMO of
the acceptor, the HOMO of the donor, as well as the CT density of states is sketched. The
influence of the tail states and the different state filling on the emission spectra is shown in the
spectra. The situation illustrated in orange stands for voltages around Voc or low illumination
intensities and the one in red for higher voltages or high illumination intensities.
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and the DIP/C60 PHJ for low intensities. For the DIP:C60 PM-HJ the phase separation
within the blend leads to such a large amount of trap states that they are not completely
filled for the whole intensity range, resulting in trap-assisted recombination even for high
illumination intensities.
Additionally, the CT state lifetime measurements not only prove the existence of two
CT bands for the DBP:C60 PM-HJ, but also show longer lifetimes for the DIP based
mixture than for the DBP one. For CT states of the DIP:C60 device these lifetimes
can be interpreted as relaxation within the tail states that are a result of the DIP
gapstates. For the lowest energy no further relaxation is possible, which explains the
longer lifetimes for lower energies. For the DBP mixtures the charge carriers rather relax
from the CT Gaussian with higher energy to the one with lower energy. Additionally,
at low temperatures back transfer to higher lying CT states becomes more and more
improbable, which further increases lifetimes for both samples.
In literature, Felekidis et al.272 report a similar filling of the DOS and connect this
to changes in Voc . However, in this publication different DOS are not a result of different
morphologies, but of different donor mixtures in ternary solar cells. By gradually mixing
one donor with a second donor that has a smaller optical gap, the changes of the filling
of the DOS can directly be followed in Voc . Comparing DIP and DBP without the
use of a second donor, however, provides the possibility to connect the influence of
morphology and gapstates to the CT state signals in EL, IPCE and time dependent PL
measurements.
Furthermore, the above discussed spectroscopic results can be related to the performance of the solar cells. For the crystalline DIP/C60 devices the power conversion
efficiency does not increase, if the architecture is changed from PHJ to PM-HJ (see
Table 5.1). Despite the increasing jsc for the PM-HJ, the power conversion efficiency of
this PM-HJ is lower than for the PHJ, as the FF and Voc are strongly reduced. With
the knowledge of the spectroscopic results (UPS and optical spectra), the bad device
performance can be attributed to the large amount of tail states due to the strong phase
separation and the associated large number of grain boundaries in the mixed layer of
this device. In contrast, for the DBP based solar cells with amorphous layers, the number of tail states does not increase significantly, if the architecture is changed from PHJ
to PM-HJ. This is directly connected to only a small reduction of Voc for the PM-HJ
device. However, due to the strongly increased jsc , the total power conversion efficiency
of the DBP:C60 PM-HJ solar cell is slightly larger than for the PHJ.
Altogether, these measurements provide insight into the strong connection between
morphology, density of states of individual materials as well as for CT states, lifetime
and spectroscopic signals of working solar cell devices. Furthermore, the observed gapstates that reach, especially for crystalline DIP, far into the optical gap of the individual
materials, could be a possible reason for the large energy losses that are typically observed in organic photovoltaics. Therefore, crystallinity not only improves transport
of charge carriers and induces a desired phase separation in donor:acceptor mixtures,
but also may result in higher energy losses and eventually lower Voc values via grain
boundaries and the so induced gapstates.
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5.2

Influencing the Number of CT States by Morphology

In the following section the influence of the number of CT states on the spectroscopic
signals of CT states and Voc are investigated using the example of DIP/C60 solar cells.
To influence the number of CT states the device architecture, mixing ratio, hole injection
layer and substrate temperature TS during evaporation are varied. The j-V characteristics under illumination (1 sun) of the corresponding solar cells are shown in Figure 5.23
a) and the characteristic device parameters are summarized in Table 5.5. Although the
same material combination is used for all five solar cells, the j-V characteristics strongly
deviate from each other. The origin of the strong differences in current and FF between
PHJ and PM-HJ architectures, namely the difference in interface area that leads to
different exciton separation yields was already discussed in Section 5.1.2. However, the
strong differences in Voc that reaches from 0.76V for the 100 °C PM-HJ on ITO/HIL 1.3
to 0.90 V for the 100 °C PHJ, is striking. As Voc not only depends on the material combination and the related CT energy but also inversely on the number of CT states (see
Equation 2.23),76, 114 this set of devices is perfectly suitable to connect morphological
properties to differences in Voc without the need to compare different materials.
To get a rough estimation of the CT energy for all devices Figure 5.23 b) compares
temperature dependent measurements of Voc for all PM-HJ devices for illumination
intensities of 1 sun and 0.25 suns. The data for the PHJ was already shown in Figure
5.4 and, like the heated 2:1 PM-HJ on PEDOT:PSS, it revealed a value of 1.4 V for 0 K.
However, changing only the mixing ratio from 2:1 to 1:1 leads to a completely different
result of only 1.27 V for an illumination intensity of 1 sun and slightly higher for 0.25
suns. For all four devices, a lower illumination intensity (open circles) results in a higher
slope. In general, lower slopes for temperature dependent measurements of Voc indicate
higher recombination losses.87 The 1:1 mixture on PEDOT:PSS shows a significantly
lower slope of m = 0.0013 than all other devices for all illumination intensities, whereas
the slopes of all 2:1 mixtures are almost identical, independent of substrate temperature
and hole injection layer. This indicates higher recombination losses within the bulk of
the 1:1 mixture. Higher recombination currents in DIP:C60 1:1 mixtures might be a
result of strong intermixing that leads to the formation of islands made of only one
material, so that no continuous transport path for the separated charge carriers to
the contacts exist. This might also be the reason for the observed s-shape in the j-V
characteristic under illumination for this device. Furthermore, both devices with HIL
1.3 as hole injection layer provide very similar curves and a value of VOC (0 K) = 1.3 V as
a maximum achievable open-circuit voltage independent of the substrate temperature
during evaporation. Temperature dependent measurements of Voc thus suggest that the
maximum achievable value for Voc at 0 K not only depends on the material combination
but is additionally strongly influenced by the mixing ratio and connected recombination
losses as well as the used hole injection layer.
To get a more detailed picture, not only of the energetic situation within the different
devices but rather of the influence of different morphologies on the CT energy, it is
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Figure 5.23: Device characteristics of DIP/C60 solar cells with different architectures, substrate temperatures, mixing ratios and hole injection layers. a) j-V characteristics for illumination with 1 sun and b) temperature dependence of Voc at about 1 sun and 0.25 suns (open
symbols) for all PM-HJs. The slopes of the linear fits are given for illumination with 1 sun.

Table 5.5: Important parameters of the j-V characteristics (jsc , Voc and fillfactor FF) under
illumination for different DIP/C60 solar cells with different architectures, mixing ratios, substrate temperatures TS and hole injection layers (HIL). Additionally, fit parameters of the ECT
determination via EL and IPCE spectra, the CT energy ECT , the reorganisation energy λ0 and
fIPCE are listed. The corresponding fit curves are shown in Figure A.2 in the Appendix.

Device

HIL

PHJ
PM-HJ
PM-HJ
PM-HJ
PM-HJ

PEDOT
PEDOT
PEDOT
HIL 1.3
HIL 1.3

mix.
ratio
1:1
2:1
2:1
2:1

TS
(°C)
100
100
100
RT
100

jsc
(mA/cm2 )
-2.70
-4.06
-4.04
-3.81
-3.76

Voc
(V)
0.90
0.88
0.86
0.80
0.76

FF
(%)
65
33
41
38
50

ECT
(eV)
1.46
1.45
1.45
1.44
1.45

λ0
(eV)
0.30
0.50
0.40
0.60
0.47

fIPCE
(eV2 )
1.38 · 10−3
2.09 · 10−2
1.65 · 10−2
2.18 · 10−1
1.79 · 10−2
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necessary to take the IPCE and EL spectra into account, pictured in Figure 5.24 (a)
and (b). Within the CT part of the IPCE spectra above 700 nm big differences are visible,
especially for the PHJ and the PM-HJ with 2:1 mixture evaporated on a substrate at RT.
Whereas the PHJ has the lowest CT state contribution to the photocurrent, the PM-HJ
evaporated at RT shows distinctly stronger CT state absorption than all other devices.
In contrast, the two devices with 2:1 mixture and elevated substrate temperature show
almost no observable difference in the CT shoulder at a first glance. Furthermore,
the signal of both devices is almost equal to the one of the 1:1 mixture. Additional
information can be deduced from the measured EL spectra of the same devices (see
Fig. 5.24 b). For each device the lowest voltage with a measurable signal and the
spectrum with an applied voltage of 2 V are given. For the PHJ, which has the smallest
interface between donor and acceptor, only very low signal above 900 nm is measured. By
increasing the voltage to 2.0 V, the CT emission completely vanishes and strong emission
that originates from DIP molecules is visible. Similar results are observed for both PMHJs on an ITO/PEDOT:PSS substrate, however for the 2:1 mixture CT emission for
2.0 V still is strong but accompanied by strong DIP emission. For comparison, the
emission spectrum of a DIP- and a C60 single layer device measured at an applied
voltage of 3.0 V is shown in red. For the two devices on ITO/HIL 1.3 substrates (yellow
and brown spectra) CT emission dominates the spectra for both voltages, especially for
the RT device. This already suggests that the number of CT states is largest for the RT
device on HIL 1.3, although the mixing ratio is 2:1 for this device.
For a deeper analysis of the number of CT states, IPCE- and EL-spectra are fitted
by Equation 2.31 and 2.29, respectively. Figure 5.24 c) shows the CT part of the EL and
the IPCE spectrum of the PM-HJ with 1:1 mixture on PEDOT:PSS together with the
fit results. For all other devices similar graphs are shown in Figure A.2 in the Appendix.
The fit parameters ECT , λ0 and fIPCE are summarized in Table 5.5 for all devices. In
contrast to the temperature dependent measurements of Voc , this method reveals that
the CT energy is almost the same for all five devices with the highest value of 1.46 eV for
the PHJ and the lowest with 1.44 eV for the RT device. However, these small deviations
are within the error of this method. The reorganisation energy λ0 is smallest for the
PHJ and largest for the RT device. However, the values for the heated 1:1 mixture on
PEDOT:PSS and the heated 2:1 mixture on HIL 1.3 are almost similar. Considering the
number of CT states, the most important value is fIPCE . The values for this parameter
cover the range of three orders of magnitude with the lowest value for the PHJ and the
highest value for the device evaporated at RT. To understand the strong difference observed here, a profound knowledge of the morphology of each device is necessary. AFM
measurements performed on neat DIP layers on ITO/PEDOT:PSS and ITO/HIL1.3
show similar morphology, if the substrate is kept at RT during evaporation. However,
elevated substrate temperatures lead to clearly larger crystallites on ITO/PEDOT:PSS
than on ITO/HIL 1.3.47, 273 Coevaporated films of DIP and C60 typically show phase
separation that is strongly increased for higher substrate temperatures, where DIP crystallites penetrate throughout the whole layer thickness of a 1:1 mixture.232, 273 Taking
all these morphological investigations into account, the device with the lowest f value,
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Figure 5.24: a) Logarithmic IPCE spectra for different DIP/C60 solar cells together with
b) EL spectra for all solar cells at an applied voltage of 2.0 V and the lowest voltage that
was measured. Additionally, the spectra of DIP and C60 single layer devices are shown. c)
Determination of ECT from reduced IPCE and EL spectra for the 1:1 mixture (for other
devices see Fig. A.2). The fit parameters are given in Table 5.5.
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the PHJ, has the smallest interface between donor and acceptor material, although the
interface is not completely planar but exhibits the surface roughness of the neat DIP
layer. The f parameter of all PM-HJs is at least one order of magnitude higher than
the one of the PHJ. Despite of the coevaporation of donor and acceptor molecules in
all of these devices, some feature strong phase separation due to the elevated substrate
temperature. According to the morphological investigations discussed above, for the
same mixing ratio slightly stronger phase separation is expected on ITO/PEDOT:PSS
than on ITO/HIL 1.3. However, it might be that the underlying neat DIP layer in the
PM-HJ architecture acts as a templating layer and thus slightly increases phase separation compared to mixtures without any neat layer underneath. At least, this would
explain the small difference in the observed f values of 1.65 · 10−2 eV2 and 1.79 · 10−2 eV2
for the devices on PEDOT:PSS and HIL 1.3, respectively. For the 1:1 mixture a slightly
larger interface is expected due to the equal amount of donor and acceptor molecules.
This is directly visible in a increased value of f = 2.09 · 10−2 eV2 for this device. For
the device that is evaporated on a substrate kept at RT, the lowest amount of phase
separation is expected. Therefore, the largest interface area between donor and acceptor
should be observed in this device. This directly manifests in a clearly larger f value of
2.18 · 10−1 eV2 .
A closer look reveals that this f parameter is a composed parameter fIPCE =
ηNCT 2dfσ , with η being the absorbed-photon-to-electron internal conversion efficiency,
NCT the number of CT states, d the thickness of the organic layers and fσ is proportional
to the electronic coupling matrix element.26 But, the layer thickness and electronic coupling between donor and acceptor molecules are the same for the different PM-HJ, so
that besides the number of CT states only η might influence fIPCE . However, as long
as the phase separation is strong enough to provide continuous transportation path to
the contacts, η should be almost 1 or at least similar for all devices. Therefore, only
for the RT device and possibly the 1:1 mixture f might be influenced by η. But, as all
PM-HJ show almost similar jsc values and the FF of both, the 1:1 mixture and the RT
device are even higher than for the heated 2:1 mixtures, the influence of η seems to be
negligible.
To sum up, for the material combination DIP/C60 changes in morphology are directly
connected to changes in the number of CT states. Therefore, the number of CT states
can easily be influenced by substrate temperature, architecture, mixing ratio and the
used hole injection layer. Although fIPCE is composed of different values, an increasing
number of CT states can directly be tracked in this value. According to Equation
2.23 larger numbers of CT states directly reduce Voc by larger energy losses. Although
Voc only depends logarithmically on the number of CT states, this effect can partially
be seen for the here investigated device series (values for Voc are given in Table 5.5).
The PHJ with the smallest interface area between donor and acceptor and thus the
lowest number of CT states has the largest Voc of 0.90 V. The heated 2:1 PM-HJ on
PEDOT:PSS, which has strong phase separation and thus for a PM-HJ a rather small
interface with a relatively low number of CT states reveals a relatively high Voc of 0.86 V.
However, the same device with HIL 1.3 as hole injection layer shows the lowest Voc of only
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0.76 V. This cannot be explained by a larger number of CT states due to less pronounced
phase separation on the HIL 1.3. However, J. Kraus47 reports a five orders of magnitude
larger reverse saturation current j0 for heated DIP/C60 PHJ devices on HIL 1.3 than
for RT devices, which suggest that strongly increased recombination reduces the Voc of
the heated device, although it remains unclear where these high recombination currents
come from. All in all, the RT PM-HJ, which has the highest number of CT states has
a lower Voc than the high temperature PM-HJ on PEDOT:PSS with the same mixing
ratio and especially lower than the one of the PHJ, which fits well into the series. In
contrast, the 1:1 mixture shows the second largest Voc value although the number of
CT states within this device should be higher than for the heated 2:1 mixtures. But
the j-V characteristic of this 1:1 device shows a clear sign of an s-shape, which might
result in slightly larger Voc values than expected. Additionally, it is conspicuous that
the two devices evaporated on a ITO/HIL 1.3 substrate show clearly lower Voc values
than all devices with PEDOT:PSS as hole injection layer. Furthermore, the comparison
of the ECT values determined from fitting the EL and IPCE spectra and the 0 K limit
of the temperature dependent Voc measurements do not coincide for all devices. This
is especially striking for the devices on HIL 1.3. Moreover, these solar cells provide
a smaller Voc and thus show clearly higher energy losses compared to the ECT value
determined from EL and IPCE spectra. Only for the PHJ and the heated 2:1 PM-HJ
on PEDOT:PSS the two methods roughly provide similar results. The influence of the
hole injection layer is therefore investigated in the following chapter.

5.3

Influence of the Hole Injection Layer

Some of the samples of the following section that possess an α-NPD exciton blocking
layer as well as the DBP based devices on ITO/HIL 1.3 have been manufactured in
cooperation with M. Hofmann as part of his Master‘s thesis.274
Within the previous section signs for a strong influence of the used hole injection layer
(HIL) have been observed. Particularly, strong differences between the 0 K limit of temperature dependent Voc measurements and ECT determined by fitting EL and IPCE
spectra for solar cells using DIP as donor and C60 as acceptor were observed. The difference between these two methods to determine ECT is especially striking, if HIL 1.3 is used
as hole injection layer instead of normal PEDOT:PSS (see Fig. 5.23 b and Table 5.5).
Additionally, UPS measurements of DIP/C60 and DBP/C60 PHJ structures as well as
mixtures of both donors with C60 on ITO/HIL 1.3 substrates reveal strong band bending
in all cases. In contrast, UPS measurements on similar devices on an ITO/PEDOT:PSS
substrate show no signs of band bending.54, 178, 269 Furthermore, it is reported that the
high workfunction of HIL 1.3 results in pinning of the DIP HOMO level, leading to
a hole injection barrier similar to the one observed on heated PEDOT:PSS.54, 275 To
investigate how this band bending effects working organic solar cells and especially the
different methods to determine ECT , this chapter compares these methods for different
solar cells on HIL 1.3 and PEDOT:PSS.
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Additionally to the already discussed DIP/C60 samples, Figure 5.25 shows temperature dependent Voc measurements as well as EL and IPCE spectra of a DIP/C60 PHJ
on an ITO/HIL 1.3 substrate. For this device the substrate temperature during evaporation of the 50 nm thick DIP layer was kept at RT. For all so far discussed DIP/C60
solar cells the fit parameters of the Gaussian fits of EL and IPCE spectra as well as the
0 K limit of the temperature dependent Voc measurements are summarized in Table 5.6.
If the VOC (0 K) value and ECT determined from EL and IPCE spectra are compared
for all the listed DIP based devices, one observes similar ECT values in the range of
1.44 − 1.47 eV for all devices, but Voc (0 K) values strongly deviate from each other. The
results of the PHJ devices lie close together with values of 1.40 V (PEDOT:PSS) and
1.36 V (HIL 1.3), whereas the results for the PM-HJ solar cells diverge strongly. This is
particularly striking for the two PM-HJ devices with a mixing ratio of 2:1 and 100 °C
substrate temperature. Although these devices only differ in the used hole injection
layer, the Voc limit for the device on PEDOT:PSS is 1.40 V, whereas for the one on
HIL 1.3 only a value of 1.30 V is reached. The device evaporated at RT on HIL 1.3
shows similar results. But for both devices ECT determined from the optical spectra
is as high as for the PHJ devices and the PM-HJ on PEDOT:PSS. All in all, DIP/C60
devices on HIL 1.3 show a lower VOC (0K) limit than similar solar cells evaporated on
PEDOT:PSS. As already discussed above, the PM-HJ with a 1:1 mixed layer does not
fit into these observations, most probably due to bad transport properties for the 1:1
mixture.
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Figure 5.25: Temperature dependent measurements of Voc for different light intensities (a)
and determination of ECT via EL and IPCE spectra (b) for a PHJ with the layer sequence
ITO/HIL 1.3/DIP(50 nm)/C60 (45 nm)/BCP/Al. The substrate was kept at RT during evaporation. The fit parameters are summarized in Table 5.6.
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Figure 5.26: Determination of ECT via temperature dependent measurements of Voc for
different light intensities (left) and EL and IPCE spectra (right) for a PHJ with the layer
sequence: ITO/HIL 1.3/DBP(20 nm)/C60 (45 nm)/BCP/Al (a and b) and for a PM-HJ with
the layer sequence: ITO/HIL 1.3/DBP(5 nm)/DBP:C60 (1:2, 50 nm)/C60 (10 nm)/BCP/Al (c
and d). For both devices the substrate temperature during evaporation was kept at RT. The
fit parameters are summarized in Table 5.6.
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Similar observations can be made for devices using DBP as donor material. In
addition to the two already discussed devices on PEDOT:PSS (see Fig. 5.4 and 5.11),
Figure 5.26 shows measurements of solar cells of the same architecture (PHJ and PMHJ), but evaporated on an ITO/HIL 1.3 substrate kept at RT. The results of all devices
are summarized in Table 5.6. For the PHJ on ITO/HIL 1.3 no single intersection point
at 0 K for all light intensities can be observed. With increasing light intensity the
intersection point increases from 1.39 V for the lowest intensity to 1.48 V for the highest
intensity. For the PM-HJ on ITO/HIL 1.3 all linear extrapolations of VOC (T) intersect
each other at a value of 1.29 V. In contrast, both devices on a PEDOT:PSS covered
substrate have the same 0 K limit of 1.40 V. For the investigation of the emission and
IPCE spectra one Gaussian was used for the PHJ device, whereas, according to the
previously discussed evaluation of the devices on PEDOT:PSS, two Gaussians are used
to fit the CT part for the PM-HJ. These values do not deviate strongly from the ones
of the devices on PEDOT:PSS. However, for the devices using PEDOT:PSS as hole
injection layer both methods, linear extrapolation of VOC (T) to 0 K and Gaussian fits
of EL and IPCE spectra result in similar values. For the devices on HIL 1.3, this is not
the case. Whereas the ECT value of the PHJ (obtained from EL and IPCE spectra) at
least lies in the determined range of the VOC (0 K) values, like for the DIP based solar
cells the two methods clearly result in different values for the PM-HJ, if HIL 1.3 is used
as hole injection layer.
In order to understand these results, a clear picture of the energetic situation within
the working solar cells is important. The UPS measurements in Chapter 5.1.6 revealed
strong band bending for all investigated materials, if they are evaporated on HIL 1.3.
These measurements additionally show no saturation of the band bending for neat DIP
and DBP layers as thick as 25 nm. In contrast, no band bending is expected for devices
on ITO/PEDOT:PSS substrates. In Figure 5.27 the results of the UPS measurements
are summarized in simplified energy level diagrams that can now be used to understand
the above observed differences between temperature dependent Voc measurements and
determination of ECT via emission and absorption spectra for devices on an ITO/HIL 1.3
substrate. For devices on PEDOT:PSS, independent of the used donor material, no band
bending is observed (left pictures). Therefore, the Quasi-Fermi-level splitting EF,e −EF,h
that determines Voc for a given temperature, is almost identical to ECT determined from
absorption and emission spectra. Indeed, temperature dependent Voc measurements
reveal a 0 K limit of 1.4 V for both donors, whereas the evaluation of the optical spectra
leads to values of 1.45 eV and 1.43 eV for DIP/C60 and DBP/C60 , respectively. For
the same devices on ITO/HIL 1.3 (center pictures) band bending reduces the QuasiFermi-level splitting by the magnitude of the band bending ∆E, whereas the difference
between the HOMO of DIP and the LUMO of C60 directly at the interface remains
equal to the situation without band bending. This leads to lower results for VOC (0 K)
than for ECT . Furthermore, in UPS measurements no saturation of the band bending
until a layer thickness of 25 nm is observed. To explain the differences between DIP and
DBP based PHJs on HIL 1.3, the different layer thicknesses in the working solar cell
have to be considered. Whereas for the DBP/C60 device the 20 nm thick DBP layer is
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Table 5.6: Results of linear extrapolations to 0 K of temperature dependent Voc measurements
( VOC (0 K)) and fit results of Gaussian fits of EL and IPCE spectra (ECT , λ0 and fIPCE ) for
different devices based on DIP and DBP with different hole injection layers (HIL), substrate
temperatures TS and mixing ratios. Additionally, results for devices using an α-NPD exciton
blocking layer between HIL 1.3 and the active organic layers are shown. Whereas for the first
three devices the α-NPD layer is 8 nm thick, it is only 5 nm for the α-NPD/DBP:C60 /C60 solar
cell to replace the neat DBP layer in DBP/DBP:C60 /C60 PM-HJs.

PEDOT
PEDOT
PEDOT
HIL 1.3
HIL 1.3
HIL 1.3
PEDOT

mix.
ratio
2:1
1:1
2:1
2:1
-

TS
(°C)
100
100
100
RT
100
RT
100

VOC (0 K)
(V)
1.40
1.40
1.27
1.36
1.30
1.30
1.40

DBP/DBP:C60 /C60

PEDOT

1:2

100

1.40

DBP/C60

HIL 1.3

-

RT

1.39-1.48

DBP/DBP:C60 /C60

HIL 1.3

1:2

RT

1.29

α-NPD/
DIP/DIP:C60 /C60
α-NPD/DBP/C60
α-NPD/
DBP/DBP:C60 /C60
α-NPD/DBP:C60 /C60

HIL 1.3

2:1

RT

Device

HIL

DIP/C60
DIP/DIP:C60 /C60
DIP/DIP:C60 /C60
DIP/C60
DIP/DIP:C60 /C60
DIP/DIP:C60 /C60
DBP/C60

HIL 1.3
HIL 1.3
HIL 1.3

1:2

ECT
(eV)
1.46
1.45
1.45
1.47
1.45
1.44
1.43
1.43
1.53
1.45
1.40
1.49

λ0
(eV)
0.30
0.40
0.50
0.37
0.47
0.60
0.18
0.14
0.19
0.18
0.16
0.20

fIPCE
(eV2 )
1.38 · 10−3
1.65 · 10−2
2.09 · 10−2
2.78 · 10−3
1.79 · 10−2
2.18 · 10−1
1.01·10−3
5.10·10−3
2.97·10−2
1.32·10−3
2.42·10−3
3.86·10−2

1.36

1.43

0.45

3.92 · 10−2

RT

1.42

RT

1.37

RT

1.43

1.45
1.40
1.49
-

0.20
0.16
0.20
-

1.59 · 10−3
1.11 · 10−3
4.15 · 10−2
-
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Figure 5.27: Schematic illustration of the energy level diagram for a) DIP/C60 and b)
DBP/C60 solar cells. The left picture shows the energetic situation, if PEDOT:PSS is used
as hole injection layer for a PHJ. The picture in the center illustrates the situation for a PHJ
on HIL 1.3 and the right picture shows the situation in a PM-HJ on HIL 1.3. ECT is the CT
energy as determined from IPCE and EL spectra and EF,h and EF,e are Quasi-Fermi-levels for
holes and electrons, respectively. The splitting of the Quasi-Fermi-levels determines Voc for a
given temperature and illumination intensity. The ∆E values describe the the magnitude of
the band bending in the neat donor layers and the donor:acceptor blends.
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even shorter than the 25 nm thick UPS sample, the 50 nm thick DIP layer is twice as
thick. This means that for the DBP device the band bending is not yet saturated at the
interface between DBP and C60 , whereas for the much thicker DIP device it probably
is. This implies that ∆E is larger for the DIP based device than for the DBP PHJ,
leading to a smaller Quasi-Fermi-level splitting in the DIP solar cell. This perfectly
explains the reduced VOC (0 K) for the DIP/C60 PHJ compared to the DBP/C60 device,
if HIL 1.3 is used as hole injection layer. However, it does not explain, why for the DBP
based PHJ there is no single intersection point for all light intensities but a range from
1.39 − 1.48 eV, which will be discussed in more detail further below.
The energy level diagram of a PM-HJ on HIL 1.3 is most probably more complex.
However, only UPS measurements for a 50 nm thick mixture have been performed.
Hence, both energy level diagrams on the right side of Figure 5.27 are only assumptions based on the UPS measurements of the PHJs combined with the ones on the thick
donor:acceptor blends. Like in the PHJs on HIL 1.3, strong band bending is expected
in the 5 nm thick neat donor layer, which reduces the Quasi-Fermi-level splitting by
the amount ∆E1 . The donor:acceptor blend is treated like a new material with the
HOMO of the donor and the LUMO of the acceptor C60 . But within the HOMO of
the donor material the band bending is assumed to continue. This additionally shifts
the LUMO of the blend, which is the LUMO of C60 by the amount of ∆E2 , which reduces the Quasi-Fermi-level splitting further. However, in this simple, idealized picture
∆E1 + ∆E2 should not be larger than ∆E of the saturated band bending in the DIP
PHJ on HIL 1.3. Therefore, exact measurements of all energy levels are necessary, to
qualitatively explain, why for all PM-HJ devices on HIL 1.3 only VOC (0 K) = 1.3 eV
instead of 1.36 eV like for the DIP PHJ is reached.
Furthermore, this simple band bending picture neglects the fact that the layer thickness that is necessary for the saturation of the band bending w is not only depending
on the considered material, but also on temperature, charge carrier density and applied
voltage according to the following equation:64
s
w=

20 
eND



kB T
Vbi − V −
e



(5.6)

with e being the elementary charge, ND the number of charge carriers, T the temperature, kB Boltzmann‘s constant, Vbi the built-in voltage and V the applied voltage.
However, this means that the situation measured by UPS is only an indication, but
does not necessarily describe the situation in the working solar cell. Especially the
amount of charge carriers strongly differs for PHJ and PM-HJ solar cells. Furthermore,
 is also dependent on the material, which means that  of the blend is expected to be
larger than for the neat donors, as C60 has a relatively large  for organic semiconductors.
In order to understand the absence of one single intersection point at 0 K for the DBP
PHJ on HIL 1.3, a closer look into the equation that describes the linear dependence of
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Voc on the temperature is necessary (see also Eqn. 2.17 for an ideal solar cell):95


j00
EPVG nkB T
−
ln
VOC (T ) =
e
e
jSC

(5.7)

with n being the ideality factor, e the elementary charge, j00 the coupling factor, kB
Boltzmann’s constant, T the temperature, jSC the short-circuit current and EPVG the
photovoltaic gap of the solar cell. In the ideal case, where all parameters remain constant
over the whole temperature regime, this equation states that the intersection point
for 0 K is independent of jSC and thus of the illumination intensity and provides the
photovoltaic gap EPVG . However, especially for the ideality factor n a temperature
dependence is reported for many different material systems.102, 118, 276 Additionally, the
ideality factor is influenced by the recombination mechanisms dominating the device
performance. As recombination is strongly dependent on charge carrier density and thus
light intensity, this might additionally influence the slope of the VOC (T ) plot, leading
to different intersection points for different illumination intensities. Furthermore, it
is possible that EPVG itself is temperature dependent or even charge carrier density
dependent due to state filling. As EPVG was identified to be equal to the CT energy for
different solar cells26, 95 and ECT is reported to be temperature dependent,26 this might
additionally influence the intersection point at 0 K. However, the exact reason for this
behavior in the DBP/C60 PHJ on HIL 1.3 was not further investigated.
In order to further prove the influence of band bending on the result of the linear extrapolation of temperature dependent Voc measurements, similar devices with an
additional exciton blocking layer between HIL 1.3 and the active organic layers were
measured. S. Grob et al.208 reported changes in Voc for DBP:C60 and DBP:C70 PM-HJs
with different exciton blocking layers, whereas for DBP/C60 PHJs the blocking layer
does not influence the open-circuit voltage. Especially an α-NPD blocking layer leads
to an increased Voc that is almost as high as for PHJ solar cells of the same material
combination. The authors already suggest that the changes in Voc are related to shifting energy levels and different effective work functions of the anode.208 Additionally,
W. Tress et al.277 could show that different hole-transport layers strongly effect Voc of
BHJ solar cells. They could prove that especially hole injection barriers effect Voc due
to an increased recombination at the interface between hole-transport layer and donor
material. Concerning Voc , similar observations are made for the solar cells discussed
below. However, the focus of the discussion within this work is laid on a deeper understanding of the influence of the energy levels and effective work functions on different
methods to determine the CT energy. Therefore, j-V characteristics and a comparison
of the different Voc values are shown in Figure A.3 and Table A.1 of the Appendix.
Temperature dependent Voc measurements as well as EL and IPCE spectra for different solar cells are shown in Figure 5.28. The exact layer sequence of each solar cell
is given in the plots with the thickness of the α-NPD layer being 8 nm for the first
three devices and 5 nm for the PM-HJ, where α-NPD replaces the neat DBP layer. All
other layer thicknesses are similar to the already discussed devices without an additional
blocking layer between HIL 1.3 and the donor material. The results of the linear extrapolations and the Gaussian fits of the CT parts of the spectra are listed in Table 5.6. For
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DIP only a PM-HJ with additional blocking layer is shown, whereas for DBP a PHJ, a
PM-HJ and an additional PM-HJ device without a neat donor layer are discussed. The
evaluation of the optical spectra yields similar values for the devices with an α-NPD
blocking layer as for the devices without an additional blocking layer. However, the
results of the linear extrapolation to 0 K of the temperature dependent Voc measurements strongly differ from the values obtained for devices without additional blocking
layer, yielding clearly larger values for the devices with α-NPD layer. Especially for
the DBP/C60 PHJ both methods provide almost similar values. Although no EL- and
IPCE spectra were measured for the α-NPD/DBP:C60 /C60 device, based on the constant values for all other DBP/C60 devices, one can expect good agreement for both
methods. For both PM-HJ devices, the DIP and the DBP based one, the two methods
do not provide exactly similar results. However, for both devices with α-NPD blocking layer, VOC (0 K) is clearly larger than the 1.30 V of the PM-HJs without additional
blocking layer. Although no energy level measurements for α-NPD on HIL 1.3 have
been performed, the temperature dependent Voc measurements together with EL- and
IPCE-spectra provide a profound basis to create a clear picture of the energetic situation
within these solar cells. The additional α-NPD layer can either prevent band bending
completely, reduce it or just act as a buffer, which would result in similar results as
expected for thicker donor layers. The latter, however, cannot explain the results observed for the last device (α-NPD/DBP:C60 /C60 ), where the 5 nm thick α-NPD layer
replaces the neat DBP layer of the same thickness. If α-NPD would only act as a buffer
layer, similar VOC (0 K) limits would be expected for the DBP/DBP:C60 /C60 and the
α-NPD/DBP:C60 /C60 devices. But the latter provides values almost as high as those
obtained from the evaluation of optical spectra for this material system, whereas the
PM-HJ without α-NPD blocking layer only yields a value of 1.30 V. Additionally, this
would have to lead to a reduced VOC (0 K) value for the DBP PHJ with α-NPD blocking layer, which is not the case. In contrast, complete prevention of any band bending
and completely flat energy levels should, according to the left picture in Figure 5.27,
lead to equally high VOC (0 K) values for all four devices. As the PM-HJ with α-NPD
blocking layer only provide a value of VOC (0 K) ≈ 1.36 V, whereas for the PHJ and the
α-NPD/DBP:C60 /C60 device the values exceed 1.40 V, complete prevention of any band
bending can be excluded, too. Consequently, α-NPD must lead to a reduction of band
bending that leads, in combination with the little lower lying HOMO of −5.5 eV,176 to
the observed results. However, to exactly determine the mechanism that leads to a larger
maximum Quasi-Fermi-level splitting for devices using α-NPD as exciton blocking layer,
exact energy level measurements for each individual device stack are necessary.
In the discussion above, the strong influence of the used hole injection layer especially
on temperature dependent measurements of Voc could be proven, whereas no effect on
the CT energy determination via optical spectra was observed. Combining these results
with the knowledge of the measured energy level distribution within the device leads
to a comprehensive picture of the influences that determine the results of temperature
dependent Voc measurements and ECT determination via optical spectra. Whereas ELand IPCE-spectra provide a direct measure of the energetic situation at the interface
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Figure 5.28: Determination of ECT via temperature dependent measurements of Voc for
different light intensities (left) and EL and IPCE spectra (right) for different DIP and DBP
based devices with an α-NPD exciton blocking layer between HIL 1.3 and the active organic
layers. The different layer sequences are given in each plot.
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between donor and acceptor, the linear extrapolation to 0 K of temperature dependent
Voc measurements rather provides an estimation of the maximum Quasi-Fermi-level
splitting that is possible for the same device. However, only in the case of flat energy
levels and good transport properties for the charge carriers both methods provide almost
similar values, although even for the devices on heated PEDOT:PSS VOC (0 K) is slightly
lower than ECT . By introducing an additional exciton blocking layer at the interface
between HIL 1.3 and the neat donor material, the strong differences between the values
determined by both methods could be reduced for the PM-HJs and even eliminated
for the PHJ and the α-NPD/DBP:C60 /C60 device. This leads to the conclusion that
the introduction of an α-NPD layer at least reduces band bending and thus increases
the Quasi-Fermi-level splitting within the device. However, a clear prediction of the
energy level distributions for devices with α-NPD blocking layer is not possible without
detailed energy level (UPS) measurements, especially, since α-NPD layers are reported
to be slightly polar as a result of the permanent dipole moment of these molecules.278

5.4

Temperature Dependence of the CT Energy

In the following chapter the temperature dependence of the CT energy of different solar
cells is investigated. Vandewal et al.26 and Burke et al.76 report slightly decreasing
CT energies, if the temperature is reduced. The exact origin of this behavior is not
yet fully understood, but is believed to correlate with decreasing disorder for lower
temperatures.26, 279
Temperature dependent reduced IPCE spectra for a DBP:C60 PM-HJ solar cell on
ITO/HIL 1.3/α-NPD are shown in Figure 5.29 a) for the temperature range between
100 K and RT. The IPCE spectra are strongly shifted to lower values for reduced temperatures, which correlates with generally reduced short-circuit currents for lower temperatures (j-V characteristics not shown here).47, 102, 238 This effect is most probably a
result of the temperature dependence of hopping transport of charge carriers in organic
semiconductors.280 However, as the focus of this work lies on CT states this effect is
not further discussed here. The dashed lines show the overall fits of the CT shoulders.
Like for all DBP based PM-HJs the combination of two CT peaks was used (see Eqn.
5.4) and the fit parameters ECT and λ are summarized in Figure 5.29 b). The determination of ECT for lower temperatures is performed by using IPCE spectra only since
the onset-voltage for EL strongly shifts to higher voltages for lower temperatures. This
makes EL measurements near Voc impossible and for higher voltages the CT peak of
the EL spectrum strongly shifts to higher energies, which makes fitting EL and IPCE
spectra with the same parameters impossible. Like reported in literature,76 both ECT
values decrease for lower temperatures, whereas the λ values slightly increase.
In a similar manner, the temperature dependent reduced IPCE spectra of a DIP:C60
PM-HJ solar cell on ITO/HIL 1.3 are fitted with Equation 2.31 using only one CT peak.
Like already discussed in Chapter 5.1.7, the low energy part of IPCE spectra of DIP
based PM-HJ solar cells cannot perfectly be described by Gaussians. This deviation
becomes more and more obvious for lower temperatures and is further discussed below.
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Figure 5.29: a) Reduced IPCE spectra of a α-NPD/DBP/DBP:C60 (1:2)/C60 solar cell for different temperatures together with fits of the CT part by Eqn. 5.4. The fits show the sum of two
CT Gaussians. b) Temperature dependence of the CT energies ECT1,2 and the reorganisation
energies λ1,2 of the individual Gaussians.

The derived ECT and λ values are plotted against inverse temperature in Figure 5.30
b). Like for the DBP based device, the ECT values of the DIP:C60 solar cell strongly
decrease for lower temperatures, whereas the λ values increase. However, for the DBP
PM-HJ the temperature dependence of ECT,n and λn can be fit linearly using the same
absolute slope. This means that λ is increasing by the same amount ECT is decreasing
for lower temperatures leading to an almost constant maximum of the overall IPCE fit
for different temperatures (see arrow in Fig. 5.29). In contrast, for the DIP:C60 PM-HJ
the absolute slope of the temperature dependence of ECT is twice as high as for the
λ values, reflecting the shift of the IPCE fit maximum to lower energies for reduced
temperatures that is indicated by a black arrow in Figure 5.30.
Like already shortly discussed in Chapter 5.1.3 Burke et al.76 could show that the
temperature dependence of ECT and λ can be used to extract the interfacial energetic
disorder of a material combination as they are correlated by the following equations:
exp
ECT
= ECT −

λ

exp

2
σCT
,
2kB T

σ2
= λ + CT
2kB T

(5.8)

The interfacial energetic disorder σCT can thus be calculated from the slope of the linear
fits of the temperature dependent ECT and λ values, if they are plotted against inverse
temperature. Thus for the DBP based device values of σ1 = 38.3 meV and σ2 = 48.2 meV
can be determined, whereas for the DIP based solar cell only an estimation can be made,
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Figure 5.30: a) Reduced IPCE spectra of a DIP/DIP:C60 (2:1)/C60 solar cell for different
temperatures together with fits of the CT part by Eqn. 2.31. b) Temperature dependence of
the CT energy ECT and the reorganisation energy λ. The black arrow indicates the shift of
the CT peak maximum to lower energies for lower temperatures.

as the slopes for ECT and λ are not the same. Hence, σCT for the DIP/C60 device must
be between 62.8 and 92.0 meV. A rough estimation of the interfacial energetic disorder
was already given in Chapter 5.1.3. By using the λ0 value of a DBP/C60 PHJ as the
intrinsic reorganisation energy for DIP based devices, values of σCT = 79 meV and
σCT = 107 meV were obtained for a DIP/C60 PHJ and PM-HJ, respectively. Compared
to the energy range determined from the temperature dependence of ECT and λ, this
rough estimation reveals good agreement. The values obtained for the DIP based PM-HJ
reveal similar interfacial energetic disorder as observed for typical polymer solar cells
like P3HT:PCBM.76 However, the values obtained for the DBP:C60 PM-HJ indicate
considerably reduced interfacial disorder for this material system. This reveals less
energetic disorder at the interface for the amorphous material system that mixes on a
rather molecular level than for the crystalline one with pronounced phase separation.
According to Burke et al.76 this interfacial energetic disorder strongly contributes
to energy losses in organic solar cells. Equation 2.23 correlates the open-circuit voltage
Voc to ECT by two loss terms. Whereas the first loss term considers the influence of
energetic disorder at the interface between donor and acceptor, the second term treats
the effect of the CT state lifetime and the number of CT states. Considering only the
effect of interfacial energetic disorder, at first glance lower energy losses are expected
for the DBP:C60 PM-HJ solar cell. However, the existence of two CT peaks has to be
considered, which might in total lead to losses of the same order as observed for DIP.
Additionally, the effect of CT state lifetime and the number of CT states might even
lead to higher losses for the DBP:C60 device due to the mixture on a molecular level
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and the resulting high number of CT states for this material combination. The values
obtained for the DIP:C60 device have to be considered with caution, as this evaluation
method describes a purely Gaussian shaped distribution of CT states.76 But the fits of
the IPCE spectra do not perfectly describe the spectra for very low energies. Additionally, the two different slopes as well as the shifting maximum of the IPCE fit curve to
lower energies with decreasing temperature already indicate that Equations 5.8 are not
perfectly applicable for DIP/C60 devices.
A completely different approach to explain the temperature dependence of the CT part
of IPCE spectra is presented by Vandewal et al.264 For TAPC:C60 solar cells it is reported that especially the low energy part of the CT spectrum is strongly temperature
dependent. The reduced width of the CT band for lower temperatures is explained by
thermally activated vibrations above the ground-state energy that facilitate transitions
from the ground state to CT states for higher temperatures.264 In contrast to the above
described concept that uses temperature dependent ECT and λ values to describe the
CT contribution for different temperatures, both paramters are considered to be constant over the whole temperature range in this approach. The CT parts of temperature
dependent IPCE spectra for the DIP:C60 PM-HJ fabricated on an ITO/HIL 1.3 substrate at RT and the DBP:C60 PM-HJ on ITO/HIL 1.3/α-NPD are shown in Figure
5.31. The spectra are normalized to the onset of the CT contribution to be able to
directly compare the width of the CT absorption band.
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Figure 5.31: CT part of reduced IPCE spectra for different temperatures of a DIP:C60 PMHJ solar cell (a) and a DBP:C60 PM-HJ with α-NPD blocking layer at the donor side (b). The
spectra are normalized to the onset of the CT part. The small peaks at 1.31 eV are measurement
artifacts.
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For both devices the spectra cover the temperature range between RT and 100 K. For
both devices small peaks at an energy of 1.31 eV are visible for lower temperatures. These
peaks are measurement artifacts and thus are not part of the device spectrum. Whereas
for the DBP:C60 PM-HJ almost no changes in the form of the CT contribution are
visible, the low energy parts of the DIP:C60 PM-HJ spectra show a stronger temperature
dependence of the same order as reported for TAPC:C60 .264 Therefore, to reach the same
efficiency or IPCE value relative to the CT maximum (normalization point) a higher
photon energy is necessary. These temperature dependent measurements show that at
least in the low energy part the incident photon to charge carrier efficiency is thermally
supported. According to Vandewal et al.264 thermally activated vibrations of an energy
above the ground state increase the width of the CT peak for higher temperatures
by assisting the absorption process for these low energy CT states. However, for this
concept a purely Gaussian shape of the CT part is required, too. But for DIP:C60
devices it was already discussed in Chapter 5.1.7 that the low energy part of the IPCE
spectra is most likely influenced by gapstates that reach far into the optical gap of DIP
and might also influence the distribution of CT states.
For a more profound analysis Figure 5.32 a) and c) show the IPCE spectra of a DIPand a C60 -single layer device of the architecture ITO/HIL 1.3/organic layer (50 nm,
RT)/BCP/Al. Both single layer devices are measured at RT and fitted with Gaussian
absorption peaks (gray curves) for the individual materials, resulting in a total fit (nudecolored line) that describes the lower energy part of the IPCE spectra. However, for
DIP the spectra cannot be described by exclusively using Gaussians. For energies below
2.1 eV the fit strongly underestimates the measured curve. The residual (lower part of
Fig. 5.32 a) describes the difference between fit and measured curve and can itself be
fit with an exponential curve, revealing an additional exponential contribution for low
energies for DIP-single layer devices. For C60 -single layer devices such a strong deviation
between fit and measurement is not observed. For the DIP:C60 PM-HJ the spectrum
measured at a temperature of 100 K (Fig. 5.32 b) is fitted, since for this low temperature the C60 contributions between 1.75 and 2.25eV are visible. For higher temperatures
these structures are hidden due to an overlap with the stronger CT peak. To fit this
IPCE spectrum in the energy range below the first strong DIP absorption at 2.25 eV
all peaks of the two single layer devices that lie within this energy range are used. CT
absorption is considered with one additional Gaussian at low energies. Like for the DIPsingle layer device, the whole spectrum cannot be fitted by Gaussians and a deviation
of the fit from the measurement is observed for low energies. Again, in this energy
range the residual can be fitted exponentially revealing an exponential contribution to
CT states additional to the Gaussian peak that is already considered in the fit. This
clearly shows that in the energy range, where temperature strongly effects the shape
of the measured IPCE spectra, the CT part of the spectrum is not purely Gaussian,
but contains an exponential contribution that is assumed to be an effect of gapstates
within DIP. Therefore, for the DIP:C60 PM-HJ it is more likely that the temperature
dependent change of the CT line shape can rather be attributed to these deep lying gapstates than to thermally activated vibrations that facilitate optical transitions from the
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Figure 5.32: Reduced IPCE spectra measured at RT for a DIP- (a) and a C60 -single layer
device (c) and measured at 100 K for a DIP/DIP:C60 (2:1)/C60 PM-HJ (b) together with fits
(nude-colored lines) by several Gaussians (gray lines). Below 2.5 eV the IPCE of the PMHJ device is fit by the sum of the Gaussians observed in the DIP- and the C60 -single layer
spectra and an additional CT Gaussian. For the DIP single layer device and the PM-HJ the
residual gives the difference between measurement and fit. For energies below the lowest energy
Gaussian, the residual is fit by an exponential function.
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ground state to the CT state. Additionally, the weak dependence of the CT line shape
of the DBP based PM-HJ indicates that for these perylene derivative donor materials
thermally activated vibrations play a minor role. Consequently, it is more likely that
the temperature dependent CT line shape of the DIP device is not a result of reduced
absorption of photons with very low energy but rather affected by temperature dependent exciton separation yields for deep lying gapstates in DIP based devices. Whereas
for DBP:C60 solar cells, which have a almost Gaussian distribution of CT states, the
lowest temperature of 100 K still seems to be high enough to provide sufficient energy
to separate CT excitons into free charge carriers, this temperature is not sufficient to
separate all CT excitons in DIP:C60 PM-HJ solar cells. For low temperatures, the CT
excitons with the lowest energy that lie deep within the exponential tail of the CT
DOS are not separated, whereas for higher energy states this temperature is still high
enough to efficiently create free charge carriers. This is supported by the temperature
dependent PL lifetime measurements for the CT states of these material combinations
that show a significantly increasing lifetime for low temperatures (see Chapter 5.1.4),
which indicates that excitons are generated but the dissociation and/or recombination
are less efficient at low temperatures. Thermally assisted separation of CT excitons
is reported in literature for various material systems.139, 140 However, to finally prove
this assumption further measurements are necessary. Temperature dependent internal
quantum efficiency measurements could help to finally resolve whether reduced temperature affects the charge carrier separation yield or via thermally activated vibrations
the absorption of these low-energy CT states. Additionally, temperature dependent
UPS measurements could reveal temperature dependent changes of the DOS that would
directly affect the absorption.

5.5

Influence of Donor Dilution

In the following section the influence of donor dilution is investigated. To present a
widespread analysis, not only the influence on CT states and CT energy is discussed,
but also the influence on j-V characteristics and IPCE spectra. To get a comprehensive
picture of the influence of donor dilution, two different approaches are pursued. In
the first part, the influence of different donor:acceptor mixing ratios is examined for
DBP:C70 PM-HJ solar cells and in the second part the DBP layer within DBP/C60
PHJs is mixed with α-NPD, a wide bandgap material that was already introduced as
exciton blocker in Section 5.3.

124

5.5.1

5 Charge Transfer States in Perylene/Fullerene Solar Cells

Donor-Acceptor Mixing Ratio in PM-HJ Solar Cells

The work presented in this chapter was done in cooperation with T. Zechel within the
scope of his Master’s thesis.281
In literature the influence of donor dilution is discussed ambiguously by different groups.
Bernardo et al.262 report a decreasing CT state energy for an increasing fullerene fraction in NPD:C60 blends. This shift in CT energy is partially attributed to a higher
dielectric constant for blends with high C60 content. Additionally, a delocalization of
the CT state wavefunction for high fullerene fractions, where C60 nanocrytallites appear
shifts the CT state energy further to lower energies.262 In contrast, Liu et al.105 report
that delocalization due to crystalline fullerene phases leads to an increased CT state
energy, resulting in a second CT peak at higher energies in EL and especially photoluminescence spectra. A completely different effect is considered by Vandewal et al.114
They report that a large variation in donor concentration (1% vol to 10% vol) does not
effect the CT state energy but Voc . This is attributed to a reduced interface area that
is connected to reduced recombination losses for lower donor concentrations and thus
leads to a higher Voc .
In the following the influence of the donor:acceptor mixing ratio in PM-HJ solar cells
on the CT state energy as well as the device performance is investigated. Therefore,
DBP:C70 PM-HJ solar cells with different mixing ratio in the bulk layer are compared.
The donor:acceptor mixing ratio is varied from 1:1 over 1:3 and 1:5 to 1:7. The device architecture is ITO/HIL1.3/DBP(5 nm)/DBP:C70 (50 nm, x:y)/C70 (10 nm)/BCP/Al. The
j-V characteristics under 1 sun illumination intensity as well as the respective IPCE
spectra in linear representation are shown in Figure 5.33 a) and b) and the characteristic values are summarized in Table 5.7. The IPCE spectrum of the 1:1 PM-HJ clearly
shows lower values in the whole absorption range of DBP and C70 up to 625 nm. This
directly results in the lowest jsc of all four PM-HJs. Most probably this is related to bad
charge carrier transport in the strongly intermixed 1:1 blend. Highest IPCE values for
the 1:1 mixture are reached in the wavelength range between 500 and 625 nm, showing
that DBP is the main absorber for such a PM-HJ. Reducing the DBP content in the
bulk layer leads to higher efficiencies in the C60 absorption wavelength range than in
the DBP absorption range. Simultaneously, IPCE values strongly increase from about
Table 5.7: Characteristic values of DBP:C70 PM-HJ solar cells with different mixing ratio in
the blend. The short-circuit current jsc , the open-circuit voltage Voc , the fillfactor FF and the
power conversion efficiency η are listed.

Mixing ratio in the blend
1:1
1:3
1:5
1:7

jsc
(mA/cm2 )
-8.5
-11.3
-11.1
-10.1

Voc
(V)
0.82
0.80
0.77
0.77

FF
(%)
37
46
47
47

η
(%)
2.6
4.2
4.1
3.7
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Figure 5.33: a) j-V characteristics under an illumination intensity of 1 sun of DBP:C70 PMHJ solar cells with different donor:acceptor mixing ratios in the bulk layer and b) IPCE spectra
of the same devices measured at RT.

60 % for the 1:1 blend to above 70 % for all other mixtures, resulting in a remarkably
higher jsc value for the 1:3 mixture that is only slightly reduced, if the donor content
is further decreased. However, not only the short-circuit current jsc is affected by the
mixing ratio but also the open-circuit voltage Voc . It is highest for the 1:1 blend (0.82 V)
and slightly decreases with lower donor content to only 0.77 eV for the 1:5 and the 1:7
blends.
To investigate whether the reduced Voc is a result of a smaller CT energy or of higher
recombination losses, EL spectra and IPCE spectra in semilogarithmic representation
are shown in Figure 5.34. Already in the linear representation of the IPCE spectra
in Figure 5.33 b) a tail structure above 700 nm is visible that is associated to current
generation due to direct absorption via CT states. In the semilogarithmic representation
these tail states are visible as broad shoulders up to 1000 nm. For all four mixing ratios
the spectra in the CT region lie close together, although it is expected that the number
of CT states changes strongly, if the mixing ratio is varied from 1:1 to 1:7. Only the
spectrum for the 1:7 mixture, where the least amount of CT states are expected, shows
the lowest values in the CT region. The spectra of the 1:5 and the 1:3 blends show
slightly higher values. However, the 1:1 mixture deviates from this trend. A detailed
analysis with fits of the reduced IPCE spectra is given further below.
In Figure 5.34 b) the normalized EL spectra for an applied voltage of 5 V of all four
devices are shown. The spectra of all four devices show clear emission from CT states
for wavelengths above 800 nm. For the 1:1 mixture this CT emission strongly dominates
the whole spectrum and only little emission below 800 nm, which, judging from the peak
positions most probably comes from DBP, is visible. For the EL spectrum of a DBP
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Figure 5.34: a) IPCE spectra in semilogarithmic representation of DBP:C70 PM-HJ solar
cells with varying donor:acceptor mixing ratio in the blend layer. b) and c) show normalized
EL spectra of the same samples with an applied voltage of 5 V and 0.80 V, respectively. The
inset in c) clarifies the peak shift for the 1:1 mixture compared to all other mixing ratios.
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single layer device see Figure 5.8 and Table 5.2 in Chapter 5.1.3. Reducing the DBP
content in the bulk increases the DBP emission relative to the CT peak strength. In the
1:3 mixture both contributions are equally high, whereas for the 1:5 and the 1:7 mixture
the DBP emission strongly dominates the spectrum. However, this does not necessarily
mean that DBP emission is stronger for those devices than for the 1:1 and the 1:3 blend.
A reduced CT emission due to a smaller donor/acceptor interface in the highly diluted
mixture would lead to the same trend of the relative peak heights. Furthermore, the
CT peak of the 1:1 spectrum is slightly red-shifted compared to the 1:3 mixture and is
slightly narrower. To be able to compare the CT emission of all devices in more detail,
the EL spectra for an applied voltage of 0.80 V are shown in Figure 5.34 c). For such low
voltages only emission from CT states is visible for all devices. Here it becomes obvious
that the spectrum of the 1:1 mixture is slightly shifted to higher wavelengths and is
narrower than the ones of all three other mixtures with higher C70 content. The inset
shows the shift between 1:1 and 1:3 spectrum in more detail. Temperature dependent
measurements of the EL spectra that are exemplarily shown for the 1:3 mixture in Figure
A.4 in the Appendix, reveal that the CT part of all four mixtures actually consists of
two CT peaks. Similar observations are already discussed for DBP:C60 mixtures further
above. Therefore, it is possible that the CT peakshift observed for the 1:1 mixture at
RT is a result of a relatively weak CT peak at lower wavelengths.
As a consequence of the observed two CT peaks that become visible in the temperature dependent EL spectra, the reduced EL and IPCE spectra in Figure 5.35 are
fitted with the sum of two CT contributions according to Equation 5.4. The total fits
are shown as dark gray dashed lines and the individual CT peaks as light gray continuous lines. In these graphs ECT cannot be determined from the intersection of the two
respective fits as the peak heights cannot be aligned for all pairs simultaneously. All
fit parameters are summarized in Table 5.8. The spectra of all four blends, including
the 1:1 mixture, can be fit well with the same ECT values of 1.39 eV and 1.49 eV. This
means that, at least within the mixing ratios considered in this work, the CT energy is
independent of the mixing ratio within the blend of DBP:C70 PM-HJ solar cells.
The reorganisation energies of both CT peaks are largest for the 1:1 PM-HJ and
decrease for higher C70 amounts within the blend. Especially the λ0 value that belongs
to ECT = 1.49 eV is reduced from 0.19 eV for the 1:1 blend to only 0.09 eV for the 1:7
mixture. This might explain the small deviations observed for the 1:1 mixture in the
discussion of the EL and IPCE spectra further above. The peak shift of the CT part
in the EL spectra and the deviation in the CT contribution to the IPCE could result
from those larger reorganisation energies that shift the peak center of EL measurements
to lower energies and the one of the IPCE spectrum to higher energies for a fixed ECT
value.
For the discussion of the f paramters only the values of fIPCE are considered as the
EL spectrum is aligned to the IPCE spectrum such that the maxima of the total fits are
equally high and thus the absolute values of fEL loose their information. The highest
fIPCE parameters for both CT contributions can be found for the 1:1 mixture. Reducing
the DBP content in the blend is directly connected to reduced fIPCE values for both
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Figure 5.35: Reduced EL and IPCE spectra for DBP:C70 PM-HJ solar cells with different
mixing ratio (a: 1:1, b: 1:3, c: 1:5, d: 1:7). The CT parts of the EL and IPCE spectra are
fitted by Eqn. 5.4. Dark gray dashed lines show the total fits and light gray lines the individual
contributions. The applied voltage for the EL spectra is 0.80 V. All fitting parameters are
summarized in Table 5.8.
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Table 5.8: Parameters of the fits to reduced EL and IPCE spectra with Eqn. 5.4. All spectra are fit with the sum of two CT peaks. For all mixing ratios the CT energies ECT , the
reorganisation energies λ0 and the f parameters for emission and IPCE are listed.

Mixing ratio in the blend
1:1
1:3
1:5
1:7

ECT
(eV)
1.39
1.49
1.39
1.49
1.39
1.49
1.39
1.49

λ0
(eV)
0.17
0.19
0.17
0.15
0.14
0.10
0.15
0.09

fIPCE
(eV2 )
3.71 · 10−3
4.01 · 10−2
3.33 · 10−3
3.21 · 10−2
1.54 · 10−3
1.71 · 10−2
1.17 · 10−3
1.26 · 10−2

fEL
(eV2 )
1.15 · 10−1
1.23 · 10−1
1.29 · 10−1
1.23 · 10−1
1.48 · 10−1
6.61 · 10−2
1.77 · 10−1
5.95 · 10−2

CT peaks. Although the fIPCE parameter is composed of different contributions like the
number of CT states and electronic coupling between donor and acceptor molecules at
the interface, it is most likely that this directly reflects the reduced number of CT states
due to the lower donor content and thus a smaller interface between donor and acceptor
molecules. Furthermore, the fIPCE value that is connected to ECT = 1.49 eV is for all
mixtures about one order of magnitude larger than the value that is associated with the
lower ECT value.
The existence of two CT peaks for DBP:C70 mixtures is also reported by Liu et
105
al.
By combining morphological studies and spectroscopic investigations of CT emission for different mixing ratios containing between 10 and 95 % of C70 in the blend, the
authors observed a direct connection between the appearance of a second high energy
CT peak and the formation of C70 nanocrystallites for mixtures with more than 70 %
of C70 . Therefore, the existence of two CT peaks could be attributed to coexistance of
amorphous and crystalline C70 phases that lead to localized and delocalized CT excitons,
respectively. Within this work no morphological investigations were performed, so that
these results cannot be proved. But the comparison of DIP and DBP based solar cells
already confirmed a strong influence of morphology on spectroscopic signals of CT states.
Liu et al.105 reported increasing lifetimes for higher C70 concentrations and especially
for measurements at low temperatures. Furthermore, they report longer lifetimes for
the CT emission peak at higher energy. Lifetime measurements of a 1:1 DBP:C70 blend
on a Silicon/HIL 1.3 substrate are shown in Figure A.5 of the Appendix for RT, 150 K
and 100 K. The lifetime measurements are shown for different wavelength between 830
and 970 nm and are fit biexponentially (black lines). The resulting lifetimes are summarizes in Table A.2 of the Appendix. Even for measurements performed at RT slightly
higher lifetimes are observed for 970 nm than for shorter wavelength. This difference
becomes more pronounced the lower the surrounding temperature gets. Especially the
lifetime for wavelengths higher than 900 nm strongly increases, whereas the lifetimes for
shorter wavelengths almost stays the same for all measured temperatures. This shows
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that the high wavelength range (low energy range) shows longer lifetimes than the short
wavelength peak (high energy peak), which is inconsistent with the result observed by
Liu et al.105 However, only lifetime measurement on a 1:1 blend were performed within
this work. According to Liu et al. C70 nanocrystallites only can be formed in blends
with 70 % or higher C70 concentrations so that it is more likely that the two CT peaks
observed within this work are a result of different relative orientations of donor and
acceptor molecules to each other, especially since both DBP and C70 molecules are not
completely round structures and thus orientation will most probably strongly influence
coupling between molecules of these two materials.
As the same CT energies were observed for all four mixing ratios, it is now clear that
the differences in Voc (see Figure 5.33 and Table 5.7) are not a result of different CT energies but rather of higher recombination losses. However, unlike observed by Vandewal
et al.,114 a lower donor/acceptor interface area does not result in lower recombination
losses and consequently higher Voc . If the lower CT energy of ECT = 1.39 eV is considered to be the upper limit for Voc , a recombination loss of 0.57 eV is observed for
the 1:1 mixture (Voc = 0.82 V) with the largest interface, whereas the 1:5 and the 1:7
blend, with a small amount of DBP molecules and thus a reduced interface, lead to a
recombination loss of 0.62 eV (Voc = 0.77 V). However, the donor content in the devices
considered by Vandewal et al. was with 1-10% remarkably lower than for the devices
considered within this work, so that it might be that the interface is not reduced far
enough to reduce recombination losses significantly. Additionally, the reduction of one
component, regardless if it is the donor or the acceptor material, can lead to significant
problems concerning the transport of free charge carriers from the interface of donor
and acceptor to the respective contacts. In the devices considered within this work this
might lead to higher recombination losses than is prevented by a reduced donor/acceptor
interface.

5.5.2

Donor Dilution in PHJs

The work presented in this chapter was done in cooperation with M. Hofmann within
the scope of his Master’s thesis.274
Diluting a donor material into a wide-energy-gap host material is reported in literature to increase the power conversion efficiency of organic solar cells by up to 30 %.282
This improvement is attributed to an enhanced exciton diffusion length due to an optimized intermolecular separation. In the following section the effect of such a wideenergy-gap host material on the CT energy of PHJ solar cells is investigated. The used
wide-energy-gap material is α-NPD, which was already introduced as exciton blocking layer previously and is now mixed with the donor DBP in DBP/C60 PHJ solar
cells. The reference cells are a DBP(20 nm)/C60 (45 nm) PHJ with 8 nm α-NPD blocking layer between HIL 1.3 and the donor layer and an α-NPD(28 nm)/C60 (45 nm) PHJ
on ITO/HIL 1.3. The amount of α-NPD is then gradually increased in steps of 25 % by
varying the α-NPD:DBP mixing ratio from 1:3 over 1:1 to 3:1 (75 % DBP, 50 % DBP
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and 25 % DBP, respectively). Like the DBP/C60 reference cell all devices have an 8 nm
thick neat α-NPD blocking layer. In the following the diluted solar cells are named according to the DBP percentage in the α-NPD:DBP layer. The j-V characteristics and
the IPCE spectra of the diluted cells and the two reference cells are shown in Figure 5.36
and the important parameters are summarized in Table 5.9. In the linear representation
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Figure 5.36: a) j-V characteristics under illumination with an intensity of 1 sun of α-NPD/αNPD:DBP/C60 solar cells and the α-NPD/DBP/C60 and α-NPD/C60 reference cells. b) IPCE
spectra for the same devices.

the IPCE spectra clearly reveal that a gradual reduction of the DBP content reduces
the maximum achievable IPCE values drastically. Especially in the wavelength range
above 500 nm this reduction can be attributed to a reduced number of DBP molecules
inside the α-NPD:DBP blend, since DBP strongly absorbs in this wavelength range (for
absorption coefficients of DBP and C60 see Fig. 5.2). In contrast, the higher amount of
α-NPD that absorbs in the wavelength range between 240 and 420 nm283 does not affect
the shape of the IPCE spectrum significantly. But also in the wavelength range below
500 nm IPCE values are decreasing for a reduced DBP amount in the blend. Especially
the step from 50 % DBP to 25 % DBP strongly changes the spectrum from values close to
the ones of the DBP/C60 reference cell to similar values as observed in the α-NPD/C60
device. Although in this wavelengths range C60 has a higher absorption coefficient than
DBP, DBP still absorbs some of the light. The spectrum of the α-NPD/C60 reference
cell reflects the absorption of neat C60 . The strong reduction of the IPCE spectra especially due to less absorption via DBP with increasing amount of α-NPD is directly
reflected in the short-circuit current jsc of the solar cells illuminated with an intensity of
1 sun (Fig. 5.36 a). The DBP/C60 reference cell that has the highest IPCE values also
is the device with the highest jsc of −4.18 mA/cm2 . Equally to the reduction in IPCE
values, jsc is only slightly smaller for the 75 % DBP/C60 device, but is strongly reduced
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for stronger donor dilutions. The α-NPD/C60 reference cell has the smallest jsc of only
−1.81 mA/cm2 that is a result of the lowest IPCE values over the whole wavelength
range. The relatively small changes in jsc for the 75 % DBP/C60 and the 50 % DBP/C60
devices could stem from a tradeoff between reduced absorption due to a lower amount
of DBP in the blend and a higher exciton diffusion length as reported by Menke et al.282
However, the dilution of DBP in an α-NPD matrix does not only affect jsc but also
Voc . Within the investigated device series the DBP/C60 reference cell shows the smallest
Voc (0.91 V), which gradually increases by almost 0.1 eV with the increasing amount of
α-NPD within the device to reach 0.98 V for the α-NPD/C60 solar cell. Although the
open-circuit voltage increases, the reduction in jsc is much stronger so that the device
with the highest power conversion efficiency η is the DBP/C60 device. However, one
Table 5.9: Characteristic values of α-NPD:DBP/C60 PHJ solar cells with different degrees of
donor dilution. The short-circuit current jsc , the open-circuit voltage Voc , the fillfactor FF and
the power conversion efficiency η are listed.

device
DBP/C60
75 % DBP/C60
50 % DBP/C60
25 % DBP/C60
α-NPD/C60

jsc
(mA/cm2 )
-4.18
-4.15
-3.68
-2.71
-1.81

Voc
(V)
0.91
0.94
0.96
0.97
0.98

FF
(%)
67
61
53
54
46

η
(%)
2.59
2.43
1.91
1.44
0.83

has to keep in mind that for the device series discussed in this chapter, the total layer
thickness is kept constant over the whole series to reduce cavity effects. Therefore, the
devices are not optimized to the highest possible efficiency like the ones reported by
Menke et al.282
To explain the strong increase in Voc , different effects have to be considered. First of
all, a dilution of DBP in an α-NPD matrix reduces the interface between DBP molecules
and the acceptor layer on top of the α-NPD:DBP blend. Like already discussed in the
previous section, a strongly reduced donor acceptor interface is reported to minimize
recombination losses and thus might lead to a higher Voc .114 However, as the α-NPD/C60
reference cell shows, α-NPD might not only act as a matrix, but also as a second donor
material. This would result in a second CT state, one between DBP and C60 and
another between α-NPD and C60 . A strong indication that this second effect might
have a substantial influence is the fact that the α-NPD/C60 solar cell has the highest
Voc and all devices with α-NPD:DBP blend show Voc values that lie between the ones of
the two reference cells. To deeper analyze this, Figure 5.37 shows the IPCE spectra in
semilogarithmic representation as well as EL spectra recorded at an applied voltage of
2.5 V (Fig. 5.37 a) and 0.90 V (Fig. 5.37 b). The IPCE spectra show almost no difference
in the wavelength range between 680 nm and 720 nm. Therefore, the peaks visible in this
region are not influenced by the different α-NPD and DBP content in the blend, which
indicates that these peaks are due to absorption by C60 . This assumption is confirmed
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by the IPCE spectrum of a C60 single layer device that shows the same shoulders at
this wavelength (see Fig. 5.5). Additionally, for all devices a broad CT shoulder above
750 nm is visible. This signal is strongest for the DBP/C60 reference cell. For higher αNPD content in the blend this shoulder gets slightly weaker and at the same time shifts
to slightly lower wavelengths. For the α-NPD/C60 reference this shoulder is relatively
weak and only extends up to 900 nm. This already indicates that the CT energy might
be higher for the α-NPD/C60 interface than for the DBP/C60 interface. Furthermore, it
reveals that the excitation from the ground state to the CT states is more efficient for
the DBP/C60 material combination than for α-NPD/C60 .
EL spectra that are recorded at an applied voltage of 2.5 V show a completely different picture (see Fig. 5.37 a). Whereas there is no sign of CT emission at high wavelengths
for all devices that contain the donor DBP, there is only CT emission visible for the
α-NPD/C60 reference device. This CT spectrum is not symmetric and consequently two
Gaussians are necessary to fit this CT emission (gray lines in Fig. 5.37 a). The spectra of
the devices with diluted donor show only small deviations from the one of the DBP/C60
reference. However, the DBP/C60 reference spectrum shows a strong peak at 800 nm
that gradually decreases with decreasing DBP content in the blend of the devices with
diluted donor. Just from the peak position, it is not clear from which material this peak
originates, as both, DBP- and C60 -single layer devices show a peak at this wavelength
(see Fig. 5.7 and Table 5.2). Since the dilution of the donor DBP does not change the
amount of C60 inside the device, it is rather unlikely that this emission at 800 nm comes
from C60 . Therefore, this peak should have its origin in DBP. The fact that the peak almost vanishes for devices, where DBP is strongly diluted, like the 25 % DBP/C60 device,
but is strongest for the device that contains a neat DBP layer suggests that this peak
has its origin not in single DBP molecules, but in DBP aggregates. These aggregates
are more and more suppressed, the higher the degree of DBP dilution is. This is additionally supported by the spectrum of an OLED that was already discussed previously,
where only 1 % DBP is doped in a rubrene matrix (see Fig. 5.7). This spectrum shows
absolutely no signal at 800 nm.
Reducing the applied voltage for the EL measurements completely changes the spectra of all devices (see Fig. 5.37 b). Whereas for the DBP/C60 reference cell still almost
no CT emission is visible, this part of the spectrum becomes more and more pronounced
the lower the DBP amount in the blend is. Like for the α-NPD/C60 device, the 25 %
DBP/C60 solar cell exclusively shows CT emission. However, for these low voltages the
CT emission of the α-NPD/C60 reference is shifted to higher wavelengths compared to
the spectrum recorded at higher voltages. Additionally, it has a symmetric shape, so
that it can be fit with only one Gaussian. All in all, the CT emission of these diluted
solar cells shows an opposite picture than observed in the IPCE spectra. Whereas the
α-NPD/C60 solar cell shows the weakest CT signal in the IPCE spectrum, the EL spectrum of this device shows exclusively CT emission. In contrast, the DBP/C60 solar cell
shows a strong CT shoulder in the IPCE spectrum, but almost no emission of CT states.

5 Charge Transfer States in Perylene/Fullerene Solar Cells

134

a )

E n e rg y (e V )
1 .7 7
1 .5 5

2 .0 7

b )
1 .3 8

1 .2 4

2 .0 7

2 .5 V

1 .7 7

E n e rg y (e V )
1 .5 5

1 .3 8

1 .2 4

7 0 0
8 0 0
9 0 0
W a v e le n g th (n m )

1 0 0 0

0 .9 V

α- N P D / C

α- N P D / C

6 0

6 0

2 5 %

n o rm . E L

n o rm . E L

2 5 %

5 0 %

7 5 %

5 0 %

7 5 %

D B P /C
D B P /C
6 0 0

7 0 0
8 0 0
9 0 0
W a v e le n g th (n m )

1 0 0 0

c )
1 0 0

6 0

6 0

3 .1 0

2 .4 8

2 .0 7

4 0 0

5 0 0

6 0 0

E n e rg y (e V )
1 .7 7

6 0 0

1 .5 5

1 .3 8

1 .2 4

8 0 0

9 0 0

1 0 0 0

1 0

IP C E (% )

1
0 .1
0 .0 1
1 E -3
1 E -4
7 0 0
W a v e le n g th (n m )

Figure 5.37: EL spectra recorded at an applied voltage of a) 2.5 V and b) 0.9 V of a DBP/C60
PHJ (blue) and an α-NPD/C60 reference cell (yellow) as well as different PHJ solar cells with
diluted DBP in an α-NPD matrix. The spectrum of the α-NPD/C60 device consists of two
Gaussians (gray lines) for 2.5 V, whereas only one Gaussian is necessary to fit the 0.90 V
spectrum. c) IPCE spectra in semilogarithmic representation of all devices.
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Figure 5.38: Reduced EL and IPCE spectra of a) a DBP/C60 and e) an α-NPD/C60 reference
cell as well as of solar cells, where the donor DBP is diluted to different degrees with the wideenergy-gap material α-NPD. Where necessary, the spectra are fit with the sum of two CT
peaks. Dark gray lines show the total fits and light gray curves the individual CT peaks.
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Table 5.10: Parameters of the fits to reduced EL and IPCE spectra of a DBP/C60 and an
α-NPD/C60 reference cell as well as diluted α-NPD:DBP/C60 solar cells. Where necessary,
spectra are fit with the sum of two CT peaks. For all devices the CT energy ECT , the reorganisation energy λ0 and the f parameters for emission and IPCE are listed.

Device
DBP/C60
75 % DBP/C60
50 % DBP/C60
25 % DBP/C60
α-NPD/C60

ECT
(eV)
1.45
1.44
1.52
1.45
1.52
1.45
1.52
1.52

λ0
(eV)
0.20
0.20
0.27
0.18
0.22
0.21
0.20
0.23

fIPCE
(eV2 )
1.59 · 10−3
9.17 · 10−4
1.73 · 10−4
6.68 · 10−4
2.00 · 10−4
4.98 · 10−4
1.12 · 10−3
2.16 · 10−3

fEL
(eV2 )
1.55 · 10−1
1.60 · 10−2
2.49 · 10−1
2.16 · 10−1
5.50 · 10−3
2.54 · 10−1
2.00 · 10−2
2.45 · 10−1

The reduced EL and IPCE spectra for all devices that are used to determine the
CT energy are shown in Figure 5.38. The applied voltage for the presented reduced EL
spectra is not the same as in Fig. 5.37 b), but was chosen to be the lowest possible voltage
for each device. As for low voltages the EL spectrum of the α-NPD/C60 device can be
fit with only one Gaussian, both reference cells are fitted with only one CT contribution
(Eqns. 2.29 and 2.31), whereas for the devices with diluted DBP the sum of two CT
contributions (Eqn. 5.4) is necessary to describe the spectra. The fit parameters for
all devices are summarized in Table 5.10. In these graphs, the CT energy cannot be
determined from the intersection points of reduced EL and IPCE spectra, since the
spectra are not aligned to each other. As already predicted above, the values of the
α-NPD/C60 reference cell are slightly larger than for the DBP/C60 interface. Not only
a larger ECT value of 1.52 eV is observed, but also a higher reorganisation energy λ0
of 0.23 eV. Although no UPS measurements to determine the HOMO energy of α-NPD
exactly in this device stack were performed for this work, the values reported in literature
are with −5.5 eV176 somewhat larger than the observed −5.24 eV for DBP (see Chapter
5.1.6), which is most likely the reason for the larger CT energy. Like DBP, thin αNPD films form amorphous layers,216 which explains the relatively large λ0 value. The
spectra of the devices with diluted donor layer reveal two CT contributions with similar
CT energies as derived from the two reference cells. This supports the initial assumption
that the dilution of DBP in an α-NPD matrix leads to a second CT peak, which might
be one reason for the higher Voc in these solar cells. The fIPCE parameters reflect
the degree of the dilution, showing higher values for the low energy CT state that is
associated with the DBP/C60 interface, where a high amount of DBP is present in the
device. For the strongly diluted device with a high excess of α-NPD the ratio changes to
higher fIPCE values for the higher energy CT state that is associated to the α-NPD/C60
heterojunction.
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Additionally, temperature dependent measurement of Voc for different illumination
intensities were performed for all devices. The measurements, together with linear
extrapolations to 0 K are shown in Figure 5.39. The lowest and the highest intensities are
given for each device. Like already observed for other devices, the linear extrapolations
of the temperature dependent Voc measurements do not cross the Voc axis in one single
point for 0 K, but rather describe a relatively large voltage range for almost all devices.
Thus, the determined 0 K limit strongly depends on the illumination intensity. However,
it has to be mentioned that for the DBP/C60 reference cell, by accepting small deviations
between fit and measured data all linear extrapolations can be forced to intersect in a
voltage of 1.42 V, if only temperatures above 250 K are considered. But for the discussion
in this section all illumination intensities are fitted individually in a larger temperature
range. Especially for the 75 % DBP/C60 device all curves are running almost parallel
to each other for different illumination intensities, so that no single intersection point
for all curves can be found. Despite these wide-spread results, it is noticeable that
especially the intersection points for high illumination intensities slightly increase with
increasing α-NPD amount in the donor layer. As already stated in Chapter 5.3, these
temperature dependent Voc measurements rather reflect the splitting of Quasi-Fermilevels for electrons and holes than the CT energy as determined from optical spectra.
Similar results were obtained by Felekidis et al.272 for ternary solar cells with two
donors and one acceptor material. Like observed for the diluted donor PHJs in this
work, the authors report a tunable Voc that depends on the mixing ratio of the two used
donor materials. The degree of the Voc tunability strongly depends on the difference
of the intermolecular gaps of the individual donors and the used acceptor. The higher
the difference of the HOMOs of the two donor materials, the higher is the reported
maximum tunability of Voc . To explain these observation, the authors use a state filling
model that combines the DOS of both donor materials. In Figure 5.40 this theory is
adopted to explain the difference in Voc measured at RT and 1 sun illumination intensity
as well as the VOC (0 K) for highest illumination intensities. The DOS of the acceptor
C60 is shown in gray for all five devices. On the left and the right side the situation
observed in the two reference cells is illustrated. In these devices the donor DOS can be
described with only one single Gaussian distribution as the donor layer consists only of
one material.
For similar illumination intensities the lower lying DOS of α-NPD leads to a higher
Quasi-Fermi-level splitting in the α-NPD/C60 device, resulting in a higher Voc than
observed for the DBP/C60 reference cell. For the devices with diluted donor layer, the
DOS of both donor materials has to be considered. The lower the concentration of DBP
in the blend, the smaller the Gaussian distribution of the DBP DOS and the higher the
fraction of the α-NPD DOS gets. Filling this combined DOS of two materials with the
same amount of charge carriers for all devices leads to a shift in EF,h since the DBP
DOS is filled to a higher degree the less DBP is in the mixed layer. This shift in the
Quasi-Fermi-level of holes comes along with an increased Quasi-Fermi-level splitting and
hence an increased Voc . However, this picture of a combined donor DOS does not explain
why the temperature dependent Voc measurements do not intersect in one single point
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Figure 5.39: Temperature dependent measurements of Voc for different illumination intensities
together with linear extrapolations to 0 K of a) an α-NPD/DBP/C60 and e) an α-NPD/C60
reference cell as well as of solar cells, where the donor DBP is diluted to different degrees with
the wide-energy-gap material α-NPD. The lowest and the highest illumination intensity are
given for each device in multiples of 1 sun.
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Figure 5.40: Model of a combined donor DOS for diluted α-NPD:DBP/C60 solar cells. The
gray Gaussians describe the DOS of the acceptor C60 , the blue Gaussians the DOS of DBP and
the yellow one the α-NPD DOS. For all devices the same occupation density (light blue area)
is used. The shift in the Quasi-Fermi-level for holes EF,h leads to a higher Quasi-Fermi-level
splitting and thus higher Voc for a higher α-NPD content in the blend. The picture is adapted
from Reference 272.

for 0 K as this is also observed for the two reference devices. But as the intersection
points for 0 K strongly shift to higher voltages with increasing illumination intensity,
this is most likely also an effect of state filling, although it remains unclear, whether
this shows state filling of the Gaussian DOS or deeper lying trap states. Additionally,
like already discussed further above, a temperature dependent ideality factor n as well
as substantially different dominant recombination mechanisms for very low and very
high illumination intensities might also contribute to this effect.
These investigations clearly show that diluting the donor with a wide-energy-gap
material does not just improve the exciton diffusion length within the donor layer, but
affects the working mechanisms of the device in a far more complex way. Depending on
the HOMO level of the matrix material and the degree of dilution, Voc might strongly
be shifted to higher values due to an increasing Quasi-Fermi-level splitting. This becomes visible in an increased 0 K limit of temperature dependent Voc measurements.
Additionally, the presence of a second material in the donor layer influences absorption
and emission spectra of the device, showing two CT contributions. The comparison of
both ECT values to the reference spectra of a DBP/C60 and an α-NPD/C60 solar cell
reveals that in the devices with diluted donor layer, two interfaces between donor and
acceptor are present, one between DBP and C60 and a second between α-NPD and C60 .
At both donor/acceptor interfaces CT states are formed. Assuming that CT states with
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the lowest energy limit the open-circuit voltage of the device, reveals that energy losses
are reduced in the investigated devices with diluted donor. The DBP/C60 interface
forms the CT states with the lowest energy of ECT = 1.45 eV for all devices and Voc
gradually increases with increasing α-NPD amount in the donor layer. However, to additionally achieve a higher power conversion efficiency, the devices need to be optimized
via adapting layer thicknesses to the blended donor layer.

Chapter 6

CT States in Solar Cells with
Non-Fullerene Acceptors

So far only organic solar cells with fullerene acceptors have been discussed in this work
and indeed fullerene derivatives are the dominant material class concerning acceptor
materials for organic photovoltaics.284 However, fullerene derivatives suffer from limited
absorption in the range of the solar spectrum.284 This is only one reason why recently
non-fullerene acceptor materials attract more and more attention. Most importantly
for this work, some non-fullerene acceptor materials are reported to exhibit very low
bandgap-voltage offsets of only around 0.4 eV,113, 285 which is already in the same order
as reported for perovskite22 solar cells and Si and GaAs solar cells.20, 21 By now, nonfullerene acceptor materials already reach power conversion efficiencies as high as 12 %286

6.1

PDIR-CN2 as Acceptor Material

The results of the following section have been obtained in cooperation with E. Meister
and have already been published as a part of a work of Belova et al.183 E. Meister
prepared the samples and measured j-V characteristics, whereas EL and IPCE spectra
were recorded and evaluated by myself.
The first non-fullerene acceptor material that is presented within this work is the perylene derivative PDIR-CN2 , which is used in solar cells in combination with the donor
DIP. Morphological investigations of this donor/acceptor combination reveal that for a
PHJ configuration the underlying DIP layer has a strong templating effect on PDIR-CN2
molecules, as they adopt the upright-standing configuration of the underlying DIP.183 If
both materials are coevaporated, the blend does not show any signs of phase separation
and forms an almost randomly mixed phase, similar to a cocrystal,183 where both, donor
and acceptor molecules form a joint unit cell.
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Table 6.1: Open-circuit voltage Voc , short-circuit current jsc , fill factor FF and power conversion efficiency η of DIP/PDIR-CN2 solar cells in PHJ and PM-HJ architecture illuminated
with an intensity of 1 sun. The respective j-V characteristics are shown in Fig. 6.1.

Architecture
PHJ
PM-HJ

Voc (V)
0.50
0.50

jSC (mA/cm2 )
-0.65
-0.24

FF (%)
57
40

η (%)
0.18
0.05

Current-voltage-characteristics under dark conditions and under illumination with
an intensity of 1 sun for a DIP/PDIR-CN2 PHJ and a PM-HJ are shown in Figure 6.1.
The layer sequence for the two devices is ITO/HIL 1.3/DIP(50 nm)/PDIR-CN2 (40 nm)/
BCP/Al and ITO/HIL 1.3/DIP(20 nm)/DIP:PDIR-CN2 (1:1, 50 nm)/PDIR-CN2 (20 nm)
/BCP/Al. All extracted parameters from the j-V characteristics are summarized in
Table 6.1. Under illumination, both devices exhibit equal open-circuit voltages, inb )
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Figure 6.1: j-V characteristics of a DIP/PDIR-CN2 PHJ and a PM-HJ in a) semilogarithmic
and b) linear representation. In a) the j-V characteristics in the dark (dashed lines) and under
illumination with 1 sun illumination intensity are shown. All parameters are summarized in
Table 6.1.

dependent of the device architecture. However, jsc strongly differs for the two devices
with both solar cells revealing a rather low photocurrent. Most remarkably, jsc is even
significantly lower for the PM-HJ than for the PHJ. This can be attributed to the morphological difference between both devices. Since the blend in the PM-HJ has a mixing
ratio of 1:1 and strongly intermixes, forming a cocrystal of donor and acceptor molecules,
almost no percolation paths for the extraction of free charge carriers exist. In contrast,
in the PHJ configuration the neat donor and acceptor layers do not limit charge carrier
transport. Additionally, this lack in extraction efficiency strongly reduces the fillfactor
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from 57 % for the PHJ to only 40 % for the PM-HJ. The still low current density in the
PHJ solar cell results from reduced absorption due to the standing-up configuration of
DIP and PDIR-CN2 molecules, where the transition dipole moment of the molecules is
almost parallel to the incident light.183 This low absorption for both devices is directly
visible in the IPCE spectra in linear representation (see Fig. 6.2 a), where both devices
reach only very low IPCE values. Furthermore, the IPCE spectra only show significant
absorption in a very narrow wavelength range between 400 − 600 nm, which additionally
contributes to the low jsc values observed in j-V measurements.
Considering the relatively large intermolecular gap between donor HOMO and acceptor LUMO of 1.65 eV for this material combination,183 the Voc values observed for
both architectures are extremely low and suggest large energy losses. One origin of these
surprisingly large losses is already indicated in the linear IPCE spectra. For wavelengths
from 600 to above 800 nm a broad tail structure is visible for both devices, but is more
pronounced for the PM-HJ solar cell. Figure 6.2 b) shows both spectra in a semilogarithmic representation. Especially for the PM-HJ, a broad structured CT shoulder
becomes visible that reaches up to above 900 nm. A similar shoulder is visible for the
PHJ, however, it is not as strongly pronounced and no additional shoulder centered at
about 610 nm is observed. The same broad and structured CT shoulder for a 1:1 blend
of DIP and PDIR-CN2 is visible in absorption spectra.183 In Figure 6.2 c) additionally
to the reduced IPCE spectrum of the PM-HJ, a reduced EL spectrum recorded with
an applied voltage of 3 V is shown. The EL spectrum has its maximum at an energy
of 1.35 eV, which is similar to CT emission observed in photoluminescence spectra for
this material combination.183 The second emission band that is visible at energies above
1.6 eV most probably originates from the pristine materials. For the PHJ no measurable
EL emission could be observed, even for voltages up to 4.5 V. The fact that not even
EL emission from the pristine materials is visible indicates that the recombination of
all injected charge carriers has to occur mainly nonradiatively at the donor acceptor
interface.
To determine the CT energy from reduced EL and IPCE measurements, both spectra are fitted with Equation 5.4. As the CT peak of the EL measurement is slightly
asymmetric, the combination of two CT peaks was used to describe the EL and the low
energy part of the IPCE spectrum. The combined fit is shown as dark gray dashed lines
in Figure 6.2 c) and the two individual CT contributions are illustrated as light gray
continuous lines. The fit parameters are given in Table 6.2. The two determined CT
energies are ECT,1 = 1.35 eV and ECT,2 = 1.48 eV, with ECT,2 having a stronger spectral
weight. This is also visible in the f parameters that are clearly larger for the higher CT
energy. The reorganisation energies are almost equal for both CT contributions. However, these two lowest energy CT Gaussians do only describe the lowest energy part of
the whole broad CT shoulder observed in the IPCE spectrum of the PM-HJ. To include
the higher energy part and especially the shoulder at 2.0 eV into the fit (red dashed line),
at least four CT peaks have to be considered. Additionally to the four CT contributions,
the first fundamental transition across the energy gap of the neat materials is considered
in Figure 6.2 c). This broad distribution of CT states might originate from structural
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Figure 6.2: IPCE spectra in a) linear and b) semilogarithmic representation of a
DIP/PDIR-CN2 PHJ and PM-HJ. c) Reduced EL (nude-colored line) and IPCE spectrum
(blue line) of the DIP/PDIR-CN2 PM-HJ. The applied voltage for the EL measurement is
3.0 V. Dark gray dashed lines show the superposition of two Gaussians (light gray continuous lines) that correspond to the CT fit. The red dashed line shows the fit to the complete
CT shoulder that consists of four CT Gaussians. The Gaussian at highest energy shows the
fundamental transition across the smaller energy gap of the two used materials.
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variations within the blend or some contributions might come from the interface between
blend and neat layers in the PM-HJ architecture. Additionally, vibronic progressions
might influence the distribution of CT states. Although, the IPCE spectrum shows this
broad CT distribution with at least four distinct CT bands, only two of them lead to
radiative recombination and are thus visible in the EL spectrum, which is a clear sign of
energetic relaxation within the CT DOS. Similar observations are reported in literature
for other material combinations, showing such a broad CT state distribution.106, 287
Table 6.2: Fit parameters of the CT energy determination with Eqn. 5.4 for the
DIP/PDIR-CN2 PM-HJ. Only the two CT peaks with the lowest energy show an EL signal.
To fit the whole CT shoulder of the IPCE spectrum at least four CT Gaussians are necessary.
For all CT peaks the CT energy ECT , the reorganisation energy λ0 and the f parameters for
IPCE and, where possible, for EL are given.

ECT (eV)
1.35
1.48
1.52
1.84

λ0 (eV)
0.12
0.13
0.26
0.16

fIPCE (eV2 )
2.60 · 10−3
1.95 · 10−2
3.71 · 10−2
7.68 · 10−2

fEL (eV2 )
6.02 · 10−2
1.84 · 10−1
-

The above discussed relaxation processes to the lowest energy CT states in this broad
CT manifold could be one reason for the large energy losses and the resulting low Voc
observed for both DIP/PDIR-CN2 solar cells. If the lowest energy CT distribution with
ECT = 1.35 eV limits Voc for low temperatures, energy losses due to recombination sum
up to 0.85 eV, leading to the comparatively low Voc values of only 0.50 V. Compared to
most other donor/acceptor combinations, where typical ECT -e·Voc -offsets of 0.5 − 0.6 eV
are observed, the recombination losses observed for DIP/PDIR-CN2 are remarkably
high.
Although the investigated DIP/PDIR-CN2 solar cells exhibit very low jsc and remarkably large energy losses, the material combination allows to study fundamental
influences of the relative orientation of donor and acceptor molecules to each other. For
the PM-HJ device, where in the intimately mixed blend layer π-π stacking between
donor and acceptor molecules occurs, strong CT contributions to IPCE and EL measurements are detectable. However, for the PHJ, the edge-on-edge configuration at
the planar interface allows almost no overlap of frontier orbitals of donor and acceptor
molecules. This results in a very weak CT shoulder in the IPCE spectrum of the PHJ
and no detectable CT emission in EL experiments. Together with the results of the
other authors of Belova et al.,183 like morphological investigations, the analysis of the
ground state properties and energy levels as well as further investigations on the excited
state properties, this demonstrates a strong anisotropy of the electronic tranistions to
the excited CT states of the DIP/PDIR-CN2 interface.
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ZCl as Acceptor Material

In the following chapter, the device for EL measurements and temperature dependent
Voc measurements was fabricated by M. Gruber (University of Augsburg) and A. Bartynski (University of Southern California). Both performed the temperature dependent
Voc measurements, whereas EL measurements were performed by myself on one of the
devices fabricated by M. Gruber and A. Bartynski. Data evaluation of all shown measurements was done by myself.
The second non-fullerene acceptor that is presented within this work is Zincchlorodipyrrin
(ZCl). In literature ZCl is used as an energy sensitizer in organic photovoltaic devices
using C60 as acceptor molecule.182 In a mixed ZCl:C60 acceptor layer ZCl efficiently
transfers energy to C60 , leading to an increased photocurrent without changing any other
device parameters compared to the donor/C60 reference device. As already described in
Chapter 3.1.3 ZCl can undergo a symmetry-breaking charge transfer (SBCT). For SBCT
the molecule or complex has to be composed of at least two identical parts or ligands.
If then an exciton is formed on one of those ligands, it can undergo an intramolecular
charge transfer, leading to an electron and a hole that are localized on different parts of
the molecule with only little coupling between both.210 Although ZCl has very similar
energy levels as observed for C60 , DBP/ZCl solar cells show a remarkably high Voc of
1.33 V, compared to the Voc of DBP/C60 solar cells, leading to particularly low energy
losses of only 0.37 eV.210 Additionally, unlike C60 , ZCl shows strong absorption in the
visible wavelength range between 450 and 600 nm.182 Therefore, replacing the acceptor
C60 in organic solar cells with the new acceptor ZCl not only promises higher Voc and
smaller energy losses but also higher photocurrents.
In the following ZCl is used as acceptor material in combination with α-sexithiophene
(6T) as donor in PHJ solar cells. The j-V characteristics under an illumination intensity
of 1 sun are shown in Figure 6.3 a). As ZCl has a similar LUMO level as observed for
C60 , additionally a 6T/C60 PHJ is shown for comparison. The data for the 6T/C60 PHJ
is taken from Refs. 250 and 102. The characteristic parameters for both devices are
summarized in Table 6.3. In both devices the 6T layer is 60 nm thick, which is also the
layer thickness for the C60 layer. However, for ZCl the layer thickness is only 40 nm.
Like already reported for DBP/ZCl and DBP/C60 PHJs,210 the open-circuit voltage Voc
of the 6T/ZCl PHJ is more than twice as high as for the 6T/C60 reference, although
C60 and ZCl exhibit similar LUMO onsets of −4.2 and −4.1 eV, respectively.210 This
already indicates fundamental differences between the two considered acceptor material
classes. All in all, the power conversion efficiency η is tripled only by changing the
acceptor material.
The stronger absorption of ZCl in the visible wavelength range is directly connected
to a rise in jsc of more than 1 mA/cm2 . The fillfactor of both devices is equally high for
both acceptor materials, indicating good transport properties within the neat ZCl layer.
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Figure 6.3: a) j-V characteristic of a 6T(60 nm)/ZCl(40 nm) PHJ (orange) and a
6T(60 nm)/C60 (60 nm) PHJ (gray) on an ITO/PEDOT:PSS substrate. For both devices the
substrate temperature during evaporation was kept at RT. The data for the 6T/C60 PHJ is
taken from Refs. 102 and 250. b) Temperature dependent IPCE spectra in a semilogarithmic
representation of the 6T/ZCl device. The Urbach energy EU is determined from the slope of
the ZCl absorption onset in a IPCE(E) plot measured at RT.

Table 6.3: Characteristic parameters of a 6T/C60 and a 6T/ZCl PHJ under illumination with
an intensity of 1 sun. The short-circuit current jsc , the open-circuit voltage Voc , the fillfactor
FF and the power conversion efficiency η are listed. j-V characteristics are shown in Figure
6.3. The data for the 6T/C60 PHJ is taken from Refs. 102 and 250.

Device
6T/C60
6T/ZCl

jsc (mA/cm2 )
-2.60
-3.70

Voc (V)
0.44
0.92

FF (%)
61
62

η (%)
0.70
2.11
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IPCE spectra of the 6T/ZCl PHJ for different temperatures between 100 K and RT
are shown in Figure 6.3 b) in a semilogarithmic representation. For all temperatures, the
spectra can be separated in two regimes. For wavelengths lower than 600 nm, a relatively
strong contribution of the neat materials determines the photocurrent of the device.
This contribution can mainly be attributed to absorption of the ZCl layer, especially
for wavelengths between 450 and 600 nm. The donor 6T only shows absorption for
wavelengths lower than 550 nm,102 however the absorption spectrum of ZCl also shows a
weak shoulder centered at about 390 nm,210 so that the broad peak for low wavelengths
could be a combination of 6T and ZCl absorption. The sharp edge at about 600 nm can
be attributed to the optical gap of ZCl. If the IPCE(E) is plotted against energy, from
this steep slope the Urbach energy EU = 56 meV can be determined. This energy is
clearly smaller than the values determined for DIP and DBP, which indicates that the
absorption of ZCl is only weakly influenced by disorder induced tail states.271 For higher
wavelengths almost no contribution to the IPCE spectrum is detectable. However, two
weak shoulders can be identified, one between 600 and 700 nm and the second between
700 and 950 nm. Reducing the device temperature during IPCE measurements strongly
reduces the contribution of 6T and ZCl, whereas in the high wavelength regime only
minor changes are visible.
EL spectra for ZCl and 6T single layer devices as well as the 6T/ZCl PHJ are summarized in Figure 6.4. For the single layer devices relatively high voltages of 5.0 V(6T)
and 8.0 V(ZCl) have to be applied to obtain measurable EL spectra. ZCl shows a strong
but narrow emission peak at 540 nm that is followed by a very weak emission for wavelengths up to 720 nm. For 6T four peaks between 530 and 750 nm can be determined.
The emission spectrum of the 6T/ZCl PHJ at RT shows signs of both materials in the
low wavelength range. The first peak centered at 560 nm originates from ZCl, whereas
the peak at about 590 nm and the shoulder at 650 nm can be attributed to emission
from 6T. For wavelengths longer than 800 nm a strong broad emission peak is observed
that cannot be attributed to any of the neat materials and is thus assigned to emission
from interfacial CT states. Reducing temperature changes the emission spectrum significantly. The intensity of the ZCl peak at 560 nm increases more and more compared
to the 6T contribution and almost completely dominates the spectrum for 150 K. However, at the same time the CT emission at high wavelengths is strongly reduced and
completely vanishes for temperatures lower than 200 K. This is a clear sign of thermally
activated CT emission in the 6T/ZCl material combination.
To determine the mechanism that is responsible for thermally activated CT emission, the exact knowledge of the CT energy is essential. Therefore, Figure 6.5 shows
temperature dependent Voc measurements for different illumination intensities between
0.001 and 1.29 suns. The linear extrapolation of these measurements do not intersect
the voltage axis in only one single value but provide a range from 1.38 to 1.48 V. For
a more detailed analysis EL and IPCE spectra at RT are fitted with Gaussians according to Equations 2.29 and 2.31 (see Fig. 6.5 b). The EL spectrum can perfectly be
described by one single Gaussian, resulting in a CT energy of ECT = 1.46 eV. However,
the low energy part of the IPCE spectrum is broad, ranging from 1.3 to 2.1 eV. To fit
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Figure 6.4: a) Normalized EL spectra of a ZCL (orange) and a 6T (purple) single layer device
recorded at an applied voltage of 8.0 and 5.0 V, respectively. The thickness of the organic layer
is 100 nm for both devices and the substrate is ITO/PEDOT:PSS. b) Temperature dependent
EL spectra of a 6T(60 nm)/ZCl(40 nm) PHJ. For each temperature the spectrum with the
lowest possible applied voltage is presented. The applied voltage is given in brackets for each
spectrum.
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this distribution of states at least three Gaussians are necessary. All fit parameters are
summarized in Table 6.4. The CT peak with the highest energy ECT = 1.68 eV does
not show any emission, which can be attributed to relaxation to lower energy CT states.
Although no emission of the lowest energy CT peak (ECT = 1.20 eV) is detected, it
cannot be excluded as it is expected to be at energies lower than the detectable range
of the measurement setup. The low signal of the CT part in the IPCE spectrum and
the resulting low fIPCE parameters indicate a relatively low oszillator strength for these
transitions. Therefore, like for the α-NPD/C60 solar cell in Chapter 5.5 strong CT emission is detected, whereas absorption via CT states is almost not detectable. As radiative
emission from CT states is only detectable for the CT peak with ECT = 1.46 eV, this
energy is considered to be the photovoltaic gap and thus the limiting energy gap of the
6T/ZCl PHJ.
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Figure 6.5: a) Temperature dependent measurements of Voc for different light intensities between 0.001 and 1.29 suns of a 6T/ZCl PHJ. b) Normalized reduced EL and IPCE spectrum of
a 6T/ZCl PHJ. To fit the EL spectrum one CT Gaussian is necessary, whereas the IPCE spectrum is described by the combination of three CT Gaussians (light gray lines and dark dashed
line). The fit parameters are summarized in Table 6.4. Temperature dependent measurements
of Voc were performed by M. Gruber.

The total energy loss that is associated with the above determined CT energy and
the measured Voc of the device under an illumination intensity of 1 sun is therefore
0.54 eV. This value is of the same order of magnitude as reported for many other material
combinations.27, 77, 95, 101, 112, 114 Therefore, unlike observed for the DBP/ZCl devices210
no reduced energy losses between ECT and e·Voc , with e being the elementary charge, are
observed for the material combination 6T/ZCL. But despite the similar LUMO levels for
ZCl and C60 and the observed typical amount of recombination losses for 6T/ZCl, the
two material combinations 6T/C60 and 6T/ZCl exhibit extremely different Voc values
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Table 6.4: Fit parameters of the CT energy determination by reduced EL and IPCE spectra.
The CT energy ECT , the reorganisation energy λ0 and the f parameter of the respective
measurement are listed. The EL spectrum shows only one contribution, whereas for the IPCE
spectrum three Gaussians have to be used. The measurements are shown in Fig. 6.5.

Measurement
EL
IPCE

ECT (eV)
1.46
1.68
1.46
1.20

λ0 (EV)
0.21
0.30
0.21
0.23

f (eV2 )
1.75 · 10−1
9.10 · 10−4
2.86 · 10−4
2.10 · 10−4

for an illumination intensity of 1 sun. The origin of this huge difference can be found
in the CT energy of both donor/acceptor combinations. The reported CT energy for
6T/C60 PHJ solar cells, determined by temperature dependent measurements of Voc and
by photoelectron spectroscopy, is only about 0.95 eV.100, 102, 250 Therefore, the difference
in Voc for both devices originates from completely different CT energies, despite similar
LUMO levels of the used acceptors. This is a clear indication for reduced exciton binding
energies in CT states at the 6T/ZCl interface compared to those observed at the 6T/C60
interface.
The exact knowledge of ECT for the 6T/ZCl PHJ can now be used to further investigate the disappearance of the CT peak in the EL spectra for lower temperatures.
One mechanism that can explain this thermal activation of emission from CT states
is thermally activated delayed fluorescence (TADF). TADF is also observed for some
exciplex OLEDs, which are OLEDs, where the desired emission originates from interfacial CT states between a donor and an acceptor layer. In OLEDs this mechanism
can be used to overcome the internal quantum efficiency limit of 25 % for fluorescent
emitters by harvesting excitons that are situated on lower lying triplet excitons.288 Thus
the internal quantum efficiency can theoretically be increased to 100 %.288 For efficient
TADF a high reverse intersystem crossing rate (RISC), the transfer rate from triplet
to singlet states, is crucial. Therefore, the energy gap between the involved triplet and
singlet state has to be small.289 Different groups could show that the relevant gap is not
the one between singlet CT (1 CT) and triplet CT (3 CT) states but between 1 CT and
the localized exciton at a triplet state of the donor or the acceptor material (T1 ).288, 290
Figure 6.6 a) shows the energy level diagram of a donor/acceptor combination and the
resulting CT states. The RISC from the triplet level of the donor or the acceptor to
1
CT can result in TADF. Therefore, to reveal whether TADF can explain the observed
temperature dependence of the CT emission, not only the knowledge of the CT energy
(1 CT) but also of the triplet energy of the donor and the acceptor material are essential.
For thin ZCl films a triplet energy of ET1 = 1.65 eV is reported.182 For 6T values of
ET1 = 1.4 eV and ES1 = 2.4 eV can be found.177, 291, 292 Therefore, the 6T triplet lies
closest to the measured CT singlet energy of ECT = 1.46 eV and thus could be the
relevant triplet for a potential TADF mechanism in 6T/ZCl PHJ solar cells. However,
to finally confirm that the observed thermally activated CT emission really is due to
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Figure 6.6: a) Energy level diagram showing radiative (continuous green arrows) and nonradiative (dashed green arrows) decay processes. TADF can occur via reverse intersystem
crossing (RISC) from triplet states of the donor or the acceptor (T1 ) to the singlet of the
CT state manifold (1 CT). The direct intersystem crossing between CT triplet (3 CT) and CT
singlet (1 CT) is extremely inefficient, so that it is marked as forbidden (Picture redrawn from
Ref. 288) b) Energy level diagram for a 6T/ZCl PHJ solar cell. The relevant RISC process for
a possible TADF from the 6T triplet to the CT singlet is marked in red. ZCl energy levels
(orange lines) are taken from Ref. 182 and the ones for 6T (purple lines) from Refs. 291, 292
and 177. The CT triplet is indicated with a dashed blue line as the energy is not known.

a TADF mechanism further measurements are necessary. Especially time resolved photoluminescence could reveal, whether this CT emission really shows signs of delayed
fluorescence and would allow to determine the exact energy gap between the involved
triplet and the 1 CT state. Additionally, a graph of the integrated area of the PL spectrum as a function of the laser intensity is often used to distinguish between TADF
and Triplet-Triplet-Annihilation (TTA).288 In such a plot, TADF would lead to a slope
of one, whereas TTA leads to a higher slope of approximately two for low intensities
and a slope of one for higher laser intensities. Furthermore, temperature dependent PL
spectra could reveal, whether TADF is a relevant process that can eventually increase
the solar cell device efficiency. By photoexcitation only the transition to a singlet is
spin-allowed and therefore an intersystem crossing process to the triplet manifold must
occur so that these triplets can subsequently be gained by TADF. In contrast, in the
demonstrated EL experiment the probability that a triplet state is created is three times
larger than for a singlet state.

Chapter 7

Influence of Molecular Orientation and
Coupling between Donor and Acceptor
Molecules

The results of the following chapter were obtained in cooperation with U. Hörmann
and S. Beratz. All simulations and the temperature dependent Voc measurements were
performed by U. Hörmann and thus are also part of his PhD thesis. The EL spectra
of the 6T/DIP PHJ solar cells were recorded in cooperation with S. Beratz within the
scope of his Bachelor’s thesis but were reevaluated by myself. The results have already
been published in T. Linderl et al. Journal of Optics 18 (2016) 024007.81 Thus, parts
of the following chapter are adopted literally from this work and are completed where
necessary.
In the following chapter planar heterojunctions with α-sexithiophene (6T) as donor
material are investigated. The used acceptor material is DIP174 that was already introduced as donor material in combination with the fullerene C60 in Chapter 5. The
property that one material can be used as donor and as acceptor material in organic
solar cells, depending on the energy levels of the material it is combined with, is unique
in literature for the two perylene derivatives DIP and DBP. In combination with 6T as
donor, both DIP and DBP achieve remarkably high Voc values.174, 175 However, in the
following only solar cells with DIP as acceptor material are discussed. In these 6T/DIP
solar cells donor and acceptor molecules are rod-shaped and can be grown as highly
ordered thin films with a well-defined molecular orientation. In particular, a different
substrate temperature during film growth changes the predominant orientation of the
molecules with respect to the substrate plane from lying to standing.250 Thereby, the
growth of the DIP acceptor is templated by the underlying 6T donor layer. Thus, two
fundamentally different relative molecular orientations, namely face-on (lying orientation) and edge-on (standing orientation), can be compared. These different relative
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molecular orientations are predicted to yield significantly different recombination rates
in the case of a pentacene/C60 heterojunction.265 Remarkably, for both orientations of
6T/DIP identical interface energy offsets are reported,250 so that this system is ideal
for studying effects of the intermolecular electronic coupling strength independent of
energetic differences, which can lead to ambiguities, if not disentangled properly.101 Furthermore, in these planar heterojunctions the morphological impact is not expected to
be as strong as observed in donor:acceptor mixtures.133

7.1

Simulations

In Chapter 2.4.1 a modification of the Shockley-Queisser theory for organic heterojunctions is presented. This detailed balance approach can now be used to disentangle the
influence of singlet exciton recombination taking place on the donor (or the acceptor)
and CT recombination on the open-circuit voltage of organic solar cells and especially
on the temperature dependence of Voc . With Equation 2.17 Voc can be related to the
photovoltaic gap EPVG of the solar cell:
 
j00
.
(7.1)
eVoc ≈ EPVG − kB T · ln
jsc
In this equation j00 is the coupling factor that also includes the dependence of the
electronic coupling on the interfacial area in a heterojunction solar cell. However, if
devices with similar interface morphology are compared, it directly reflects the difference
in electronic coupling of donor and acceptor molecules. This equation implies a linear
temperature dependence of Voc , approaching a value of EPVG /e at absolute zero. Like
already discussed and used in previous Chapters of this work, a linear extrapolation to
0 K of the Voc measured at a series of temperatures is thus widely used to experimentally
determine EPVG , which is often identified with the energy of the CT states ECT . It is
important that this identification is not a priori made here.
This modified Shockley-Queisser theory can now be used to simulate the temperature dependence of the open-circuit voltage by using the Shockley equation solved for
Voc (Eqn. 2.14) for a broad range of αCT values, which is the absorption strength of
the CT transition relative to the absorbance of the material with the smaller optical
gap (see also Fig. 2.10 in Chapter 2.4.1). These simulations are shown in Figure 7.1
a). For these simulations the values of Eopt = 2.1eV and ECT = 1.8eV have been chosen, corresponding to a heterojunction of α-sexithiophene (6T) and diindenoperylene
(DIP) as determined by Hörmann et al.250 and Wilke et al.100 As was already shown
by Gruber et al.87 for DIP/C60 solar cells, Voc indeed shows an approximately linear
temperature dependence down to 0K for high αCT values, while for very low αCT the
open circuit voltage at finite temperature may exceed ECT /e. In the extreme case of
αCT = 0 (dashed line Figure 7.1 a) the device behaves like a classical homojunction with
a band gap of 2.1eV.
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Figure 7.1: Simulation of the temperature dependence of the open circuit voltage (a) and the
coupling factor (b) of an ideal solar cell for a variation of αCT . Eopt and ∆E = Eopt − ECT
have been chosen to match the material system 6T/DIP. For the calculation of Voc from the
Shockley equation (Eqn. 2.14), the short circuit current was calculated from the spectrum of a
black body at the temperature of the sun. For clarity, only a subset of the αCT values is shown
in a). The transition temperatures for this subset are indicated by vertical, dashed lines for
different αCT values. (Picture published in Ref. 81)
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In order to understand the occurrence of the kink of Voc observed for low αCT values,
a closer look into the equations that determine the recombination current j0,rad of the
solar cell is necessary (see also Eqn.2.13 and Eqn.2.10):
j0,rad = eN (T = 300 K)
Z

(7.2)

∞

α(E)n(E, T )dE



−1
Z ∞
1
E
=
α(E) 2 3 2 exp
−1
E 2 dE
4π
~
c
k
T
B
0

N (T ) =

0

(7.3)

For the bi-step function that describes the absorbance of the heterojunction (see
Eqn.2.11) the integral of the equation above can be solved analytically and yields:102





−Eopt
−ECT
+ (α0 − αCT ) ξopt (T ) exp
(7.4)
N (T ) = AkB T αCT ξCT (T ) exp
kB T
kB T
where A = 1/(4π 2 ~3 c2 ) and the parameters ξCT and ξopt are given by:
2
ξCT (T ) = ECT
+ 2kB T ECT + 2kB2 T 2
2
ξopt (T ) = Eopt
+ 2kB T Eopt + 2kB2 T 2

(7.5)

Thus the reverse saturation current j0 that describes the recombination current can be
written as:





ECT − Eopt
−ECT
j0 = eAkB T αCT ξCT (T ) + (α0 − αCT )ξopt (T )exp
·exp
kB T
kB T
|
{z
} |
{z
}
emission via ECT
emission via Eopt


−ECT
≡ j00 · exp
kB T
(7.6)
This expression has a similar structure as the equation that connects j0 to the coupling
factor j00 and the photovoltaic gap EPVG (see Eqn.2.16), but here EPVG formally is
identified with ECT . Be aware that the factoring in Eqn.7.6 was an arbitrary choice. A
similar expression can be derived that formally identifies EPVG with Eopt . This does,
however, not affect the general message of the following considerations.
In contrast to the common treatment (i.e. exploiting Eqn. 2.16), in this equation
j00 is utterly dependent on temperature as illustrated in Figure 7.1 b). In particular,
two terms with different temperature dependence can be identified. The first term is
responsible for emission via the CT states, whereas the second describes emission via
the optical gap of the system. Depending on the temperature, one of the two terms
is dominant, thus that a transition temperature Ttr can be defined as the temperature
where both contributions are equal:


ECT − Eopt
!
αCT ξCT (Ttr ) = (α0 − αCT )ξopt (Ttr )exp
(7.7)
kB Ttr
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This equation can only be solved numerically. However, for all relevant temperatures
2
2
, respectively
up to 2000K the parameters ξ reduce to ξCT (T ) ≈ ECT
and ξopt (T ) ≈ Eopt
and an analytical approximation of Ttr is possible:
Ttr ≈

∆E



2
2
kB ln (α0 − αCT )Eopt
− ln (αCT ECT
)

(7.8)

where ∆E = Eopt − ECT denotes the energy difference between the optical gap of the
absorber and the CT energy. It is worth mentioning that the transition temperature
does not depend on the choice of factoring in Eqn. 7.6. It does, however, clearly depend
on the absorbance of the CT states αCT and ∆E. Figure 7.2 shows this dependency and
additionally illustrates that the analytical approximation almost perfectly matches the
numerical calculation of Ttr for practically relevant temperatures. In principle, Ttr not
only depends on ∆E but also on the absolute values of Eopt and ECT , yet their influence
is small. The transition temperature for the corresponding αCT values is indicated as the
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Figure 7.2: Dependence of the transition temperature on αCT (a) and ∆E (b) for values of
Eopt , ∆E and αCT that match the material system 6T/DIP. (Picture published in Ref. 81)

vertical, dashed lines in Figure 7.1. It is clearly visible that Ttr marks the kink in both
the Voc and the j00 curves. The value of j00 at the respective transition temperature is
indicated by the dashed curve in Figure 7.1 b). The curve shapes are distinctly different
left and right of the transition temperature and, except for a small transition region,
the coupling (j00 ) is clearly dominated by the contribution of recombination either via
the CT (T < Ttr ) or via the optical (T > Ttr ) gap. From Figure 7.1 a) it becomes now
obvious that a linear extrapolation of Voc at temperatures larger than Ttr will result in
a photovoltaic gap that is close to Eopt . If Voc values below Ttr are extrapolated, a value
of EPVG ≈ ECT will be extracted.
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Mathematically this can be derived, if Eqn.7.6 is considered in the respective temperature regime:



eAkB T αCT ξCT (T )exp −ECT
: T < Ttr
kB T


(7.9)
j0 ≈
eAkB T (α0 − αCT )ξopt (T )exp −Eopt
:
T
>
T
tr
kB T
Together with Eqn. 7.1 Voc is related to either ECT or Eopt depending on whether the
device temperature is below or above Ttr . Therefore, two different equations have to be
formulated for the different temperature regimes:

 
ECT − kB T · ln j00
: T < Ttr
 jsc 
qVoc ≈
(7.10)
Eopt − kB T · ln j00
:
T
>
T
tr
jsc
The comparison with Eqn. 7.1 shows that the identification of EPVG with either ECT or
Eopt cannot generally be made but rather depends on the temperature regime the solar
cell is operated in. Please note that j00 as used in Eqn. 7.10 and Eqn. 7.9 still contains
a slight temperature dependence, which leads to a minor overestimation of EPVG , if the
temperature dependence of Voc is linearly extrapolated to 0K, as shown by Gruber et
al.87
A second method to determine EPVG arises from the equation that connects j0 to
the coupling factor j00 and EPVG (Eqn. 2.16) that can be rewritten as:
ln(j0 ) =

−EPVG
+ ln(j00 )
kB T

(7.11)

EPVG can then be extracted from the slope, if ln(j0 ) is plotted against kB1T . But depending on the temperature regime that is considered, this yields ECT for T < Ttr and Eopt
for T > Ttr .
Recent publications identify EPVG with ECT for a broad range of material systems.26, 95, 96, 98–100, 127 This implies that the transition temperature is above the typical
operating temperature for the vast majority of real solar cell devices. Still, this is not
necessarily the case for all solar cells. It will later be shown that for 6T/DIP devices
this critically depends on the substrate temperature during 6T evaporation and thus
the morphology at the interface between donor and acceptor.
So far, only ideal solar cells in the radiative limit have been discussed. Recombination
in real devices, however, can usually not simply be described by radiative recombination
of free charge carriers any more. Instead, non-radiative recombination processes play
an important or even dominant role. In the simulations by Gruber et al. this was
successfully accounted for by the introduction of a constant γ = j0,non /j0,rad that linearly
connects the non-radiative recombination to the radiative recombination current.87
Yet, if different recombination pathways have to be considered in the respective
temperature regime the introduction of a single constant is insufficient to account for
the fundamentally different processes. Hence, two constants γCT and γopt are introduced,
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corresponding to the non-radiative losses across the intermolecular gap and the optical
gap of the absorber, respectively. The coupling factor j00 in Eqn. 7.6 then reads:


ECT − Eopt
j00 =eAkB T (1 + γCT )αCT ξCT (T ) + (1 + γopt )(α0 − αCT )ξopt (T )exp
kB T
(7.12)
Obviously, unequal non-radiative recombination losses will change the transition
temperature compared to the ideal case, where larger values of one γ with respect to
the other will favor the respective process:


Ttr ≈

∆E
h 


i
2
(α0 −αCT )Eopt
1+γopt
kB ln
+ ln 1+γCT
αCT E 2

(7.13)

CT

For example γCT > γopt will increase Ttr and hence increase the temperature range in
which recombination across the CT state is dominant and vice versa.

7.2
7.2.1

Experimental Investigation
Temperature Dependence of the Open-Circuit Voltage

In the following the focus is laid on planar heterojunction (PHJ) solar cells of the material system 6T/DIP. The one and only difference between the two devices considered here
is the substrate temperature during the evaporation of the 6T layer. While in the high
temperature (HT) device the substrate was heated to 100 ◦ C during 6T deposition, for
the room temperature (RT) device the substrate temperature was not influenced. This
leads to an increase in Voc of about 0.1V from 1.22V for the RT device to 1.35V for the
HT device174, 250 as can be seen in the j-V characteristics in Figure A.6 of the Appendix.
By investigation of the dark j-V characteristics Hörmann et al. have shown that Voc
of the HT device rises in spite of enhanced recombination caused by a slight increase
of the interfacial area, as indicated by a somewhat larger reverse saturation current
j0 .250 Obviously however, this effect is overcompensated by the different intermolecular
coupling in both devices, as will be discussed in detail below.
The temperature dependent measurements of Voc together with the linear extrapolation of this data to 0K (green dashed line) are shown in the upper part of Figure
7.3. Although the same material combination for both cells is used, clearly two different
values are obtained for the linear extrapolation of the respective measured Voc data. For
the RT device the value of EPVG =1.9eV is within the error identical to the intermolecular gap of 1.80 ± 0.15eV as determined by photoelectron spectroscopy.100 In contrast,
for the HT device the determined value is clearly larger (EPVG =2.07eV), although UPS
measurements did not indicate any changes of the interfacial energy level alignment resulting from different preparation conditions. Noteworthy, EPVG is remarkably close to
the optical gap of DIP (Eopt =2.1eV).255
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The temperature dependence of the open circuit voltage of both devices can be
simulated with identical optical and intermolecular gaps regardless of the preparation
conditions, but different parameters for the absorbance αCT of the CT states, γCT and
γopt have to be used. The simulated temperature dependence of Voc for Eopt = 2.1 eV
and ECT = 1.8 eV are also displayed in the the upper part of Figure 7.3 as black lines.
Note that the simulation uses a purely thermodynamic model and does not account
for electrical properties such as injection barriers or carrier mobility. This implies that
the flattening visible in the simulated Voc is of potentially different nature than that
occurring in the experiment. In particular the simulation shows the transition between
the dominant parts of the competing recombination mechanisms via the optical gap for
higher temperatures and the CT gap for low temperatures.
Simulating the temperature dependent open circuit voltage, the individual contributions of CT and singlet recombination to the dark saturation current j0 can be regarded
separately (see center graphs in Figure 7.3). The relative strength of the loss channels
extracted from these simulations clearly confirm that neither the CT (j0,CT ) nor the
singlet recombination (j0,opt ) component are completely negligible for the dark saturation current of both 6T/DIP devices (lowest graph in Figure 7.3). Yet, while the CT
contribution dominates through the whole measured temperature range for the RT device, singlet recombination is predominant for the HT prepared solar cell in the relevant
operating temperature regime. This is also visible in the total dark saturation current
(black dashed line) which clearly follows the curve of j0,opt right and j0,CT left of the
transition temperature Ttr that is indicated by the vertical dashed-dotted line in Figure
7.3. The recombination channels at 300 K are schematically illustrated in the inset of
Figure 7.3. For the RT device recombination via both, the CT gap and the optical gap
of DIP must occur, whereas for the HT PHJ recombination via Eopt dominates.
Special conditions, under which recombination from the charge transfer state is of
minor importance for the operating solar cell, have been predicted even for organic
heterojunctions, if the energy of the CT state gets close to the energy of the optical
gap of the absorber, or if the absorption strength of the CT state becomes extremely
low.85–87, 293 In electro- and photoluminescence significant contribution from emission of
the singlet state of the absorber has been observed experimentally for polymer/fullerene
bulk heterojunction cells in a systematic variation of ∆E by carefully choosing the
different donor/acceptor combinations. As reported by Faist et al., activation of the
singlet state from the CT state opened an additional recombination channel, if ∆E was
less than 0.35eV. With further reduction of ∆E, the recombination via this channel was
significantly increased.110
In the present case of the 6T/DIP system, ∆E is about 0.3eV and is thus close
to the threshold energy found by Faist et al. below which singlet emission becomes
activated. In the here discussed solar cells, however, the situation is somewhat different
to the experiments performed by Faist et al. as the energetics at the interface stay the
same for the different growth conditions. Since neither the intermolecular energy gap,
nor the optical gap of the absorber change, ∆E is expected to remain identical and
unchanged for both 6T/DIP cells. It is rather the intermolecular electronic coupling
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Figure 7.3: Simulation of the temperature dependent open circuit voltage of 6T/DIP solar
cells. The room temperature device is shown in a), the solar cell with 6T grown at a substrate
temperature of 100 ◦ C in b). The parameters used were Eopt = 2.1, ECT = 1.8 for both
cells, αCT = 9 × 10−5 , γCT = 7 × 107 and γopt = 3 × 108 for the RT case, αCT = 9 × 10−8 ,
γCT = 5 × 107 and γopt = 6 × 106 for the 6T(HT)/DIP device. The dash-dotted vertical
lines mark the respective transition temperatures Ttr . The insets in the lowest graph illustrate
the situation at 300K. Filled rectangles illustrate HOMO levels and open rectangles LUMO
levels. The thickness of the arrows indicates the amount of recombination that occurs via the
respective energy gap. (Picture published in Ref. 81)
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that appears to be reduced by the morphological changes, if 6T is grown at 100 ◦ C
- most likely because of a reduction of the mutual face-on molecular orientation as a
consequence of the absence of the lying/lying configuration in this device.102 This leads
to the situation that, while recombination via the optical gap of DIP is activated as a
result of the low ∆E for both solar cells, CT recombination is hampered by the reduced
intermolecular coupling for the HT device where the edge-on configuration of donor and
acceptor molecules dominates at the interface.
Yet, direct spectroscopic evidence following the example of Faist et al.110 and Ran
et al.133 is required to strengthen the picture presented above. The spectroscopic investigation of both 6T/DIP PHJ solar cells as well as of single layer devices with either a
DIP or a 6T layer between the contacts is discussed in the following section.

7.2.2

Spectroscopic Evidence for Different Recombination Channels

Temperature dependent electroluminescence (EL) spectroscopy has been performed on
both types of 6T/DIP devices as well as on single layers of DIP and 6T, respectively.
The corresponding spectra at room temperature are shown in Figure 7.4. Since the
architecture of all four devices is the same, higher voltages have to be chosen to obtain
well resolved spectra for the single layers as the contacts are not optimized for these
devices. For all spectra a Gaussian decomposition has been performed to examine the
individual contributions to each spectrum. The peak positions are summarized in Table
7.1. For both 6T/DIP devices singlet emission is observed even for voltages only slightly
above Voc . Comparing the peak positions of the emission spectra of both heterojunctions
with the spectra of the single, neat layers of DIP and 6T, leads to the conclusion that
singlet emission stems only from the DIP in both PHJs, and no emission from 6T is
observed. As DIP has the smaller optical gap of both materials (Eopt,DIP = 2.1 eV,255
Eopt,6T = 2.4 eV177 ), this gap is the relevant optical gap of the system in the simulations
presented above. However, the spectrum of the RT device cannot be fitted properly
without the use of an additional Gaussian centered at an energy of 1.82eV. Evidently,
this peak can neither be attributed to 6T nor DIP (see Table 7.1) and hence is assigned
to the transition from the interfacial CT state to the ground state. Therefore, these
measurements strongly support the results of the simulations, namely that concerning
the radiative contribution to j0 at room temperature, recombination almost exclusively
occurs via the optical gap for the HT device, whereas in the RT device, where the
transition temperature is higher, recombination via the CT and the optical gap are
detectable.
Similar observations can be made in Figure 7.5 a) for the temperature dependent
spectra of both solar cells at 300K. All spectra are normalized to their maximum to
be able to focus on the comparison of the form of the spectra. Although the applied
voltage is now 5.0V, the spectrum of the HT device shows distinct contributions from
the DIP signal, whereas in the RT cell this emission is mainly suppressed but followed
by an intense emission peak at about 1.8eV.
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Figure 7.4: Measured electroluminescence spectra (black curves) of RT- and HT-6T/DIP
solar cells for an applied voltage of 1.5V together with the Gaussian decomposition (red curve).
In the lower part electroluminescence spectra of DIP and 6T single layers at room temperature
and an applied voltage of 5.0V are shown. (Picture published in Ref. 81)
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Table 7.1: Peak positions of DIP and 6T single layers as well as RT and HT 6T/DIP
devices as obtained by fitting the measured spectra with Gaussians. The peak centered at
680nm (= 1.82 eV) cannot be attributed to any of the neat materials and is thus considered as
emission from the CT state.

6T
555.2

Peak position (nm)

590.7
640.3

740.0
771.3

DIP

Device
6T/DIP (HT)

6T/DIP (RT)

585.0

585.0

585.5

602.1
628.9

602.0
628.9

602.3
628.6

661.7

661.5

698.0

697.8

661.7
680.0
698.6

754.4

754.4

754.5

830.5
914.6

830.5
914.0

830.9
914.1

Reducing the temperature leads to pronounced changes in the spectra of both devices.
Most remarkably the strong contribution of the DIP emission in the HT devices is largely
attenuated with reduced temperature. This transition again is an observation that
has been predicted by the simulations discussed above. When operated at 300K this
device is far above its transition temperature, so that reducing the temperature brings
the device closer to Ttr , where the recombination via the CT gap increases. However,
further reduction of the temperature does not lead to the pure CT signal, as expected
from the simulations. Already at 200K new features arise in the HT device spectrum
between 550 and 715nm, which also become visible in the RT device spectrum at lower
temperatures. To be able to understand this apparent discrepancy, the temperature
dependent characteristics of both single layer devices have to be considered. These
spectra are shown in Figure 7.5 b) and c) for DIP and 6T single layers, respectively. For
both materials strong temperature dependence of the EL spectra is observed.
In the 6T spectrum (purple spectra) the five dominant peaks at room temperature
(marked by solid vertical lines) strongly decrease by lowering the temperature. Already
at a temperature of 200K new features arise that completely dominate the spectrum at
150K and lower temperatures. The positions of the dominant features in the low temperature spectra are marked by dashed lines. To fit the spectra at 50K eight Gaussians
were needed (not shown here). By comparing the peak positions at 50K with the ones
at room temperature (see also Figure 7.4), it becomes obvious that some of the room
temperature peaks are still present in the 50K spectrum, but relatively weak. However,
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Figure 7.5: Temperature dependent electroluminescence spectra for HT and RT 6T/DIP solar
cells (red and blue, respectively)(a) and DIP- (b) and 6T-single layer cells (c). All spectra have
been measured at an applied voltage of 5.0V. Vertical solid lines and arrows mark peak positions
that are present at room temperature, whereas vertical dashed lines and arrows indicate peaks
that appear at lower temperatures. The orange dashed line marks the position of the CT peak
as determined in Figure 7.4. (Picture published in Ref. 81)
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the first peak at 555.2nm (2.23eV) completely vanishes for low temperatures. Similar observations have been made in literature for photoluminescence spectra,171, 294–297 where
the temperature dependence has been attributed to the presence of aggregate states.
This phenomenon is then explained as photoexcitations that are trapped by low lying
aggregate states for all temperatures, but at low temperatures the backscattering to the
higher energy exciton states is hindered and photoluminescence originates solely from
the aggregate electronic levels. As temperature approaches room temperature, the probability for the trapped photoexcitations to backscatter to the exciton level within their
lifetime increases and the exciton level becomes the predominant radiative channel.171, 295
Similar, strongly temperature dependent spectra are observed for DIP. Again the
first peak at 585.0nm disappears with decreasing temperature and below 150K new features completely dominate the spectrum of the DIP single layer. Fitting the spectra at
300K and at 50K with Gaussians again leads to the observation that some of the room
temperature peaks are still present at 50K. The positions of the peaks that are only
present at low temperatures are marked with cyan dashed lines. Unfortunately, there
is only limited literature data available on the temperature dependence of DIP spectra.
Heilig et al. performed time and temperature dependent fluorescence spectroscopy and
observed three different line series with different time and temperature dependence. In
the slow time window and at low temperatures a clear doublet splitting has been identified that has its spectral signature at 595nm and 604nm, but for higher temperatures
both signals disappear.259 This can be confirmed by our electroluminescence spectra,
where these two peaks also can be found for low temperatures only. Heilig et al. assigned
these two signals to trap states.
The important peak positions for both materials, 6T and DIP, are also indicated
in Figure 7.5 a) as a guide for the eye. With the help of these lines and arrows it
becomes obvious that the new arising features for both spectra at low temperatures
are due to the changes in the emission spectra of both individual materials. Localized
emission of DIP as well as of 6T can be observed in both, the RT and the HT device
spectra for temperatures lower than 200K. Furthermore, a slight shift in the position
of the absolute maximum to higher energies can be identified for both devices with
decreasing temperature, so that at 50K the maxima of both spectra coincide with the
third low temperature emission peak of 6T. From these spectra it can be assumed that
emission via aggregate or trap states is the dominant radiative recombination path at
low temperatures. This may be due to the fact that these states lie energetically even
below the interfacial CT state. While at higher temperatures the thermal energy is
high enough to reach the CT state or even the singlet state, at low temperatures charge
carriers are trapped in these deep lying states and emission occurs exclusively from these
states. This makes it impossible to observe the exact transition temperature for the HT
device, because the CT emission is not dominating the spectra for low temperatures as
predicted by the presented model using a simplified absorption spectrum.
Nevertheless, these spectra strongly support the existence of a transition temperature
as predicted by the model presented in the first part, especially for temperatures between
300K and 200K. In this temperature range for the HT device only emission from the
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optical gap of DIP is observed, whereas for the RT device additional recombination via
the CT gap can be detected.

7.3

Conclusion

In conclusion, a modification of the Shockley-Queisser theory for organic heterojunctions,
which was previously reported in the literature,87 has been presented with a special focus on constellations, where a linear extrapolation of the predicted open-circuit voltage
would result in the optical gap of the absorber rather than in the intermolecular charge
transfer energy gap. This behavior has been observed for 6T/DIP devices, where temperature dependent device characteristics indicate different photovoltaic energy gaps for
the room temperature and the high temperature grown device. A temperature dependent competition between the recombination via the CT gap and the optical gap of the
absorber has been identified as the cause. Therefore a transition temperature Ttr was
introduced that separates temperature regimes where recombination across the charge
transfer gap (T < Ttr ) and the optical gap (T > Ttr ) dominates. This transition temperature depends on the coupling between donor and acceptor molecules at the interface as
could be shown for 6T/DIP devices. For these solar cells the small energy offset of ∆E
≈ 0.3eV activates singlet emission as a relevant recombination channel and, as a consequence, shifts the transition temperature towards lower temperatures and hence closer
to the actual operation temperature. The preparation of the 6T film at an elevated
substrate temperature changes the film morphology in such a way that the overall intermolecular coupling at the donor/acceptor interface is reduced while the offset energy
∆E remains constant. This leads to a reduction of the transition temperature below the
operation temperature of the solar cell, which renders recombination across the optical
gap of the absorber the dominant recombination channel. As a consequence, the linear
extrapolation of temperature dependent VOC measurements towards 0K results in the
energy of the optical gap Eopt rather than the charge transfer energy ECT for this device.
Temperature dependent electroluminescence spectroscopy confirms the contribution
of Eopt for both devices. For 300K and low voltages the HT device indeed shows exclusively DIP emission, whereas the RT cell spectrum can only be fitted by the use of
an additional Gaussian that is attributed to the emission from the interfacial CT state.
This CT emission is accompanied by a pronounced reduction of the emission from DIP
in comparison to the HT sample, as predicted by the simulations. Reducing the temperature to 200 K leads to strongly reduced DIP emission in case of the HT device, as
the device is brought closer to its transition temperature. However, reducing the temperature further does not lead to pure CT emission for both cells, since new features
are arising. With the help of temperature dependent spectra of both single materials,
these features could be attributed to the emission of aggregate states in the single materials that dominate the spectra for low temperatures. Nevertheless the existence of
the transition temperature Ttr could be confirmed. Yet, for most solar cells Ttr is much
higher than 300 K and thus does not influence normal operation. But for devices with
small energy offset ∆E and weak intermolecular coupling the transition temperature
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Ttr might be in the range of typical operation temperatures. As already observed in
previous chapters of this work, this also implies that the extrapolation of temperature
dependent VOC measurements to 0K to determine the charge transfer energy ECT has
to be handled with care as it might, in some cases, deliver the optical gap Eopt of one
of the absorbers rather than the CT gap.
Additionally, the temperature dependent EL spectra of both single layer devices
reveal deep lying trap states from which radiative recombination occurs at low temperatures. As not only DIP but also 6T is a crystalline growing material, this is in perfect
agreement with the deep lying trap states that were observed in UPS spectra of DIP
layers and in the IPCE spectrum of the DIP single layer device, reported in Chapter
5.1.6.

Chapter 8

Energy Losses in Organic Solar Cells

Parts of the following chapter were already published in T. Linderl et al. Advanced Energy Materials, 7 (2017) 1700237 24 and thus have been adopted literally from this work.
In the beginning of the research on organic photovoltaics the main focus was laid on
increasing the efficiency of the solar cells by increasing the absorption of the utilized
donor and acceptor materials and thus the short-circuit current jsc . However, in the last
years the focus has turned more and more towards understanding the value of the opencircuit voltage and the associated energy losses. These energy losses were identified as
one factor that strongly limits the efficiency of organic solar cells.23, 77, 108, 115, 146, 298
Already in Chapter 2.4.3 an overview about energy losses that are associated with
the CT energy was given. These energy losses are determined by the difference between
the energy equivalent of the measured open-circuit voltage e · Voc and the energy gap
of the light absorbing material. There, three different strategies to reduce energy losses
are presented. According to the different sources of energy losses in organic solar cells,
these are:
1) Reducing the driving force ∆E
2) Reducing the CT strength αCT
3) Reducing non-radiative recombination
Some of these points were already shortly addressed in the previous sections but are
discussed more deeply here.

8.1

Reducing the Driving Force

The most obvious approach to minimize energy losses is to reduce the driving force
∆E = Eg − ECT of the device by varying the relative energy level position at the
169
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donor/acceptor interface, for example by systematically changing the acceptor material
and thus the LUMO energy of the acceptor, while keeping the donor material fixed.
However, as will be seen below, ∆E is not only influenced by the energy level offset at
the interface between donor and acceptor material, but also by the binding energy of
CT excitons. The relevant energy gaps and the associated losses are presented in Figure
8.1.

Figure 8.1: Schematic energy level diagram of a heterojunction solar cell at an applied voltage
of Voc . The different energy loss channels are illustrated. The driving force ∆E is the energy
difference between the relevant optical gap Eopt , which is the smaller optical gap of the two used
materials, and the CT energy ECT . Therefore, ∆E is influenced by the energy level offset of
donor and acceptor at the interface and the binding energy of the CT excitons. Recombination
losses ∆Erec are responsible for the energy losses between ECT and the energy equivalent e·Voc .

In Table 8.1 the energy losses and the relevant energy gaps for solar cells that use
6T as donor material are presented. Additionally to the 6T based solar cells that were
already presented in previous chapters of this work (see Chapters 6.2 and 7), the data for
a 6T/DBP solar cell is taken from Reference 175. Within this set of acceptor materials,
the reduction of the total energy loss ∆Etot can mainly be attributed to a reduction
of the driving force ∆E, which is the energy difference between Eopt and ECT . As
can be seen in Figure 8.1, ∆E is influenced by the energy level offset of donor and
acceptor at the interface and the binding energy of CT excitons. As the energy level
offset at the interface between donor and acceptor have not been measured explicitly for
all shown material combinations, these two influences cannot be distinguished exactly
for all devices. However, for C60 and ZCl the energy levels are very similar,210 so that
the difference in ∆E that is observed for 6T/C60 and 6T/ZCl is not due to a difference
in the energy level offset, but can be assigned to a reduction of the binding energy of
CT excitons, if ZCl is used as acceptor material (see also Chapter 6.2). The strongest
difference in ∆E (and thus also in ∆Etot ) is observed, if the acceptor is changed from
C60 (or ZCl) to one of the perylene materials. The reason for this can be attributed to a
strong change in the energy level offset at the donor/acceptor interface. Due to the large
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optical gap of 6T (Eopt,6T = 2.4 eV177 ), for all investigated devices the optical gap of the
acceptor material is the smaller one, which makes the HOMO(donor)-HOMO(acceptor)
offset relevant for the driving force ∆E. Wilke et al.100 measured the HOMO-HOMO
offset for 6T/C60 and 6T/DIP and could show that it is 1.55 eV and 0.75 eV, respectively.
This directly leads to a reduction of ∆E of 0.65 eV by replacing C60 with DIP. By
changing the acceptor material, in this series the total energy losses ∆Etot could be
reduced to less than half, if the extreme cases of the 6T/C60 and the 6T/DBP solar
cells are considered. This reduction can exclusively be attributed to a reduction of the
driving force ∆E by either reducing the energy level offset or the binding energy of
CT excitons. Therefore, the exact knowledge of the energy levels is crucial to be able
to minimize energy losses, especially since the energy levels as well as the CT energy
itself can shift significantly, if multiple phases coexist at the donor/acceptor interface.
Compared to ideal, sharp interfaces, this might lead to changes in Voc up to several
100 mV as could be shown for Pentacene/C60 and 6T/C60 solar cells.104, 299
Table 8.1: Energy losses and relevant energy gaps for solar cells using 6T as donor material.
RT and HT denote film deposition with the substrate at room temperature or at 100 °C, respectively. The given optical gap Eopt is the smaller one of the two used materials of each device.
∆Erec is the energy difference between ECT and the energy e · Voc . ∆E is the energy difference
between Eopt and ECT and thus is influenced by the energy level offset between donor and
acceptor at the interface between both materials and the binding energy of CT excitons. The
total energy loss between Eopt and e · Voc is ∆Etot , which is the sum of ∆Erec and ∆E. The
values of the 6T/C60 device are taken from Refs. 100, 250 and for the 6T/DBP solar cell from
Ref. 175. For the 6T/DIP devices the values are taken from Chapter 7 and Ref. 250 and for
the 6T/ZCl solar cell from Chapter 6.2 and Ref. 182.

Device
6T/C60 (RT)
6T/ZCl (RT)
6T/DIP (RT)
6T/DIP (HT)
6T/DBP (RT)

Eopt
(eV)
1.90
2.22
2.10
2.10
1.90

e · Voc
(eV)
0.44
0.92
1.22
1.35
1.27

ECT
(eV)
0.95
1.46
1.80
1.80
1.77

∆Erec
(eV)
0.51
0.54
0.58
0.45
0.50

∆E
(eV)
0.95
0.76
0.30
0.30
0.13

∆Etot
(eV)
1.46
1.30
0.88
0.75
0.63

A completely different approach to reduce the driving force ∆E is the implementation
of interlayers, so called cascade solar cells. Although this approach was not used within
this work, it is shortly discussed here for completeness. In these solar cells, at least
one interlayer is inserted between the donor and the acceptor material. The material of
this interlayer has to be chosen in such a way that the HOMO and the LUMO levels
of all materials form an energy cascade.300 In these cascades, the CT process is divided
into several steps, resulting in a reduced overall loss. To realize the energy cascade, the
material used for the interlayer is often a derivative of either the donor or the acceptor
material, which additionally promotes morphological compatibility.300 Another effect of
the interlayer is that it might act as a spacer, separating electron and hole further apart
and thus reducing the CT exciton binding energy.
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One ternary solar cell, using materials that were already discussed within this work,
is reported by U. Hörmann.24, 102 In this 6T/C60 PHJ a thin DIP interlayer leads to
an increased Voc that can be further enhanced by increasing the interlayer thickness.
However, in this example the DIP interlayer not only reduces the large energy loss
that occurs, if an electron is directly transfered from 6T to C60 , but also suppresses
recombination between 6T and C60 , eventually by reducing the CT exciton binding energy through the increased distance between the 6T and the C60 layer. Thus the DIP
interlayer might rather act like a wide-gap insulating interlayer.301 A stronger effect
is reported for a 6T/boron subnaphthalocyanine chloride (SubNc)/ subphtalocyanine
(SubPc) three-layer device.302 This device not only shows a high open-circuit voltage
of Voc = 0.96 V, but also an increased photocurrent as the subPc efficiently transfers
excitons to subNc. If in this three-layered solar cell an additional DBP layer is inserted
between 6T and subNc, Voc can be further increased to Voc = 1.18 V.115 Most interestingly, in this new four-layered solar cell the CT energy is equal to the smallest optical
gap of the neat materials (ECT = Eopt,subNc = 1.73 eV), which reduces the total loss
∆Etot to only 0.55 eV. However, such energy cascades not necessarily have to be formed
by using a third material. As suggested by Burke et al.,303 a mixed phase with a locally
enhanced CT energy between neat donor and acceptor layers also provides a driving
force for charge separation without a reduction of Voc .

8.2

Reducing the CT Strength

As already mentioned in Chapter 2.4.3, the CT strength αCT contains information about
the density of CT states per unit volume and the electronic coupling strength between
donor and acceptor molecules.26, 28 These properties can be addressed by either changing
the morphology or the relative molecular orientation. For both methods the previous
chapters provide good examples.
In Chapter 5.2 the number of CT states in DIP/C60 solar cells could directly be
influenced by changes of the morphology. Substrate temperature, architecture (PHJ or
PM-HJ), mixing ratio and the used hole injection layer can be used to directly manipulate the number of CT states. The energy losses as well as the relevant energy gaps for
these DIP/C60 solar cells are summarized in Table 8.2. The devices are sorted according
to their increasing fIPCE parameter and thus, according to Chapter 5.2, their increasing
number of CT states. However, for this series of solar cells, Voc is not directly correlated
to the number of CT states as predicted by Vandewal et al.114 and Burke et al.76 As
already discussed previously, especially the 1:1 mixture and the device on heated HIL
1.3 do not match the trend of lower Voc for higher numbers of CT states. But within
this work the reasons for these deviations were identified. Whereas for heated HIL 1.3
extreme band bending strongly reduces Voc , the higher Voc of the 1:1 mixture is a result
of the s-shape behavior of the j-V characteristic that indicates bad transport.
Similar results are observed for the DBP:C70 PM-HJ solar cells of Chapter 5.5. The
relevant energy gaps and all energy losses are listed in detail in Table 8.3. For reduced
donor content in the blend of these solar cells, the interface area between donor and
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Table 8.2: Energy losses and relevant energy gaps for the different DIP/C60 solar cells presented in Chapter 5.2. For the calculation of the energy losses ∆E and ∆Etot the optical gap
of C60 is used (Eopt = 1.90 eV199 ). The devices are sorted according to their increasing number
of CT states (fIPCE ).

PHJ
PM-HJ
PM-HJ
PM-HJ
PM-HJ

Device
HIL
ratio
PEDOT
PEDOT 2:1
HIL 1.3
2:1
PEDOT 1:1
HIL 1.3
2:1

TS (°C)
100
100
100
100
RT

fIPCE
(eV2 )
1.38 · 10−3
1.65 · 10−2
1.79 · 10−2
2.09 · 10−2
2.18 · 10−1

eVoc
(eV)
0.90
0.86
0.76
0.88
0.80

ECT
(eV)
1.46
1.45
1.45
1.45
1.44

∆Erec
(eV)
0.56
0.59
0.69
0.57
0.64

∆E
(eV)
0.44
0.45
0.45
0.45
0.46

∆Etot
(eV)
1.00
1.04
1.02
1.14
1.10

acceptor and thus the number of CT states is changed significantly. This can directly
be tracked in the fIPCE value. But like for the DIP:C60 solar cells, the lower number
of CT states in the 1:5 and the 1:7 mixture do not result in lower energy losses and
higher Voc values. In contrast, Voc is lowest and the total energy loss highest for these
devices. The higher energy losses for the devices with low donor content might result
from missing DBP percolation paths for the separated charge carriers and resulting
higher recombination that compensates potential benefits of a lower number of CT
states. Furthermore, according to Burke et al.76 (see Eqn. 2.23), Voc only depends
logarithmically on the number of CT states. Therefore, the contribution of the number
of CT states is only weak and is thus overlapped by different other influences in the
solar cells discussed here.
Additionally, the exact control of the morphology from the molecular to the mesoscopic scale in donor:acceptor mixtures can be quite difficult. Although in PHJ solar
cells the donor/acceptor interface may not be perfectly flat, the contact area between
both materials is strongly reduced. Therefore, these interfaces are perfectly suitable
to study the effect of molecular orientation and thus the electronic coupling strength
between donor and acceptor molecules. But this requires a material combination, for
which it is possible to grow both materials in a reliable, highly ordered, crystalline
manner on top of each other. In particular, lying molecules (face-on orientation) and
Table 8.3: Energy losses and relevant energy gaps for DBP:C70 PM-HJ solar cells with
different mixing ratios in the blend (see Chapter 5.5). For the calculation of the energy losses
∆E and ∆Etot the optical gap of C70 is used (Eopt = 1.66 eV304 ). Voc , fIPCE and ECT are
determined in Chapter 5.5.

DBP:C70 mixing ratio
1:1
1:3
1:5
1:7

fIPCE
(eV2 )
3.37 · 10−3
3.33 · 10−3
1.54 · 10−3
1.17 · 10−3

e · Voc
(eV)
0.82
0.80
0.77
0.77

ECT
(eV)
1.39
1.39
1.39
1.39

∆Erec
(eV)
0.57
0.59
0.62
0.62

∆E
(eV)
0.27
0.27
0.27
0.27

∆Etot
(eV)
0.84
0.86
0.89
0.89
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standing molecules (edge-on orientation) of donor and acceptor molecules result in a
stronger overlap of the conjugated π-systems in the former case, whereas the π-systems
are shielded in the latter case. Thus the electronic coupling is strongly different for the
different relative orientations.67 Therefore, as could be seen in Chapter 7, the material
system 6T/DIP is perfectly suitable to investigate these influences. Simulating the temperature dependence of Voc with a modification of the Shockley-Queisser theory, using
similar optical and CT gaps for a device evaporated on a substrate kept at RT and a similar device with 100 °C substrate temperature, reveals strongly different αCT values for
both devices. In particular, the αCT value of the RT device is three orders of magnitude
larger than the one of the HT device. As the interface for both PHJ solar cells should
roughly be the same, the number of CT states should be similar. Therefore, the big
difference in αCT can only be explained by strongly different electronic coupling between
donor and acceptor molecules at the interface. As verified by independent photoelectron
and optical spectroscopy, the CT energy is the same for both preparation conditions (see
also Chapter 7).24, 100 But both devices provide clearly different Voc values measured at
RT and 1 sun illumination intensity. This directly proves reduced recombination losses
for the HT device, where the edge-on configuration of donor and acceptor molecules
is observed. The recombination losses of the HT device are only 0.45 eV compared to
0.58 eV for the device with RT as substrate temperature during evaporation. This leads
to a relatively low total energy loss of only ∆Etot = 0.75 eV for the 6T/DIP HT solar
cell. The energy losses and the relevant energy gaps are listed in Table 8.4. Similar
Table 8.4: Energy losses and relevant energy gaps for the 6T/DIP PHJ solar cells that were
discussed in Chapter 7. For the calculation of the energy losses ∆E and ∆Etot , the optical gap
of DIP is used (Eopt = 2.1 eV255 ). Voc and ECT are determined in Chapter 7.

6T/DIP
RT
HT

e · Voc
(eV)
1.22
1.35

ECT
(eV)
1.80
1.80

Eopt
(eV)
2.1
2.1

∆Erec
(eV)
0.58
0.45

∆E
(eV)
0.3
0.3

∆Etot
(eV)
0.88
0.75

observations have been reported by other groups as well.305 However, care has to be
taken to disentangle the effect of orientation dependent ionization energies and electron
affinities on the one hand and the actual differences in electronic coupling on the other
hand.101
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The above discussed examples clearly show that the CT strength strongly influences
Voc . The examples of the DIP/C60 and the DBP:C70 solar cells could show that the
number of CT states only has a small influence. But the electronic coupling between
donor and acceptor molecules can strongly change Voc and thus recombination losses
can drastically be reduced for molecular arrangements that only provide small electronic
coupling between donor and acceptor molecules at the interface.

8.3

Reducing Non-Radiative Recombination

So far, the least attention has been paid to non-radiative recombination, although this
loss channel is responsible for a significant fraction of recombination losses.22, 26, 28 Only
recently, Benduhn et al.115 could show that non-radiative energy losses are connected
to the CT state energy such as larger non-radiative energy losses are observed for lower
CT state energies. The amount of the non-radiative energy loss (∆Enr−rec ) is connected
to the quantum yield of the electroluminescent emission (EQEEL ) by the following equation:89, 115


1
(8.1)
∆Enr−rec = kB T ln
EQEEL
Therefore, a higher EQEEL would lead to lower non-radiative recombination losses.
For organic light emitting diodes, a typical approach to increase the EQEEL is to
dilute the emitting material in a wide-energy-gap host matrix.282 The dilution reduces
the vibronic coupling between the emitting molecules and thus reduces non-radiative recombination pathways that are coupled to phonons.282, 306 In organic solar cells Menke et
al.282 could show that diluting the donor SubPc in p-bis(triphenylsilyl)benzene (UGH2)
together with the acceptor C60 can improve the power conversion efficiency from less
then 2 % to more than 4 % due to an increased exciton diffusion length. However, the
energy losses for such systems were not investigated so far. Therefore, this approach was
used in Chapter 5.5.2, where the donor material DBP is diluted in α-NPD. The used
acceptor material is C60 . The relevant energy gaps and the associated energy losses are
listed in Table 8.5.
Comparing the measured Voc and ECT values as they were determined in Chapter 5.5.2, reveals that the recombination losses are largest (∆Erec = 0.54 eV) for the
DBP/C60 and the α-NPD/C60 reference cells. For the solar cells with diluted donor, the
recombination losses slightly decrease with decreasing donor content inside the blend.
However, only the total recombination losses ∆Erec could be determined, which makes
it impossible to distinguish between radiative and non-radiative recombination losses.
Therefore, the exact origin of these lower recombination losses is difficult to determine.
One reason might be a higher EQEEL and the associated lower non-radiative recombination losses. But at the same time, the dilution of the donor DBP in a α-NPD
matrix reduces the interface between DBP and the acceptor C60 significantly, which
additionally contributes to lower recombination losses. However, as already discussed
in Chapter 5.5.2 α-NPD not only acts as a matrix, but leads to additional CT states
of higher energy. Via state-filling in the combined DOS of DBP and α-NPD this can
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Table 8.5: Energy losses and relevant energy gaps for DBP/C60 PHJ solar cells with diluted
donor in an α-NPD matrix that were discussed in Chapter 5.5.2. For the calculation of the
energy losses ∆E and ∆Etot the optical gap of DBP and C60 , which is 1.9 eV for both materials,199, 210 is used. Voc and ECT are determined in Chapter 5.5.2. For the mixed layer of
α-NPD and DBP the amount of DBP is given. Between the HIL 1.3 layer and the donor layer
there is an 8 nm thick α-NPD exciton blocking layer in all devices.

α-NPD:DBP/C60
DBP/C60
75% DBP/C60
50% DBP/C60
25% DBP/C60
α-NPD/C60

e · Voc
(eV)
0.91
0.94
0.96
0.97
0.98

ECT
(eV)
1.45
1.44
1.45
1.45
1.52

Eopt
(eV)
1.90
1.90
1.90
1.90
1.90

∆Erec
(eV)
0.54
0.50
0.49
0.48
0.54

∆E
(eV)
0.45
0.46
0.45
0.45
0.38

∆Etot
(eV)
0.99
0.96
0.94
0.93
0.92

also contribute to the higher Voc values and the associated lower recombination losses.
Furthermore, the changes in ∆Erec are only small, which makes it even more difficult
to distinguish between the different influences. However, Benduhn et al.115 could reveal
that some of the non-radiative loss channels are related to intramolecular vibrations
of especially carbon-carbon bonds. As these vibrations can not be avoided in organic
molecules, non-radiative recombination losses have to be accepted to a certain degree.
Concerning the total energy loss ∆Etot , the dilution of the donor in the wide-energygap material α-NPD leads to a reduction of 0.07 eV compared to the DBP/C60 reference
device. However, the lower driving force ∆E of the α-NPD/C60 solar cell leads to the
lowest total energy loss of 0.92 eV for this device.

8.4

Additional Influences on Energy Losses

Beyond the simple model of two relevant energy gaps, ECT and Eopt , there are further
influences on the total energy loss. Some of them were already discussed in previous
chapters of this work, but are summarized again here.
Burke et al.76 already provide an expression, where the influence of interfacial disorder and an arbitrary energetic landscape for free charge carriers on recombination losses
are considered. This leads to the following equation for Voc (see also Chapter 2.4.2):


2
ef N0 L
σCT
− kB T ln
(8.2)
eVOC = ECT −
2kB T
τCT jSC
In Chapter 5.4 the interfacial energetic disorder σCT was determined from the temperature dependence of ECT and the reorganisation energy λ0 for a DIP:C60 and a DBP:C60
PM-HJ. As for the DBP:C60 device two CT peaks are present, two different σ values of
σDBP:C60 ,1 = 38.3 meV and σDBP:C60 ,2 = 48.2 meV are determined. For the DIP:C60 solar
cell the interfacial energetic disorder is within the range of σDIP:C60 = 62.8 − 92.0 meV.
With these values, the energy loss between ECT and e · Voc that can be attributed to the
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σ2

interfacial disorder can be calculated by − 2kCT
. For a temperature of 300 K this leads
BT
to recombination losses due to interfacial disorder ∆Erec,σ of 28.2 meV and 44.9 meV for
the two CT peaks in the DBP:C60 PM-HJ and of 76.3 − 163.7 meV for the DIP:C60
PM-HJ. From a first glance, these calculations suggest lower energy losses that can be
attributed to interfacial disorder for the DBP based solar cell. However, if the values for
the two CT peaks of the DBP:C60 device are summed up, a total energy loss of 73.1 meV
results, which is only slightly lower than the lower limit of the DIP:C60 sample. For both
devices the relevant energy gaps and the determined energy losses are listed in Table 8.6.
Indeed the calculated recombination losses are smaller for the DBP based device. But
even if the maximum ∆Erec,σ of 163.7 meV is assumed for DIP, the calculated difference
in ∆Erec is slightly larger than the difference due to interfacial disorder.
Table 8.6: Energy losses and relevant energy gaps for the DIP:C60 and DBP:C60 PM-HJ that
were discussed in Chapter 5.4. For the calculation of the energy losses ∆E and ∆Etot the
optical gap of C60 , which is 1.9 eV,199 is used. Voc and ECT are taken from Tables 5.5, 5.6 and
A.1. For both devices HIL 1.3 is used as hole injection layer.

Device
α-NPD/DBP/DBP:C60 /C60
DIP/DIP:C60 /C60

eVoc
(eV)
0.86
0.80

ECT
(eV)
1.40
1.44

Eopt
(eV)
1.90
1.90

∆Erec
(eV)
0.54
0.64

∆Erec,σ
(meV)
73.1
76.3-163.7

∆E
(eV)
0.50
0.46

∆Etot
(eV)
1.04
1.10

However, in Equation 8.2 there is a second loss term that considers several further
influences on ∆Erec . The lifetime of CT states has been discussed in Chapter 5.1.4.
Slightly larger lifetimes for the DIP:C60 1:1 mixture than for the DBP:C60 blend have
been observed. If only the lifetime τCT is considered, this would lead to marginally
lower recombination losses for the DIP:C60 sample due to the longer lifetime. However,
as the dependence of energy losses on τCT is only logarithmically and the difference
of the lifetimes of DIP and DBP based mixtures is only small, it is difficult to give a
detailed value. Furthermore, the effect of the lifetime overlaps with the influence of the
strong difference in the number of CT states in both material combinations that is due
to the strong phase separation in the DIP:C60 blend and the mixture on a molecular
scale for DBP:C60 devices. Additionally, in Chapter 5.5 DBP:C70 PM-HJ solar cells are
discussed. The lifetimes for a 1:1 mixture of DBP and C70 (see Table A.2 and Figure
A.5 of the Appendix) are clearly smaller than for the DBP:C60 blend. This might result
in slightly larger energy losses for devices with C70 instead of C60 as acceptor material.
However, again it is difficult to disentangle the influence of lifetime and number of CT
states.
In addition to the already discussed influences on energy losses, several further effects
have been identified within this work. As observed in Chapter 5.3 the used hole-injection
layer has a very strong influence on Voc . With PEDOT:PSS as hole injection layer flat
energy levels are observed. However, if HIL 1.3 is used a strong band bending in the
organic layers limits the splitting of the Quasi-Fermi-levels for electrons and holes and
thus strongly reduces Voc . Since ECT , as determined from absorption and emission
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spectra stays the same for devices with PEDOT:PSS and HIL 1.3, higher recombination
losses ∆Erec are associated with the reduced Voc . The addition of an α-NPD exciton
blocking layer can reduce these recombination, leading to higher Voc values. This is
exemplarily summarized for DIP:C60 PM-HJ solar cells in Table 8.7.
Table 8.7: Energy losses and relevant energy gaps for DIP:C60 PM-HJs that were discussed
in Chapter 5.3. For the calculation of the energy losses ∆E and ∆Etot the optical gap of C60 ,
which is 1.9 eV,199 is used. TS is the substrate temperature during evaporation and HIL is the
used hole injection layer.

Device
HIL
DIP:C60 PM-HJ PEDOT
DIP:C60 PM-HJ HIL 1.3
α-NPD/DIP/
HIL 1.3
/DIP:C60 /C60

TS
100°C
RT

e · Voc
(eV)
0.86
0.80

ECT
(eV)
1.45
1.44

Eopt
(eV)
1.90
1.90

∆Erec
(eV)
0.59
0.64

∆E
(eV)
0.45
0.46

∆Etot
(eV)
1.04
1.10

RT

0.84

1.43

1.90

0.59

0.47

1.06

Furthermore, the existence of several CT states strongly influences the total energy
losses, if recombination only occurs via the CT states with the lowest energy. However,
this relaxation within the distribution of CT states rather enlarges the losses associated with the driving force ∆E. Within this work, several material combinations with
more than one CT peak in absorption and emission spectra are presented. Whereas for
DBP:C60 devices the two CT contributions are visible in the IPCE and the EL spectra,
in the other material combinations a thermalization to lower lying CT states occurs, so
that emission is only visible from CT states with lower energy. For 6T/ZCl the energy
difference between the highest energy CT state and the emitting one is only 0.22 eV, but
for DIP/PDIR-CN2 this thermalization sums up to 0.36 eV.
One further influence on Voc and the associated energy losses can be found in the
UPS spectra of Chapter 5.1.6. Especially for DIP, occupied tail states reach far into
the optical gap and clearly extend to energies above the Fermi-energy. These states
clearly deviate from the Gaussian shape of the HOMO. Visualized by the strong shift of
the CT peak in the EL spectra these tail states do not only exist in the HOMO of the
donor, but reappear in the CT DOS. Although the total energy loss between DIP/C60
and DBP/C60 solar cells is almost the same for an illumination with 1 sun intensity, the
influence of these tail states increases for low illumination intensities, when these tail
states are not completely filled as could be identified by increased ideality factors n for
low illumination intensities.
At the end of this chapter a brief overview of the discussed solar cells is given.
Figure 8.2 shows a compilation of measured Voc and energy losses for all discussed
material systems of this work with a relevant optical gap between 1.90 and 2.22 eV. The
diagram shows that the total energy loss (blue and red bars) is particularly large for
the DIP/PDIR-CN2 and the 6T/C60 devices, because almost 1 eV is lost in the charge
transfer step (∆E). This can be drastically reduced by choosing donor/acceptor pairs
with improved energy level matching. Remarkably, at the right side of the diagram,
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where the non-fullerene acceptors can be found, ∆E is particularly small (0.13 eV for
6T/DBP). Only the two material combinations DIP/PDIR-CN2 and 6T/ZCl are nonfullerene solar cells with large driving force ∆E. However, these are the devices with
several CT states, where thermalization to the lowest CT state leads to large losses.

Figure 8.2: Compilation of open-circuit voltages Voc and the involved energy losses for all
material combinations of this work that have an optical gap between 1.9 and 2.22 eV. The
values of the 6T/C60 solar cells, the DBP/ZCl and the 6T/DBP devices are taken from Ref.
250, Ref. 210 and Ref. 175, respectively. All other values were determined within previous
chapters of this work. For the DIP/C60 and DBP/C60 PHJ and PM-HJ solar cells the devices
on PEDOT:PSS and a substrate temperature of 100 °C are considered. The devices are sorted
according to their reduced total energy loss ∆Etot = ∆E + ∆Erec .

The recombination losses ∆Erec of all material combinations are between 0.5 and
0.62 eV, which means that within the error of the different measurements techniques they
are roughly the same, except for two cases (apart from the already discussed DIP/PDIRCN2 device). The 6T/DIP device with elevated substrate temperature has the highest
Voc and recombination losses below 0.5 eV, due to the reduced electronic coupling between the upright standing 6T and DIP molecules. Also remarkable is the case of the
DBP/ZCl device. Although this device was not closer investigated within this work as
it was already published previously,210 it was shortly discussed within the scope of the
6T/ZCl solar cell and is thus included in the diagram. For this device the recombination
losses are even below 0.4 eV and thus the lowest of all solar cells discussed here.
All in all, the devices with non-fullerene acceptor show the smallest total energy loss,
except the two already mentioned material combinations 6T/ZCl and DIP/PDIR-CN2 .
Although the microscopic origin of this is not clear, other groups have reported further
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examples with remarkably small energy losses, where non-fullerene acceptor materials
are used.307–309

Chapter 9

Summary and Outlook

The aim of this work was to develop a detailed understanding of the correlations between
the local morphology at the interface between donor and acceptor material, the electronic
properties within the device stack and the CT states that are considered as the upper
limit of the open-circuit voltage Voc . To get a comprehensive picture several donor and
acceptor material combinations were investigated by different measurement techniques.
This provided the possibility to determine connections between the micro- and macroscopic morphology, molecular orientation and electronic structure at the donor/acceptor
interface and the energy, distribution and lifetime of CT states as well as the influence
of these on the characteristics of the working solar cell. This chapter summarizes the
main results and provides an outlook on promising future investigations and further
extensions of this work.

9.1

Main Results and Conclusions

The role of donor morphology
In the first part of this work, the influence of the donor morphology was closely analyzed.
Therefore, the two perylene derivatives DIP(crystalline growing) and DBP (amorphous)
were used as donor material in combination with the fullerene C60 as acceptor. Despite
the already known influences of the different morphologies and molecular orientations
on the j-V characteristics, fundamental differences concerning the CT states could be
revealed. By the combination of sensitive IPCE and EL spectra, not only more accurate
values of the CT energy ECT than derived by temperature dependent measurements of
Voc could be determined, but additionally the existence of two absorbing and emitting
CT Gaussians for solar cells with the amorphous growing DBP as donor material was
revealed. This could be confirmed by time dependent photoluminescence measurements.
The evaluation of the two CT contributions for DBP based PM-HJ solar cells and the CT
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part of a DIP:C60 PM-HJ could reveal higher reorganisation energies for the crystalline
growing DIP. In contrast to the EL spectra of DBP based solar cells a strong, voltage
dependent blue-shift of the CT peak is visible for DIP based solar cells. Furthermore,
higher fIPCE parameters for the DBP:C60 PM-HJ could be attributed to a higher number
of CT states due to a mixture of donor and acceptor molecules on a rather molecular
scale compared to the DIP:C60 PM-HJ devices, where strong phase separation occurs.
Additionally, IPCE spectra of DIP:C60 PM-HJ solar cells do not show a purely Gaussian
CT DOS. Furthermore, UPS measurements with different excitation energies on planar
heterojunctions and donor/acceptor blends were used to determine the influence of the
morphology on the DOS. These measurements revealed states that reach far into the
optical gaps and even extend to above the Fermi-energy for both donor materials. The
deviation from a Gaussian HOMO DOS is more pronounced for the crystalline growing
DIP in both, the neat donor layers and the blends with C60 . These exponential tail
states could be attributed to the existence of grain boundaries, as they are particularly
strong for the crystalline DIP:C60 mixture, where strong phase separation between donor
and acceptor occurs.
All these investigations were used to get a comprehensive picture of how morphology
and the connected DOS influence the device performance and especially the spectroscopic signal of CT states. Due to the different DOS with almost no tail states for DBP
and many tail states for DIP, state filling for different illumination intensities and voltages is different for the two donor materials. Within the exponential tail only a small
amount of states is present. These states get filled quickly and the energy difference
between the first occupied states (low charge carrier density) and the states that are
occupied, if a high charge carrier density is present, is large. As CT states are connected to the HOMO DOS of DIP, these tail states are also present in the CT DOS,
which explains the strong voltage dependence of the CT peak in the EL spectra of DIP
based solar cells (for a graphical illustration see Figure 5.22). Therefore, within this
work, a connection between the CT DOS and the DOS of free charge carriers could be
established via comparison of optical spectra and UPS measurements.
The observed gap states that reach, especially for the crystalline growing DIP, far
into the optical gap of the individual materials, could be one reason for the large energy
losses that are typically observed in organic photovoltaics. However, at RT and an
illumination intensity of 1 sun, the total energy losses of DIP and DBP based solar
cells with C60 as acceptor material are almost equal. However, the ideality factors
n determined from intensity dependent measurements of Voc , reveal that trap-assisted
recombination dominates over the whole measured intensity regime for the DIP:C60
PM-HJ device, whereas for the DIP/C60 PHJ and the DBP based solar cells it is only
relevant for low illumination intensities. All in all, for crystalline material systems
the PM-HJ architecture does not increase the power conversion efficiency, as the large
amount of tail states contributes to energy losses and recombination losses, resulting in
reduced Voc and FF that cannot be compensated by the increased jsc . For amorphous
material combinations however, the power conversion efficiency increases for the PM-HJ
architecture, which could be attributed to the lower number of tail states.
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Influence of the hole injection layer
By a direct comparison of solar cells that only differ in the used hole injection layer
strong differences in temperature dependent measurements of Voc were detected, whereas
the determination of ECT via optical spectra reveals the same values for devices on
PEDOT:PSS and HIL 1.3. UPS measurements could reveal a strong band bending, if
DIP or DBP are evaporated on an ITO/HIL 1.3 substrate, but on PEDOT:PSS flat
energy levels are reported.269 Therefore, only in the case of flat energy levels and good
transport properties both methods determine similar values for the CT energy. The
influence of the strong band bending could be reduced considerably by the introduction
of an α-NPD exciton blocking layer between HIL 1.3 and the donor layer. This not only
leads to Voc values almost as high as in the devices on PEDOT:PSS, but also increases
the VOC (0 K). This leads to the conclusion that the introduction of the α-NPD layer
at least reduces the band bending and thus increases the Quasi-Fermi level splitting
within the device. Thus, it could be revealed that the determination of ECT by optical
spectra probes the energetic situation directly at the donor/acceptor interface, whereas
the linear extrapolation of temperature dependent Voc measurements provides insight in
the maximum possible splitting of the Quasi-Fermi-levels. Therefore, the determination
of ECT by the evaluation of absorption and emission spectra could be identified as the
more reliable method.
Influence of donor dilution
The influence of donor dilution has been investigated in PM-HJ and PHJ solar cells. The
variation of the donor:acceptor mixing ratio in DBP:C70 PM-HJ solar cells could reveal
that the differences observed in Voc are not a result of different CT energies, but rather
of higher recombination losses in the devices with low donor content in the blend. Unlike
previously observed in literature,114 the reduction of the donor/acceptor interface does
not lead to a reduction of recombination losses within the investigated range of mixing
ratios, which could be attributed to larger recombination losses due to the absence of
continuous percolation pathways for the separated charge carriers in the highly diluted
blends.
Additionally, the dilution of the donor material DBP in a wide-energy gap α-NPD
matrix was investigated in PHJ solar cells. This could reveal that the additional wideenergy gap material not only improves the exciton diffusion length, but affects the
working mechanisms of the solar cell in a more complex way. Depending on the degree
of the DBP dilution a strong shift of Voc to higher values for a lower DBP content
was observed. Furthermore, the same shift is observed in the 0 K limit of temperature
dependent Voc measurements, which indicates a larger splitting of the Quasi-Fermi-levels
for lower DBP amounts. To explain this larger Quasi-Fermi-level splitting, the model of
a combined donor DOS was introduced (see Figure 5.40). For the same amount of holes,
this combined donor DOS is filled up to lower energies, the lower the DBP amount in
the blend is, which reduces the energy of the Fermi-level for holes. This directly leads to
the larger splitting of the Quasi-Fermi-levels. Additionally, the presence of the second
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material in the donor layer leads to two CT contributions. According to their energetic
positions, the first can be attributed to the DBP/C60 and the second to the α-NPD/C60
interface. From the increasing Voc values for a reduced DBP content in the donor layer,
the reduction of recombination losses can be deduced. However, the exact origin of
this reduction is still unclear, as a reduced DBP/C60 interface and an increased EQEEL
would have the same effect on Voc .
Non-fullerene acceptor materials
Within the scope of this work several non-fullerene acceptor materials were investigated.
Although for the DIP/PDIR-CN2 solar cell a very low efficiency and remarkably large
energy losses were observed, this donor/acceptor combination allowed to study fundamental influences of the relative molecular orientation of donor and acceptor molecules
to each other. In the PM-HJ configuration, the mixing on a molecular scale leads to
π-π-stacking between donor and acceptor molecules. In this architecture, a strong CT
contribution in the optical spectra is detectable. In contrast, the missing overlap of
frontier orbitals of donor and acceptor molecules in the PHJ results in a relatively weak
CT shoulder in the IPCE spectrum and no detectable CT emission in EL experiments.
Therefore, a strong anisotropy of the electronic transition to the excited CT states of
the DIP/PDIR-CN2 interface could be proved. Additionally, the large energy loss could
mainly be attributed to a thermalization process within the distribution of four CT
Gaussians, with emission taking place only from the two lowest ones.
The second non-fullerene acceptor material that was investigated within this work
is ZCl. The 6T/ZCl PHJ has, compared to the 6T/C60 solar cell, a surprisingly large
Voc , although both acceptor materials are reported to have similar energy levels. In the
IPCE spectrum of the 6T/ZCl solar cell a relatively weak, but broad CT contribution
with three CT Gaussians is visible, whereas the EL spectrum only shows one peak at
low energies. Therefore, like for DIP/PDIR-CN2 , a thermalization within the CT DOS
to states with lower energy takes place. The resulting CT energy is 0.5 eV larger than
for the 6T/C60 device, which explains the higher Voc for the 6T/ZCl PHJ. Despite the
similar energy level offset between donor and acceptor, the driving force ∆E for the
formation of CT states is smaller in the 6T/ZCl device, which could be attributed to
a lower binding energy for CT excitons in this material combination. Additionally, EL
spectra recorded at different temperatures revealed that the CT emission is thermally
activated. As a possible explanation a TADF process is suggested, where the transfer
from triplet states of 6T to CT singlet states is thermally activated.
The donor/acceptor combination 6T/DIP provides a third fullerene-free solar cell
that was used to determine the influence of molecular orientation and electronic coupling
between donor and acceptor molecules.
Molecular orientation and electronic coupling
The linear extrapolation of temperature dependent Voc measurements to 0 K results in
the optical gap for a 6T(HT)/DIP solar cell rather than in the CT gap, as it does for
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the same device evaporated on a substrate kept at RT. A simulation of these temperature dependent Voc measurements with a modification of the Shockley-Queisser theory
revealed a temperature dependent competition between recombination via the CT gap
and the optical gap of the absorber as the reason. Therefore, a transition temperature
Ttr was introduced that separates the temperature regimes, where recombination across
the charge transfer gap (T < Ttr ) or across the optical gap (T > Ttr ) dominates. In combination with the knowledge of the morphology of the two differently prepared 6T/DIP
devices, it could be shown that this transition temperature depends on the coupling
between donor and acceptor molecules at the interface. The preparation of the 6T film
at an elevated substrate temperature changes the film morphology in such a way that
the overall intermolecular coupling at the donor/acceptor interface is reduced, while the
offset energy ∆E = Eopt − ECT remains constant. This leads to a reduction of the transition temperature below the operation temperature of the solar cell and thus renders
recombination via Eopt as the dominant recombination channel. Thus, for this device
the linear extrapolation of temperature dependent Voc data to 0 K results in Eopt . The
results of these simulations could be verified by temperature dependent EL measurements. For both devices a contribution of Eopt is detected. For 300 K and low voltages,
the HT device shows exclusively DIP emission, whereas to fit the RT cell spectrum an
additional Gaussian has to be used that is attributed to the emission from interfacial CT
states. This CT emission is accompanied by a pronounced reduction of the DIP emission
in comparison to the HT device, proving the existence of the transition temperature Ttr .
However, reducing the temperature does not lead to pure CT emission for both devices.
Instead new features appear which could be attributed to emission of aggregate states
in the neat materials that dominate the spectra for low temperatures. For most solar
cells, this transition temperature is far above 300 K and thus does not influence normal
operation. Only for devices with small driving force and weak intermolecular coupling,
the transition temperature might be in the range of typical operating temperatures.
Energy losses
Within the last part of this work, three different strategies to reduce energy losses are
suggested and examples of the previously discussed solar cells are given.
To reduce the driving force, two different approaches can be used. The first one
is to reduce the energy level offset at the interface between donor and acceptor. This
can be done by systematically changing the acceptor and thus the LUMO energy of
the acceptor, while keeping the donor material fixed (or vise versa). By changing the
acceptor of 6T based solar cells from C60 to DIP, the energy losses due to the driving
force could be reduced to less than a half. The second influence on the driving force
can be found in the binding energy of CT excitons. Despite similar energy levels of
C60 and ZCl the CT energy of the 6T/ZCl solar cell is about 0.5 eV larger than for the
6T/C60 device. Considering the optical gaps of the two acceptor materials this leads
to a reduction of the driving force by 0.2 eV for the 6T/ZCl device, which can only be
explained by a reduced binding energy of CT excitons at the interface between 6T and
ZCl.
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As the CT strength αCT depends on the number of CT states per unit volume
and the electronic coupling strength between donor and acceptor molecules, these two
parameters can be used to reduce recombination losses. However, using the example
of differently prepared DIP/C60 solar cells and DBP:C70 PM-HJ devices with different
mixing ratios, it could be shown that the influence of the number of CT states on energy
losses and thus Voc is only minor. In contrast, the influence of the electronic coupling
between donor and acceptor molecules is rather strong. This could be demonstrated on
the example of differently prepared 6T/DIP devices, where for an edge-on configuration
of donor and acceptor molecules the recombination losses are reduced by more than
100 meV compared to the face-on configuration that is observed in the device evaporated
at RT.
A third strategy that leads to lower energy losses, is to reduce non-radiative recombination. As these losses are connected to the inverse of the EQEEL , a way to increase
the radiative efficiency is necessary. Like in OLEDs this was achieved by diluting the
donor (or emitter for OLEDs) in a wide-energy gap material. The dilution of DBP in
an α-NPD matrix in combination with C60 as acceptor material yields slightly lower
recombination losses than reference cells of either neat DBP or α-NPD.
In addition to these strategies to reduce total recombination losses, further influences have been revealed within this work. Especially the used hole injection layer was
identified as an origin of high recombination losses, if it induces band bending in the
neighboring organic layers. This band bending was shown to limit the splitting of the
Quasi-Fermi levels and thus also limits Voc . Furthermore, several material combinations
with more than one CT peak, especially in the IPCE spectrum were investigated. The
observed thermalization within this distribution of CT states leads to large energy losses,
as could be seen especially for the DIP/PDIR-CN2 solar cell. Energetic disorder at the
donor/acceptor interface, CT state lifetime and the existence of gap states that reach
far into the optical gap of especially crystalline materials could be identified as further
contributions to the large energy losses observed in organic solar cells.
All in all, if the total energy loss is considered, non-fullerene acceptor materials,
like DIP, DBP or ZCl were found to lead to lower energy losses than fullerenes, if no
thermalization to lower lying CT states occurs.

9.2

Outlook

The results presented within this work imply possible further research. Especially, to
finally solve some remaining questions further experiments are necessary. A few of these
ideas are presented in the following.
Open questions
In Chapter 5.3 the influence of an α-NPD exciton blocking layer between the hole
injection layer, especially HIL 1.3, and the donor layer was investigated. This exciton
blocking layer reduces recombination losses, induced by a strong band bending of the
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energy levels of the organic layers. However, the exact origin of this reduction could
not be resolved within this work. Most probably, the associated increase in Voc results
from a reduced band bending and thus a larger splitting of the Quasi-Fermi levels. But
reduced recombination at the HIL 1.3/donor interface, with α-NPD acting as spacer
could also be the reason. Detailed energy level measurements of the whole device stack,
including the α-NPD blocking layer could reveal the actual energy level alignment and
thus would clarify the role of the α-NPD layer.
Additionally, the origin of the thermally activated CT emission in the 6T/ZCl solar
cells is not finally sorted out. To verify if a TADF process is responsible for the vanishing CT emission at low temperatures, further measurements are necessary. First of
all, time resolved measurements would reveal, whether the CT emission is delayed or
prompt. Furthermore, a variation of the excitation energy for PL spectra can be used to
distinguish between TADF and TTA. By a variation of the excitation wavelength, which
would lead to absorption in either 6T or ZCl and the detection of the CT emission, it
is probably possible to even find out, if the 6T triplet is the relevant one for the CT
emission.
Furthermore, for a better understanding of the energy losses in the solar cells with
diluted donor in a wide-energy gap material, it is necessary to separate radiative and nonradiative recombination. Therefore, measurements of the external quantum efficiency
of the electroluminescence EQEEL are necessary. This would allow to finally determine,
whether the reduced recombination losses in the α-NPD:DBP/C60 solar cells result from
reduced overall recombination losses due to a reduced donor/acceptor interface or from
lower non-radiative recombination losses. Additionally, the EQEEL can be used to investigate the dependence of radiative and non-radiative recombination losses on material
features like morphology and molecular orientation at the interface.
Interesting topics for the future
As CT states do not only play an important role in organic solar cells, but are also
efficiently used as emitting states in so called exciplex OLEDs, the knowledge of both
research fields should be combined. Therefore, it is important to not only use the typical measurement techniques for the respective device. How important typical OLED
measurement techniques can be for solar cells, can be seen in the already discussed connection between non-radiative recombination losses in the solar cell and EQEEL , which
is a standard measure for OLEDs. At the same time important information for the fundamental understanding of exciplex OLEDs could be gained from IPCE measurements
on such devices. Additionally, the use of materials that are used in exciplex OLEDs provides a higher emission intensity, which makes a spectroscopic detection of the interfacial
states easier.
Additionally, further work on exciton blocking layers at the donor side in combination
with the hole injection layer HIL 1.3 would be insightful. Concerning this topic, a special
focus could be laid on the polarity of the exciton blocking layers. A first preliminary
work on this topic is published by Grob et al.,208 where DIP and α-NPD are both
used as exciton blocking layer. However, the focus of this work was rather laid on the
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differences concerning the morphology than the different polarity of the molecules and
the connected electric field in these layers.
The polarity of α-NPD is also an interesting topic concerning the dilution of the
donor material DBP. Similar measurements, where DBP is diluted in a non-polar wideenergy gap matrix could reveal, if the polarity of the matrix has an influence on the
operation of the solar cell, especially concerning charge separation. Even influence on
the energy of the interfacial CT states and the connected Voc are possible. Furthermore,
the question arises, why most materials used in oganic solar cells are non-polar, whereas
many of the typical OLED materials are polar.

Appendix A

Appendix

A.1

Organic Semiconductors

Figure A.1: Approximation of the energy level diagram for the DIP molecule using the
Hückel molecular orbital theory. The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are marked (Calculations were performed using
HuLiS310 ).
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A.2

Influencing the Number of CT States by Morphology
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Figure A.2: Determination of ECT from reduced IPCE and EL spectra for different DIP/C60
solar cells. The fit parameters are given in Table 5.5.

A.3 Influence of the Hole Injection Layer
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Figure A.3: j-V characteristics a) under illumination with 1 sun illumination intensity and
b) under dark conditions of different DIP and DBP based solar cells with (dashed lines) and
without (continuous lines) α-NPD blocking layer.
Table A.1: Comparison of the open-circuit voltages Voc of different DIP/C60 and DBP/C60
solar cells with (right) and without (left) α-NPD blocking layer.

Device
DIP/DIP:C60 /C60
DBP/C60
DBP/DBP:C60 /C60
DBP:C60 /C60

Voc (V)
without α-NPD blocker with α-NPD blocker
0.80
0.84
0.91
0.91
0.83
0.86
0.85
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Figure A.4: Temperature dependent EL spectra with an applied voltage of 2.0 V of a DBP:C70
PM-HJ with a mixing ratio of 1:3 in the blend. The spectra show asymetric contributions in
the CT region above 800 nm, indicating at least two different CT peaks.
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Figure A.5: PL lifetime measurements of a DBP:C70 1:1 blend on a Silicon/HIL 1.3 substrate.
Lifetime measurements (light colored lines) are shown for different wavelengths between 830
and 970 nm and are fitted with a biexponential decay function. The dark colored lines show a
convolution of the fit and the IRF of the measurement setup. The corresponding lifetimes are
listed in Table A.2. Measurements were performed in cooperation with the group of Prof.Dr.H.
Krenner, Experimental Physikcs 1, University of Augsburg.
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Table A.2: Lifetimes for a 1:1 mixture of DBP:C70 for different temperatures. Lifetimes were
obtained by fitting the time-resolved photoluminescence measurements with a biexponential
decay function. The measurements are shown in Figure A.5.

Wavelength
830 nm
850 nm
875 nm
900 nm
925 nm
950 nm
970 nm

A.5

RT
τ1 (ns) τ2 (ns)
0.488
0.013
0.438
0.028
0.435
0.021
0.432
0.042
0.435
0.036
0.470
0.061
0.538
0.041

150 K
τ1 (ns) τ2 (ns)
0.472
0.084
0.362
0.014
0.618
0.298
1.334
0.443
1.325
0.412
1.510
0.449
1.670
0.452

100 K
τ1 (ns) τ2 (ns)
0.568

0.021

2.707

0.627

2.729

0.675
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Figure A.6: j-V characteristics of 6T/DIP PHJ solar cells under illumination with 1 sun
intensity. For the 6T(HT)/DIP device the substrate temperature was kept at 100 °C during
the evaporation of the 6T layer (Data taken from Ref. 102).

Bibliography

[1] The Paris Agreement. http://bigpicture.unfccc.int/#content-the-parisagreement (Accessed: 2017.11.26).
[2] Bundesregierung beschließt Ausstieg aus der Kernkraft bis 2022.
https://www.bundesregierung.de/Content/DE/StatischeSeiten/Breg/
Energiekonzept/05-kernenergie.html (Accessed: 2017.11.26).
[3] Bundesministerium für Wirtschaft und Energie: Erneuerbahre Energien
in Zahlen-Nationale und internationale Entwicklung im Jahr 2016, 2017.
[4] Bundesministerium für Wirtschaft und Energie: Gesamtausgabe
der Energiedaten-Datensammlung des BMWi.
https://www.bmwi.de/
Redaktion/DE/Artikel/Energie/energiedaten-gesamtausgabe.html
(Acessed: 2017.12.10).
[5] Koster, L. J. A., V. D. Mihailetchi, M. Lenes and P. W. M. Blom: Performance Improvement of Polymer:Fullerene Solar Cells Due to Balanced Charge
Transport. In Brabec, C., V. Dyakonov and U. Scherf (editors): Organic
Photovoltaics-Materials, Device Physics and Manufactoring Technologies. WieleyVCH, 2008.
[6] Bundesministerium für Wirtschaft und Energie: Primärenergieverbrauch weltweit. https://www.bmwi.de/Redaktion/DE/Infografiken/Energie/
Energiedaten/Internationaler-Energiemarkt/energiedaten-int-energie
markt-46.html (Accessed: 2017.11.26).
[7] Wirth, H. Frauenhofer ISE: Aktuelle Fakten zur Photovoltaik in Deutschland,
November 2017.
[8] Green, M. A., K. Emery, Y. Hishikawa, W. Warta, E. D. Dunlop, D. H.
Levi and A. W. Y. Ho-Baillie: Solar cell efficiency tables (version 49). Progress
in Photovoltaics: Research and Applications, 25(1):3–13, 2017.
[9] U.S. Energy Information Administration: International Energy Outlook
2017. https://www.eia.gov/outlooks/ieo/pdf/0484(2017).pdf (Accessed:
2017.11.26).
195

196

Bibliography

[10] The National Renewable Energy Laboratory: PV FAQs- What is the
energy payback for PV? https://www.nrel.gov/docs/fy04osti/35489.pdf (Accessed: 2017.11.26).
[11] Fraunhofer Institute for Solar Energy Systems: Photovoltaics
Report. https://www.ise.fraunhofer.de/content/dam/ise/de/documents/
publications/studies/Photovoltaics-Report.pdf (Accessed: 2017.11.26).
[12] Heliatek.
http://www.heliatek.com/de/solarfolien/technische-daten
(Accessed: 2017.11.26).
[13] Espinosa, N., M. Hosel, D. Angmo and F. C. Krebs: Solar cells with one-day
energy payback for the factories of the future. Energy Environ. Sci., 5:5117–5132,
2012.
[14] OPVIUS Energising Surfaces: OPV manufacturing process - Energy
Payback Time. http://www.opvius.com/de/manufacturing.html (Accessed:
2017.11.26).
[15] OPVIUS Energizing Surfaces. http://www.opvius.com/energy-generating
-shade-sail-in-shape-of-african-continent.html (Accessed:2017.11.26).
[16] Heliatek. http://www.heliatek.com/de/anwendungen/gebaeude (Accessed:
2017.11.26).
[17] Windkraft-Journal: Pilotprojekt: Traglufthalle mit organischer Solarfolie und 1.4 kWp in Berlin installiert. http://www.windkraft-journal.de
/2015/01/15/pilotprojekt-traglufthalle-mit-organischer-solarfolieund-14-kwp-in-berlin-installiert/61577 (Accessed: 2017.11.26).
[18] Heliatek. http://www.heliatek.com/en/press/press-releases/details/
heliatek-sets-new-organic-photovoltaic-world-record-efficiencyof-13-2 (Accessed: 2017.11.27).
[19] Tang, C. W.: Two-layer organic photovoltaic cell. Applied Physics Letters,
48(2):183 –185, 1986.
[20] King, R. R., D. Bhusari, A. Boca, D. Larrabee, X.-Q. Liu, W. Hong,
C. M. Fetzer, D. C. Law and N. H. Karam: Band gap-voltage offset and
energy production in next-generation multijunction solar cells. Progress in Photovoltaics: Research and Applications, 19(7):797–812, 2011.
[21] Green, M. A.: Radiative efficiency of state-of-the-art photovoltaic cells. Progress
in Photovoltaics: Research and Applications, 20(4):472–476, 2012.
[22] Tvingstedt, K., O. Malinliewicz, A. Baumann, C. Deibel, H. J. Snaith,
V. Dyakonov and H. J. Bolink: Radiative efficiency of lead iodide based perovskite solar cells. Scientific Reports, 4:6071, 2014.

Bibliography

197

[23] Janssen, R. A. J. and J. Nelson: Factors Limiting Device Efficiency in Organic
Photovoltaics. Advanced Materials, 25(13):1847–1858, 2013.
[24] Linderl, T., T. Zechel, M. Brendel, D. Moseguí González, P. MüllerBuschbaum, J. Pflaum and W. Brütting: Energy Losses in Small-Molecule
Organic Photovoltaics. Advanced Energy Materials, 7(16):1700237, 2017. 1700237.
[25] Bässler, H. and A. Köhler: "Hot or cold": how do charge transfer states at the
donor-acceptor interface of an organic solar cell dissociate? Phys. Chem. Chem.
Phys., 17:28451–28462, 2015.
[26] Vandewal, K., K. Tvingstedt, A. Gadisa, O. Inganäs and J. V. Manca:
Relating the open-circuit voltage to interface molecular properties of donor:acceptor
bulk heterojunction solar cells. Physical Review B, 81:125204, 2010.
[27] Vandewal, K., A. Gadisa, W. D. Oosterbaan, S. Bertho, F. Banishoeib,
I. Van Severen, L. Lutsen, T. J. Cleij, D. Vanderzande and J. V. Manca:
The Relation Between Open-Circuit Voltage and the Onset of Photocurrent Generation by Charge-Transfer Absorption in Polymer:Fullerene Bulk Heterojunction
Solar Cells. Advanced Functional Materials, 18(14):2064–2070, 2008.
[28] Vandewal, K., K. Tvingstedt, J.V. Manca and O. Inganas: ChargeTransfer States and Upper Limit of the Open-Circuit Voltage in Polymer:Fullerene
Organic Solar Cells. IEEE Journal of Selected Topics in Quantum Electronics,
16(6):1676 –1684, 2010.
[29] Linderl, T.: Impedanzmessungen an organischen Solarzellen. Master’s thesis,
University of Augsburg, 2012.
[30] Brütting, W.: Physics of Organic Semiconductors. Wiley-VCH, 2005.
[31] Vollhardt, K. P. C. and N. E. Schore: Organische Chemie. Wiley-VCH,
2005.
[32] Köhler, A. and H. Bässler: Electronic Processes in Organic Semiconductors:
An Introduction. Wiley-VCH, 2015.
[33] Brütting, W. and W. Rieß: Grundlagen der organischen Halbleiter. Physik
Journal, 7(5):33–38, 2008.
[34] Bässler, H. and A. Köhler: Charge Transport in Organic Semiconductors.
In Metzger, R. M. (editor): Unimolecular and Supramolecular Electronics I:
Chemistry and Physics Meet at Metal-Molecule Interfaces, pages 1–65. Springer
Berlin Heidelberg, Berlin, Heidelberg, 2012.
[35] Coropceanu, V., J. Cornil, Demetrio A. da Silva F., Y. Olivier, R. Silbey and J.-L. Brédas: Charge Transport in Organic Semiconductors. Chemical
Reviews, 107(4):926–952, 2007.

198

Bibliography

[36] Ishii, H., K. Sugiyama, E. Ito and K. Seki: Energy Level Alignment and Interfacial Electronic Structures at Organic/Metal and Organic/Organic Interfaces.
Advanced Materials, 11(8):605–625, 1999.
[37] Hertel, D. and H. Bässler: Photoleitung in Polymeren.
5(11):39–45, 2006.

Physik Journal,

[38] Sundar, V. C., J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett,
T. Someya, M. E. Gershenson and J. A. Rogers: Elastomeric Transistor
Stamps: Reversible Probing of Charge Transport in Organic Crystals. Science,
303(5664):1644–1646, 2004.
[39] Jurchescu, O. D., J. Baas and T. T. M. Palstra: Effect of impurities on the
mobility of single crystal pentacene. Applied Physics Letters, 84(16):3061–3063,
2004.
[40] Horowitz, G. and M. E. Hajlaoui: Mobility in Polycrystalline Oligothiophene Field-Effect Transistors Dependent on Grain Size. Advanced Materials,
12(14):1046–1050, 2000.
[41] Opitz, A.: Charge carrier generation and transport at interfaces in organic semiconductor devices. Habilitation thesis, University of Augsburg, 2009.
[42] Jablónski, A.: Efficiency of Anti-Stokes Fluorescence in Dyes. Nature, 131:839–
840, 1933.
[43] Schmidt-Mende, L. and J. Weickert: Organic and Hybrid Solar Cells: An
Introduction. De Gruyter Graduate, 2016.
[44] Franck, J. and E. G. Dymond: Elementary processes of photochemical reactions. Trans. Faraday Soc., 21:536–542, 1926.
[45] Condon, E.: A theory of intensity distribution in band systems. Phys. Rev.,
28:1182–1201, 1926.
[46] Mustroph, H. and S. Ernst: Das Franck-Condon-Prinzip. Chemie in unserer
Zeit, 45:256–269, 2011.
[47] Kraus, J. K.: Physics of molecular donor-acceptro solar cells-Correlation between
interface morphologie, energetics and device performance. PhD thesis, University
of Augsburg, 2013.
[48] Schwoerer, M. and H. C. Wolf: Organic Molecular Solids. Wiley-VCH, 2007.
[49] Gregg, B. A. and M. C. Hanna: Comparing organic to inorganic photovoltaic cells: Theory, experiment, and simulation. Journal of Applied Physics,
93 (6):3605–3614, 2003.

Bibliography

199

[50] Hill, I.G., A. Kahn, Z.G. Soos and R.A. Pascal: Charge-separation energy
in films of p-conjugated organic molecules. Chemical Physics Letters, 327(3–4):181
– 188, 2000.
[51] Gregg, B. A.: Excitonic Solar Cells. The Journal of Physical Chemistry B,
107(20):4688–4698, 2003.
[52] Würfel, P.: Physics of Solar Cells - From Principles to New Concepts. Springer,
2009.
[53] Wetzelaer, G.-J. A. H., M. Kuik and P. W. M. Blom: Identifying the
Nature of Charge Recombination in Organic Solar Cells from Charge-Transfer
State Electroluminescence. Advanced Energy Materials, 2:1232–1237, 2012.
[54] Wagner, J., M. Gruber, A. Wilke, Y. Tanaka, K. Topczak, A. Steindamm, U. Hörmann, A. Opitz, Y. Nakayama, H. Ishii, J. Pflaum, N. Koch
and W. Brütting: Identification of different origins for s-shaped current voltage
characteristics in planar heterojunction organic solar cells. Journal of Applied
Physics, 111(5):054509, 2012.
[55] Aernouts, T., W. Geens, J. Poortmans, P. Heremans, S. Borghs and
R. Mertens: Extraction of bulk and contact components of the series resistance
in organic bulk donor-acceptor-heterojunctions. Thin Solid Films, 403–404:297 –
301, 2002. Proceedings of Symposium P on Thin Film Materials for Photovoltaics.
[56] Qi, B. and J. Wang: Fill factor in organic solar cells. Phys. Chem. Chem. Phys.,
15:8972–8982, 2013.
[57] Petersen, A., T. Kirchartz and T. A. Wagner: Charge extraction and
photocurrent in organic bulk heterojunction solar cells. Phys. Rev. B, 85:045208,
2012.
[58] Mihailetchi, V. D., L. J. A. Koster, J. C. Hummelen and P. W. M. Blom:
Photocurrent Generation in Polymer-Fullerene Bulk Heterojunctions. Phys. Rev.
Lett., 93:216601, Nov 2004.
[59] NREL:
Reference
Solar
Spectral
Irradiance:
Air
Mass
http://rredc.nrel.gov/solar/spectra/am1.5/ (Accessed : 2017.12.11).

1.5.

[60] Shrotriya, V., G. Li, Y. Yao, T. Moriarty, K. Emery and Y. Yang: Accurate Measurement and Characterization of Organic Solar Cells. Advanced Functional Materials, 16(15):2016–2023, 2006.
[61] International Electrotechnical Commission: IEC 60904-3 Measurement principles for terrestrial photovoltaic (PV) solar devices with reference spectral irradiance data. https://webstore.iec.ch/publication/24534 (Accessed:
2017.12.11).

200

Bibliography

[62] Harrison, M. G., J. Grüner and G. C. W. Spencer: Analysis of the photocurrent action spectra of MEH-PPV polymer photodiodes. Phys. Rev. B, 55:7831–7849,
1997.
[63] Tang, C. W. and A. C. Albrecht: Photovoltaic effects of metal–chlorophylla–metal sandwich cells. The Journal of Chemical Physics, 62(6):2139–2149, 1975.
[64] Sze, S. M. and K. K. Ng: Physdevices of Semiconductor Devices. Wiley Interscience, third edition, 2007.
[65] Blom, P. W. M., V. D. Mihailetchi, L. J. A. Koster and D. E. Markov:
Device Physics of Polymer:Fullerene Bulk Heterojunction Solar Cells. Advanced
Materials, 19:1551–1566, 2007.
[66] Heremans, P., D. Cheyns and B. P. Rand: Strategies for Increasing the
Efficiency of Heterojunction Organic Solar Cells: Material Selection and Device
Architecture. Accounts of Chemical Research, 42(11):1740–1747, 2009.
[67] Brédas, J.-L., J. E. Norton, J. Cornil and V. Coropceanu: Molecular
Understanding of Organic Solar Cells: The Challenges. Accounts of Chemical
Research, 42(11):1691–1699, 2009.
[68] Fu, Y.-T., C. Risko and J.-L. Brédas: Intermixing at the Pentacene-Fullerene
Bilayer Interface: A Molecular Dynamics Study. Advanced Materials, 25(6):878–
882, 2013.
[69] Ndjawa, N., Guy O., K. R. Graham, R. Li, S. M. Conron, P. Erwin,
K. W. Chou, G. F. Burkhard, K. Zhao, E. T. Hoke, M. E. Thompson,
M. D. McGehee and A. Amassian: Impact of Molecular Orientation and Spontaneous Interfacial Mixing on the Performance of Organic Solar Cells. Chemistry
of Materials, 27(16):5597–5604, 2015.
[70] Peumans, P., U. Uchida and S. R. Forrest: Efficient bulk heterojunction photovoltaic cells using small-molecular-weight organic thin Films. Nature, 425:158–
162, 2003.
[71] Rim, S.-B. and P. Peumans: The effects of optical interference on exciton diffusion length measurements using photocurrent spectroscopy. Journal of Applied
Physics, 103(12):124515, 2008.
[72] Lunt, R. R., N. C. Giebink, A. A. Belak, J. B. Benziger and S. R. Forrest: Exciton diffusion lengths of organic semiconductor thin films measured
by spectrally resolved photoluminescence quenching. Journal of Applied Physics,
105(5):053711, 2009.
[73] Stübinger, T. and W. Brütting: Exciton diffusion and optical interference in
organic donor–acceptor photovoltaic cells. Journal of Applied Physics, 90(7):3632–
3641, 2001.

Bibliography

201

[74] Dennler, G., M. C. Scharber and C. J. Brabec: Polymer-Fullerene BulkHeterojunction Solar Cells. Advanced Materials, 21(13):1323–1338, 2009.
[75] Schünemann, C., D. Wynands, M. P. Wilde, L.and Hein, S. Pfützner,
C. Elschner, K.-J. Eichhorn, K. Leo and M. Riede: Phase separation
analysis of bulk heterojunctions in small-molecule organic solar cells using zincphthalocyanine and C60 . Phys. Rev. B, 85:245314, Jun 2012.
[76] Burke, T. M., S. Sweetnam, K. Vandewal and M. D. McGehee: Beyond
Langevin Recombination: How Equilibrium Between Free Carriers and Charge
Transfer States Determines the Open-Circuit Voltage of Organic Solar Cells. Advanced Energy Materials, 5(11):1500123, 2015.
[77] Vandewal, K., K. Tvingstedt, A. Gadisa, O. Inganäs and J. V. Manca:
On the origin of the open-circuit voltage of polymer-fullerene solar cells. Nature
Materials, 8:904–909, 2009.
[78] Zou, Y. and R. J. Holmes: Correlation between the Open-Circuit Voltage and
Charge Transfer State Energy in Organic Photovoltaic Cells. ACS Applied Materials & Interfaces, 7(33):18306–18311, 2015.
[79] Deibel, C., T. Strobel and V. Dyakonov: Role of the Charge Transfer State
in Organic Donor–Acceptor Solar Cells. Advanced Materials, 22(37):4097–4111,
2010.
[80] Vandewal, K.: Interfacial Charge Transfer States in Condensed Phase Systems.
Annual Review of Physical Chemistry, 67(1):113–133, 2016.
[81] Linderl, T., U. Hörmann, S. Beratz, M. Gruber, S. Grob, A. Hofmann and W. Brütting: Temperature dependent competition between different
recombination channels in organic heterojunction solar cells. Journal of Optics,
18(2):024007, 2016.
[82] Shockley, W. and H. J. Queisser: Detailed Balance Limit of Efficiency of p-n
Junction Solar Cells. Journal of Applied Physics, 32(3):510–519, 1961.
[83] Kirchartz, T., J. Mattheis and U. Rau: Detailed balance theory of excitonic
and bulk heterojunction solar cells. Physical Review B, 78(23):235320, 2008.
[84] Kirchartz, T., K. Taretto and U. Rau: Efficiency Limits of Organic Bulk
Heterojunction Solar Cells. The Journal of Physical Chemistry C, 113(41):17958–
17966, 2009.
[85] Giebink, N. C., G.P. Wiederrecht, M. R. Wasielewski and S. R. Forrest: Thermodynamic Efficiency Limit of Excitonic Solar Cells. Physical Review
B, 83(19):195326, 2011.

202

Bibliography

[86] Koster, L. J. A., S. E Shaheen and J. C Hummelen: Pathways to a New Efficiency Regime for Organic Solar Cells. Advanced Energy Materials, 2(10):1246–
1253, 2012.
[87] Gruber, M., J. Wagner, K. Klein, U. Hörmann, A. Opitz, M. Stutzmann and W. Brütting: Thermodynamic Efficiency Limit of Molecular DonorAcceptor Solar Cells and its Application to Diindenoperylene/C60 -Based Planar
Heterojunction Devices. Advanced Energy Materials, 2(9):1100–1108, 2012.
[88] Kirchhoff, G.: Ueber das Verhältniss zwischen dem Emissionsvermögen und
dem Absorptionsvermögen der Körper für Wärme und Licht. Annalen der Physik,
185(2):275–301, 1860.
[89] Rau, U.: Reciprocity Relation between Photovoltaic Quantum Efficiency and Electroluminescent Emission of Solar Cells. Physical Review B, 76(8):085303, 2007.
[90] Ross, R. T.: Some Thermodynamics of Photochemical Systems. The Journal of
Chemical Physics, 46(12):4590–4593, 1967.
[91] Xu, Y., T. Gaong and J. N. Munday: The generalized Shockley-Queisser limit
for nanostructured solar cells. Scientific Reports, 5:13536, 2015.
[92] Rau, U., U. W. Paetzold and T. Kirchartz: Thermodynamics of light management in photovoltaic devices. Phys. Rev. B, 90:035211, 2014.
[93] Polman, A. and H. A. Atwater: Photonic design principles for ultrahighefficiency photovoltaics. Nature Materials, 11:174–177, 2012.
[94] Grätzel, M.: The light and shade of perovskite solar cells. Nature Materials,
13(9):838–842, 2014.
[95] Hörmann, U., J. Kraus, M. Gruber, C. Schuhmair, T. Linderl, S. Grob,
S. Kapfinger, K. Klein, M. Stutzman, H. J. Krenner and W. Brütting:
Quantification of energy losses in organic solar cells from temperature-dependent
device characteristics. Phys. Rev. B, 88:235307, 2013.
[96] Widmer, J., M. Tietze, K. Leo and M. Riede: Open-Circuit Voltage and
Effective Gap of Organic Solar Cells. Advanced Functional Materials, 23(46):5814–
5821, 2013.
[97] Potscavage, W. J., S. Yoo and B. Kippelen: Origin of the open-circuit
voltage in multilayer heterojunction organic solar cells. Applied Physics Letters,
93(19):193308, 2008.
[98] Perez, M. D., C. Borek, S. R Forrest and M. E Thompson: Molecular
and Morphological Influences on the Open Circuit Voltages of Organic Photovoltaic
Devices. Journal of the American Chemical Society, 131(26):9281–9286, 2009.

Bibliography

203

[99] Rand, B., D. Burk and S. Forrest: Offset Energies at Organic Semiconductor
Heterojunctions and their Influence on the Open-Circuit Voltage of Thin-Film
Solar Cells. Physical Review B, 75(11):115327, 2007.
[100] Wilke, A., J. Endres, U. Hormann, J. Niederhausen, R. Schlesinger,
J. Frisch, P. Amsalem, J. Wagner, M. Gruber, A. Opitz, A. Vollmer,
W. Brutting, A. Kahn and N. Koch: Correlation between interface energetics
and open circuit voltage in organic photovoltaic cells. Applied Physics Letters,
101(23):233301, 2012.
[101] Graham, K. R., P. Erwin, D. Nordlund, K. Vandewal, R. Li, G. O. N.
Ndjawa, E. T. Hoke, A. Salleo, M. E. Thompson, M. D. McGehee and
A. Amassian: Re-evaluating the Role of Sterics and Electronic Coupling in Determining the Open-Circuit Voltage of Organic Solar Cells. Advanced Materials,
25(42):6076–6082, 2013.
[102] Hörmann, U.: VOC from a morphology point of view: On the open circuit voltage of polycrystalline organic heterojunction solar cells. PhD thesis, Universität
Augsburg, 2014.
[103] Yamamoto, S., A. Orimo, H. Ohkita, H. Benten and S. Ito: Molecular
Understanding of the Open-Circuit Voltage of Polymer:Fullerene Solar Cells. Advanced Energy Materials, 2(2):229–237, 2012.
[104] Graham, K. R., G. O. N. Ndjawa, S. M. Conron, R. Munir, K. Vandewal,
J. J. Chen, S. Sweetnam, M. E. Thompson, A. Salleo, M. D. McGehee
and A. Amassian: The Roles of Structural Order and Intermolecular Interactions in Determining Ionization Energies and Charge-Transfer State Energies in
Organic Semiconductors. Advanced Energy Materials, 6(22):1601211, 2016.
[105] Liu, X., K. Ding, A. Panda and S. R. Forrest: Charge Transfer States in
Dilute Donor–Acceptor Blend Organic Heterojunctions. ACS Nano, 10(8):7619–
7626, 2016.
[106] Ndjawa, G. O. N., K. R. Graham, S. Mollinger, D. M. Wu, D. Hanifi,
R. Prasanna, B. D. Rose, S. Dey, L. Yu, J.-L. Brédas, M. D. McGehee,
A. Salleo and A. Amassian: Open-Circuit Voltage in Organic Solar Cells: The
Impacts of Donor Semicrystallinity and Coexistence of Multiple Interfacial ChargeTransfer Bands. Advanced Energy Materials, 7(12):1601995, 2017.
[107] Brendel, M., S. Krause, A. Steindamm, A. K. Topczak, S. Sundarraj,
P. Erk, S. Höhla, N. Fruehauf, N. Koch and J. Pflaum: The Effect of Gradual Fluorination on the Properties of FnZnPc Thin Films and FnZnPc/C60 Bilayer
Photovoltaic Cells. Advanced Functional Materials, 25(10):1565–1573, 2015.

204

Bibliography

[108] Vandewal, K., Z. Ma, J. Bergqvist, Z. Tang, E. Wang, P. Henriksson,
K. Tvingstedt, M. R. Andersson, F. Zhang and O. Inganäs: Quantification of Quantum Efficiency and Energy Losses in Low Bandgap Polymer:Fullerene
Solar Cells with High Open-Circuit Voltage. Advanced Functional Materials,
22(16):3480–3490, 2012.
[109] Benson-Smith, J. J., L. Goris, K. Vandewal, K. Haenen, J. V. Manca,
D. Vanderzande, D. D. C. Bradley and J. Nelson: Formation of a
Ground-State Charge-Transfer Complex in Polyfluorene//[6,6]-Phenyl-C61 Butyric Acid Methyl Ester (PCBM) Blend Films and Its Role in the Function of
Polymer/PCBM Solar Cells. Advanced Functional Materials, 17(3):451–457, 2007.
[110] Faist, M. A., T. Kirchartz, W. Gong, R. S. Ashraf, I. McCulloch,
J. C. de Mello, N. J. Ekins-Daukes, D. D. C. Bradley and J. Nelson:
Competition between the Charge Transfer State and the Singlet States of Donor or
Acceptor Limiting the Efficiency in Polymer:Fullerene Solar Cells. Journal of the
American Chemical Society, 134(1):685–692, 2012.
[111] Ren, G., C. W. Schlenker, E. Ahmed, S. Subramaniyan, S. Olthof,
A. Kahn, D. S. Ginger and S. A. Jenekhe: Photoinduced Hole Transfer
Becomes Suppressed with Diminished Driving Force in Polymer-Fullerene Solar
Cells While Electron Transfer Remains Active. Advanced Functional Materials,
23(10):1238–1249, 2013.
[112] Hoke, E. T., K. Vandewal, J. A. Bartelt, W. R. Mateker, J. D. Douglas, R. Noriega, K. R. Graham, J. M. J. Fréchet, A. Salleo and M.D.
McGehee: Recombination in Polymer:Fullerene Solar Cells with Open-Circuit
Voltages Approaching and Exceeding 1.0 V. Advanced Energy Materials, 3(2):220–
230, 2013.
[113] Li, W., K. H. Hendriks, A. Furlan, M. M. Wienk and R. A. J. Janssen:
High Quantum Efficiencies in Polymer Solar Cells at Energy Losses below 0.6 eV.
Journal of the American Chemical Society, 137(6):2231–2234, 2015.
[114] Vandewal, K., J. Widmer, T. Heumueller, C. J. Brabec, M. D. McGehee, K. Leo, M. Riede and A. Salleo: Increased Open-Circuit Voltage of
Organic Solar Cells by Reduced Donor-Acceptor Interface Area. Advanced Materials, 26:3839–3843, 2014.
[115] Benduhn, J., K. Tvingstedt, F. Piersimoni, S. Ullbrich, Y. Fan,
M. Tropiano, K. A. McGarry, O. Zeika, M. K. RM. K. Riede. J. Douglas, S. Barlow, S. R. Marder, D. Neher, D. Spoltore and K. Vandewal: Intrinsic non-radiative voltage losses in fullerene-based organic solar cells.
Nature Energy, 2:17053, 2017.
[116] Engelman, R. and J. Jortner: The energy gap law for radiationless transitions
in large molecules. Molecular Physics, 18:145–164, 1970.

Bibliography

205

[117] Elumalai, N. K. and A. Uddin: Open circuit voltage of organic solar cells: an
in-depth review. Energy Environ. Sci., 9:391–410, 2016.
[118] Koster, L. J. A., V. D. Mihailetchi, R. Ramaker and P. W. M. Blom:
Light intensity dependence of open-circuit voltage of polymer:fullerene solar cells.
Applied Physics Letters, 86(12):123509, 2005.
[119] Blakesley, J. C. and D. Neher: Relationship between energetic disorder and
open-circuit voltage in bulk heterojunction organic solar cells. Physical Review B,
84:075210, 2011.
[120] Ratcliff, E. L., A. Garcia, S. A. Paniagua, S. R. Cowan, A. J. Giordano,
D. S. Ginley, S. R. Marder, J. J. Berry and D. C. Olson: Investigating the
Influence of Interfacial Contact Properties on Open Circuit Voltages in Organic
Photovoltaic Performance: Work Function Versus Selectivity. Advanced Energy
Materials, 3(5):647–656, 2013.
[121] Kim, H., J. Y. Kim, S. H. Park, K. Lee, Y. Jin, J. Kim and H. Suh: Electroluminescence in polymer-fullerene photovoltaic cells. Applied Physics Letters,
86(18):183502, 2005.
[122] Tvingstedt, K., K. Vandewal, A. Gadisa, F. Zhang, J. Manca and O. Inganäs: Electroluminescence from Charge Transfer States in Polymer Solar Cells.
Journal of the American Chemical Society, 131(33):11819–11824, 2009.
[123] Loi, M. A., S. Toffanin, M. Muccini, M. Forster, U. Scherf and
M. Scharber: Charge Transfer Excitons in Bulk Heterojunctions of a Polyfluorene Copolymer and a Fullerene Derivative. Advanced Functional Materials,
17(13):2111–2116, 2007.
[124] Veldman, D., Ö. İpek, S. C. J. Meskers, J. Sweelssen, M. M. Koetse,
S. C. Veenstra, J. M. Kroon, S. S. van Bavel, J. Loos and R. A. J.
Janssen: Compositional and Electric Field Dependence of the Dissociation
of Charge Transfer Excitons in Alternating Polyfluorene Copolymer/Fullerene
Blends. Journal of the American Chemical Society, 130(24):7721–7735, 2008.
[125] Hallermann, M., I. Kriegel, E. Da Como, J. M. Berger, E. von Hauff
and J. Feldmann: Charge Transfer Excitons in Polymer/Fullerene Blends: The
Role of Morphology and Polymer Chain Conformation. Advanced Functional Materials, 19(22):3662–3668, 2009.
[126] Hallermann, M., S. Haneder and E. Da Como: Charge-transfer states in
conjugated polymer/fullerene blends: Below-gap weakly bound excitons for polymer
photovoltaics. Applied Physics Letters, 93(5):053307, 2008.

206

Bibliography

[127] Veldman, D., S. C. J. Meskers and R. A. J. Janssen: The Energy of ChargeTransfer States in Electron Donor–Acceptor Blends: Insight into the Energy Losses
in Organic Solar Cells. Advanced Functional Materials, 19(12):1939–1948, 2009.
[128] Zhang, F., J. Bijleveld, E. Perzon, K. Tvingstedt, S. Barrau, O. Inganas and M. R. Andersson: High photovoltage achieved in low band gap
polymer solar cells by adjusting energy levels of a polymer with the LUMOs of
fullerene derivatives. J. Mater. Chem., 18:5468–5474, 2008.
[129] Zhou, Y., K. Tvingstedt, F. Zhang, C. Du, W.-X. Ni, M. R. Andersson and O. Inganäs: Observation of a Charge Transfer State in Low-Bandgap
Polymer/Fullerene Blend Systems by Photoluminescence and Electroluminescence
Studies. Advanced Functional Materials, 19(20):3293–3299, 2009.
[130] Vandewal, K., S. Albrecht, E. T. Hoke, K. R. Graham, J. Widmer,
J. D. Douglas, M. Schubert, W. R. Mateker, J. T. Blocking, G. F.
Burkhard, A. Sellinger, J. M. J. Fréchet, A. Amassian, M. K. Riede,
M. D. McGehee, D. Neher and A. Salleo: Efficient charge generation by
relaxed charge-transfer states at organic interfaces. Nature Materials, 13:63–68,
2014.
[131] Wurfel, P.: The chemical potential of radiation. Journal of Physics C: Solid
State Physics, 15(18):3967, 1982.
[132] Gould, I. R., D. Noukakis, L. Gomez-Jahn, R. H. Young, J. L. Goodman
and S. Farid: Radiative and nonradiative electron transfer in contact radical-ion
pairs. Chemical Physics, 176(2):439 – 456, 1993.
[133] Ran, N. A., M. Kuik, J. A. Love, C. M. Proctor, I. Nagao, G. C. Bazan
and T.-Q. Nguyen: Understanding the Charge-Transfer State and Singlet Exciton Emission from Solution-Processed Small-Molecule Organic Solar Cells. Advanced Materials, 26(43):7405–7412, 2014.
[134] Gautam, B. R., R. Younts, W. Li, L. Yan, E. Danilov, E. Klump, I. Constantinou, F. So, W. You, H. Ade and K. Gundogdu: Charge Photogeneration in Organic Photovoltaics: Role of Hot versus Cold Charge-Transfer Excitons.
Advanced Energy Materials, 6(1):1301032, 2016. 1301032.
[135] Song, Y., S. N. Clafton, R. D. Pensack, T. W. Kee and G. D. Scholes: Vibrational coherence probes the mechanism of ultrafast electron transfer
in polymer-fullerene Blends. Nature Communications, 5:4933, 2014.
[136] Grancini, G., M. Maiuri, D. Fazzi, A. Patrozza, H.J. Engelhaaf,
D. Brida, G. Cerrullo and G. Lanzani: Hot exciton dissociation in polymer
solar cells. Nature Materials, 12:29–33, 2013.

Bibliography

207

[137] Schulze, M., M. Hänsel and P. Tegeder: Hot Excitons Increase the
Donor/Acceptor Charge Transfer Yield. The Journal of Physical Chemistry C,
118(49):28527–28534, 2014.
[138] Jailaubekov, A. E., A. P. Willard, J. R. Tritsch, W. L. Chan, N. Sai,
R. Gearba, L. G. Kaake, K. J. Williams, K. Leung, P. J. Rossky and
X.-Y. Zhu: Hot charge-trnsfer excitons set the time limit for charge separation
at donor/acceptor interfaces in organic photovoltaics. Nature Materials, 12:66–73,
2013.
[139] Dimitrov, S. D., A. A. Bakulin, C. B. Nielsen, B. C. Schroeder, J. Du,
H. Bronstein, I. McCulloch, R. H. Friend and J. R. Durrant: On the
Energetic Dependence of Charge Separation in Low-Band-Gap Polymer/Fullerene
Blends. Journal of the American Chemical Society, 134(44):18189–18192, 2012.
[140] Hahn, T., J. Geiger, X. Blase, I. Duchemin, D. Niedzialek,
S. Tscheuschner, D. Beljonne, H. Bässler and A. Köhler: Does Excess
Energy Assist Photogeneration in an Organic Low-Bandgap Solar Cell? Advanced
Functional Materials, 25(8):1287–1295, 2015.
[141] Bakulin, A. A., A. Rao, V. G. Pavelyev, P. H. M. van Loosdrecht,
M. S. Pshenichnikov, D. Niedzialek, J. Cornil, D. Beljonne and R. H.
Friend: The Role of Driving Energy and Delocalized States for Charge Separation
in Organic Semiconductors. Science, 335(6074):1340–1344, 2012.
[142] Di Nuzzo, D., G.-J. A. H. Wetzelaer, R. K. M. Bouwer, V. S. Gevaerts,
S. C. J. Meskers, J. C. Hummelen, P. W. M. Blom and R. A. J. Janssen:
Simultaneous Open-Circuit Voltage Enhancement and Short-Circuit Current Loss
in Polymer: Fullerene Solar Cells Correlated by Reduced Quantum Efficiency for
Photoinduced Electron Transfer. Advanced Energy Materials, 3:85–94, 2013.
[143] Clarke, T. M. and J. R. Durrant: Charge Photogeneration in Organic Solar
Cells. Chemical Reviews, 110(11):6736–6767, 2010.
[144] Ohkita, H., S. Cook, Y. Astuti, W. Duffy, S. Tierney, W. Zhang,
M. Heeney, I. McCulloch, J. Nelson, D. D. C. Bradley and J. R. Durrant: Charge Carrier Formation in Polythiophene/Fullerene Blend Films Studied
by Transient Absorption Spectroscopy. Journal of the American Chemical Society,
130(10):3030–3042, 2008.
[145] Clarke, T. M., A. M. Ballantyne, J. Nelson, D. D. C. Bradley
and J. R. Durrant: Free Energy Control of Charge Photogeneration in
Polythiophene/Fullerene Solar Cells: The Influence of Thermal Annealing on
P3HT/PCBM Blends. Advanced Functional Materials, 18(24):4029–4035, 2008.

208

Bibliography

[146] Liu, J., S. Chen, D. Qian, B. Gautam, G. Yang, J. Zhao, J. Bergqvist,
F. Zhang, W. Ma, H. Ade, O. Inganäs, K. Gundogdu, F. Gao and H. Yan:
Fast charge separation in a non-fullerene organic solar cell with a small driving
force. Nature Energy, 1:16089, 2016.
[147] Parkinson, P., J. Lloyd-Hughes, M. B. Johnston and L. M. Herz: Efficient generation of charges via below-gap photoexcitation of polymer-fullerene
blend films investigated by terahertz spectroscopy. Phys. Rev. B, 78:115321, 2008.
[148] Lee, J., K. Vandewal, S. R. Yost, M. E. Bahlke, L. Goris, M. A. Baldo,
J. V. Manca and T. V. Voorhis: Charge Transfer State Versus Hot Exciton
Dissociation in Polymer-Fullerene Blended Solar Cells. Journal of the American
Chemical Society, 132(34):11878–11880, 2010.
[149] Albrecht, S., K. Vandewal, J. R. Tumbleston, F. S. U. Fischer, J. D.
Douglas, J. M. J. Fréchet, S. Ludwigs, H. Ade, A. Salleo and D. Neher:
On the Efficiency of Charge Transfer State Splitting in Polymer:Fullerene Solar
Cells. Advanced Materials, 26(16):2533–2539, 2014.
[150] Zusan, A., K. Vandewal, B. Allendorf, N. H. Hansen, J. Pflaum,
A. Salleo, V. Dyakonov and C. Deibel: The Crucial Influence of Fullerene
Phases on Photogeneration in Organic Bulk Heterojunction Solar Cells. Advanced
Energy Materials, 4(17):1400922, 2014. 1400922.
[151] Schwarz, C., S. Tscheuschner, J. Frisch, S. Winkler, N. Koch,
H. Bässler and A. Köhler: Role of the effective mass and interfacial dipoles on
exciton dissociation in organic donor-acceptor solar cells. Phys. Rev. B, 87:155205,
2013.
[152] Veenstra, S. C.: Electronic structure of molecular systems: from gas phase to
thin films to devices. PhD thesis, University of Groningen, 2002.
[153] Arkhipov, V. I., P. Heremans and H. Bässler: Why is exciton dissociation
so efficient at the interface between a conjugated polymer and an electron acceptor?
Appl. Phys. Lett., 82(25):4605–4607, 2003.
[154] Avilov, I., V. Geskin and J. Cornil: Quantum-Chemical Characterization
of the Origin of Dipole Formation at Molecular Organic/Organic Interfaces. Advanced Functional Materials, 19(4):624–633, 2009.
[155] Emelianova, E. V., M. van der Auweraer and H. Bässler: Hopping approach towards exciton dissociation in conjugated polymers. The Journal of Chemical Physics, 128(22):224709, 2008.
[156] Zimmerman, J. D., X. Xiao, C. K. Renshaw, S. Wang, V. V. Diev, M. E.
Thompson and S. R. Forrest: Independent Control of Bulk and Interfacial

Bibliography

209

Morphologies of Small Molecular Weight Organic Heterojunction Solar Cells. Nano
Letters, 12(8):4366–4371, 2012.
[157] Song, B., C. Rolin, J. D. Zimmerman and S. R. Forrest: Effect of Mixed
Layer Crystallinity on the Performance of Mixed Heterojunction Organic Photovoltaic Cells. Advanced Materials, 26(18):2914–2918, 2014.
[158] Opitz, A., J. Frisch, R. Schlesinger, A. Wilke and N. Koch: Energy
level alignment at interfaces in organic photovoltaic devices. Journal of Electron
Spectroscopy and Related Phenomena , 190, Part A:12 – 24, 2013.
[159] Schlaf, R., H. Murata and Z. H. Kafafi: Work function measurements on
indium tin oxide films. Journal of Electron Spectroscopy and Related Phenomena,
120(1–3):149 – 154, 2001.
[160] Wu, C. C., C. I. Wu, J. C. Sturm and A. Kahn: Surface modification of indium tin oxide by plasma treatment: An effective method to improve the efficiency,
brightness, and reliability of organic light emitting devices. Applied Physics Letters,
70(11):1348–1350, 1997.
[161] Kim, S. Y., J.-L. Lee, K.-B. Kim and Y.-H. Tak: Effect of ultraviolet–ozone
treatment of indium–tin–oxide on electrical properties of organic light emitting
diodes. Journal of Applied Physics, 95(5):2560–2563, 2004.
[162] Benoy, M.D., E.M. Mohammed, M. Suresh Babu, P.J Binu and
B. Pradeep: Thickness dependence of the properties of indium tin oxide (ITO)
films prepared by activated reactive evaporation. Brazilian Journal of Physics,
39:629 – 632, 2009.
[163] Thin Film Devices, Inc., Anaheim, CA: Datasheet, 2015.
[164] Elschner, A. and S. Kirchmeyer: PEDOT-type materials in organic solar
cells. In Brabec, C., V. Dyakonov and U. Scherf (editors): Organic Photovoltaics: Materials, Device Physics and Manufactoring Technologies, chapter 7,
pages 213–242. Wiley-VCH, Weinheim, 2008.
[165] Koch, N., A. Vollmer and A. Elschners: Influence of water an the work function of conducting poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate). Applied Physical Letters, 90:043512, 2007.
[166] Kiel, M., K. Duncker, C. Hagendorf and W. Widdra: Molecular structure
and chiral separation in α-sexithiophene ultrathin films on Au(111): Low-energy
electron diffraction and scanning tunneling microscopy. Phys. Rev. B, 75:195439,
2007.
[167] Servet, B., G. Horowitz, S. Ries, O. Lagorsse, P. Alnot, A. Yassar, F. Deloffre, P. Srivastava and R. and Hajlaoui: Polymorphism and

210

Bibliography
Charge Transport in Vacuum-Evaporated Sexithiophene Films. Chemistry of Materials, 6(10):1809–1815, 1994.

[168] Moser, A., I. Salzmann, M. Oehzelt, A. Neuhold, H.-G. Flesch,
J. Ivanco, S. Pop, T. Toader, D. R.T. Zahn, D.-M. Smilgies and R. Resel: A disordered layered phase in thin films of sexithiophene. Chemical Physics
Letters, 574:51 – 55, 2013.
[169] Aruta, C., P. D’Angelo, M. Barra, G. Ausanio and A. Cassinese: Improved structural ordering in sexithiophene thick films grown on single crystal oxide
substrates. Applied Physics A, 97(2):387–394, 2009.
[170] Simbrunner, C.: Epitaxial growth of sexi-thiophene and para-hexaphenyl and its
implications for the fabrication of self-assembled lasing nano-fibres. Semiconductor
Science and Technology, 28(5):053001, 2013.
[171] Marks, R.N., M. Muccini, E. Lunedi, R.H. Michel, M. Murgia, R. Zamboni, C. Taliani, G. Horowitz, F. Garnier, M. Hopmeier, M. Oestreich
and R.F. Mahrt: Disorder influenced optical properties of α-sexithiophene single
crystals and thin evaporated films. Chemical Physics, 227(1–2):49 – 56, 1998.
[172] Yassar, A., G. Horowitz, P. Valat, V. Wintgens, M. Hmyene, F. Deloffre, P. Srivastava, P. Lang and F. Garnier: Exciton Coupling Effects in
the Absorption and Photoluminescence of Sexithiophene Derivatives. The Journal
of Physical Chemistry, 99(22):9155–9159, 1995.
[173] Veenstra, S.C., G.G. Malliaras, H.J. Brouwer, F.J. Esselink, V.V.
Krasnikov, P.F. van Hutten, J. Wildeman, H.T. Jonkman, G.A.
Sawatzky and G. Hadziioannou: Sexithiophene-C60 blends as model systems
for photovoltaic devices. Synthetic Metals, 84(1):971 – 972, 1997.
[174] Hörmann, U., J. Wagner, M. Gruber, A. Opitz and W. Brütting: Approaching the ultimate open circuit voltage in thiophene based single junction solar cells by applying diindenoperylene as acceptor. Physica Status Solidi RRL,
5(7):241–243, 2011.
[175] Bartynski, A. N., S. Grob, T. Linderl, M. Gruber, W. Brütting and
M. E. Thompson: Organic Solar Cells with Open Circuit Voltage over 1.25
V Employing Tetraphenyldibenzoperiflanthene as the Acceptor. The Journal of
Physical Chemistry C, 120(34):19027–19034, 2016.
[176] Hill, I. G. and A. Kahn: Energy level alignment at interfaces of organic semiconductor heterostructures. Journal of Applied Physics, 84 (10):5583–5586, 1998.
[177] Djurovich, P. I., E. I. Mayo, S. R. Forrest and M. E. Thompson: Measurement of the lowest unoccupied molecular orbital energies of molecular organic
semiconductors. Organic Electronics, 10:515–520, 2009.

Bibliography

211

[178] Wagner, J., M. Gruber, A. Hinderhofer, A. Wilke, B. Bröker,
J. Frisch, P. Amsalem, A. Vollmer, A. Opitz, N. Koch, F. Schreiber
and W. Brütting: High Fill Factor and Open Circuit Voltage in Organic Photovoltaic Cells with Diindenoperylene as Donor Material. Advanced Functional
Materials, 20(24):4295–4303, 2010.
[179] Opitz, A., J. Wagner, W. Brütting, I. Salzmann, N. Koch, J. Manara,
J. Pflaum, A. Hinderhofer and F. Schreiber: Charge Separation at Molecular Donor-Acceptor Interfaces: Correlation Between Morphology and Solar Cell
Performance. IEEE Journal of Selected Topics in Quantum Electronics, 16(6):1707
–1717, 2010.
[180] Fujishima, D., H. Kanno, T. Kinoshita, E. Maruyama, M. Tanaka,
M. Shirakawa and K. Shibata: Organic thin-film solar cell employing a novel
electron-donor material. Solar Energy Materials and Solar Cells, 93:1029 – 1032,
2009.
[181] Zhuang, T., X.-F. Wang, T. Sano, Z. Hong, G. Li, Y. Yang and J. Kido:
Fullerene C70 as a p-type donor in organic photovoltaic cells. Applied Physics
Letters, 105(9):093301, 2014.
[182] Trinh, C., K. O. Kirlikovali, A. N. Bartynski, C. J. Tassone, M. F.
Toney, G. F. Burkhard, M. D. McGehee, P. I. Djurovich and M. E.
Thompson: Efficient Energy Sensitization of C60 and Application to Organic
Photovoltaics. Journal of the American Chemical Society, 135(32):11920–11928,
2013.
[183] Belova, V., P. Beyer, E. Meister, T. Linderl, M.-U. Halbich, M. Gerhard, S. Schmidt, T. Zechel, T. Meisel, A. V. Generalov, A. S.
Anselmo, R. Scholz, O. Konovalov, A. Gerlach, M. Koch, A. Hinderhofer, A. Opitz, W. Brütting and F. Schreiber: Evidence for Anisotropic
Electronic Coupling of Charge Transfer States in Weakly Interacting Organic Semiconductor Mixtures. Journal of the American Chemical Society, 139(25):8474–8486,
2017.
[184] Rand, B. P., J. Li, J. Xue, R. J. Holmes, M. E. Thompson and S. R.
Forrest: Organic Double-Heterostructure Photovoltaic Cells Employing Thick
Tris(acetylacetonato)ruthenium(III) Exciton-BlockingOrganic. Advanced Materials, 17(22):2714–2718, 2005.
[185] Eastment, R. M. and C. H. B. Mee: Work function measurements on (100),
(110) and (111) surfaces of aluminium. Journal of Physics F: Metal Physics,
3(9):1738, 1973.
[186] Dürr, A. C., F. Schreiber, M. Münch, N. Karl, B. Krause, V. Kruppa
and H. Dosch: High structural order in thin films of the organic semiconductor
diindenoperylene. Appl. Phys. Lett., 81(12):2276–2278, 2002.

212

Bibliography

[187] Tripathi, A. K. and J. Pflaum: Correlation between ambipolar transport and
structural phase transition in diindenoperylene single crystals. Applied Physics
Letters, 89(8):082103, 2006.
[188] Heinrich, M. A., J. Pflaum, A. K. Tripathi, W. Frey, M. L. Steigerwald and T. Siegrist: Enantiotropic Polymorphism in Di-indenoperylene. The
Journal of Physical Chemistry C, 111(51):18878–18881, 2007.
[189] Kowarik, S., A. Gerlach, S. Sellner, L. Cavalcanti, O. Konovalov and
F. Schreiber: Real-time X-ray diffraction measurements of structural dynamics
and polymorphism in diindenoperylene growth. Applied Physics A, 95(1):233–239,
2009.
[190] Dürr, A. C., N. Koch, M. Kelsch, A. Rühm, J. Ghijsen, R. L. Johnson, J.J. Pireaux, J. Schwartz, F. Schreiber, H. Dosch and A. Kahn: Interplay
between morphology, structure, and electronic properties at diindenoperylene-gold
interfaces. Phys. Rev. B, 68:115428, 2003.
[191] Dürr, A.C., B. Nickel, V. Sharma, U. Täffner and H. Dosch: Observation
of competing modes in the growth of diindenoperylene on SiO2 . Thin Solid Films,
503(1–2):127 – 132, 2006.
[192] Kurrle, D. and J. Pflaum: Exciton diffusion length in the organic semiconductor diindenoperylene. Applied Physical Letters, 92(13):133306, 2008.
[193] Horlet, M., M. Kraus, W. Brütting and A. Opitz: Diindenoperylene as
ambipolar semiconductor: Influence of electrode materials and mobility asymmetry
in organic field-effect transistors. Applied Physics Letters, 98(23):233304, 2011.
[194] Kawata, S., Y.-J. Pu, C. Ohashi, K. Nakayama, Z. Hong and J. Kido:
A morphology control layer of a pyrene dimer enhances the efficiency in small
molecule organic photovoltaic cells. J. Mater. Chem. C, 2:501–509, 2014.
[195] Yokoyama, D., Z. Q. Wang, Y.-J. Pu, K. Kobayashi, J. Kido and Z. Hong:
High-efficiency simple planar heterojunction organic thin-film photovoltaics with
horizontally oriented amorphous donors. Solar Energy Materials and Solar Cells,
98:472 – 475, 2012.
[196] Grob, S., A. N. Bartynski, A. Opitz, M. Gruber, F. Grassl, E. Meister, T. Linderl, U. Hormann, C. Lorch, E. Moons, F. Schreiber, M. E.
Thompson and W. Brutting: Solvent vapor annealing on perylene-based organic solar cells. J. Mater. Chem. A, 3:15700–15709, 2015.
[197] Hirade, M. and C. Adachi: Small molecular organic photovoltaic cells with
exciton blocking layer at anode interface for improved device performance. Applied
Physics Letters, 99(15):153302, 2011.

Bibliography

213

[198] Heiney, P. A., J. E. Fischer, A. R. McGhie, W. J. Romanow, A. M.
Denenstein, J. P. McCauley Jr., A. B. Smith and D. E. Cox: Orientational
ordering transition in solid C60 . Physical Review Letters, 66:2911–2914, 1991.
[199] Kelly, M. K., P. Etchegoin, D. Fuchs, W. Krätschmer and K. Fostiropoulos: Optical transitions of C60 films in the visible and ultraviolet from
spectroscopic ellipsometry. Phys. Rev. B, 46:4963–4968, 1992.
[200] Capozzi, V., G. Casamassima, G.F. Lorusso, A. Minafra, R. Piccolo,
T. Trovato and A. Valentini: Optical spectra and photoluminescence of C6 0
thin films. Solid State Communications, 98:853 – 858, 1996.
[201] Kraabel, B., D. McBranch, N. S. Sariciftci, D. Moses and A. J. Heeger:
Ultrafast spectroscopic studies of photoinduced electron transfer from semiconducting polymers to C60 . Physical Review B, 50:18543–18552, 1994.
[202] Hebard, A. F., R. C. Haddon, R. M. Fleming and A. R. Kortan: Deposition and characterization of fullerene films. Applied Physics Letters, 59(17):2109–
2111, 1991.
[203] Kronholm, D. F. and J. C. Hummelen: Fullerene-based acceptor materials. In
Brabec, C., V. Dyakonov and U. Scherf (editors): Organic Photovoltaics:
Materials, Device Physics and Manufactoring Technologies, chapter 5, pages 155–
178. Wiley-VCH, Weinheim, 2008.
[204] Qin, D., P. Gu, R. S. Dhar, S. G. Razavipour and D. Ban: Measuring the
exciton diffusion length of C60 in organic planar heterojunction solar cells. physica
status solidi (a), 208(8):1967–1971, 2011.
[205] Schwabegger, G., M. Ullah, M. Irimia-Vladu, M. Baumgartner,
Y. Kanbur, R. Ahmed, P. Stadler, S. Bauer, N.S. Sariciftci and H. Sitter: High mobility, low voltage operating C60 based n-type organic field effect
transistors. Synthetic Metals, 161(19–20):2058 – 2062, 2011.
[206] McKenzie, D. R., C. A. Davis, D. J. H. Cockayne, D. A. Muller and
A. M. Vassallo: The structure of the C70 Molecule. Nature, 355:622–624, 1992.
[207] Pfuetzner, S., J. Meiss, A. Petrich, M. Riede and K. Leo: Improved
bulk heterojunction organic solar cells employing C70 fullerenes. Applied Physics
Letters, 94(22):223307, 2009.
[208] Grob, S., M. Gruber, A. N. Bartynski, U. Hörmann, T. Linderl, M. E.
Thompson and W. Brütting: Amorphous vs crystalline exciton blocking layers
at the anode interface in planar and planar-mixed heterojunction organic solar
cells. Applied Physics Letters, 104(21):213304, 2014.

214

Bibliography

[209] Kahn., TA., K. Kirlikovali, S. Das, M. E. Ener, H. B. Gray,
P. Djurovich, S. E. Bradforth and M. E. Thompson: Symmetry-Breaking
Charge Transfer of Visible Light Absorbing Systems: Zinc Dipyrrins. The Journal
of Physical Chemistry C, 118(38):21834–21845, 2014.
[210] Bartynski, A. N., M. Gruber, S. Das, S. Rangan, S. Mollinger,
C. Trinh, S. E. Bradforth, K. Vandewal, A. Salleo, R. A. Bartynski,
W. Bruetting and M. E. Thompson: Symmetry-Breaking Charge Transfer
in a Zinc Chlorodipyrrin Acceptor for High Open Circuit Voltage Organic Photovoltaics. Journal of the American Chemical Society, 137(16):5397–5405, 2015.
[211] Ferlauto, L., F. Liscio, E. Orgiu, N. Masciocchi, A. Guagliardi, F. Biscarini, P. Samorì and S. Milita: Enhancing the Charge Transport in SolutionProcessed Perylene Di-imide Transistors via Thermal Annealing of Metastable Disordered Films. Advanced Functional Materials, 24(35):5503–5510, 2014.
[212] Jones, B. A., A. Facchetti, M.l R. Wasielewski and T. J. Marks: Tuning Orbital Energetics in Arylene Diimide Semiconductors. Materials Design for
Ambient Stability of n-Type Charge Transport. Journal of the American Chemical
Society, 129(49):15259–15278, 2007.
[213] Enderlein, J.: Single-molecule fluorescence near a metal layer.
Physics, 247(1):1 – 9, 1999.

Chemical

[214] Lee, D.-H., Y.-P. Liu, K.-H. Lee, H. Chae and S. M. Cho: Effect of hole
transporting materials in phosphorescent white polymer light-emitting diodes. Organic Electronics, 11(3):427 – 433, 2010.
[215] Sun, Y., N. C. Giebink, H. Kanno, B. Ma and M. E. M. E. Thompson. R.
Forrest: Management of singlet and triplet excitons for efficient white organic
light-emitting devices. Nature, 440:908–912, 2006.
[216] Koch, N., A. Elschner, J. Schwartz and A. Kahn: Organic molecular films
on gold versus conducting polymer: Influence of injection barrier height and morphology on current-voltage characteristics. Applied Physics Letters, 82(14):2281–
2283, 2003.
[217] Steindamm, A., M. Brendel, A. K. Topczak and J. Pflaum: Thickness
dependent effects of an intermediate molecular blocking layer on the optoelectronic characteristics of organic bilayer photovoltaic cells. Applied Physics Letters,
101(14):143302, 2012.
[218] Peumans, P. and S. R. Forrest: Very-high-efficiency doubleheterostructure
copper phthalocyanine/C60 photovoltaic cells. Applied Physics Letters, 79:126–128,
2001.

Bibliography

215

[219] Peumans, P., V. Bulović and S. R. Forrest: Efficient photon harvesting
at high optical intensities in ultrathin organic double-heterostructure photovoltaic
diodes. Applied Physics Letters, 76(19):2650–2652, 2000.
[220] Vogel, M., S. Doka, Ch. Breyer, M. Ch. Lux-Steiner and K. Fostiropoulos: On the function of a bathocuproine buffer layer in organic photovoltaic cells. Applied Physics Letters, 89(16):163501, 2006.
[221] Hong, Z.R., Z.H. Huang and X.T. Zeng: Utilization of copper phthalocyanine and bathocuproine as an electron transport layer in photovoltaic cells with
copper phthalocyanine/buckminsterfullerene heterojunctions: Thickness effects on
photovoltaic performances. Thin Solid Films, 515(5):3019 – 3023, 2007.
[222] Gommans, H., B. Verreet, B. P. Rand, R. Muller, J. Poortmans, P. I.
Heremans and J. Genoe: On the Role of Bathocuproine in Organic Photovoltaic
Cells. Advanced Functional Materials, 18(22):3686–3691, 2008.
[223] Schubert, D. W. and T. Dunkel: Spin coating from a molecular point of view:
its concentration regimes, influence of molar mass and distribution. Materials
Research Innovations, 7:314–321, 2003.
[224] Chang, C. C., C. L. Pai, W.-C. Chen and S. A. Jenekhe: Spin coating
of conjugated polymers for electronic and optoelectronic applications. Thin Solid
Films, 479:254–260, 2005.
[225] Flack, W. W., D. S. Soong, A. T. Bell and D. W. Hess: A mathematical
model for spin coating of polymer resists. Journal of Applied Physics, 56(4):1199–
1206, 1984.
[226] Lu, C.-S. and O. Lewis: Investigation of film-thickness determination by oscillating quartz resonators with large mass load. Journal of Applied Physics,
43(11):4385–4390, 1972.
[227] Krause, S., M. B. Casu, A. Schöll and E. Umbach: Determination of transport levels of organic semiconductors by UPS and IPS. New Journal of Physics,
10(8):085001, 2008.
[228] Nakayama, Y., S. Duhm, Q. Xin, S. Kera, H. Ishii and N. Ueno: Ultraviolet Photoelectron Spectroscopy (UPS) I: Band Dispersion Measurements of "Insulating" Organic Single Crystals. In Ishii, H., K. Kudo, T. Nakayama and
N. Ueno (editors): Electronic Processes in Organic Electronics - Bridging Nanostructure, Electronic States and Device Properties. Springer, 2015.
[229] Koch, N. and A. Vollmer: Electrode-molecular semiconductor contacts: Workfunction-dependent hole injection barriers versus Fermi-level pinning. Applied
Physics Letters, 89(16):162107, 2006.

216

Bibliography

[230] Machida, S., Y. Ozawa, J. Takahashi, H. Tokairin, Y. Nakayama and
H. Ishii: Low-Energy Photoemission Study of C60 /Rubrene/Au Interfaces in
Practical Device Thickness. Applied Physics Express, 6(2):025801, 2013.
[231] Ishii, H., H. Kinjo, T. Sato. Machida and Y. Nakayama: Photoelectron
Yield Spectroscopy for Organic Materials and Interfaces. In Ishii, H., K. Kudo,
T. Nakayama and N. Ueno (editors): Electronic Processes in Organic Electronics - Bridging Nanostructure, Electronic States and Device Properties. Springer,
2015.
[232] Gruber, M., M. Rawolle, J. Wagner, D. Magerl, U. Hörmann, J. Perlich, S. V. Roth, A. Opitz, F. Schreiber, P. Müller-Buschbaum and
W. Brütting: Correlating Structure and Morphology to Device Performance of
Molecular Organic Donor–Acceptor Photovoltaic Cells Based on Diindenoperylene
(DIP) and C60 . Advanced Energy Materials, 3(8):1075–1083, 2013.
[233] Zhou, Y., T. Taima, Y. Shibata, T. Miyadera, T. Yamanari and
Y. Yoshida: Controlled growth of dibenzotetraphenylperiflanthene thin films by
varying substrate temperature for photovoltaic applications. Solar Energy Materials
and Solar Cells, 95(10):2861 – 2866, 2011.
[234] Zheng, Y., W. J. Potscavage Jr., T. Komino, M. Hirade, J. Adachi
and C. Adachi: Highly efficient bulk heterojunction photovoltaic cells based on
C70 and tetraphenyldibenzoperiflanthene. Applied Physics Letters, 102(14):143304,
2013.
[235] Wang, Z., D. Yokoyama, X.-F. Wang, Z. Hong, Y. Yang and J. Kido:
Highly efficient organic p-i-n photovoltaic cells based on tetraphenyldibenzoperiflanthene and fullerene C70 . Energy Environ. Sci., 6:249–255, 2013.
[236] Xiao, X., K. J. Bergemann, J. D. Zimmerman, K. Lee and S. R. Forrest:
Small-Molecule Planar-Mixed Heterojunction Photovoltaic Cells with FullereneBased Electron Filtering Buffers. Advanced Energy Materials, 4(7):1301557, 2014.
[237] Xiao, X., J. D. Zimmerman, B. E. Lassiter, K. J. Bergemann and
S. R. Forrest: A hybrid planar-mixed tetraphenyldibenzoperiflanthene/C70 photovoltaic cell. Applied Physics Letters, 102(7):073302, 2013.
[238] Grob, Stefan: Effect of morphology on molecular organic solar cells. PhD thesis,
University of Augsburg, 2015.
[239] Gross, L., F. Mohn, N. Moll, G. Meyer, R. Ebel, W. M. Abdel-Mageed
and M. Jaspars: Organic structure determination using atomic-resolution scanning probe microscopy. Nature Chemistry, 2:821–825, 2010.

Bibliography

217

[240] Gross, L., F. Mohn, N. Moll, P. Liljeroth and G. Meyer: The Chemical Structure of a Molecule Resolved by Atomic Force Microscopy. Science,
325(5944):1110–1114, 2009.
[241] Binnig, G., C. F. Quate and Ch. Gerber: Atomic Force Microscope. Phys.
Rev. Lett., 56:930–933, 1986.
[242] Dürr, A. C., F. Schreiber, M. Munch, N. Karl, B. Krause, V. Kruppa
and H. Dosch: High structural order in thin films of the organic semiconductor
diindenoperylene. Applied Physics Letters, 81(12):2276 –2278, 2002.
[243] Dürr, A. C., F. Schreiber, K. A. Ritley, V. Kruppa, J. Krug, H. Dosch
and B. Struth: Rapid Roughening in Thin Film Growth of an Organic Semiconductor (Diindenoperylene). Phys. Rev. Lett., 90:016104, 2003.
[244] Bässler, H., G. Schönherr, M. Abkowitz and D. M. Pai: Hopping transport
in prototypical organic glasses. Phys. Rev. B, 26:3105–3113, 1982.
[245] Chen, C.-W., Z.-Y. Huang, Y.-M. Lin, W.-C. Huang, Y.-H. Chen,
J. Strzalka, A. Y. Chang, R. D. Schaller, C.-K. Lee, C.-W. Pao and
H.-W. Lin: Morphology, molecular stacking, dynamics and device performance
correlations of vacuum-deposited small-molecule organic solar cells. Phys. Chem.
Chem. Phys., 16:8852–8864, 2014.
[246] Klessinger, M. and J. Michl: Excited States and Photochemistry of Organic
Molecules. VCH Publishers, Inc., 1995.
[247] Sim, M., J. Shin, C. Shim, M. Kim, S. B. Jo, J.-H. Kim and K. Cho: Dependence of Exciton Diffusion Length on Crystalline Order in Conjugated Polymers.
The Journal of Physical Chemistry C, 118(2):760–766, 2014.
[248] Schubert, M., C. Yin, M. Castellani, S. Bange, T. L. Tam, A. Sellinger,
H.-H. Hörhold, T. Kietzke and D. Neher: Heterojunction topology versus fill
factor correlations in novel hybrid small-molecular/polymeric solar cells. Journal
of Chemical Physics, 130(9):094703, 2009.
[249] Mandoc, M. M., W. Veurman, L. J. A. Koster, B. Boer and
P. W. M. Blom: Origin of the Reduced Fill Factor and Photocurrent in
MDMO-PPV:PCNEPV All-Polymer Solar Cells. Advanced Functional Materials,
17(13):2167–2173, 2007.
[250] Hörmann, U., C. Lorch, A. Hinderhofer, A. Gerlach, J. Gruber,
M.and Kraus, B. Sykora, S. Grob, T. Linderl, A. Wilke, A. Opitz,
R. Hansson, A. S. Anselmo, Y. Ozawa, Y. Nakayama, H. Ishii, N. Koch,
E. Moons, F. Schreiber and W. Brütting: Voc from a Morphology Point
of View: the Influence of Molecular Orientation on the Open Circuit Voltage of

218

Bibliography
Organic Planar Heterojunction Solar Cells. The Journal of Physical Chemistry C,
118(46):26462–26470, 2014.

[251] Cowan, S. R., A. Roy and A. J. Heeger: Recombination in polymer-fullerene
bulk heterojunction solar cells. Phys. Rev. B, 82:245207, 2010.
[252] Green, M. A.: General temperature dependence of solar cell performance and
implications for device modelling. Progress in Photovoltaics: Research and Applications, 11(5):333–340, 2003.
[253] Goris, L., K. Haenen, M. Nesládek, P. Wagner, D. Vanderzande,
L. De Schepper, J. D’haen, L. Lutsen and J. V. Manca: Absorption phenomena in organic thin films for solar cell applications investigated by photothermal deflection spectroscopy. Journal of Materials Science, 40(6):1413–1418, 2005.
[254] Goris, L., L. Hod’ákova, M. Vaněček, K. Haenen, M. Nesládek,
A. Poruba, P. Wagner, D. Vanderzande, L. De Schepper and J. V.
Manca: Observation of the subgap optical absorption in polymer-fullerene blend
solar cells. Applied Physics Letters, 88(5):052113, 2006.
[255] Heinemeyer, U., R. Scholz, L. Gisslén, M. I. Alonso, J. O. Ossó,
M. Garriga, A. Hinderhofer, M. Kytka, S. Kowarik, A. Gerlach and
F. Schreiber: Exciton-phonon coupling in diindenoperylene thin films. Phys.
Rev. B, 78:085210, 2008.
[256] Sariciftci, N. S.: Role of Buckminsterfullerene C60 in organic photoelectric
devices. Progress in Quantum Electronics, 19:131 – 159, 1995.
[257] Fox, M.: Optische Eigenschaften von Festkörpern. Oldenbourg Wissenschaftsverlag, 2012.
[258] Zhang, D., A. Horneber, J. Mihaljevic, U. Heinemeyer, K. Braun,
F. Schreiber, R. Scholz and A.J. Meixner: Plasmon resonance modulated
photoluminescence and Raman spectroscopy of diindenoperylene organic semiconductor thin film. Journal of Luminescence, 131:502 – 505, 2011.
[259] Heilig, M., M. Domhan and H. Port: Optical properties and morphology of
thin diindenoperylene films. Journal of Luminescence, 110(4):290 – 295, 2004.
[260] Sykora, B. R.: Influence of emitter orientation in perylene based OLEDs. Master’s thesis, University of Augsburg and Universidade de Aveiro, 2013.
[261] Kästner, C., K. Vandewal, D. A. M. Egbe and H. Hoppe: Revelation
of Interfacial Energetics in Organic Multiheterojunctions. Advanced Science,
4(4):1600331, 2017.

Bibliography

219

[262] Bernardo, B., D. Cheyns, B. Verreet, R. D. Schaller, B. P. Rand and
N. C. Giebink: Delocalization and dielectric screening of charge transfer states
in organic photovoltaic cells. Nature Communications, 5(3245), 2014.
[263] Chen, X.-K., M. K. Ravva, H. Li, S. M. Ryno and J.-L. Bredas: Effect of
Molecular Packing and Charge Delocalization on the Nonradiative Recombination
of Charge-Transfer States in Organic Solar Cells. Adv. Energy Mater., 6:1601325,
2016.
[264] Vandewal, K., J. Benduhn, K. S. Schellhammer, T. Vangerven, J. E.
Rückert, F. Piersimoni, R. Scholz, O. Zeika, Y. Fan, S. Barlow, D. Neher, S. R. Marder, J. Manca, D. Spoltore, G. Cuniberti and F. Ortmann: Absorption Tails of Donor:C60 Blends Provide Insight into Thermally Activated Charge-Transfer Processes and Polaron Relaxation. Journal of the American
Chemical Society, 139(4):1699–1704, 2017.
[265] Yi, Y., V. Coropceanu and J.-L. Brédas: Exciton-Dissociation and ChargeRecombination Processes in Pentacene/C60 Solar Cells: Theoretical Insight into
the Impact of Interface Geometry. Journal of the American Chemical Society,
131:15777–15783, 2009.
[266] Sato, T., K. R. Koswattage, Y. Nakayama and H. Ishii: Density of states
evaluation of an insulating polymer by high-sensitivity ultraviolet photoemission
spectroscopy. Applied Physics Letters, 110(11):111102, 2017.
[267] Sato, T., H. Kinjo, J. Yamazaki and H. Ishii: 1015 cm−3 eV−1 level detection
of density of states of a p-type polymer by h n-dependent high-sensitivity ultraviolet
photoemission spectroscopy. Applied Physics Express, 10(1):011602, 2017.
[268] Nakayama, Y., T. L. Nguyen, Y. Ozawa, S. Machida, T. Sato,
H. Tokairin, Y. Noguchi and H. Ishii: Complete Demonstration of the Valence Electronic Structure Inside a Practical Organic Solar Cell Probed by Low
Energy Photoemission. Advanced Energy Materials, 4(7):1301354, 2014. 1301354.
[269] Wilke, A.: Electronic properties of interfaces in molecular organic photovoltaic
cells. PhD thesis, Humboldt-University Berlin, 2013.
[270] Kirchhuebel, T., M. Gruenewald, F. Sojka, S. Kera, F. Bussolotti,
T. Ueba, N. Ueno, G. Rouillé, R. Forker and T. Fritz: Self-Assembly
of Tetraphenyldibenzoperiflanthene (DBP) Films on Ag(111) in the Monolayer
Regime. Langmuir, 32(8):1981–1987, 2016.
[271] Bässler, H.: Localzed States and Electronic Transport in Single Component Organic Solids with Diagonal Disorder. Physica Status Solidi B: Basic Solid State
Physics, 107:9–54, 1981.

220

Bibliography

[272] Felekidis, N., E. Wang and M. Kemerink: Open circuit voltage and efficiency
in ternary organic photovoltaic blends. Energy Environ. Sci., 9:257–266, 2016.
[273] Gruber, M.: Analyse der Verluste organischer Donor/Akzeptor-Solarzellen. PhD
thesis, University of Augsburg, 2014.
[274] Hofmann, M. A.: Optimierung einer DBP:C60 -Zweischichtsolarzelle durch Zugabe eines organischen Halbleiters höherer Energielücke. Final report of the Fachpraktikum, 2017.
[275] Koch, N.: Organic Electronic Devices and Their Functional Interfaces.
ChemPhysChem, 8(10):1438–1455, 2007.
[276] Wetzelaer, G. A. H., M. Kuik, M. Lenes and P. W. M. Blom: Origin of
the dark-current ideality factor in polymer:fullerene bulk heterojunction solar cells.
Applied Physics Letters, 99(15):153506 –153506–3, 2011.
[277] Tress, W., K. Leo and M. Riede: Influence of Hole-Transport Layers and
Donor Materials on Open-Circuit Voltage and Shape of I–V Curves of Organic
Solar Cells. Advanced Functional Materials, 21(11):2140–2149, 2011.
[278] Noguchi, Y., Y. Miyazaki, Y. Tanaka, N. Sato, Y. Nakayama, T. D.
Schmidt, W. Brütting and H. Ishii: Charge accumulation at organic semiconductor interfaces due to a permanent dipole moment and its orientational order
in bilayer devices. Journal of Applied Physics, 111:114508, 2012.
[279] Osotov, M. O., V. V. Bruevich and D. Yu. Paraschuk: Thermal vibrational disorder of a conjugated polymer in charge-transfer complex. The Journal
of Chemical Physics, 131(9):094906, 2009.
[280] Wetzelaer, G. A. H., L. J. A. Koster and P. W. M. Blom: Validity of the
Einstein Relation in Disordered Organic Semiconductors. Physical Review Letters,
107:066605, 2011.
[281] Zechel, T.: Ladungstransferzustände in organischen Donor-Akzeptor-Systemen.
Master’s thesis, University of Augsburg, 2016.
[282] Menke, S. M., W. A. Luhman and R. J. Holmes: Tailored exciton diffusion
in organic photovoltaic cells for enhanced power cefficiency efficiency. Nature
Materials, 12:152–157, 2013.
[283] C. H. C., Wallace and H. H. Fong: Comprehensive investigation of absolute
optical properties of organic materials. Journal of Physics D: Applied Physics,
41:155109, 2008.
[284] Chen, W. and Q. Zhang: Recent progress in non-fullerene small molecule acceptors in organic solar cells (OSCs). J. Mater. Chem. C, 5:1275–1302, 2017.

Bibliography

221

[285] Mishra, A., M. L. Keshtov, A. Looser, R. Singhal, M. Stolte,
F. Wurthner, P. Bauerle and G. D. Sharma: Unprecedented low energy
losses in organic solar cells with high external quantum efficiencies by employing
non-fullerene electron acceptors. J. Mater. Chem. A, 5:14887–14897, 2017.
[286] Li, S., L. Ye, W. Zhao, S. Zhang, S. Mukherjee, H. Ade and J. Hou:
Energy-Level Modulation of Small-Molecule Electron Acceptors to Achieve over
12% Efficiency in Polymer Solar Cells. Advanced Materials, 28(42):9423–9429,
2016.
[287] Brigeman, A. N., M. A. Fusella, Y. Yan, G. E. Purdum, B.P. Loo,
Y.-L.and Rand and N. C. Giebink: Revealing the Full Charge Transfer
State Absorption Spectrum of Organic Solar Cells. Advanced Energy Materials,
6(21):1601001, 2016.
[288] Santos, P. L. dos, F. B. Dias and A. P. Monkman: Investigation of the
Mechanism Giving Rise to TADF in Exciplex States. J. Phys. Chem. C, 120:18259–
18267, 2016.
[289] Gibson, J. and T. J. Penfold: Nonadiabatic coupling reduces the activation
energy in thermally activated delayed fluorescence. Phys. Chem. Chem. Phys.,
19:8428–8434, 2017.
[290] Dias, F. B., T. J. Penfold and A. P. Monkman: Photophysics of thermally activated delayed fluorescence molecules. Methods and Applications in Fluorescence,
5(1):012001, 2017.
[291] Lane, P.A., X. Wei, Z.V. Vardeny, J. Poplawski, E. Ehrenfreund,
M. Ibrahim and A.J. Frank: Spin signature of photoexcitations in sexithiophene. Synthetic Metals, 76(1):57 – 60, 1996.
[292] Wei, X., P. A. Lane, M. Liess, Z. V. Vardeny, E. Ehrenfreund,
M. Ibrahim and A. J. Frank: Triplet excitations in sexithiophene films. Synthetic Metals, 84(1):565 – 566, 1997.
[293] Nelson, J., J. Kirkpatrick and P: Ravirajan: Factors Limiting the Efficiency of Molecular Photovoltaic Devices. Physical Review B, 69(3):035337, 2004.
[294] Mani, A., J. Schoonman and A. Goossens: Photoluminescence Study of Sexithiophene Thin Films. The Journal of Physical Chemistry B, 109:4829–4836,
2005.
[295] Mei, P., M. Murgia, C. Taliani, E. Lunedei and M. Muccini: Luminescence
quantum yield of molecular aggregates and excitons in α-sexithienyl thin films at
variable temperature. Journal of Applied Physics, 88(9):5158–5165, 2000.

222

Bibliography

[296] Muccini, M., M. Murgia and F. Biscarini: Morphology Controlled Energy
Transfer in Conjugated Molecular Thin Films. Advanced Materials, 13:355–358,
2001.
[297] Capelli, R., C. Taliani and M. Muccini: Modeling of the photophysical properties of α-sexithiophene thin Films. Synthetic Metals, 139:691–693, 2003.
[298] Yao, J., T. Kirchartz, M. S. Vezie, M. A. Faist, W. Gong, Z. He, H. Wu,
J. Troughton, T. Watson, D. Bryant and J. Nelson: Quantifying Losses
in Open-Circuit Voltage in Solution-Processable Solar Cells. Phys. Rev. Applied,
4:014020, 2015.
[299] Yang, B., Y. Yi, C.-R. Zhang, S. G. Aziz, V. Coropceanu and J.-L. Brédas: Impact of Electron Delocalization on the Nature of the Charge-Transfer States
in Model Pentacene/C60 Interfaces: A Density Functional Theory Study. The Journal of Physical Chemistry C, 118(48):27648–27656, 2014.
[300] Müller, C. J., M. Brendel, P. Ruckdeschel, J. Pflaum and M. Thelakkat: Diketopyrrolopyrroles with Disdinct Energy Level Cascade for Efficient
Charge Carrier Generation in Organic Solar Cells. Adv. Energy Mater., 5:1500914,
2015.
[301] Zhong, Y., A. Tada, S. Izawa, K. Hashimoto and K. Tajima: Enhancement of VOC without Loss of JSC in Organic Solar Cells by Modification of
Donor/Acceptor Interfaces. Advanced Energy Materials, 4:1301332, 2014.
[302] Cnops, K., B. P. Rand, D. Cheyns, B. Verreet, M. A. Empl and P. Heremans: 8.4% efficient fullerene-free organic solar cell exploiting long range exciton
energy transfer. Nature Communications, 5:3406, 2014.
[303] Burke, T. M. and M. D. McGehee: How High Local Charge Carrier Mobility and an Energy Cascade in a Three-Phase Bulk Heterojunction Enable >90%
Quantum Efficiency. Advanced Materials, 26:1923–1928, 2014.
[304] Zhou, W., S. Xie, S. Quian, T. Zhou, R. Zhao and G. Wang: Optical
absorption spectra of C70 thin films. Journal of Applied Physics, 80:459, 1996.
[305] Rand, B. P., D. Cheyns, K. Vasseur, N. C. Giebink, S. Mothy, Y. Yi,
V. Coropceanu, D. Beljonne, J. Cornil, J.-L. Bredas and J. Genoe:
The Impact of Molecular Orientation the Photovoltaic Properties of a Phthalocyanine/Fullerene Heterojunction. Advanced Functional Materials, 22:2987–2995,
2012.
[306] Kawamura, Y., J. Brooks K. GouGenoe, J. J. Brown, H. Sasabe and
C. Adachi: 100% phosphorescence quantum efficiency of Ir(III) complexes in
organic semiconductor films. Applied Physics Letters, 86(7):071104, 2005.

Bibliography

223

[307] Fang, Y., A. K. Pandey, A. M. Nardes, N. Kopidakis, P. L. Burn and
P. Meredith: A narrow optical gap small molecule acceptor for organic solar
cells. Advanced Energy Materials, 3:54–59, 2013.
[308] Verreet, B., K. Cnops, D. Cheyns, P. Heremans, A. Stesmans,
G. Zango, C. G. Claessens, T. Torres and B. Rand: Devcreasing Recombination through the Use of a Non-Fullerene Acceptor in a 6.4 % Efficient Organic
Planar Heterojunction Solar Cell. Advanced Energy Materials, 4:1301413, 2014.
[309] Mao, Z., W. Senevirathna, J.-Y. Liao, S. V. Gu, J. Kesava, C. Guo,
E. D. Gomez and G. Sauve: Azadipyrromethene-Based ZN(II) Complexe as
Nonplanar Conjugated Electron Acceptor for Organic Photovoltaics. Advanced
Materials, 26:6290–6294, 2014.
[310] HuLiS. http://www.hulis.free.fr/# (Accessed: 2017.11.28).

List of Publications

2017
• Energy losses in Small-Molecule Organic Photovoltaics
T. Linderl, T. Zechel, M. Brendel, D. Monsegui Gonzalez, P. Müller-Buschbaum,
J. Pflaum und W. Brütting
Adv. Energy Mater., 7(16) 1700237 (2017)
• Evidence for Anisotropic Electronic Coupling of Charge Transfer States in Weakly
Interacting Organic Semiconductor Mixtures
V. Belova, P. Beyer, E. Meister, T. Linderl, M.-U. Halbich, M. Gerhard, S. Schmidt,
T. Zechel, T. Meisel, A. Generalov, A. S. Anselmo, R. Scholz, O. Konovalov, A.
Gerlach, M. Koch, A. Hinderhofer, A. Opitz, W. Brütting und F. Schreiber
J. Am. Chem. Soc., 139, 8474–8486 (2017)

2016
• Organic Solar Cells with Open Circuit Voltage over 1.25V Employing Tetraphenyldibenzoperiflanthene as Acceptor
A. Bartynski, S. Grob, T. Linderl, W. Brütting und M. E. Thompson
J. Phys. Chem. C, 120(34), 19027–19034 (2016)
• Charge separation at nanostructured molecular donor-acceptor interfaces
A. Opitz, R. Banerjee, S. Grob, M. Gruber, A. Hinderhofer, U. Hörmann, J. Kraus,
T. Linderl, C. Lorch, A. Steindamm, A. K. Topczak, A. Wilke, N. Koch, J. Pflaum,
F. Schreiber und W. Brütting in K. Leo (Ed.) Elementary Processes of Organic
Photovoltaics, Springer (2016)
• Temperature dependent competition between different recombination channels in
organic heterojunction solar cells
T. Linderl, U. Hörmann, S. Beratz, M. Gruber, S. Grob, A. Hofmann und W.
Brütting
Journal of Optics, 18(2), 024007 (2016)
225

226

Bibliography

2015
• Solvent vapor annealing on perylene-based organic solar cells
S. Grob, A. N. Bartynski, A. Opitz, M. Gruber, F. Grassl, T. Linderl, U. Hörmann,
C. Lorch, E. Moons, F. Schreiber, M. E. Thompson und W. Brütting
J. Mater. Chem. A, 3, 15700-15709 (2015)

2014
• Voc from a Morphology Point of View: the Influence of Molecular Orientation on
the Open-Circuit Voltage of Planar Heterojunction Solar Cells
U. Hörmann, C. Lorch, A. Hinderhofer, A. Gerlach, M. Gruber, J. Kraus, B.
Sykora, S. Grob, T. Linderl, A. Wilke, A. Opitz, R. Hansson, A. S. Anselmo, Y.
Ozawa, Y. Nakayama, H. Ishii, N. Koch, E. Moons, F. Schreiber und W. Brütting
J. Phys. Chem. C, 118, 26462-26470 (2014)
• Amorphous vs crystalline exciton blocking layers at the anode interface in planar
and planar-mixed heterojunction solar cells
S. Grob, M. Gruber, A. N. Bartynski, U. Hörmann, T. Linderl, M. E. Thompson
und W. Brütting
Appl. Phys. Lett., 104, 213304 (2014)

2013
• Quantification of energy losses in organic solar cells from temperature-dependent
device characteristics
U. Hörmann, J. Kraus, M. Gruber, C. Schuhmair, T. Linderl, S. Grob, S. Kapfinger, K. Klein, M. Stutzmann, H. J. Krener und W. Brütting
Phys. Rev. B, 88, 235307 (2013)

Danksagung - Acknowledgment

An dieser Stelle möchte ich mich bei allen bedanken, die mich währed der letzten Jahre
bei meiner Arbeit unterstützt haben und zum Gelingen dieser Dissertation beigetragen
haben:
• Insbesondere bedanke ich mich bei Prof.Dr.Wolfgang Brütting dafür, dass er
mich in seiner Arbeitsgruppe aufgenommen hat und mir die Promotion in der Arbeitsgruppe "Organische Halbleiter" ermöglicht hat. Außerdem möchte ich mich
für die ausgezeichnete Betreuung, die uneingeschränkte Unterstützung, das Vertrauen und die Freiheit, meine eigenen Forschungsschwerpunkte zu definieren,
bedanken. Insbesondere auch für die Unterstützung und Motivation für den
Forschungsaufenthalt and der Universität in Chiba, Japan, möchte ich mich herzlichst bedanken.
• Außerdem bedanke ich mich bei Prof.Dr.Bernd Stritzker und Prof.Dr.Manfred Albrecht für die Aufnahme am Lehrstuhl für Experimentalphysik IV.
• Ich bedanke mich bei Prof.Dr.Hubert Krenner für die Bereitschaft das Zweitgutachten für diese Arbeit zu erstellen und die Möglichkeit mit seiner Arbeitsgruppe die Messungen der Lebenszeiten durchführen zu können. Außerdem möchte
ich mich nochmals für das Gutachten zur Beantragung meines Promotionsstipendiums bedanken.
• I am grateful to the Japan Society for the Promotion of Science (JSPS)
for the research fellowship within their JSPS Summer Program 2015. This enabled the unique opportunity of a research stay at the "Ishii laboratory for organic electronics" at the Chiba University, Japan. My sincere thanks are given to
Prof.Dr.Hisao Ishii and his family as well as all members of his laboratory. I
want to thank Ms Kuniko Ito for organizing so much for my stay and for the
very warm wellcome. My special thanks go to Dr.Tomoya Sato and all students
who contributed to my measurements. Only their commitment and willingness to
support me made the interesting UPS results possible. Also the visits of Dr.Tomoya Sato, Dr.Yuya Tanaka and Koji Shimizu in our group have personally
been very enriching.
227

228

Bibliography

• Prof.Dr.Hubert Krenner sowie seinen beiden Mitarbeitern Lisa Janker und
Sebastian Hammer für die Unterstützung bei den Messungen der Lebenszeiten.
• Mein Dank gilt dem Bayerischen Staatsministerium für Bildung und Kultus, Wissenschaft und Kunst für die finanzielle Förderung im Rahmen des
Programms SolTech – Solar Technologies go Hybrid. Mein Dank gilt auch
dem Förderprogramm "Chancengleichheit für Frauen in Forschung und
Lehre" für das Promotionsstipendium in der Abschlussphase.
• Der Feinmechanischen Werkstatt und der Elektronik-Werkstatt danke ich
für die rasche Hilfe bei technischen Angelegenheiten.
• Ich danke Thomas Zechel, Sergej Beratz und Michael Hofmann, die mich
während ihrer Bachelor- und Masterarbeiten bei der Durchführung zahlreicher
Messungen unterstützt haben und mit ihrer Arbeit deutlich zum Gelingen dieser
Promotion beigetragen haben.
• Dr.Stefan Gsell, Dr.Christian Mayr, Thomas Lampe und Eduard Meister für eine wunderbare Zeit als Bürokollegen.
• Ich danke meinen Kollegen in der Organik-Arbeitsgruppe Dr.Julia Kraus, Dr.
Ulrich Hörmann, Dr.Mark Gruber, Dr.Tobias Schmidt, Dr.Bert Scholz,
Dr.Christian Mayr, Dr.Stefan Grob, Dr.Sebastian Wehrmeister, Lars
Jäger, Alexander Hofmann, Eduard Meister, Thomas Lampe, Thomas
Zechel, Florian Graßl, Manuel Engelmayer und Markus Schmid für die
gute Zusammenarbeit, die freundliche Atmosphäre und die große Unterstützung
sowie die vielen guten Diskussionen. Aber auch für die vielen gemeinsamen Unternehmungen und den vielen Spass den wir zusammen hatten.
• Mein Dank gilt auch Alexander Hofmann und Michael Weinl für die Hilfe
bei computertechnischen Fragen.
• Thomas Lampe für die Simulationen und Hilfe mit der Materials Science Suite
von Schrödinger.
• Besonders bedanken möchte ich mich bei Thomas Zechel und Alexander Hofmann für das Korrekturlesen dieser Arbeit.
• Ebenso richtet sich mein Dank an alle Mitglieder des Lehrstuhls Experimentalphysik IV für die arbeitsgruppenübergreifende Hilfsbereitschaft und die
freundliche Arbeitsatmosphäre. Besonders bedanke ich mich für die Unterstützung
labor- und verwaltungstechnischer Art bei Wolfgang Reiber, Birgit Knoblich,
Olga Lik, Maria Fuso, Christine Schäfer, Bettina Schestak und Claudia
Löflath.

Bibliography

229

• Schließlich danke ich meinen Eltern und Geschwistern für die immerwährende,
liebevolle Unterstützung, ihr Vertrauen und den Rückhalt in allen Lebenslagen.
Meinem Freund Alex für die Geduld und Rücksichtnahme vor allem in letzter
Zeit und für all die schönen Momente abseits der Wissenschaft.

