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1. Introduction

Since the discovery of electronic conductivity in doped polyacetylene in 1977, the field of organic
electronics received considerable scientific and industrial attention. [1] Research on organic semi-
conductors stimulated applications in emergent technologies, such as organic field effect transis-
tors, organic solar cells and organic light emitting diodes. [2H7] Outstandingly, the latter could

be established in a variety of commercial products, for instance in high resolution displays. [3]

The advantages of organic semiconductors in comparison to their inorganic counterparts (e.g. Si
or Ge) involve compatibility with established low-temperature and low-cost processing, allowing
for large area deposition via printing or sublimation. [9] Moreover, the possibility of tailoring the
opto-electronic properties by means of chemical modification is of paramount importance. Such a
variation may encompass the substitution of functional groups of a molecular compound, yielding
for example, a change of the electronic or optical band gap, a shift of absolute energy levels,
or a variation of structural order within the thin film. |10,/11] Organic semiconductors typically
have high absorption coefficients in the range of o ~ 105£. Hence, in organic photovoltaic
applications, layer thicknesses of a few hundred nm are sufficient to absorb most of the incident
light and therefore, little material consumption is required. |12] Accordingly, manufacturing of

potentially light-weight electronic components, utilizing flexible foils as substrates, is possible.

Despite of these promising material characteristics, organic photovoltaics face distinct challenges
to have a significant impact on the market, such as warranting long-term stability and solving
up-scaling issues. [9,/13] Today, power conversion efficiencies of organic solar cells exceed 13
%. [5] Yet, improving device efficiency is required to compete with established inorganic tech-
nologies such as for example solar cells based on polycrystalline silicon, yielding power conversion
efficiencies of 14 - 18 %. [13,[14]

Due to the low dielectric constants of organic semiconductors (¢, = 3 - 4), upon absorption of
light, strongly Coulomb-bound electron-hole pairs are generated. [15] The working principle of
organic photovoltaic cells (OPVCs) is based on the so-called donor/acceptor (D/A) heterojunc-
tion, comprised of two distinct molecular materials. This key functional building block provides
the necessary driving force for splitting those bound electron-hole pairs. Accordingly, energetics
at this common interface are of fundamental importance for device physics and, to a large ex-
tent determine macroscopic solar cell parameters. It is the scope of this work, to gain detailed
understanding of the correlation between interface energetics of the molecular semiconductors

and solar cell characteristics.



This thesis is divided into three parts. Starting with a discussion on the physical background in
Part I, general aspects of organic semiconductors are elaborated. Based on this introduction, the
working principle of an organic planar bilayer cell involving a donor/acceptor heterojunction is
addressed. And finally, basics of solar cell characterization are demonstrated. In Part II, basic
properties of the employed materials are presented and the utilized solar cell architecture is
elucidated. In this context, the vacuum chamber system, used for solar cell preparation is

illustrated, as well as the experimental techniques for sample characterization.

In Part III of this thesis, the experimental results are presented and discussed in detail. Aiming
for a systematic variation of the D/A interface energetics, in Chapter [7| differently fluorinated
zinc phthalocyanines F,ZnPc (n = 0, 4, 8, 16) are employed as donor compounds in planar bilayer
solar cells in combination with the electron acceptor Cgy. Upon fluorination, energy levels of the
phthalocyanines are expected to be shifted towards lower energies. [16,/17] The actual energy
level positions are tracked by thickness dependent photoelectron spectroscopy measurements on
the respective D/A heterojunction, yielding in combination with complementary structural and
opto-electronic investigations a detailed picture of the photoconversion processes occurring on
microscopic length scales. In Chapter 8| the static picture of F,ZnPc/Cg interface energetics is
extended by electronic dynamics. The time scale of exciton dissociation into free charge carriers
is elucidated and recombination dynamics are investigated as a function of interface energetics

by ultrafast transient absorption spectroscopy.

In the subsequent Chapter [9] the effect of implementing energetic staircases in planar solar
cells is analyzed by means of their resulting performance. Following this approach, a thin
interfacial layer is sandwiched between a planar D/A heterointerface. Importantly, energy levels
of the interfacial layer are chosen to be intermediate to those of the D/A heterojunction. The
potential of this concept will be explored with a special focus on the influence of the energy level
alignment on the exciton dissociation into free charge carriers. Energetic cascades are established
employing two different material combinations, aiming to demonstrate the universality of this

conceptual approach.

Finally, in Chapter the impact of a varying Cgo:Crp acceptor mixing ratio on the perfor-
mance of organic solar cells is under investigation. Photoelectron spectroscopy measurements
showed that the electronic structure of both fullerenes is very similar, but not identical. [1§]
These structurally and electronically similar compounds are utilized in an interlaced acceptor
phase and the ramifications for excitonic and electronic transport are discussed. However, the
motivation for these studies is not solely given by photo-physical implications, but also by rea-
sons of technological relevance for OPVCs. Both fullerenes are generated simultaneously along
with a small amount of higher mass fullerenes in common synthesis procedures. The individual
material costs are determined by the purification process, i.e. by the separation of the molecular
materials from each other. [18] Based on these investigations, a recommendation for refinement

of raw fullerene mixtures is developed.



Part |I.

Physical Background






2. Organic Semiconductors

In general, organic semiconductors are divided into polymers and molecular materials. The
distinction between both carbon based classes is drawn according to their size. Macromolecular
polymers may have a huge number of repeating units, resulting in spatial dimensions of up to
a few hundred nm, whereas molecular materials are typically only a few nm in size. Therefore,
molecular compounds are often referred to as “small molecules” in literature. [19] In this thesis,
the focus is set on the investigation of organic photovoltaic cells (OPVCs) based on such small

molecules.

2.1. Intra- and Intermolecular Opto-Electronic Properties

To understand the photo-physical properties of organic semiconductors, it is mandatory to elab-
orate the underlying electronic structure. Since semiconducting molecular crystals, polycrys-
talline or amorphous thin films are comprised of molecular subunits, this chapter starts with

the molecular point of view, before addressing coupling between those subunits.

2.1.1. Molecular Bonding Characteristics: The Delocalized 7-Electron System

The reason for the emergence of semiconducting behavior in polymers and molecular materials is
their specific electronic motif - the so called conjugated m-system. Typically, it is characterized by
alternating single and double bonds between neighboring carbon atoms, causing a delocalization
of m-electrons. In such conjugated systems, carbon atoms hybridize in sp?-configuration, i.e. by
mixing of the 2s- with 2ps- and 2py-orbitals, three degenerate sp2-hybrid orbitals form. These
orbitals enclose an angle of 120 ° with each other in a co-planar arrangement within the xy-
plane. The remaining p,-orbital is unaltered and oriented perpendicularly to this plane. When
atoms combine to molecules, bonding and anti-bonding orbitals are formed. By overlapping
of the wave functions of sp?-hybrid orbitals of neighboring carbon atoms, localized covalent
o-bondings arise, whereas overlapping of p,-orbitals causes the formation of m-bonds. The
latter, bridging the spatially interjacent o-bonds, yield a delocalization of m-electrons. In case of
benzene, the most prevalent builiding block of organic semiconductors, the electron density of
the six m-electrons is delocalized above and below the planar molecule as schematically depicted
in Figure a). [20] Also other atoms but carbon can be part of a conjugated m-system, such as

nitrogen or oxygen. In general, conjugation is maintained in case that contiguous atoms in the



compound contain an available p-orbital each. As a consequence of the delocalized nature
of m-conjugated systems, high electrical intramolecular conductivity can be obtained in organic

semiconductors. [22]

Due to stronger overlap of the wave functions of sp?-hybrid orbitals, covalent o-bondings cause
a larger energetic splitting compared to m-bonds, as shown exemplarily for the energy levels of
benzene in Figure b). Therefore, typically m-orbitals represent highest occupied molecular
orbitals (HOMO) in organic semiconductors, whereas m*-orbitals constitute lowest unoccupied
molecular orbitals (LUMO). Thus, usually 7 — 7* transitions determine the opto-electronic
properties of organic semiconducting molecules. Extension of the m-electron system results in a
reduction of the band gap, similarly to the picture of an increasing size of a quantum well. For
anthracene composed of three linearly fused benzene rings, the main absorption peak is located
at 2.58 eV, whereas for pentacene, with five conjugated benzene rings, the @ — 7* transition
maximum is obtained at 2.14 €eV. Hence, the modification of the conjugated m-electron
system enables tailoring of molecular opto-electronic properties. Typically, m# — 7* transitions
occur in the energy range of 1.5 - 3 eV and thus, take place in the ultraviolet, visible and

near-infrared spectral region. [15]

Figure 2.1.: a) Depiction of the delocalized m-electron system of benzene. b) Illustration of
the energy levels of benzene. Typically, 71 — «* transitions determine the opto-
electronic properties of organic semiconductors.

2.1.2. From Molecular to Solid State Properties

In contrast to intramolecular stability of polymers and molecular compounds, which is mainly
determined by the covalent o-bondings, intermolecular interaction in organic solids is governed
by small range London dispersion forces. London dispersion forces are counted among van-
der-Waals forces and are based on fluctuating dipole moments of electrically neutral, unpolar
molecules. Accordingly, these forces are to be considered extremely weak, with typical bind-
ing energies of 1 meV - 10 meV. For comparison, typical covalent bonds in inorganic crystals
are orders of magnitude larger with 2 - 4 eV. As a result, mechanical and thermodynamic

properties of organic solids are inherently determined by these intermolecular London dispersion



forces. As a consequence, organic solids are much softer, have smaller dielectric constants (e, = 3
- 4) and lower charge carrier mobilities (see Section [2.4)), as well as lower sublimation enthalpies
(usually ~ 100 kJ/mol), in comparison to their inorganic counterparts. [15] Due to the weak
intermolecular forces, the electronic structure of an organic solid is almost unaltered in compar-
ison to the electronic structure of the isolated molecules. [19] Hence, molecular opto-electronic
properties are mainly conserved. Concomitantly, the formation of broad electronic bands, known
from inorganic semiconductors, is not observed in organic single crystals or polycrystalline thin
films. [24]

In Figure the term scheme of an isolated molecule and a molecular crystal is illustrated. The
electron affinity EA and the ionization potential /P of the molecule (index m) and the molecular
crystal (index c) are indicated. The latter describes the energy difference between the HOMO
and the vacuum level and former the energy difference between the LUMO and the vacuum
level. Upon formation of a molecular crystal, IP. and FA. are modified by the polarization
energies Py and P, with respect to the isolated molecule. This change can be attributed to the
polarization of the dielectric surrounding, i.e. the neighboring molecules in the crystal stabilize
a radical anion or cation. The energy difference between IP and EFA denotes the electronic
transport gap Egqp.

EA

Evac

EA, |IP,,  |EA. |IP.

LUMO

HOMO 1Py

isolated molecular
molecule crystal

Figure 2.2.: Energy diagram of an isolated molecule and a molecular crystal. The term scheme
includes the ionization potential IP and electron affinity FA of the molecule (index
m) and the crystal (index ¢). Upon formation of the molecular crystal, IP. and EA,
are stabilized by the polarization energies P and P, with respect to the isolated
molecule. The energy difference between 1P, and FA, denotes the electronic band
gap Eyqp of the crystal. E,,. represents the vacuum energy.

2.2. Electronic Transitions

Transitions between electronic states of an organic semiconductor, such as excitation upon ab-
sorption of light, or radiative and non-radiative deactivation processes, are usually illustrated
in a Jablonski diagram. [25] Such an energy scheme is depicted in Figure including the

ground state (Sp) and various excited states (Si, So, T1) of higher energy. Electronic states are



grouped horizontally according to their spin multiplicity into singlet (S: spin = 0) and triplet
states (T: spin = 1). Due to dipole transition rules and the singlet character of the ground state,
absorption of light typically promotes an electronic transition in the singlet branch. [22] The
absorption probability is proportional to \/]TE Here p denotes the transition dipole moment
and E the electric field vector of the incident light. [23]

In general, providing a comprehensive description of the energy states of a molecule next to the
electronic, also the vibrational and rotational excitations have to be considered. According to
the Born-Oppenheimer approximation, these three components and hence their related energies
can be separated, since the mass of the nuclei exceeds the mass of the electrons vastly and thus,

electrons can be assumed to follow the motion of the nuclei instantaneously: [26]

E = FEq+ Evip + Erot - (21)

Here E.;, Eyp and E.,: denote the energies of the electronic, vibrational and rotational compo-
nents of the respective molecular state. Though, all three components are to be considered for
molecules in the gas phase and in solution, in case of organic solids, no rotational component

can be observed due to the restricted degree of freedom.
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Figure 2.3.: Jablonski diagram illustrating the electronic singlet states (Sg, S1, Se,) and triplet
state (T1). Small arrows show the spin configuration of the electrons. Absorption
as well as various deactivation processes (internal conversion, fluorescence and phos-
phorescence) are indicated. Intersystem crossing may occur due to weak spin-orbit
coupling under a spin-flip. [25]

The intensity of emerging vibronic modes in absorption and photoluminescence spectra can be
described by the Franck-Condon principle. [27-29] The principle is demonstrated on the basis
of a potential energy diagram of a diatomic molecule in Figure The energy scheme in the

ground and first excited state is approximated utilizing Morse-like potentials. As a consequence



of deformation of the molecule upon excitation, the equilibrium position of the nuclei in S; is
varied in comparison to that of Sy, illustrated by the shift in the nuclear coordinate. In the
term scheme, the vibrational energy levels of the ground and first excited state (v = 0 — 4 and

v’ = 0—4) are shown, as well as the corresponding vibrational wave functions.

Upon absorption, electronic transitions occur on an ultrafast time scale in the range of 1071° s,
and hence are much faster than the motion of the nuclei. Thus, absorption of a photon leads to a
vertical electronic transition in the energy diagram, as shown in Figure The Franck-Condon
principle states that the probability for a specific vibrational transition to occur is proportional
to the square of the overlap of the vibrational wave functions of the initial and the final state.
For the given example depicted in Figure the transition between the vibronic ground state
of the electronic ground state (Sg.g) and the second vibronic energy level of the first excited
state (Si-2) is favored. Accordingly, a maximum is obtained for this transition in the absorption
spectrum. The entirety of vibronic transitions belonging to an electronic state is called vibronic

progression.

A absorption emission
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Figure 2.4.: Potential energy curves of the ground and first excited singlet state. The absorption
and fluorescence intensity distribution can be explained according to the Franck-
Condon principle. Adapted from [30].

In case, no chemical reaction or charge transfer occurs, an excited molecule relaxes back to
its ground state. All excited states but S; and Ti, have a very short life time. These states
dissipate their excess energy into heat via vibronic sublevels under spin conservation as illustrated
in Figure The corresponding process is called internal conversion (IC) and takes place on
an ultrashort time scale, ranging from sub-picoseconds to picoseconds. The lowest vibronically
excited states Si.g and Ti.g however, typically have life times of 102 - 108 s for Si.¢ and
107 - 20 s for Ty.. [15] Radiative transitions S;— Sp and T1— Sy are called fluorescence and



phosphorescence, respectively. Due to the inherent deactivation times, radiative emission almost
exclusively takes place from the lowest electronically and vibronically excited state of a given
multiplicity (Kasha‘s rule). [31] As illustrated for the S;— S¢ transition in Figure emission
takes place into the vibronic sublevels of the ground state and can also be described in the

framework of the Franck-Condon principle.

Non-radiative transitions between the singlet and triplet system of a molecule are called in-
tersystem crossing (ISC) and are reported to occur on a time scale on the order 108 - 103 s,
depending on the position of the participating energy states and the strength of the spin or-
bit coupling. |32] Such transitions involve a spin-flip and therefore, are generally spin forbidden.
However, due to weak coupling between electron spin and orbital angular momentum (spin-orbit
coupling), ISC becomes partly allowed. Since spin-orbit coupling scales with the atomic number
7%, this process in particular becomes important with increasing number of heavy atoms, such
as for instance Pt or Ir, which are frequently utilized in triplet emitters in organic light emitting
diodes. [15,22,33]

2.3. Excitons

2.3.1. Types of Excitons

Excitons are Coulomb-bound electron-hole pairs, which can be generated in insulators or semi-
conductors. They can form upon absorption of light or by mutual capturing of free electrons and
holes. [34] Excitons do not carry net charge and hence, are almost unaffected by the presence
of an electric field. However, these quasi-particles with momentum p = hk can transport their
inherent potential energy through solid states by diffusion. Here h denotes the Planck constant
and k the wave vector. In order to generate excitons by absorption of light, at least the energy
of the optical band gap E,,; has to be provided, which is determined by the energy difference of
the electronic transport band gap Egyq), (see Figure and the exciton binding energy Epipna:

Eopt = Egap - Ebind . (22)

Excitons are classified into two different limiting cases, the so-called Frenkel and the Wannier-
Mott exciton. These types of excitons are distinguished according to their electron-hole separa-
tion distance and related energy. [15] In conventional inorganic semiconductors, Wannier-Mott
excitons form, which are delocalized over several constituents as depicted in Figure 135,,36]
Due to their high dielectric constants, electron-hole pairs are only weakly Coulomb-bound. For
instance, in case of silicon (¢, = 11.7), Wannier-Mott excitons exhibit a binding energy of ap-
prox. 10 meV. Accordingly, the thermal energy at room temperature of 25 meV is sufficient to
instantaneously dissociate those Wannier-Mott excitons within a p/n-junction into free charge

carriers. [22]
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In contrast, upon absorption of light in organic semiconductors, Frenkel excitons are generated.
Owing to the weak intermolecular van der Waals forces, they are characterized by their small
spatial dimensions with the wave function of a Frenkel exciton being predominantly located on a
single molecule, as schematically depicted in Figure[2.5] Moreover, due to low dielectric constants
of organic semiconductors (e, =3 - 5) Frenkel excitons are generally strongly Coulomb-bound.
Typically, exciton binding energies are reported to range between 0.1 eV and 1.0 eV. [37,38] Thus,
absorption of light in organic semiconductors, generally does not yield free charge carriers at
room temperature, since the thermal energy is not sufficient to dissociate these Frenkel excitons

into free electrons and holes.

Wannier-Mott exciton Frenkel exciton CT exciton

Figure 2.5.: Schematic depiction of different types of excitons: Wannier-Mott excitons are de-
localized over several constituents of a solid state and are typically observed in
inorganic semiconductors. In contrast, in organic semiconductors, predominantly
Frenkel excitons form, which are localized on a single molecule. CT excitons are
comprised of an electron-hole pair located on adjacent molecules. Adapted from [15].

In organic semiconductors, also charge-transfer (CT) excitons can form. As shown in Figure
a CT exciton is comprised of an electron-hole pair located on neighboring molecules. Hence,
such excitons inherently feature a static electric dipole moment, polarizing their surrounding
environment, which ultimately leads to screening of the charges. CT excitons can be generated
in homo-nuclear layers. Optical characteristics of perylene-based compounds were found to
be determined by a superposition of neutral Frenkel excitons and CT excitons on adjacent
molecules. [39] The dimer structure in the unit cell yields an emission contribution from the
associated excimer complex. [40] Moreover, optical characterization of the organic semiconductor
diindenoperylene revealed a quantum mechanical superposition of Frenkel and CT excitonic
states. [41] Furthermore, for plain fullerene Cgp thin films the simultaneous formation of both
exciton types is reported upon absorption. [42] However, in comparison to Frenkel excitons, the
oscillator strength f of CT excitons is considered much weaker, for example 102 - 10* times in
case of anthracene in homo-nuclear molecules, generally yielding very weak optical excitation of
CT excitons. |15]

CT excitons may also be generated at a heterointerface between two distinct organic materials.
This process constitutes an important intermediate step in the generation of free charge carriers

in organic photovoltaics (OPV). Hetero-CT excitons can either be generated upon absorption,

11



again at small oscillator strength, or due to diffusion of Frenkel excitons to such a heterointerface,

accompanied by subsequent charge transfer across the heterojunction.

2.3.2. Exciton Transport in Organic Semiconductors

Excitons generated in organic semiconductors transfer their energy predominantly by diffusion
based on incoherent hopping processes. [22,43] The diffusion of excitons can be described by a
differential equation of second order, taking into account the continuity equation in combination
with Fick’s first law:

on (z,t) D32n (2,t) n(z1)

ot 022 T

+ G (2,1) . (2.3)

Here n (z,t) denotes the exciton concentration at position z at time ¢ and accordingly, n(z,t)/7
represents a recombination term, with 7 being the exciton life time. G(z,t) is an exciton gen-
eration term. The first term on the right hand side of Equation describes exciton motion
caused by diffusion as a consequence of a gradient in the exciton density. Under steady-state
conditions, as given in the opto-electronic experiments presented in this thesis utilizing continu-
ous illumination, the time dependent term On (z,t) /Ot becomes zero. The diffusion coefficient
D connects the life time of an exciton with its average diffusion length Lp, which constitutes
an important quantity for opto-electronic devices, as it represents the distance, an exciton can

travel before recombination, i.e. before it gets lost: [44}45]

LDZVD-T. (24)

The diffusion coefficient is proportional to the sum of transfer rates of the individual exciton
transport processes, namely cascade energy transfer, Forster resonant energy transfer and Dexter

energy transfer which are described in more detail in the following. [46,47]

Cascade Energy Transfer

Cascade energy transfer denotes a radiative energy transport mechanism caused by the decay of
an exciton under emission of a photon (fluorescence or phosphorescence) and subsequent absorp-
tion of this photon by another molecule. Accordingly, this energy transport process is commonly
called “reabsorption” and may occur on a length scale corresponding to the absorption depth of
the material. A prerequisite for this process to occur is the overlap of the corresponding emission
and absorption spectra of the participating molecules, as well as an appropriate alignment of the
transition dipole moments. Triggering the energy transfer, exciton life time evidently is decisive
for the reabsorption process. In state of the art organic solar cells, exciton life time exceeds the
time necessary to promote other energy transfer processes, rendering cascade energy transfer
negligible. |46 48]

12



Forster Resonant Energy Transfer (FRET)

Diffusion of singlet excitons in organic semiconductors is predominantly described in terms of
an incoherent Forster resonant energy transfer. [47,149] Such an energy transfer is based on
non-radiative dipole-dipole interaction between a donor and an acceptor molecule. The Forster

resonant energy transfer rate kr is given by:

b= 1 (B)" (25)

T0 T

Here, 1y represents the fluorescence life time of the singlet exciton, r is the distance between the
donor and acceptor molecule and Ry is the so-called Forster radius, which denotes the distance,
at which the fluorescence probability equals the probability of the energy transfer. [47,/50] The
Forster radius is dependent on the overlap of the normalized fluorescence spectrum of the donor
Fp(A) and the normalized absorption cross section of the acceptor o4(\), as well as on the

dipole orientation factor s according to:

9-¢- K>
RS = / MU A)dA. 2.6

0™ 12875 - nt p(A)-aa() (26)
Here, n denotes the refractive index, ¢ photoluminescence efficiency and A the wavelength. [50]
Forster resonant energy transfer is reported to take place on length scales of Rg = 1 - 10
nm and thus, exceeds intermolecular distances of approximately 1 nm by up to one order of
magnitude. [51H53]

Dexter Energy Transfer

Short range multipole interaction and electron exchange is included in the framework of Dexter
energy transfer. [54] As a consequence of the overlap of electron densities of an excited donor
molecule and the ground state of an adjacent acceptor molecule, energy transfer takes place

non-radiatively via electron exchange. The corresponding transfer rate kp(d) is given by: |22]

kp(d) = K -J-exp (_2;3) . (2.7)

Here K refers to the orbital interaction, J represents the spectral overlap integral, normalized
to the extinction coefficient of the molecule in the ground state. Additionally, L is the sum of
the van-der-Waals radii of the donor and the acceptor and d their distance. As a consequence of
the exponential dependence of the transfer rate, Dexter transfer is a short range energy transfer,
occurring between neighboring molecules on a length scale of 0.1 - 1 nm. [46] Energy transfer in
molecular triplet manifolds is considered to be mainly determined by Dexter energy transfer in

case of singlet ground state systems. [49]
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2.4. Charge Carrier Transport

Transport of charge carriers is of paramount importance for opto-electronic devices, such as
organic light-emitting diodes, field-effect transistors or solar cells. In OPV, charge carriers have
to be transferred from the D/A heterojunction to the electrodes before recombination takes
place, in order extract a macroscopic photocurrent. In contrast to excitons, free charge carriers

—

are accelerated in presence of an electric field F/(z). The mobility of charge carriers u connects

the electric field with the drift-velocity 7p(x) according to:

vph(x) = gF(w) . (2.8)

Jn(z) =q-np - ,u:nﬁ(:n) +q-DVn,(x). (2.9)
-T
D= kBq i - (2.10)

Here ¢ denotes the elementary charge, n,, the electron density, u, the electron mobility, D the
diffusion constant, kp the Boltzmann constant and 7" the temperat:ure. A corresponding equation
exists for the hole current density j,(«) in the donor phase. The first summand in Equation
represents the drift contribution and the second summand the diffusion contribution to the
electron current density. Due to distinct charge carrier density gradients in planar organic solar

cells, the latter contribution is the dominant factor. [56]

As limiting cases, two different charge carrier transport mechanisms can be discerned, which
show distinct characteristics with respect to mobility as a function of temperature and electric
field. In the following, coherent band transport and transport via incoherent, thermally activated
hopping will be discussed. In case of the former, transport is considered to be determined by

quasi-free charge carriers, which are scattered by crystal defects or phonons.

Coherent Transport

Many organic crystals, for instance polyacene crystals such as anthracene or naphthalene, have
been grown with excellent purity, containing only few defects or traps. [57] In such ultrapure
molecular crystals, Bloch-states can form upon linear combination of the localized states, yielding
a band structure in analogy to inorganic crystals. [15,/58] In comparison to their covalently bound
inorganic counterparts, these organic crystals feature a narrow bandwidth W of only a few

hundred meV, as a consequence of the less pronounced intermolecular van-der-Waals interaction
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(see section [2.1.2)). Mobilities of 1 - 10 cm?/Vs at room temperature have been reported for such
polyacene single crystals. [19] For coherent band transport to prevail, the mean scattering time

7 of charge carriers has to exceed h/W. [22]

> h/W. (2.11)

For instance, for typical bandwidths of polyacene single crystals of 0.1 eV - 0.5 eV, the mean
scattering time must be > 107 s to allow for charge transport description by a coherent band
model. [15] To enable coherent transport, delocalization of charge carriers must extend at least
over a couple of unit cells, demanding for the mean free path of the charge carriers A to be large
in comparison to the lattice constant ag. [15] Scattering events of charge carriers with phonons
are considered the limiting factor for the mobility wx in this approach. In turn, the occupation
of phonon states increases as a function of temperature 7' and thus, the mobility for coherent

band transport in general decreases with T' according to:

poc T, (2.12)

The exponent n depends on the dominating scattering mechanism and the bandwidth. For
example, for broad bands (W > kpT) and scattering by acoustic phonons a value of n =
3/2 has been observed. [22] Only at very low temperatures these acoustic phonons are frozen
out, resulting in a reverse temperature behavior of p T%, due to scattering from charged
defects. [59] Complementary theoretical and experimental results revealed the conditions for
coherent band transport to be fulfilled according to Equation 2.11] for example in ultrapure
naphthalene single crystals within the (ab) plane for T < 150 K. [15,/57] However, already at
room temperature this is no more the case, even for many highly ordered crystals and thus,
in that case charge transport is considered to be rather a mixture of coherent and incoherent
processes. [22] The electronic transport in polycrystalline or amorphous thin films in turn, has

to be described in terms of incoherent hopping. [15]

Incoherent Transport

In case of amorphous or polycrystalline organic thin films, the mean free path of charge carriers
is smaller than the intermolecular distance (vide supra). Hence, the concept of band conduction
is no longer valid. Instead, energetic states contributing to transport localize predominantly on
the individual molecular sites. These energy levels are randomly distributed due to energetic and
spatial disorder. [60] The former is due to the variation of the surrounding polarizability of the
individual molecules, whereas the latter is caused by impurities, defects and grain boundaries,

typically yielding a modulation in absolute energy values in the range of 10"t - 1072 eV. [61]
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As a consequence, thermally activated incoherent hopping between these localized states appears
to be the dominant transport mechanism and, in contrast to coherent transport, a different
temperature dependence is observed, resulting in an enhanced mobility at higher temperatures.
Such hopping transport usually yields mobilities orders of magnitude smaller in comparison
to coherent transport in organic single crystals. Among highest mobilities reported, values
are in the range of 10 cm?/Vs, but in many compounds mobilities are orders of magnitude
lower. [15,/19] Several different theoretical approaches have been proposed to describe thermally
activated transport in disordered media. [59,/62,63] Two of the most frequently utilized models

will be discussed exemplarily in the following.

Gaussian Disorder Model (GDM)
A model incorporating energetic and spatial disorder was introduced for the first time by Béssler,
describing transport of charges by their hopping in a regular array of discrete energetic sites. [60]

In this model, the energy distribution of the localized states is represented by a Gaussian density

of states g(FE), due to the statistical nature of disorder:

g(E) = \/21?7 -exp (—;) : (2.13)

Here, o denotes the width of the Gaussian distribution of states and E the energy difference

relative to the center of the density of states. Such a Gaussian density of states is displayed in
Figure The hopping rates are considered to depend on the spatial distance and the energy
difference between individual sites. This is accounted for in Miller-Abrahams hopping rates for

charge carriers v;_,; from an initial occupied state ¢ to a final unoccupied state j: [63}/64]

E;—E;

exp (— for E; > E;

visj = vo - exp(—2yRij) ( 1kBT ) o EJ < E
)

(2.14)

The pre-factor vy represents the attempt to escape frequency, v the inverse localization length,
R;; denotes the distance between the two hopping sites, and E; — E; their energy difference.
The first exponential term in describes tunneling of charge carriers. If the energy of the
initial state E; is lower than that of the final state £, thermal energy is necessary to induce a
hopping event. This requirement is considered by the Boltzmann-factor in Equation In

contrast, energetic down-hill charge transfer is possible without restriction in case E; > Ej.
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Utilizing Miller-Abrahams hopping rates in combination with the energy distribution approxi-
mated by a Gaussian density of states in Monte Carlo simulations yields an equation describing

the mobility in dependence of temperature T" and electric field F: [63]
u(aZTF):uexp —(20)2 exp |C - (0>2—22 VF (2.15)
Lot 0 3kpT kpT ' '

Here pi represents the zero-field mobility, C' an empirical constant and ) an effective spatial dis-
order parameter. This description is known as the Gaussian Disorder Model (GDM) and treats
charge carrier transport as a thermally activated tunneling process. In various experiments, the

temperature dependence of transport was successfully reproduced by the GDM, rather than by

an Arrhenius-type activation (p o exp (—]i—fép)). [64-67] Moreover, [2.15|is predicting a Poole-

Frenkel like field dependence with u o ea:p(\/f). However, in 2005 experimental results by
Rubel et al. had shown charge carrier density dependent mobilities, not being explainable by

the GDM model. [68] This requirement is met in the multiple trapping and release model.

Multiple Trapping and Release Model (MTRM)

The Multiple Trapping and Release Model (MTRM) is an extension of the GDM model intro-
ducing the concept of an effective transfer energy, known from inorganic semiconductors. |69}70]
In this framework, excited charge carriers thermalize by hopping events to the lowest energetic
site available for T' = 0 K (see Figure case I). At higher temperatures, charge carriers are
thermally activated according to Equation [2.14] In the MTRM, hopping transport is described
around the so-called transport energy FEj,, which represents the energy at which the probability
of a charge carrier to thermalize to a lower energy and the probability for thermal excitation
are equal. [71,[72] Charge carriers occupying states below Ej, are considered immobile. In the
MTRM the impact of such trap states, arising at lattice defects or impurities, on charge car-
rier motion is accounted for. Trapped charge carriers are released after a residence time 7; by
thermal excitation above the transport energy, as depicted in case II of Figure 2.6l A charge
carrier located in a state higher in energy than Fy. is assumed to be delocalized and is de-
scribed in the picture of band transport until another trapping event occurs after a time 7. This
model has important implications for the description of transport in disordered media, e.g. for
charge transfer to occur, an available state has to be in reach at a given temperature, otherwise
the charge carrier is permanently trapped. Therefore, in the MTRM the ratio 9 between the

densities of free n. and trapped charge carriers n; can be defined as:

1
n=n.+n =ne <1—|—19> . (2.16)

Here n denotes the total charge carrier density in the system. Upon increased charge carrier

density, the difference between the Fermi-energy Er and Ey becomes smaller (see Figure ,
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yielding more available states for mobile charge carriers and thus, the effective mobility is en-

hanced. |73] The effective mobility ji.r¢ reads:

prefs(T) = po(T) (1 + Tt)l = 1o(T) [1 + ]]\\Z -exp <k§})] : (2.17)

Here g represents the defect-free mobility, Ny the trap density, Ny the effective density of states
and E; the energy difference between the trap states and the transport energy. [74]
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Figure 2.6.: In the Gaussian Disorder Model (GDM) a Gaussian distribution of the density of
states is assumed. For T = 0 K (case I), an injected charge carrier relaxes by
phonon-assisted tunneling to the lowest energetic state available, according to
At higher temperatures (case II), an equilibrium between relaxation and thermally
induced activation occurs. In the Multiple Trapping and Release Mode (MTRM)

the energy, around which the equilibrium occurs is called the transport energy Ej,.
After [72].
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3. Fundamentals of Organic Photovoltaic Cells
(OPVCs)

The characteristic properties of organic semiconductors, illustrated in the previous chapter,
distinctly determine the device architecture, as well as the functional principle of organic pho-
tovoltaic cells. Due to the high absorption coefficients of organic semiconductors (a ~ 105%),
absorber layer thicknesses in the range of a few hundred nm are sufficient to absorb a large
amount of the incident light. [12] Hence, little material consumption is required for the produc-
tion of OPVCs, utilizing established preparation processes. In case of polymers, processing can
be carried out wet-chemically by spin coating or doctor blading. In contrast, small molecular
compounds are predominantly deposited via sublimation under vacuum conditions, but also so-
lution processes gaining more and more interest, enabling light weight and flexible devices. Upon
absorption of light in conventional inorganic photovoltaic devices, such as silicon solar cells, the
generated Wannier-Mott excitons are split into free charge carriers at a p/n junction at room
temperature. In contrast, absorption by organic semiconductors under these conditions leads
to the generation of strongly Coulomb-bound Frenkel excitons. Early organic photovoltaic cells
were comprised of a single absorber layer, sandwiched between two electrodes of different work
function. In such Schottky-cells, excitons are separated due to the electric field, established by
the Schottky-barrier at the absorber/electrode interface. However, the dissociation process has
a rather low efficiency due to high recombination losses at the electrode and the loss of charge
carriers of opposite sign upon their travel to the counter electrode. Utilizing a single chlorophyll
absorber layer, Tang achieved a power conversion efficiency of the order of 103 % in 1975. [58]
Another thorough investigation of a Schottky-junction, comprised of a merocyanine absorber
layer, was carried out by Ghosh, including a comprehensive theoretical model to elucidate the

photovoltaic behavior of Schottky-junctions. [75]

In 1986, Tang achieved a quantum leap in terms of exciton dissociation efficiency by the intro-
duction of a second absorber layer, forming a so-called donor/acceptor (D/A) heterojunction
configuration. The photo-active region of this planar bilayer solar cell was comprised of a metal
phthalocyanine in combination with a perylene derivative. [58] Today, such a D/A heterojunction

is still at the heart of “any state of the art” organic photovoltaic cell. [8}76]

Therefore, the working principle of OPVCs, comprising a D/A heterojunction, will be discussed
exemplarily for a planar bilayer architecture in the following, covering the important steps in the

photon to current conversion. Subsequently, alternatives to the planar bilayer design will briefly
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be presented and finally, this chapter ends with a discussion of the key parameters deduced from

the characteristic current density-voltage j('V) curves.

3.1. Working Principle of OPVCs: The Donor/Acceptor (D/A)

Heterojunction

In general, a D/A heterojunction is comprised of two distinct semiconducting materials forming
a common interface. The material featuring higher frontier orbital energies is called the electron
donor, whereas the other compound is denoted the electron acceptor. In planar bilayer solar
cells, donor and acceptor layers are stacked on top of each other and the D/A heterojunction is
sandwiched between two electrodes, as schematically displayed in the energy diagram in Figure
The work function difference of the anode ® 4 and cathode ®¢ is referred to as the built-in

potential eVj;, creating an intrinsic electric field.

\

E
Evac
?, EA D
IP ‘
LUMO
Eger } eV,

HOMO

anode donor acceptor cathode

Figure 3.1.: Energy diagram of a planar bilayer solar cell, comprising a D/A heterojunction
sandwiched between two electrodes. The absorber materials differ in their frontier
orbital energies, yielding an energetic drop at the common interface to drive exciton
dissociation. IP and EA represent the ionization potential and the electron affinity
of the donor and acceptor material, respectively, determining the effective band gap
Eg crr at the interface. The energy difference of the work functions of the electrodes
generates the built-in potential eVy;. For sake of simplicity the vacuum level . is
assumed to be constant.

The energy necessary to induce dissociation of strongly Coulomb-bound excitons into free charge
carriers is provided at the donor/acceptor heterointerface. The relevant steps of photon to
current conversion are shown for a planar bilayer solar cell in Figure under short circuit
conditions. As a consequence, the work functions of the electrodes are equilibrated, forcing a
band bending in the organic layers. The processes will be discussed for an initial excitation
of the donor material. A description of the photoconversion upon absorption in the acceptor

material proceeds analogously.
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Steps of Photon to Current Conversion

a) Absorption of a photon, exceeding the energy of the optical band gap E,, of the donor,
creates a strongly Coulomb-bound exciton with an exciton binding energy of typically 0.1 - 1.0
eV. |38] The optical band gap equals the energy difference between the transport band gap Egqp
and the exciton binding energy FEp;yq. E|

b) Photogenerated excitons are transported across the absorber layer by diffusion. The exciton
diffusion length is a critical quantity for exciton transport, as it constitutes the distance, the
exciton can travel before recombination occurs. [45| Hence, L, determines whether the exciton
can reach the potentially dissociating D/A acceptor interface. Exciton diffusion lengths of
organic semiconductors are typically in the range of nanometers to a few tens of nanometers,

ultimately limiting the layer thickness for light harvesting. [49]

c¢) In case an exciton reaches the D/A interface during its lifetime, it can dissociate, if it is
energetically favorable for the electron of the donor to undergo a charge transfer into the LUMO
of the acceptor, generating a CT exciton, which also is referred to as bound polaron pair. [12]
Veldman et al. reported on a required energetic offset of at least 0.1 eV to induce CT formation.
[77] For various material combinations, charge transfer is reported to occur on an ultrashort
time scale within 10714 to 103 s. [42,|78] Hence, exciton dissociation occurs much faster than
competing deactivation processes (see Section, rendering this process typically very efficient,
often with almost unity efficiency. [78}/79]

d) Subsequent to CT formation, separation of the Coulomb-bound geminate pair, is still required
to gain free charge carriers. If this process does not proceed within the life time of the CT state,
geminate recombination occurs. [43/80] Due to the increased electron-hole distance of the CT
state, the exciton binding energy is decreased compared to the initial Frenkel exciton. As a
consequence of the energetic offset at the D/A interface, the CT state formed often possesses
excess energy, which is referred to as “hot CT-exciton state”, allowing for larger separation
distances, at which the electron is considered to be thermalized with respect to its initial state
in the acceptor. If the distance between the charge carrier pair exceeds the Coulomb capture

radius, dissociated free charge carriers are generated. [62,81]

e) After exciton dissociation, charge carrier transport is mainly driven by a diffusion current
due to the gradient in charge carrier density at the D/A heterojunction (see Equation [2.9)).
Moreover, there is a drift current contribution as a consequence of the internal electric field.

The internal electric field is created by the work function difference of the electrodes and, as

e It is common practice to draw the bound electron hole pair, with the electron state Fp;,q/2 below the
LUMO and the hole Ep;,q/2 above the HOMO energy (see Figure . However, it is to be noted that
this illustration does not accurately describe the real energetic picture, since the excitonic state is a neutral
two-particle state, whereas HOMO and LUMO energies are determined for charged single particle states.
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the case may be, by a modification of the electric field due to charge carrier accumulation zones

within the device.

f) Finally, charge carriers are extracted at the respective electrodes, generating a macroscopic
photocurrent in the outer circuit. By the choice of electrode materials, potential contact barriers

can be adjusted to support efficient extraction of charge carriers.

a) absorption b) diffusion c) charge transfer
A
B N
— ——
anode cathode
donor S ¥,
acceptor
d) dissociation e) charge transport f) charge extraction
A
w - - _
pau < —

Figure 3.2.: Step by step illustration of the processes involved in photoconversion by a planar
D/A heterojunction solar cell: a) Absorption of a photon, generating a strongly
Coulomb-bound exciton in the donor. b) Exciton motion across the thin film, caused
by diffusion. c¢) Charge transfer of an electron from the LUMO of the donor to the
LUMO of the acceptor induced by the potential drop at the D/A interface. d)
Separation of bound CT exciton into free charge carriers. e) Transport of charge
carriers across the photo-active layers. f) Charge extraction at the electrodes.

In particular, a fully comprehensive picture of the steps ¢) and d) is not yet available. The role
of excess energy in the course of the CT dissociation is still controversially debated. Ohkita
et al. showed a similar CT formation yield, for an excess energy of 0.6 - 1.0 eV, but the
dissociation efficiency varied by two orders of magnitude, increasing with the energy offset at the
interface. [79] This indicates excess energy to be a crucial parameter for CT exciton dissociation.
However, a related study by Clarke et al. demonstrated high CT dissociation yield for an energy
offset < 0.2 eV. |43] Aiming to qualitatively assess the dissociation of excitons into free charge
carriers at the D/A interface, CT formation and dissociation into free charge carriers can be
considered as a combined step in a simplified approach. As an approximation, a dissociation
into fully separated charge carriers is assumed possible in case the energy offset at the D/A

interface is larger than the binding energy of the initial Frenkel exciton. [12]
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The external quantum efficiency (EQE (\)) of an organic solar cell denotes the number of
extracted charge carrier pairs divided by the number of incident photons spectrally resolved.
This quantity is expressed by the product of the respective efficiencies of the processes a) - f)

described above:
EQE(X) = naps(\) - pigs - nor - noc - (3.1)

Here n4ps(\) represents the spectrally resolved absorption efficiency and np;¢s the efficiency of
exciton diffusion to the D/A interface. Charge transfer and dissociation into free charge carriers
are summarized together in the efficiency nor, just as the processes of charge transport and

extraction in the charge carrier collection efficiency noc.

3.2. Solar Cell Architectures

Since the introduction of the first planar bilayer cells with a power conversion efficiency of approx.
1% in the 1990s (vide supra), solar cell efficiencies have been improved continuously, today
exceeding 13 %. [8] In part, this increase can be attributed to the implementation of amended
absorber materials but also to advanced device architectures, such as the bulk-heterojunction
(BHJ) or multi-junction design. [76,82] Accounting for generally low exciton diffusion lengths in
organic semiconductors, the BHJ concept is based on an interpenetrating D/A network. This is
experimentally realized by co-evaporation of the molecular compounds or by solution processing
in case of polymers. [83485] Due to the interpenetrating character of the photo-active region
the probability of photo-generated excitons to reach a dissociating D/A interface is strongly
enhanced. [86] In multi-junction devices two or more individual solar cells are stacked on top of
each other, typically in a serial connection, employing a recombination layer sandwiched between
the individual sub-cells. Availing such device design, the resulting voltage is determined by the
sum of the individual-sub cells. [87] Those stacked sub-cells often feature different optical gaps
with respect to each other. Therefore, a combination of complementary absorber materials can

be utilized to cover a broad spectral range. [8§]

Also, striving for widening the spectral absorption range, a further development of the initial
planar heterojunction lately attracted attention. In so-called cascade solar cells, one or several
additional absorber layers are implemented such that an energy cascade is established at the D/A
junction, which supports energy or charge carrier transfer across the multilayer stack. [89-91]
In such a three layer stack, the interlayer between donor and acceptor may enable exciton
dissociation at both interfaces, yielding larger photocurrents. Besides extending the absorption
range, photocurrent enhancement in cascade solar cells has widely been associated with reduced
recombination losses. [4,91}92] Following this approach a remarkable power conversion efficiency
of 8.4 % for a fullerene-free three layer stack could be achieved. [4] Instead of explicitly aiming
for increased absorption, cascade energy level alignment employing thin interfacial layers in the

sub-monolayer thickness range has proven to remarkably increase the photocurrent output of
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organic solar cells. Heidel et al. attributed an increase of the short circuit current density by
approx. a factor of two to a destabilization of hetero-CT states by an additional intermediate

molecular layer. [93]

3.3. Current Density-Voltage (j(V)) Characteristics

In Section a planar bilayer cell was described under short circuit conditions, under which
the solar cell generates the maximum photocurrent density. However, in an actual device under
operating conditions, the current density is decreased, depending on the internal resistance
of the cell and the resistance of the load. This electrical behavior can be accounted for by
measuring the current density-voltage j(V) characteristics of the solar cell, i.e. an external
voltage is applied to the cell and the corresponding current density is measured. Such a j(V)
characteristics is exemplarily shown in Figure in the dark and under illumination. Without
illumination, the j(V) curve ideally follows a diode characteristics, showing rectifying behavior.
Under illumination, an additional current density contribution j,j is obtained due to the photo-

generated charge carriers. The diode characteristics can be described by the Shockley-Equation:

eV
(V) = js-ex — | = 1| — jon- 3.2
V) =Js p[(n-kB-T> } Jph (3.2)
Here j,, denotes the current density under illumination, js the saturated dark current density, e
represents the elementary charge, V' the voltage, n the ideality factor, kp the Boltzmann constant
and 7T the temperature. Describing a real solar cell with active area A, parasitic parallel R, and

series resistances Rs have to be considered. [94]

6'(V_j(v)'RS'A)>_1]—jph—i—U_j(U)'RS'A. (3.3)

(V) = js-ex

i) =Js p{( n-kg-T R,
A decreased parallel resistance may occur due to partial shortening of the photo-active layers
upon electrode deposition. The series resistance for example depends on the bulk conductivity
of the photo-active layers and the electrodes, but also on the contact resistances of all interfaces

being present in the device. [95]

Important parameters that can be derived from the j('V) characteristics under illumination are
the short circuit current density js, in case no external voltage is applied, and the open circuit

voltage V,., at which the net current becomes zero.

The maximum achievable open circuit voltage of an organic solar cell is limited by the maximum

quasi-Fermi-level splitting: [56)

6‘/ocmaaz = (EFn - EFp)maJ: . (34)
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Figure 3.3.: j(V) characteristics in the dark (black line) and under illumination (red line). Indi-
cated are the short circuit current density js. and the open circuit voltage Vic. Jmpp
and Vi, describe the current density and voltage, respectively, at the maximum
power point mpp.

Here Ep, and Ep, represent the quasi-Fermi levels of electrons in the acceptor and holes in
the donor material, respectively. Hence, as a first approximation, V,. depends linearly on the
energy difference between the HOMO of the donor and the LUMO of the acceptor, i.e. the
so-called effective band gap, E,.g (see Figure . Considering the effective doping of the

absorber layers after exciton dissociation into free charge carriers, the open circuit voltage can
be expressed as:

e Voo = g7eff—|—kiB-T'ln< fin " Ttp )

Nrumo acceptor * NroMO donor

Or in shorthand:

e Voe=FEgerf—A. (3.5)

Here kp represents the Boltzmann constant, 7" the temperature, n,/NLuMO acceptor and
np/ NHOMO donor the charge carrier doping concentrations of the acceptor and the donor layer,
respectively. The loss term A in Equation [3.5] is reported to be 0.3 - 0.8 eV under standard
illumination conditions (AM 1.5G) for various donor/acceptor material combinations and is
attributed to radiative and non-radiative recombination losses.
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The fourth quadrant of the j(V) characteristics, i.e. the voltage range between 0 V and V.,
describes the power generated by the solar cell. For voltages above > V. charge carriers are
injected into the device and the solar cell is operated like an organic light emitting diode. The
power density, at which the product of the current density and the voltage reaches a maximum
value in the fourth quadrant, represents the maximum power point mpp. The corresponding
current density is denoted jp,p, and the voltage V;,,,. The fill factor is the ratio of the power
density at the maximum power point and the maximum power density achievable (both power
densities are illustrated by the two grey boxes in Figure :

Fr = Vo Jmm (3.6)

‘/oc : jsc
Accordingly, the fill factor represents the “squareness” of the j(V) curve. Low mobility of the
photo-active materials, recombination losses, as well as parasitic parallel and series resistances
are known to reduce the fill factor. [95] Hence, in general, this quantity represents a sensitive

indicator on the transport properties of the device, however in a very complex manner.

The overall power conversion efficiency of a solar cell 7 is defined as the ratio of the power
density at the maximum power point and the power density of the incident light Pr, and hence,

depends linearly on FF, V,. and jg.:

Vmpp " Jmpp — FF. Voc - Jsc ) (37)

"=""p Py
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4. Materials for Organic Photovoltaic Devices

In this chapter, the compounds utilized for organic photovoltaic cells are presented, starting
with the electrode materials. Afterwards, compounds are introduced step by step, according to
their appearance in the photovoltaic stack. The presentation of the hole conducting materials
is followed by the demonstration of the respective donor and acceptor molecules. Finally, the
employed exciton blocking material is introduced. Some of the photo-active materials, such as
the fluorinated zinc phthalocyanines are only briefly introduced, since a detailed discussion of
the photo-physical properties is subject of Part III of this thesis. Purification of the molecular
semiconductors was carried-out by S. Hirschmann at the 3'¢ Physics Institute, University of
Stuttgart.

4.1. Electrode Materials

Indium Tin Oxide (ITO)

The bottom anode, employed in photovoltaic devices, is comprised of indium tin oxide. The
metal oxide consists of approx. 90 % indium (III) oxide (InpOs) and approx. 10 % of tin
(IV) oxide (SnOg2). It is commonly used in organic electronics due to its unique opto-electronic
properties. For instance, for layer thicknesses of approx. 100 nm, as utilized in this thesis, ITO
has a high transparency of up to 90 % in the UV /VIS range. Moreover, the sheet resistance is
typically small with 14.2 2/0. [30] The work function is reported to range between 3.8 eV and
4.4 eV, depending on the chemical stoichiometry at the surface. [L101-103] ITO was prepared by
Dr. S. Hohla, Institute for Large Area Microelectronics, University of Stuttgart.

Silver (Ag)

For the metallic back contact silver is used. Ag has a conductivity of 6:10° S/cm. [104] The
density of Ag is 10.49 g/cm? and the sublimation temperature is approx. 960 °C, allowing for
deposition from a tungsten boat in vacuum. [105] The thickness of the Ag cathode is chosen 60
nm, yielding an opaque top contact. As a consequence, incident light is reflected at this back
contact, thereby enhancing the absorption in the organic absorber layers. The work function

of Ag depends on the surface morphology of its crystalline structure. Deposited on organic
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compounds, Ag typically adopts a polycrystalline morphology with a work function of about 4.3
eV. |1064|107]

4.2. Hole Transport Materials

An extraction barrier caused by an energetic mismatch at the electrode/organic interface can
lead to electronic transport limitations, resulting in deterioration of the macroscopic photovoltaic
parameters. [108[109] To avoid this issue, hole transport materials are implemented between the

anode/organic interface of organic photovoltaic cells to enable transport via an energy ladder.

Poly(3,4-ethylendioxythiophene):Poly-Styrensulfonate (PEDOT:PSS)

In organic electronics the most frequently used hole transport material is the polymer mixture
poly(3,4-ethylendioxythiophene):poly-styrensulfonate (PEDOT:PSS). Since PEDOT:PSS is an
aqueous dispersion, layer deposition can be carried-out wet-chemically at room temperature for
instance via spin-casting or doctor blading, warranting homogeneous film formation. The photo-
physical properties rendering PEDOT:PSS an attractive material to apply in opto-electronic
devices are its high transparency in the visible and its moderately high vertical conductivity
of approx. 10 S/cm. [110] Additionally, in literature PEDOT:PSS is reported to smoothen the
ITO anode, hence reducing shortcuts in the cell. [45] In this thesis, the polymeric PEDOT:PSS
dispersion Clevios P VL. AP 4083 is utilized, purchased from Heraeus. Its work function of 5.2
eV is higher compared to that of ITO and thus, closer in energy with respect to the HOMO level

of the donor materials, therefore facilitating hole extraction as desired. |[111]

Molybdenum Oxide (MoO3)

Transition metal oxides (TMOs) have been shown suited candidates to replace PEDOT:PSS as
hole transport materials in opto-electronic devices. [112-114] The motivation for this replace-
ment is given by the aim to increase long term stability. For the utilization of PEDOT:PSS
detrimental reactions with the ITO electrode have been reported. Since PEDOT:PSS is an
aqueous dispersion, degradation of subsequently deposited organic layers and electrodes due to
residual humidity has been observed. |109] Moreover, the work function of PEDOT:PSS is very
sensitive to the residual water content and with it to the exact preparation conditions, impeding
reproducibility. [115] In this thesis, instead of PEDOT:PSS, alternatively the TMO molybdenum
oxide (MoQOs , purchased from MaTeck GmbH) is applied, covering the ITO anode. In contrast
to other TMOs such as V205 or WO3, molybdenum oxide features a comparably low sublima-
tion temperature, allowing for deposition from a Knudsen cell under vacuum conditions at ~
400 °C. In comparison to PEDOT:PSS, the conductivity is distinctly smaller, however MoOs3

yields a much higher work function of 6.9 eV. Thus, implementation of a thin MoOj interlayer
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allows to enhance the work function of the anode considerably. |109] With respect to organic
photovoltaics, this possibility is beneficial, in particular, when utilizing donor materials with

high ionization potential, as is the case, for instance, for perfluorinated zinc phthalocyanines

(see Section [7.4] ).

MoOs3 is reported to have a very large ionization potential of 9.7 eV, thus excluding hole ex-
traction from an organic donor material to occur via valence band states of the TMO. Instead,
due to the n-type character of MoOs, with the conduction band close to the Fermi level, hole
collection is expected to take place by a recombination process of photo-generated holes of the
donor and electrons of the conduction band of MoO3. This means in effect, the TMO layer acts

as a charge recombination layer rather than an extraction layer. [109]

4.3. Organic Absorber Materials

4.3.1. Donor Compounds
Phthalocyanines (Pcs)

Phthalocyanines are macrocyclic compounds, comprised of four benzo-pyrrole groups which are
connected via nitrogen bridges. The original dye, with the chemical structure C3oH1gNg, was
synthesized for the first time in 1907 by Braun and Tcherniac. [62] It was twenty years later, when
Diesbach and von der Weid created the first metal phthalocyanine (MPc), introducing a copper
atom in the central cavity of the macrocycle by substitution of two hydrogen groups. Since
that time, more than 70 different phthalocyanines have been synthesized by solely changing this
central atom. [116] This replacement allows for a slight variation of the chemical and electronic
properties, whereas the structural characteristics are mainly unchanged. [117H119] Besides, sub-
stitution of hydrogen atoms in the ligand by electron withdrawing or pushing functional groups

enables additional variability of the electronic and photo-physical properties. [164|120]

The conjugated m-electron system of MPcs consists of 18 m-electrons and typically leads to
distinct absorption in the red part of the visible, hence causing an intense blue color of the
compounds. Phthalocyanine derivatives are presumed to make up 25 % of the worldwide artificial
pigment production, being commonly used for example in inks and paints. [117,{121] Moreover,
MPcs are applied in opto-electronics, for instance in organic thin film transistors of liquid crystal
display devices or as photoconductors in laser printers. [122}/123] Moreover, their polycrystalline
structure, their high p-conductivity and high extinction coefficient render MPc‘s an attractive
material class for OPV, yielding remarkable power conversion efficiencies. For example, a tandem
solar cell employing a ZnPc derivative as absorber layer in one of the sub-cells is reported with
an efficiency of 6.5 %. [8§]
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In this work, differently fluorinated zinc phthalocyanines (F,ZnPc, n = 0, 4, 8, 16) are utilized as
donor molecules. The detailed ligand configurations and the molecular masses of the respective

phthalocyanines are illustrated in Figure [£.1]

® N & HorF
©c O n
formula | Mot [g/mol] | Ry | Ry | Rs | Ry |
ZnPc (CsyHigNgZn) 577.91 H|H|H]|H
F4ZnPc (Cz2F4H12NgZn) 649.87 H|H | H|F
FgZHPC (ngFgHgNan) 721.84 H F F H
F16ZHPC (C32F16N8ZH) 865.76 F F F F

Figure 4.1.: Illustration of the ligand configuration of the employed F,ZnPcs (n = 0, 4, 8, 16)
and summary of the corresponding molecular masses M.

The exciton diffusion length of about 15 nm was deduced from photovoltaic measurements.
The electron and hole mobility in thin film applications is reported in the range of 102 cm?/Vs.
On weakly interacting substrates, such as glass or ITO/MoO3 as employed in this thesis,
ZnPc typically adopts the so-called a-crystal structure (see Chapter [7)), with an almost upright
standing orientation of the entities. For this crystal phase a HOMO energy of 4.8 eV was
reported by photoelectron spectroscopy measurements. The optical band gap FE,p¢
of the a-phase amounts to 1.5 eV and the transport gap Egyqp is reported 2.1 eV, resulting in an
exciton binding energy of about 0.6 eV. Upon fluorination, energy levels are expected to be
gradually shifted towards lower energies, whereas the bandgap remains almost unaffected.
The energetic staircase-behavior of the HOMO and LUMO levels was qualitatively confirmed by

semi-empirical calculations, though absolute values differed slightly from those experimentally

determined.

The donor compounds ZnPc and Fi6ZnPc (purchased from Sigma-Aldrich), F4ZnPc (received
from BASF) and FgZnPc (Creaphys), were purified twice by thermal gradient sublimation.
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Diketopyrrolopyrrole (DPP) Derivatives

Diketopyrrolopyrrole pigments were reported for the first time in 1974 by Farnum. [130] Var-
ious derivatives of the initial compound have been synthesized since then, finding their way
to numerous applications, such as inks, paints and plastics. [131H133] Due to their high fluo-
rescent yield and chemical stability, DPP derivatives have been used in organic light emitting
diodes, as well as in other fields of opto-electronics, for instance in organic thin film transistors
or chemosensors. [92,/134] Recently, also the potential of DPP pigments as absorber materials
in organic photovoltaic cells has been elucidated. [131}/135] Chemical modifications to the DPP
core allow for tailoring the photo-physical properties, influencing for example the packing motif

or frontier orbital energies. |131]

For this work, different DPP derivatives D1 - D3 were synthesized by Dr. Christian Miiller
at the Department of Applied Functional Polymers — Macromolecular Chemistry I, Univer-
sity of Bayreuth. The compounds differ in their outer aryl group, in which either a phenyl
ring or pyridine ring was employed, as illustrated in Figure .2l The molecular weight of D1
(CssHgpN2028S2) is 901.40 g/mol, of D2 and D3 (Cs6HgoN4O2S2) 905.39 g/mol, respectively
and the density amounts to 1.6 g/cm3. The chemical modification applied is geared towards a
specific adjustment of the HOMO and LUMO levels without changing the chemical structure or
dipole moment significantly. Due to an expected energy level shift for D2 and D3 with respect
to D1, these diketopyrrolopyrroles are tested in energetic staircases of D1/D2(D3)/Cgg cascade
solar cells, as elucidated in Chapter [0] The synthesized compounds all have high thermal sta-
bility up to 400 °C, enabling vacuum deposition by thermal evaporation without degradation at
a temperature of 215 °C. [136]

D1 D2 D3

Figure 4.2.: Structure of the diketopyrrolopyrrole derivatives D1 - D3.

Diindenoperylene (DIP)

The planar donor molecule diindenoperylene (DIP, C32Hjg) is a polycyclic aromatic hydrocarbon
comprised of a central perylene core with two indeno-groups attached. The chemical structure
of DIP is depicted in Figure The spatial dimensions of the molecule were approximated on
the basis of the "Cambridge Crystallographic Database” to be 18.4 A x 7 A. [137] DIP has a
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molecular weight of 400.47 g/mol and a density of 1.35 g/cm®. Due to its high thermal stability,
deposition under vacuum conditions at a sublimation temperature of approx. 330 °C yields thin

films without degradation or polymerization of the organic compound. [138,/139]

Figure 4.3.: Illustration of the chemical structure of the donor compound DIP.

In thin film applications, DIP molecules typically form a polycrystalline order, featuring in
general two different molecular orientations with respect to the substrate: The A-phase is char-
acterized by a parallel alignment of the molecular plane with respect to the substrate, whereas
in the o-phase, molecules adopt an almost upright standing orientation with a tilt angle of
approx. 17° with respect to the substrate normal. [140H142] On weakly-interacting substrates
such as glass or ITO/PEDOT:PSS, as utilized in this thesis, typically the o-phase is observed
at room temperature. The high structural out-of-plane order of DIP thin films enables long
range exciton transport with exciton diffusion length of up to 100 nm. [143| Yet this quantity
is still under debate. [49}/144] Besides, an almost ambipolar transport was confirmed along the
¢’-direction by time-of-flight measurements, which corresponds to the charge carrier transport
direction in solar cells, yielding a relatively high electron mobility of . = 0.02 cm?/Vs and
a hole mobility of u, = 0.003 cm?/Vs at room temperature. [145] The optical band gap Eop:
of the o-phase is 2.2 eV, thus optical transitions occur in the VIS (S1 transition) and UV (S2
transition) spectral region. The ionization energy was determined to be 5.8 €V and the electron
affinity 3.1 eV, resulting in a transport gap Egqp of 2.7 €V. [141] Accordingly, the exciton binding

energy is estimated 0.5 eV. DIP was synthesized and purified twice by gradient sublimation.

Tetraphenyldibenzoperiflanthene (DBP)

The DIP derivative tetraphenyldibenzoperiflanthene was utilized as donor material in this the-
sis. In comparison to DIP, the planar core of the molecule is extended by a single benzene
ring at each side. Moreover, four additional phenyl rings, attached to the core, cause a steric
hindrance for crystallization, resulting in an amorphous thin film phase upon deposition. The
chemical structure of DBP is displayed in Figure The density of DBP is 1.35 g/cm® and

the sublimation temperature is 370 °C in vacuum.

Just like in case of DIP, the transition dipole moment is aligned along the long axis of the
molecule. In contrast to the standing-upright configuration of DIP molecules in the o-phase,
the amorphous character of DBP yields a preferential orientation of the molecules lying flat on
the substrate, as confirmed by ellipsometry measurements. |[146] Thus, with illumination being
incident vertically on the sample, the absorption of DBP thin films is strongly enhanced, in

comparison to DIP. An exciton diffusion length of 16 nm was observed in photoluminescence
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Figure 4.4.: Structure of the donor material DBP.

quenching measurements. [147] The hole mobility of DBP was determined to be u; = 1074 —
1073 ¢cm?/Vs [148] Finally, HOMO and LUMO energy levels of DBP are reported to be very

similar in comparison to DIP. [149]

4.3.2. Acceptor Compounds
Fullerene Cgg

As acceptor material for organic photovoltaic devices, the buckminsterfullerene Cgg is employed
in this thesis. It is comprised of 12 carbon pentagons and 20 hexagons, forming a closed cage
molecule, as illustrated in Figure . Cgo features a diameter of 7.1 A and crystallizes in a
face centered cubic structure at room temperature. [150,{151] Yet, in organic thin film applica-
tions, typically an amorphous morphology is observed. The molecular weight of Cgg is 720.64
g/mol, yielding a density of 1.65 g/cm?. Due to its thermal stability, the buckminsterfullerene
is suitable for vacuum deposition, at a sublimation temperature of ~ 350 °C under UHV condi-
tions. [152] For the exciton diffusion length of Cgp, deduced from photoluminescence quenching
measurements, different values are reported, ranging between 8 nm and 40 nm. [45,(153] Being
the most frequently used acceptor material in organic photovoltaics, Cgg has a high electron
mobility of approx. 1 cm?/Vs, as concluded from field effect transistor measurements at room
temperature. [45] The HOMO energy is located at 6.4 €V and the band gap is 2.0 eV. [154] In
combination with a variety of donor materials, the high electron affinity of Cgy enables efficient
exciton dissociation at the D/A hetero-interface. Cgg was purchased from CreaPhys (purity >

99.95 %) and was purified twice by gradient sublimation.

Fullerene Cyg

The fullerene Crp consists of 12 pentagons and 25 hexagons and is also depicted in Figure
Cro features a molecular weight of 840.77 g/mol and a density of 1.7 g/cm®. Due to
the higher mass of Cry in comparison to Cgg, a slightly higher sublimation temperature of 460

°C results. [152] However, as a consequence of the similar chemical structure of Cgy and Cryp,
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Figure 4.5.: Chemical structure of the employed fullerene acceptor molecules Cgg and Crg.

their general electronic properties almost resemble each other, i.e. frontier orbital energies are
reported to be almost identical. [18] Cyo was purchased from Solaris Chem Inc. (purity > 99%)

and was utilized without further purification.

4.4. Exciton Blocking Layer (EBL)

Bathophenanthroline (BPhen)

Applying metal electrodes in direct contact with organic absorber materials, in general leads to
annihilation of photo-generated excitons. This so-called quenching proceeds via the formation
of mirror charges and dipoles at the metal interface. [155] Besides, a high density of trap states
at the metal/organic interface can cause radiationless recombination of excitons. [106] In order
to spatially separate the metal top contact from the photo-active absorber materials, warranting
a minimization of exciton quenching by the metal contact, so-called exciton blocking materi-
als are typically utilized in organic photovoltaics. In this thesis, the EBL bathophenanthroline
(Co4H16N3) is employed. The chemical structure is displayed in Figure Bathophenanthro-
line has a molecular weight of 332.40 g/mol and a density of 1.24 g/cm?®. The sublimation

temperature under ultra high vacuum conditions is 220°C.

Figure 4.6.: Chemical structure of the exciton blocking material BPhen.

BPhen possesses a large band gap of 3.5 eV, yielding no parasitic absorption in the visible
spectral range. Thus, BPhen can be used as an optical spacer between organic absorber layers
and the metal top contact. The HOMO and LUMO energies of BPhen are positioned at 6.4

36



eV and 2.9 eV, respectively. |156] When applied in combination with the most commonly used
acceptor materials Cggp and Crg, the HOMO energies of these materials are almost identical,
however, the EBL has a distinctly larger band gap, thus hampering exciton transfer from the
acceptor phase to the metal electrode. The extraction of free charge carriers was illustrated to
take place via metal induced trap states generated and located energetically below the LUMO
level of BPhen, upon metal deposition. [157] BPhen was purchased from Sigma-Aldrich and

utilized without further purification.
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5. Sample Architecture and Fabrication

In this thesis predominantly planar bilayer cells are under investigation. The schematic archi-
tecture is displayed in Figure The heterojunction is established by deposition of a planar
donor and acceptor absorber layer on top of each other. Moreover, so-called cascade solar cells
are under study, in which an energetic staircase is established by introducing an additional thin

interfacial layer between donor and acceptor.

top electrode EBL

/ acceptor

donor

=)\

bottom electrode and

glass substrate
hole transport layer

Figure 5.1.: Schematic architecture of a planar bilayer cell.

The glass substrates utilized for sample preparation are 32 x 24 mm? in size. A 100 nm thick
ITO layer was sputtered at the Institute for Large Area Microelectronics at the University of
Stuttgart by Dr. Steffen Hohla. Lithographic patterning yields ITO stripes of 32 x 14 mm?
centered on the respective glass substrates. The ITO bare edge region is used to contact the
silver top electrode. Substrates are sonicated in acetone and isopropanol for 15 minutes each.
Afterwards, the hole conduction layer PEDOT:PSS is spin-coated under ambient conditions at
3000 rotations per minute, resulting in a layer thickness of approx. 50 nm. Subsequently, the
specimen is heated for 20 minutes on a hot plate at 120 °C to get rid of residual humidity, prior
to loading it to the vacuum chamber. The vacuum chamber used for solar cell preparation,
is schematically depicted in Figure [5.2] Alternatively, instead of PEDOT:PSS, a MoOj3 hole
transport layer, is employed. In that case, the metal oxide layer is evaporated from a tungsten

boat in the ultra high vacuum chamber system.
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chamber 2

Xe-arc lamp chamber 1

Figure 5.2.: Schematic illustration of the vacuum chamber system used for sample preparation.
Samples are loaded into the vacuum chamber system via load-lock chamber 1. In
addition, metal and metal oxide layers are processed in this chamber. In chamber 2
the organic semiconductors are deposited, whereas in chamber 3 organic solar cells
are characterized in-situ. Illumination is carried-out with a solar simulator in case of
j(V) characterization. For FQFE measurements, light from a Xe-arc lamp is guided
onto the sample through a monochromator.

This experimental setup consists of three separable vacuum-chambers, each operated with an
oil-free membrane pump and a turbo pump at a base pressure of < 107 mbar. Samples are
loaded into the vacuum via load-lock chamber 1 and are transferred between the chambers by

means of three transfer rods.

Organic photo-active materials, as well as the exciton blocking layer are sublimed from seven
separate Knudsen cells by resistive heating in chamber 2. Each of these evaporation cells, as
well as the substrate itself, can be covered by a shutter system, allowing to adjust sublimation
rates prior to the actual deposition process. This is in particular crucial in case of simultaneous
co-evaporation of two different materials. During evaporation the substrate is fixed on a copper
stage warranting reliable substrate position. During deposition of the organic semiconductors
the substrate temperature can be varied between 80 K and 450 K. The sublimed layer thickness is
controlled with the help of a quartz crystal microbalance and the tooling factor for each Knudsen
cell is determined independently by X-Ray reflectometry. Top silver electrodes are processed in
chamber 1 in order to avoid cross contamination by the organic materials. The deposition takes
places through a circular shadow mask with 1 mm radius, ultimately defining the active solar
cell area. Within one preparation process 14 solar cells are generated simultaneously. For the
in-situ determination of the solar cell parameters, organic photovoltaic cells are transferred to

vacuum chamber 3.
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6. Experimental Techniques

6.1. In-Situ Opto-Electronic Device Characterization

Subsequent to sample preparation, solar cell parameters are determined in-situ without break-
ing the vacuum at a base pressure of < 1077 mbar. A battery-driven multiplexer allows for
automatized, consecutive measurement of the opto-electronic device characteristics of all 14 so-
lar cells prepared on a single substrate. Triggering a Keithley source measure unit 236, the

current-voltage measurements are conducted by a LabView program.

6.1.1. Current Density-Voltage (j(V)) Characterization

Steady-state j(V) characteristics in the dark and under illumination are measured for voltages
between -0.5 V and 1.5 V at a step width of 0.01 V. Illumination is carried-out, employing a
300 W LOT Oriel LS0306 solar simulator with the irradiance calibrated to 1 sun at AM1.5 G
(100 mW /cm?). The intensity is corrected for mismatch. [158]

6.1.2. External Quantum Efficiency (EQE)

The measurement of the spectrally resolved photocurrent density j,u(A) is performed to de-
termine the external quantum efficiency FQF(\), which is defined as the ratio of extracted

electron-hole pairs and the number of incident photons (see also Section [3.1)):

= = 7 - 6.1
Plight()\)/hl/ ( )

Here Pjgni(A) denotes the incident light intensity. Light from a Xe-arc lamp (Osram 150
W/4Suprasil) is directed into a 260 Cornerstone monochromator from Newport and is spec-
trally split with a grid line (line density: 1200 mm™) and subsequently, is guided onto the solar
cells in the vacuum chamber via mirror optics. EQFE measurements are performed without back-
ground illumination at low average light intensity of 102 mW /cm?, corresponding to 107* suns
under standard AM1.5G illumination, in order to avoid pronounced space charging effects, af-
fecting the current density. For the different positions on the substrate the incident illumination

intensity varies and thus, has to be determined. This is realized with the help of a reference Si
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diode featuring a known EQFE characteristic. Spectrally resolved photocurrent measurements
are recorded in the wavelength range between 400 nm and 900 nm in step sizes of 1 nm at a

current noise level in the range of 10711 A.

6.2. Structural Investigation

6.2.1. X-Ray Diffraction (XRD)

By means of X-ray diffraction, the structure of a crystalline or polycrystalline material can be
investigated at atomic length scales, providing insight into a variety of morphological properties,
such as the crystal structure, layer thickness or roughness of a sample. At this point, only the
basic principles necessary for data interpretation are introduced. For a broad overview of the

experimental details, reference to literature is given. [159}/160)

XRD is based on coherent scattering of X-rays at periodic spatial variations of the electron
density, for example at lattice planes of a crystal, upon multiple reflections at the interfaces
of a stacked layer system of different refractive indices. In this thesis, XRD measurements are
carried-out using a XRD 3003 T/T thin film reflectometer from GE Sensoring & Inspection
Technologies in Bragg-Brentano geometry. In this configuration, the X-Ray source is oriented
with respect to the surface of the sample at an angle 8, whereas the detector is positioned at the
angle 26 with respect to the incident X-ray beam. That is why an experiment, carried-out in
Bragg-Brentano geometry, is commonly called a #-26-scan. In such an experiment, solely electron
density variations caused by lattice planes perpendicular to the surface normal are detectable.
For constructive interference to occur, the Bragg condition has to be fulfilled, meaning that the
change in path length by the crystal planes has to correspond to an integer multiple n of the
wavelength A of the X-ray beam:

2-d-sin(f) =n-\. (6.2)

Here d denotes the lattice spacing. Instead of showing X-ray diffraction spectra as a function of
0, for reasons of better comparability, it is common practice to utilize the momentum transfer
q. along the surface normal, rendering the diffractogram independent of the wavelength of the

employed X-ray source:

g = 4; - sin(0) . (6.3)

X-Ray diffraction can be described in analogy to diffraction by an optical grating, yielding the

emergence of alternating intensity maxima and minima, so-called Laue oscillations. However,

in case of rough interfaces or in case of a too large layer thickness, only the main maximum is
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to be resolved. Provided that no Laue oscillations are detectable in the diffraction spectra, the

crystallite height h can be calculated according to the modified Scherrer equation: [161]

In(2) A
T cos (27) -/ (A®)? — b2 '

(6.4)

Here A® represents the full-width-at-half-maximum of the Bragg peak and b is the instrumental
broadening of the diffractometer, which amounts to 0.07° for the setup used in this study. An
employed monochromator allows to use solely the wavelength of the C'u K, line (A =1.5418 A)

in the diffractometer.

6.2.2. Atomic Force Microscopy (AFM)

Atomic force microscopy is a scanning probe technique allowing to monitor the topography of
a sample on the nanometer scale. [162] Hence, in contrast to X-Ray diffraction, which yields
integral information about the crystalline structure and the roughness of a sample, AFM mea-
surements reveal the local surface morphology. Thus, this experimental method gives comple-
mentary insight, for instance into the root mean square roughness ¢ or the lateral domain size

of a film.

The key functional unit of an atomic force microscope is comprised of a sharp nanoscopic tip,
attached to a cantilever. The working principle relies on the deflection of this cantilever as a
consequence of attractive and repulsive forces between the tip and the investigated specimen
surface. Attractive Van-der-Waals and capillary forces are superimposed with repulsive forces
when scanning the sample in close proximity. Repulsive forces are caused due to the Pauli
exclusion principle and Coulomb repulsion between the incomplete electrostatic screening of the
positive nuclear charges of the tip and the sample in close proximity. Usually, the mechanical
deflection is optically tracked by focusing a laser beam onto the backside of the cantilever and

detecting the reflected laser light by a 4-quadrant laser diode.

For AFM measurements, a Dimension Icon from Veeco is utilized in tapping mode. In this
operational mode, with the help of a piezo element, the cantilever is driven to oscillate near its
resonance frequency with a constant amplitude. The tips (RFESP resonance frequency: 70 -
90 kHz) utilized in the AFM measurements were purchased from Veeco. When approaching the
surface, interactions described above between tip and sample surface cause a damping of the
oscillation amplitude. This change is the parameter regulated by a feedback loop to adjust the
height of the cantilever, in order to restore the initial cantilever oscillation amplitude. Accord-
ingly, the auxiliary voltage necessary for the height adjustment is a direct measure of the local
height and thus, of the topography of the sample. Generally, tapping mode is in wide use in the

field of soft-matter sciences, since the force and hence, the possibility of irreversibly damaging
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the sample surface is strongly reduced in comparison to contact mode. The resulting data are

analyzed using the freeware Gwyddion. [163]

6.3. Optical Measurements

6.3.1. Steady State Absorption Spectroscopy

Optical absorption spectra were determined from transmission and reflection measurements
according to:
A=1-T-R. (6.5)

Here, A represents the absorption, T the transmission and R the reflection, respectively. For a
sample of layer thickness d, the Beer-Lambert law describes the substance-specific exponential
attenuation of the incident light intensity Iy, passing through the sample and thus, allowing to

assign its spectral dependent absorption coefficient «(\) by

a(A) =—In (I(d)> /d. (6.6)
Iy

The ratio of the intensities %‘f) is the transmission of the sample. UV /VIS steady state absorp-

tion spectroscopy measurements were carried-out under ambient conditions in the wavelength
range between 300 nm and 900 nm at a resolution of 1 nm, using a Jasco V-650 UV /VIS

spectrometer.

6.3.2. Spectrally Resolved Photoluminescence (PL)

After photo-excitation of an organic semiconductor, excitons can recombine radiatively under
emission of photons or non-radiatively (see also chapter[2.2). Radiative transitions are monitored
in photoluminescence measurements enabling for example an evaluation of the ability of a D/A

interface to dissociate excitons.

In this thesis photoluminescence measurements were carried-out utilizing a continuous wave (cw)
solid state laser with an excitation wavelength of 532 nm, purchased from Laser2000. The exci-
tation power density is continuously adjustable between 0.3 mW /cm? and 50 mW /cm?. Alterna-
tively, a laser diode with a central excitation wavelength of 630 nm was employed. Measurements
are conducted under ambient conditions without encapsulation of the samples. The photolumi-
nescence is recorded with an Acton SP-2558 spectrometer connected to a Pixis100BR,__eXcelon
CCD-camera, both purchased from Princeton Instruments. The CCD-camera offers a quantum

efficiency of at least 90 % in the spectral wavelength range between 420 nm and 900 nm.
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6.3.3. Transient Absorption Spectroscopy (TAS)

Upon light absorption in organic semiconductors, the decay of singlet excitons typically takes
places on sub-picosecond to nanosecond time scales. [92] The temporal investigation of such deac-
tivation processes requires an experimental method with femtosecond time resolution. Ultrafast
transient absorption spectroscopy constitutes such a technique, which allows for the examination
of inter- and intra-molecular dynamics, i.e. processes involving for instance, an energy or charge

transfer can be monitored on the corresponding time scales.

Transient absorption spectroscopy falls in the category of pump-probe-spectroscopy techniques.
The working mechanism is based on detecting the change in absorption of a photo-excited
molecules in solution or solid state as a function of time and wavelength and is schematically

depicted in Figure 6.1
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Figure 6.1.: Working principle of transient absorption spectroscopy (top) and related transient
spectrum (bottom). Here, ESA denotes excited state absorption, GSB ground state
bleaching and SE stimulated emission.

The quantity to be analyzed is the change in optical density AOD(\, At):

Io(N) )
AOD(MNAt) =1 — . 6.7
Here, In(\) and I(\, At) represent the transmitted intensities of the probe beam, measured for
the non-excited and excited sample, respectively, and A and At are the wavelength and the time
delay between pump and probe pulse. Photo-excitation is realized by a laser source providing
ultrashort monochromatic pulses. After a defined time delay, a second pulse impinges on the

sample and probes the density of the initially photo-excited states and their evolution in the
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specimen. A transient spectrum may feature three different contributions, which are illustrated

schematically in Figure [6.1

1. Excited state absorption (ESA): Photo-activated molecules might be excited to higher-
lying energy levels by the probe beam. According to Equation such a transition
induced by the probe appears as positive change in optical density and is called excited
state absorption. ESA of both, excitons and free charge carriers may be monitored in a

transient absorption spectroscopy experiment.

2. Ground state bleaching (GSB): Photo-excitation of a sample by the pump pulse generates
molecules residing in an excited state. Accordingly, the ground state population is depleted
and hence, upon probing the sample in a wavelength range of an electronic transition, more

light is transmitted through the sample and a negative AOD(\,t) value is obtained.

3. Stimulated emission (SE): The probe beam provides a photon to cause a stimulated relax-
ation of the Sy into the Sy state. Effectively, this fluorescence signal appears as negative

change in optical density in the transient spectrum.

Carrying-out transient absorption spectroscopy measurement for various time delays, gives ac-

cess to the dynamics of the above mentioned processes and their energetics.

The transient absorption spectroscopy measurements, presented in this thesis were performed
at the Laser Research Institute (LRI) at the University of Stellenbosch, South Africa under the
supervision of Prof. Heinrich Schwoerer. The experimental setup is schematically depicted in

Figure [6.2

A femtosecond laser source (CPA2101, ClarkMXR) is operated as a chirped pulse amplifier
(CPA), utilizing a femtosecond oscillator in combination with a Ti:sapphire amplifier. A central
wavelength of 775 nm is provided with a pulse duration of approximately 150 fs and a repetition
rate of 1 kHz. A 50:50 beam splitter divides the fundamental laser beam into two distinct
pathways. Along the first path (path 1 in Figure , the laser beam is directed towards a
non-linear optical parametric amplifier (NOPA), which allows to select the intended wavelength
between 480 nm and 700 nm. For details on non-linear parametric amplification reference to
the literature is given. [165] Before directing this pump beam onto the sample, the pulse is
compressed by a two-prism compressor to less than 50 fs. [164] On pathway two (path 2 in
Figure , the probe pulse is realized by directing the fundamental laser beam onto a white
light generating (WLG) yttrium aluminum garnet (YAG) crystal. The temporal resolution of
the probe beam by using such a crystal is approx. 150 fs, resulting in an overall temporal
resolution of the TAS experiment of less than 200 fs. Alternatively, the probe beam may be
generated in a second NOPA, yielding after signal compression again a time resolution of approx.
50 fs. Thus, a temporal resolution of the experiment of less than 100 fs is feasible. However, in

this configuration only a narrow spectral range can be probed.
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Figure 6.2.: Schematic demonstration of the TAS setup, according to [164].

The temporal delay between pump and probe pulse is adjusted via a mechanical delay stage and
covers a temporal delay of up to 600 ps. As shown in Figure[6.2] the delay stage is positioned
in pathway one since the pump beam is much more stable in comparison to the generated white
light supercontinuum. Additionally, a chopper is introduced in pathway one with a frequency of
0.5 kHz in order block every second pump pulse. Pump and probe beam are spatially overlaid
on the sample by means of a pin hole. The temporal overlap is realized by ensuring the path
lengths of pump and probe pulse to be equally long. The spectrally resolved change in optical
density is accessible by measuring the transmitted intensities of the probe beam, with and
without pumping the sample before (see Equation , with a line scan camera in combination

with a spectrometer. For each time step, transient absorption spectra are averaged over 6000
measurements.

6.4. Ultraviolet Photoelectron Spectroscopy (UPS)

Photoelectron spectroscopy (PES) is an experimental technique employing X-ray (XPS) or ul-
traviolet (UPS) radiation in order to promote electron emission from the near surface region
of an investigated sample. The method is in particular suited for analyzing the chemical and
electronic structure of surfaces and interfaces. |[166] The working principle of PES is based on
the photoelectric effect. In general, the photoemission process is considered to take place in

three steps: Firstly, absorption of light yields excitation of electrons. Secondly, electrons are
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transferred to the surface of the sample and finally, the emission of these electrons into the

vacuum occurs. [167,|16§]

Utilizing UV light in ultraviolet photoelectron spectroscopy measurements, the employed energy
hv is only sufficient to enable photoemission from the valence band region of a material. To gain
insight into the kinetic energy distribution of photo-emitted electrons and thus, in the density
of states constituting the valence band, they are sent through an energy analyzer. Since the
analyzer is in electrical contact with the sample their Fermi-levels are equilibrated. Figure [6.3]
illustrates the relevant energy levels of a semiconducting sample and of the analyzer determining
the photoemission process. Considering the kinetic energy distribution Ey;,, the binding energy
Ep with respect to the Fermi-edge Er reads: [166,/169)

Ep = hv — Ejin — Pspec - (6.8)

Equation illustrates that the binding energy of the emitted electrons does not depend on the

work function of the sample ®44mpe but on the work function of the spectrometer ®c..

\ Efin
hv
E vac sample Ekin
CDsample E vac spec
(Dspec
1"

DOS

Figure 6.3.: Illustration of the relevant energy levels of the sample (index sample) and the spec-
trometer (index spec) in photoelectron spectroscopy measurements. @ represents
the work function and E,,. the vacuum energy. The kinetic energy is represented
by Ejin. Since the analyzer and the semiconducting sample are in electrical con-
tact, their Fermi-levels Er are equilibrated. Ep denotes the binding energy with
respect to Ep. Ein; and Ey;, indicate the initial and final state of the photo-emitted
electron. After [169}/170].

The HOMO energy of a sample can be deduced from the onset at low binding energy, which
corresponds to the electrons of highest kinetic energy photo-emitted from the sample. The
work function @ggmpie is calculated from the secondary electron cutoff (SECO). In this case, the

photoelectrons of lowest kinetic energy are tracked. In order to separate those electrons barely
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ejected from the sample from secondary electrons generated upon impacting the analyzer, an

auxiliary accelerating voltage is applied.

In situ UPS measurements provide insight into the electronic structure of a sample, or to be
more precise and accounting for the short mean-free-path of the photo-electrons, of the sample
surface. For instance, a change of work function at organic/organic or metal/organic interfaces
can be monitored. Such a variation in the vacuum level corresponds to the formation of an
effective interfacial dipole A. Besides, thickness dependent photoemission experiments trace
band bending effects. These information are crucial for a correlation of microscopic interface
energetics to the macroscopic opto-electronic performance of thin film devices. However, the
electronic effects described are sensitive to various parameters, such as preparation conditions,
the choice of substrate or molecular orientation. |127,|171,/172] Vice versa this means, that a
combination of literature values can only yield a rough estimate of the energetic positions of the
participating levels. Hence, for a distinct material combination it is mandatory to determine

the real energy levels by PES measurements. [99}/170]

The determination of energy levels from spectra of the binding energy is carried-out according
to the peak-onset method. [173] UPS measurements were performed at the photon source Bessy
IT in Berlin at the end-station Surlcat (Surface Investigation and Catalysis). The UHV chamber
was kept at a base pressure of < 2-107Y mbar. Spectra were recorded with a high resolution
electron spectrometer Scienta SES 10 and at a photon energy of 35 eV. The measurements were
performed in collaboration with the AG Prof. Koch at Humboldt-University.
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7. Impact of Gradual Fluorination on the
Properties of F,ZnPc/Cgy Bilayer OPVCs

7.1. Tailored Modification of D/A Interface Energetics

The D/A heterojunction is the crucial functional building block of any “state of the art” organic
solar cell. At this interface, the energetic offset of the frontier orbital energies between donor
and acceptor drives the dissociation of the photo-generated, strongly Coulomb-bound excitons
into free charge carriers, a prerequisite for photocurrent generation (see Section . Besides,
interface energetics at the D/A heterojunction is associated with the open circuit voltage. The
energy difference between the HOMO of the donor and the LUMO of the acceptor, the so-called
effective band gap E, g, determines the upper limit for the maximum quasi-Fermi level splitting
and thus, for V,., according to Equation

To gain fundamental insight into the correlation between D/A interface energetics and macro-
scopic solar cell parameters, tailoring of energy levels by chemical modification of the absorber
materials is a powerful approach. In this regard, phthalocyanines are a promising class of com-
pounds, due to versatile options for their modification, such as the substitution of hydrogen

atoms in the ligand or the implementation of different metal atoms in the central cavity of the

molecules (see Section [4.3.1)). [126,/174]

In this study, differently fluorinated zinc phthalocyanines F,ZnPc (n = 0, 4, 8, 16) are deliber-
ately chosen as donor materials in combination with the electron acceptor Cgg. Energy levels of
the former are expected to be gradually shifted towards lower energies upon fluorination. |16}17]
Concomitantly, the bandgap of the respective phthalocyanine is anticipated to remain almost
unaffected allowing for a systematic variation of the D/A interface energetics dependent on the
degree of fluorination however, without changing the absorption characteristics. [11] The ligand
configuration of the respective fluorinated zinc phthalocyanines is displayed in Section [4.3.]
Figure Correlated multi-reference ab-initio calculations revealed a beneficial electronic con-
figuration for the donor ZnPc in comparison to other metal phthalocyanines MPcs ( M = Cu,
Ni, Fe), i.e. for all MPcs mentioned but ZnPc, intrinsic intermediate gap states exist in the band
gap of the t1 — w* transition. These intermediate gap states are associated with non-radiative re-
combination losses. Due to these electronic characteristics, superior device performance of ZnPc
based planar-heterojunction solar cells was reported with respect to the other MPcs mentioned,

rendering the former first choice as a starting compound for chemical modification. [126}129]
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In this chapter, the impact of gradual fluorination on the optical and structural properties
of FyZnPc thin films and opto-electronic characteristics of F,ZnPc/Cgy (1 = 0, 4, 8, 16)
bilayer cells is investigated. The photovoltaic parameters are correlated with interface energetics,
assessed by complementary UPS measurements. The results of this chapter are published in
Advanced Functional Materials. [175]

7.2. j(V) Characterization of F,,ZnPc/Cgy Bilayer Solar Cells

In order to investigate the effect of successive fluorination on the macroscopic device perfor-
mance, F,ZnPc/Cgp bilayer solar cells were prepared by vacuum sublimation. The following

layer sequence was chosen:
ITO/MoO3(5 nm)/F,ZnPc(30 nm)/Cgo(35 nm)/BPhen(5 nm)/Ag .

The corresponding j('V) characteristics under AM1.5G standard illumination conditions are dis-
played in Figure and the photovoltaic parameters are summarized in Figure Moreover,
exemplarily the dark j(V) characteristics of two bilayer cells are displayed as dotted lines in
Figure showing typical diode characteristics with rectifying behavior. Upon illumination,
an additional current density contribution is obtained as a consequence of the photo-generated
charge carriers. In the first quadrant, the respective j('V) characteristics in the dark and under

illumination converge, as expected (see Section [3.3)).
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Figure 7.1.: j(V) characteristics of F,Zn/Cg solar cells under AM1.5G standard illumination
conditions. Additionally, dotted lines represent the corresponding j('V) characteris-
tics of two exemplary bilayer cells in the dark.
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Since fluorination was considered to shift frontier energy levels to lower values, hence affecting
the D/A heterojunction energetics, a severe impact on V,. was expected. For ZnPc/Cgo solar
cells an open circuit voltage of 0.51 V is measured, which concurs with the results of other
groups. [124,|176] In case of F4ZnPc/Cgp based devices the open circuit voltage is increased
to 0.65 V. Similar results of up to 0.68 V were achieved in literature for bulk-heterojunction
architecture. [176] A further improvement of this quantity is detected for FgZnPc/Cgo solar
cells, yielding a 50 % increase in comparison to unsubstituted devices based on ZnPc/Cg.
Photovoltaic investigations for this material combination have been reported for the first time
in this study. [175] Considering different published photoelectron spectroscopy measurements,
the remarkable increase of the open circuit voltage can qualitatively be assigned to an augmented
effective band gap. By plain combination of HOMO and LUMO energies reported in literature,
the effective band gap was calculated assuming vacuum level alignment between the different
D/A interfaces. [99,177,|178] Thereby, the expected open circuit voltage for all devices was
ascertained according to Equation [3.5] using A = 0.5 eV. The calculated data is indicated
by the red symbols in the bottom graph of Figure [7.2] Evidently, the actual gain in V. for
FgZnPc/Cgp observed in the j(V) characterization is considerably smaller than the predicted
increase according to Equation [3.5] For bilayer devices based on the perfluorinated homologue
F16ZnPc the open circuit voltage is even reduced to 0.41 V despite the expected larger effective

band gap and with it, larger open circuit voltage.
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Figure 7.2.: Solar cell parameters of F,ZnPc/Cgy photovoltaic devices. For the calculation of
the effective band gap E, cg ;. literature values were taken as reference, assuming
vacuum level alignment. [99,177.|17§]

Distinct variations of the short circuit current densities are confirmed upon incremental fluo-

rination. The reference material combination ZnPc/Cgy yields a short circuit current density
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of 3.4 mA/cm?. The largest js of 4.0 mA/cm? is obtained for F4ZnPc/Cg bilayers, which
constitutes an increase of almost 20 % in comparison to ZnPc/Cgg. Upon further fluorination
however, the short circuit current density is reduced to 0.77 mA/cm? and 0.98 mA/cm? in
FgZnPc/Cgp and Fi1ZnPc/Cgg based devices, respectively. Thus, the solar cells comprised of

differently fluorinated phthalocyanines yield a discrepancy in js. of up to a factor of five.

For ZnPc/Cgo photovoltaic cells a FF of 47 % was obtained. In comparison to these reference
devices, improved transport properties for F4ZnPc/Cgg bilayer cells are evinced by a fill factor of
55 %. Upon further fluorination however, this quantity drops to 33 % for FsZnPc/Cgg and to 36 %
for F16ZnPc/Cgy devices, respectively. The phenomenological quantity markedly determining
the resulting fill factors upon fluorination is the variation of the series resistance Ry (see Section
. The series resistance of a solar cell is determined under open circuit conditions and the
parallel resistance under short circuit conditions. As summarized in Table the macroscopic
series resistances for FgZnPc/Cgp and F16ZnPc/Cgp thin film devices is one order of magnitude
higher in comparison to bilayer cells based on ZnPc/Cgy and F4ZnPc/Cgo. In contrast, the

parallel resistances vary only slightly by approx. a factor of two.

‘ ZnPc ‘ F4ZnPc ‘ FsZnPc ‘ Fi¢4ZnPc ‘

series resistance R [Qcm?] 31 22 250 150
parallel resistance R,[Qcm?] | 900 600 1400 600

Table 7.1.: Series and parallel resistances of F,,ZnPc/Cgp solar cells.

Finally, as a key criterion for the overall solar cell performance, the power conversion efficiency
n was calculated. The efficiency of 0.81 % for the reference ZnPc/Cgg bilayer cell coincides with
values reported in literature. [179] The best performance is obtained for the material combination
F4ZnPc/Cgp with a power conversion efficiency of 1.4 %. In contrast, further fluorination results
in a decrease of n to 0.19% and 0.14% for FsZnPc/Cgy and Fi6ZnPc/Cgy bilayer devices,

respectively.

After this preliminary overview of the impact of fluorination on the j(V) characteristics, the
physical origins of the observed variations will be elucidated step by step in this chapter by
means of complementary measurements, aiming for a comprehensive picture of the contributing
processes on microscopic length scales. For that purpose, the focus is initially set on the investi-

gation of the optical and structural thin film properties of the fluorinated zinc phthalocyanines.

7.3. Thin Film Properties of F,ZnPc

Optical Investigations

The first step in photon to current conversion in photovoltaics is the absorption of incident

light. In order to assign a potential change of the absorption characteristics of F,,ZnPc upon
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fluorination to the generated photocurrent in F,ZnPc/Cgg solar cells (see section , 40 nm
thick phthalocyanine thin films were evaporated on glass substrates and investigated by UV /Vis
spectroscopy. The resulting absorption coefficients are displayed in Figure[7.3] Additionally, the
upper graph shows the absorption coefficient of the acceptor Cgg.
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Figure 7.3.: Absorption coefficients and photoluminescence spectra of differently fluorinated zinc
phthalocyanine F,ZnPc (n = 0, 4, 8, 16) thin films. The top graph shows the
absorption coefficient of the acceptor Cgg.

Evidently, all F,ZnPc thin films absorb in two broad but structured bands in an almost comple-
mentary spectral region with respect to the acceptor Cgg. The absorption coefficients of ZnPc,
F4ZnPc and FgZnPc are remarkably similar, confirming the conservation of the relative frontier
orbital energies as well as of the general packing motif upon fluorination. The absorption band
appearing between 1.5 eV and 2.25 €V is the so-called Q-band and has been assigned to an ajy
to e, transition. [128] This Q-band has a characteristic doublet, which is attributed to Davydov-
splitting with absorption peaks located between 1.75 eV and 1.79 eV and at higher energies
between 1.94 eV and 2.04 eV. [180] Davydov-splitting refers to the splitting of bands to lift the
energy degeneracy caused by the presence of two or more translational invariant molecular en-
tities in the unit cell. |15] The spectral features described are typical for the so-called a-crystal
structure of crystalline metal phthalocyanine thin films. [11,/128,/176,(181] This assertion will be
elucidated in more detail in the morphological investigation below. Moreover, the second ab-
sorption band with an onset at 3.0 eV and a maximum at 3.4 eV is the so-called B-band which

corresponds to the Soret- or y-band in porphyrins.
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Despite the overall similarity of the absorption features, slight differences are detected for the
different F,ZnPc thin films, namely a variation of the Q-band doublet peak positions, as indi-
cated by green arrows in Figure [7.3] For example, with reference to unsubstituted ZnPc, the
Q-band absorption maximum of F4ZnPc is slightly red-shifted by 30 meV, whereas for FgZnPc
a blue-shift of 50 meV appears. Moreover, the energy difference between peak positions of the
Q-band doublet, which corresponds to a change of Davydov-splitting, is altered slightly. Despite
their small amplitudes, the observed energy shifts render reproducible in the photovoltaic device
characterization, as will be demonstrated by external quantum efficiency measurements in Sec-
tion [7.5]and can be attributed to slight modifications of the relative transition dipole alignment

and the intermolecular coupling upon fluorination.

In contrast to its homologues, UV /Vis absorption data of perfluorinated FisZnPc yield a char-
acteristically different spectral pattern, resulting in considerably broadened Q- and B-band
absorption. Beside a strong peak at 1.91 eV and a weaker absorption shoulder at 1.71 eV, re-
sembling the Davydov-splitting of the previously discussed compounds, an additional intense
peak in the near-infrared spectral region appears at 1.54 eV. This characteristically different
absorption behavior of perfluorinated FigZnPc speaks in favor of a change of intermolecular
coupling, compared to the other phthalocyanines under study, giving first evidence for the oc-
currence of a different crystal structure. Thin films comprised of the related molecule F1CuPc
are known to crystallize in two different packings, the so-called 3-bilayer and the B-phase crystal
structure. The (-bilayer phase contains one molecule in a rectangular unit cell and crystallizes
with molecules standing upright in a face-on configuration along the (ab)-plane, whereas for the
B-phase, the stacking within the (ab)-plane shows a herringbone arrangement with two molecules
in an oblique unit cell. [182] As a result of the different packings, both crystal structures show
distinct absorption characteristics associated with absorption peaks at 1.54 eV for the 3-phase
polymorph and at 1.91 eV and 1.71 eV for the B-bilayer phase. [174] The occurrence of absorption
peaks at identical energetic positions speaks in favor of the existence of a similar polymorph in
F1¢ZnPc and F1CuPc.

The complementary photoluminescence (PL) spectra of F,,ZnPc thin films were measured ad-
ditionally, utilizing a laser diode with an excitation wavelength of 635 nm. The corresponding
spectra are illustrated in Evidently, broad PL bands appear between 1.20 ¢V and 1.75 eV
and can be related to fluorescence originating from the Q-band. [183] The modulation of the PL
intensity in all F,ZnPc thin films is attributed to optical etaloning of the CCD camera. Next
to the similarity of absorption features discussed above, the shapes of the PL spectra of ZnPc,
F4ZnPc, and FgZnPc closely resemble each other. The emission maxima located at 1.42 eV
result in Stokes-shifts of 2600 — 2800 cm™( 0.32 - 0.35 eV). Again, a change in the optical prop-
erties is detected for the perfluorinated homologue Fi5ZnPc. Especially the PL peak intensity
at 1.48 eV appears to be exceptionally high and the related Stokes-shift is reduced to 380 cm™
(0.047 eV). Despite spectrally broader absorption of F15ZnPc, the width of the PL emission-band
renders almost identical to that of the other F,,ZnPcs. This observation can be rationalized by

the fact that according to Kasha’s rule, emission always occurs from the energetically lowest

o8



lying, dipole-allowed excited state which is expected to refer to the energetically lowest lying

Davydov-component in FigZnPc crystalline thin films (see Section [2.2)).

In regard of the only minor modifications of optical characteristics of F,ZnPc thin films pre-
sented in this section, the evident discrepancies between the photovoltaic characteristics of the
corresponding F,ZnPC/Cgq bilayer cells (see section , in particular with regard to the gen-
erated photocurrents, are not allegeable. On the contrary, for differently fluorinated F,ZnPcs
the first step in photon to current conversion, i.e. the absorption of incident light, is expected

to proceed in a similar manner.

Structural Investigations

As excitonic and electronic transport properties of an organic thin film are closely related to its
microstructure, the impact of gradual fluorination of F,ZnPc thin films on the morphology was
analyzed by X-ray diffraction measurements in Bragg-Brentano geometry (see Section .
The corresponding diffraction spectra are displayed in Figure [7.4] These spectra refer to the
momentum transfer ¢, along the surface normal and hence, probe the out-of-plane crystallinity,

corresponding to the direction of charge carrier and exciton transport in F,ZnPc/Cgg solar cells.
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Figure 7.4.: X-ray diffraction measurements in Bragg-Brentano geometry of F,,ZnPc thin films.

For all F,ZnPc thin films under study a polycrystalline structure could be confirmed. The
indicated Bragg peak at ¢, = 0.48 A ~! for unsubstituted ZnPc was assigned to the (001)
diffraction of the o-crystal phase and corresponds to a lattice spacing of 13.0 A. [126 174,
184] In this configuration ZnPc molecules adopt an almost upright standing orientation. Upon
fluorination, the (001) Bragg peak of the associated o-phase is continuously shifted towards

smaller values, thus resulting in an increased lattice spacing (dr, znpe = 13.4 A, dpyznpe = 14.0 A,
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dpysznpe = 14.4 A) as illustrated in the upper graph of Figure Due to the overall bigger van-
der-Waals radii of the fluorinated compounds, the repulsion between adjacent phthalocyanine
molecules is leading to an increasing upright-standing alignment and thus, to an increase of the
lattice spacing perpendicularly to the substrate upon fluorination. Additionally, this stronger
Coulomb repulsion may alter the subtle balance between the substrate-molecule interaction
and the intermolecular packing energy. This can result in a different tilt angle with respect to
the substrate normal and therefore, in the observed changes of the out-of-plane lattice spacing.
Similar lattice spacings were reported by Meiss et al. for ZnPc and F4ZnPc thin films grown on
ITO. [176] Moreover, for co-evaporated thin films of the related molecules CuPc and F16CuPc
on ITO/PEDOT:PSS substrates the out-of-plane lattice spacing was linearly increased as a

function of the content of the latter at room temperature. |185,/186]

Evidently, for F1ZnPc another Bragg Peak appears at ¢, = 0.41 A ~! in the diffraction spec-
trum in Figure [7.4] confirming the presence of a second crystal structure. The corresponding
lattice spacing for the supposed (001)* diffraction peak accounts to dp,,znper = 15.6 A. Results
associated with this F16ZnPc polymorph are indicated by red symbols in Figure [7.5] Accord-
ingly, in this phase F14ZnPc molecules adopt an alignment with a smaller tilt angle with respect
to the surface normal. For the related molecule F14CuPc on SiO9 substrates, two co-existing
crystal structures are reported in literature, as mentioned above, called B-bilayer and the B3-
phase. [174,|182,/187] For the former, a (001) layer spacing of 14.1 A was observed, whereas for
the latter also an increased lattice spacing between 14.3 and 14.9 A was confirmed. [182.|188]
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Figure 7.5.: Lattice spacings (upper graph) and crystallite heights (lower graph) of F,ZnPc thin
films. The red dots represent the data of the F16ZnPc polymorph (see Figure .
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For the application of organic semiconductors in opto-electronic devices such as organic solar
cells or organic light emitting diodes, sufficiently good transport properties are imperative. A
correlation between transport properties of excitons as well as of free charge carriers and the de-
gree of crystallinity of the organic thin films has been established in literature for many different
organic compounds. [49,/189,190] Hence, the crystallite height h along the transport direction
is considered to be a measure for this correlation and was calculated according to the Scherrer-
Equation The crystallite heights for differently fluorinated thin films are summarized in
Figure Evidently, a strong influence of fluorination on the crystallite height is confirmed.
For ZnPc and F4ZnPc thin films, crystallites spread as far as 80 % of the nominal film thick-
ness, illustrating the high degree of long range order. In contrast, the texture of FgZnPc and
F16ZnPc is markedly distorted, resulting in smaller crystalline domains extending only to 20 %
and 50 % of the total film thickness, respectively. Therefore, the more distorted structure of
FsZnPc and F14ZnPc thin films may be the reason for the obtained higher series resistances in
the corresponding photovoltaic devices (see Table|7.1)) and for the smaller fill factors and short
circuit current densities (see Figure . Remarkably, similar crystallite heights are observed
for the two F1¢ZnPc phases which, moreover add up to the total film thickness of 40 nm. This
hints at the fact that the two polymorphs grow mainly on-top of each other, which has a strong
impact for the F1ZnPc film thicknesses chosen for thin film organic electronics. [175] In general,
the growth behavior of metal phthalocyanine thin films is sensitive to the preparation condi-
tions. [182] In particular, the substrate temperature during deposition has a crucial influence
on the crystalline structure of the respective phthalocyanine thin film. It is to be noted, that
XRD measurements were carried-out on samples with the substrate kept at room temperature
during deposition, i.e. under processing conditions striven for in the production of potential

opto-electronic devices.

7.4. Determination of F,,ZnPc/Cg Interface Energetics by UPS

The energetics at the donor/acceptor interface are crucial for the macroscopic solar cell perfor-
mance. [97,/99] However, the values obtained for the open circuit voltage in Section could
not be explained with the help of the empirically found Equation and under the simple
assumption of combining literature values of relevant energy levels of the photo-active materials
(see Figure bottom graph). Therefore, UPS measurements were carried-out to reveal the
actual energy level positions present in the photovoltaic bilayer cells. To resemble the device
architecture of the photovoltaic cells, thickness-dependent UPS investigations were conducted
on F,,ZnPc/Cgg bilayers, thermally deposited onto ITO/MoOg substrates. In Figure the va-
lence band (VB) spectra and the secondary electron cut-off (SECO) at the respective final layer
thicknesses of an ITO/MoO3(5 nm)/ZnPc(30 nm)/Cgo(35 nm) stack are displayed exemplarily.
The energy levels were determined according to the onset method (see Section . LUMO
energies and CB energies were determined by adding the electronic transport band gap to the
respective HOMO or VB energies. [173]
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Figure 7.6.: Valence band and work function spectra at respective final layer thicknesses of the
ZnPc/Cgp heterojunction on ITO/MoOs.

The band alignments of all four F,,ZnPc/Cg heterostructures, deduced from the UPS measure-
ments, are summarized in Figure [7.7] For all samples under study, identical energy levels of
the bottom electrode and the MoOg3 hole conduction layer could be confirmed, wherefore these
energy levels are only exemplarily shown for the ZnPc/Cgy heterojunction. The obtained work
function of 4.4 eV for ITO is in perfect agreement with values reported in literature. [103,{109]
All F,ZnPc donor layers are forced into a strong Fermi-level pinning, since the ionization energy
with respect to the vacuum level of the respective phthalocyanine exceeds the work function
of MoOs3. Concomitantly, charge carrier transfer across this interface takes places causing a
positive charge accumulation in the phthalocyanine layers until a thermodynamic equilibrium is
established. However, the pinning is not sustained across the total thickness of the respective
phthalocyanine thin film. Instead, with increasing phthalocyanine layer thickness band bending
sets in to shift the HOMO level away from the Fermi-level.

At the final layer thickness of 30 nm, the energy difference between the HOMO and the Fermi-
energy amounts to 0.9 eV for ZnPc and 1.0 eV for F4ZnPc. When depositing Cgg on top, the
HOMOs of these phthalocyanines bend upward and an electron transfer from the respective
phthalocyanine across the interface to the fullerene takes place, leading to a negative charge
accumulation at the boundary as schematically depicted in Figure This charge transfer
occurs since the electron affinity of the fullerene exceeds the Fermi-energy of the respective
phthalocyanine for both ZnPc/Cgy and F4ZnPc/Cgy. Accordingly, a pinning of the LUMO of
Cego to the Fermi-level is observed. The electric field at the interface generated by the negative
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Figure 7.7.: Band schemes of F,ZnPc/Cgo heterojunctions. The LUMO energies of the photo-
active materials were calculated by adding the electronic transport gap to the
HOMO energies (Egap znpe = 2.1 €V and Egqpcq = 2.0 V). [173]

charges located in Cgp and the positive charges in the F,ZnPc layer causes the energy levels of
the latter to bend upward by 0.1 eV.

After final deposition of Cgy on top of ZnPc, a shift of the secondary electron cut-off (see work
function scan in Figure [7.6) of 0.6 €V is observed, i.e. a vacuum level mismatch between donor
and acceptor appears. Such an abrupt vacuum level shift between two organic layers is equivalent

to the occurrence of an interfacial dipole at their common interface.

Upon increasing degree of fluorination, frontier orbital energies are successively shifted towards
lower energies with respect to the vacuum level, as indicated in Figure 7.8 This cascade-
like energy level shift was qualitatively anticipated by semi-empirical calculations and previous
photoelectron spectroscopy measurements on partly fluorinated F,ZnPcs and F,CuPcs. [11,
16,|177] However, a comprehensive study of all four compounds, implemented in a real opto-
electronic layer sequence, was not reported yet. Finally, the absolute energy level shift upon
perfluorination in FigZnPc accounts to 1.7 €V yielding a HOMO energy with respect to the
vacuum level of 6.5 eV. Despite this successive shift of energy levels with respect to the vacuum
level upon increasing fluorination, the position of the HOMO energies at the final layer thickness
of 30 nm is only slightly varied between -0.7 eV and -0.9 eV with respect to the Fermi-energy,
as indicated in Figure [7.8]
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Figure 7.8.: HOMO energies of F,ZnPcs at the D/A interface with respect to the vacuum level
and the Fermi-level, respectively.

For the heterostructures based on highly fluorinated zinc phthalocyanines, i.e. FgZnPc/Cgo and
F16ZnPc/Cgp, no LUMO level pinning of the Cg layer is detected. Instead, vacuum level align-
ment between the respective donor and the Cgg acceptor is observed. The presence and absence
of this Cgop LUMO pinning to the Fermi-level evidently constitutes a decisive factor for the D/A
interface energetics and thus for the efficiency of the photon-to-charge conversion. This model
system is a vivid example for the complex interplay of microscopic electronic effects, resulting
from the energetic modification of the D/A interface constituents at otherwise structurally sim-
ilar boundaries. With this total set of data, the determination of the real energetic offsets at
the D/A heterojunctions is possible. In the final section of this chapter these energetic offsets
will be correlated to the photocurrent contributions by the individual molecular layers in EQF

measurements and to the initially discussed j(V) characteristics (see section [7.1]).

7.5. Correlation between F,,ZnPc/Cgg Interface Energetics and

Device Characteristics

Spectrally resolved photocurrents of F,ZnPc/Cgy bilayer cells were determined enabling the
calculation of the external quantum efficiencies according to Equation The correspond-
ing results are displayed in Figure a). With the knowledge of the respective absorption
coefficients of the molecular constituents, shown in Figure [7.3] it becomes apparent, that both
photo-active materials yield a photocurrent contribution in all bilayer cells under study. Between
400 nm and 550 nm the FQFE is primarily assigned to the fullerene acceptor layer, whereas at
higher wavelengths, the FQF is attributed to the phthalocyanine donor material. In accordance
with the absorption coefficients of ZnPc, F4ZnPc and FgZnPc in Figure[7.3], two distinct maxima
centered at 630 nm and 700 nm are detected. Remarkably, the same spectral shifts of the latter
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two with respect to the former one can be confirmed in the EQFE measurement. Moreover, in
agreement with the absorption coefficient of the perfluorinated FigZnPc thin film, an additional

peak at 815 nm is detected in the NIR spectral region for the F16ZnPc/Cgo bilayer solar cell.
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Figure 7.9.: a) External quantum efficiency of F,ZnPc/Cgg solar cells and b) energetic offsets at
the respective donor/acceptor interface. Dotted lines represent the expected exciton
binding energies. |128}/191}/192]

Although both semiconductors contribute to the FQE in all bilayer solar cell configurations,
absolute values vary distinctly for the four different heterostructures. Striving for a deeper
understanding of this discrepancy, the relevant energetic positions of frontier orbitals at the D/A
interface have to be taken into account. The upper graph of Figure b) shows the energy
difference AE a0 between the respective F,ZnPc and the Cgyg LUMO level. This energetic
offset is supposed to drive the dissociation of excitons created in the respective phthalocyanine
layer into free charge carriers, under the assumption that the offset exceeds the exciton binding
energy (see Section . Likewise, the bottom graph illustrates the energy difference AEono
between the HOMO energies of the donor and acceptor materials, considered to be decisive for
dissociation of excitons generated in the fullerene phase into free charge carriers. Additionally,
the dotted lines in Figure b) indicate the anticipated exciton binding energies of Fping znpe
= 0.6 eV in the phthalocyanine phase (upper graph) and of Ep;ng ¢,y = 0.5 €V for the fullerene

acceptor (lower graph), necessary to overcome for exciton dissociation. [128,|191}/192]

Obviously, the highest EQF values over the whole spectral range are obtained for the bilayer
cells based on ZnPc/Cgp and F4ZnPc/Cgo. In both cases, the energetic offsets at the interface
AErumo and AEgono exceed the required exciton binding energy, as illustrated in Figure
b), rendering a separation into free charge carriers highly efficient. Large crystallites being
present in F4ZnPc thin films (see Figure support both improved excitonic and electronic
transport, resulting in a distinctly increased FQFE by 25 % of bilayer cells based on this compound
in comparison to ZnPc/Cg reference devices. [491/189,190] For FgZnPc/Cg bilayer solar cells the

energetic offsets at the D/A interface are in the range of the required exciton binding energies.
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Accordingly, a dissociation into free charge carriers may be energetically limited. Concomitantly,
considering the higher degree of disorder in FgZnPc thin films a distinct EQFE decrease in the
spectral absorption range of both the donor and acceptor compound is obtained. Finally, as
illustrated in Figure for F16ZnPc/Cgy based devices there is no excess energy available
at the D/A interface to drive exciton separation. However, clearly a photovoltaic response
is obtained over the whole spectral absorption range, hence raising the question about the
functional principle of these devices. Therefore, it is imperative to verify first of all, whether
the F16ZnPc/Cgp interface can be considered photo-active, i.e. if it enables exciton dissociation

in general.

For that purpose, comparative spectrally resolved photoluminescence (PL) measurements were
carried-out on ITO/MoOs3/F,ZnPc thin films and ITO/ MoO3/F,ZnPc/Cgy heterostructures,
comprising the additional fullerene acceptor layer. Utilizing a cw-laser source with an excitation
wavelength of 532 nm, the upper graph in Figure a) illustrates the impact of this additional
Ceo layer on the spectrally resolved PL in case of F4ZnPc based samples. The PL of the fullerene
layer is considered to be very weak, because radiative transitions are dipole forbidden due to
symmetry considerations. [18] Nevertheless, this weak PL contribution was taken into account

for background correction by using a polynomial fit of second order.
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Figure 7.10.: a) Spectrally resolved photoluminescence of ITO/MoO3/F,ZnPc thin films and the
corresponding heterostructures comprising the additional Cgg acceptor layer. b) At
a conventional D/A heterojunction, such as constituted in F4ZnPc/Cgg, excitons
become dissociated into free charge carriers. Instead, in F16ZnPc/Cgy heterostruc-
tures the almost identical energetic positions of the frontier orbitals prevent an
efficient exciton separation, but allow for energy transfer from the fullerene to the
phthalocyanine layer.
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Evidently, the presence of the Cgg acceptor layer results in a distinct quenching contribution of
the photoluminescence. This finding is intuitively expected for a conventional D/A heterojunc-
tion, yielding efficient exciton dissociation at the D/A interface and hence, reducing the number
of radiatively decaying excitons in F4ZnPc. This photo-physical behavior was also obtained for

heterostructures based on ZnPc and FgZnPc (not shown).

In contrast, the photoluminescence of samples based on FigZnPc are affected fundamentally
different, i.e. the implementation of the additional Cgg fullerene layer causes an increase of the
PL of F15ZnPc (see Figure a) lower graph). Accordingly, instead of becoming dissociated at
the common interface, excitons created in Cgg are transferred as a whole to the FigZnPc layer,
as schematically depicted in the bottom graph of Figure b). This energy transfer is assumed
possible due to the specific energy level alignment at the D/A interface, comprising almost no
energetic offsets. [175] Hence, the F16ZnPc/Cgp interface is proven photo-inactive, not allowing
for an efficient dissociation of excitons generated in Cgg. This is also considered to be true for the
dissociation of excitons generated in F16ZnPc, since the energetic offset at the D/A interface and
the required exciton binding energy are comparable under these conditions. The photovoltaic
response obtained from the phthalocyanine layer is anticipated to originate from a dissociation
of excitons at the MoOs interface via a charge recombination mechanism (see Section ,
since a separation of excitons at transition metal oxide/organic interfaces is reported possible in
literature. [109,[193] In general, such a phthalocyanine photocurrent contribution is also existent
in the other solar cells under study, but is considered less pronounced in comparison to that
originating from the immediate dissociation at the D/A interface. The fullerene contribution to
the EQFE is more eclectic. Partly, excitons created in Cggy are transferred to the phthalocyanine
layer and subsequently, may be dissociated at the MoOs3 interface. However, assuming this to
be the dominant mechanism for dissociation of excitons generated in Cgg, it seems surprising
that the FQFE of F15ZnPc based solar cells is only marginally smaller in the spectral absorption
range of the fullerene (see Figure compared to that of FgZnPc/Cgg solar cells. This speaks
in favor of the existence of an additional mechanism for fullerene photocurrent generation. This

hypothesis will be elucidated in more detail in the next Chapter

Since the F16ZnPc/Cgg interface was proven to be photo-inactive, i.e. not enabling exciton dis-
sociation, those devices are suggested to behave like Schottky-cells in which Cggy acts as sensitizer
and charge carrier transport layer. [175] In literature, the working principle of identical solar
cells was assigned to a charge carrier generation mechanism caused by an exciton recombination
process at the F14ZnPc/Cgp interface. Zhang et al. concluded on the recombination of holes
from Cg excitons and electrons of F1ZnPc to generate free charge carriers. [193] However, the
spectrally resolved photoluminescence measurements in this study yield no indication for the

presence of such a process.

The hypothesis that F15ZnPc/Cgg bilayers act like Schottky-cells is corroborated by the results
of the j(V) characterization in Section For this material combination, an open circuit

voltage of 0.41 V is obtained. Photoelectron spectroscopy measurements in Section [7.4] revealed
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an effective band gap energy of 2.0 eV. According to Equation a loss term of A = 1.59 eV
is ascertained (see Table [7.2)). This quantity clearly is incompatible with values of A ranging
between 0.3 €V and 0.8 eV for common D/A heterojunctions illustrating that the Fi5ZnPc/Cg
interface is not determining the open circuit voltage. [4,/97-100] Rather, the work function of
the electrodes is considered decisive for V,.. This assumption is in agreement with varying open
circuit voltages reported in literature for F14ZnPc/Cgg bilayer cells, depending on the choice of
electrode materials. [175]193}/194]

| heterojunction | Ey e [eV] | e Ve [eV] | A= Egcpp—e- Vo [eV] |

ZnPc/Cgp 0.9 0.51 0.39
F4ZnPc/Cg 1.0 0.65 0.35
FgZnPc/Cg 1.6 0.77 0.83
FlGZHPC/Cﬁg 2.0 0.41 1.59

Table 7.2.: Summary of the effective band gap E, ., open circuit voltage V., and loss term
A according to Equation for solar cells based on differently fluorinated zinc ph-
thalocyanines.

The V,. increase for F4ZnPc/Cgo and FgZnPc/Cgy with respect to ZnPc/Cgy based devices can
be attributed to an enhanced effective band gap. As indicated in Table the loss term A for
ZnPc/Cgo and F4ZnPc/Cgg bilayer solar cells is very similar and in general, can be considered
small in comparison to other bilayer solar cells reported in literature. [4,/99,/100] In contrast,
for FsZnPc/Cgo photovoltaic cells, the loss term of 0.83 eV is considerably increased. With the
utmost probability, due to the insufficient energetic offsets AEgomo and AEryao at the D/A
interface, exciton dissociation is efficiently impeded leading to enhanced recombination losses

and accordingly, to an increased loss term.

Conclusion

In this chapter, the effect of successive fluorination on the photo-physical properties of F,ZnPc
thin films and F,ZnPc/Cgg (n = 0, 4, 8, 16) planar bilayer solar cells was under investigation.
Whereas absorption coefficients of F,ZnPc thin films were proven to be mainly unaffected,
photoelectron spectroscopy measurements revealed a systematic shift of frontier orbital energies
towards lower energies upon fluorination. In comparison to unsubstituted ZnPc, energy levels of
the perfluorinated F1ZnPc homologue are lowered by 1.7 €V with respect to the vacuum level.
Complex electronic effects at the interface emerge by the deposition of the acceptor material
Cgo on top of the respective phthalocyanine layer, e.g. yielding for ZnPc/Cgy and FyZnPc/Cgg
a pinning of the Cgg LUMO to the Fermi-energy. Additionally, formation of interfacial dipoles
is observed at these D/A interfaces. Thus, assuming a common vacuum level between both
photo-active materials, as frequently done in literature, is a priori not justified in such organic
opto-electronic devices. In contrast, for bilayers containing F,ZnPc donor layers with a higher

degree of fluorination, pinning of the Cgg LUMO and the formation of an interfacial dipole at
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the respective D/A interface are not detected. Evidently, the occurrence and absence of this
Fermi-level pinning distinctly affects the D/A interface energetics and thus, the corresponding
macroscopic solar cell performance. For instance, in comparison to ZnPc/Cgg reference cells an
increase of the open circuit voltage by approx. 30 % and 50 % was obtained for bilayer devices
based on F4ZnPc/Cgy and FgZnPc/Cgp, respectively. This increase was qualitatively attributed
to an enhanced quasi Fermi-level splitting at the D/A interface. In this context, the doubled
loss term of A = 0.8 €V for FgZnPc/Cgo in comparison to ZnPc/Cgp and F4ZnPc/Cgg bilayer

cells was attributed to enhanced recombination losses.

This interpretation is corroborated by FQFE measurements. In ZnPc/Cgy and F4ZnPc/Cg
devices the energetic offsets AEgoyo and AEpyao at the respective D/A interface exceed the
exciton binding energies, rendering exciton dissociation into free charge carriers highly efficient.
In contrast, for FsZnPc/Cgg solar cells those energetic offsets are in the same range as the
exciton binding energies, thus preventing exciton dissociation and vice versa leading to enhanced
recombination losses. Ultimately, the power conversion efficiency of F4ZnPc/Cgp based devices is
increased by more than 70 % with reference to ZnPc/Cgg bilayer cells, whereas for FgZnPc/Cg
n is decreased by almost 80 %.

Finally, upon perfluorination there is no energetic driving force left in Fi1ZnPc/Cgo devices
to separate excitons generated in either the donor or the acceptor material. However, a clear
photovoltaic response was detected in the FQFE measurements. Spectrally resolved PL studies
revealed that the working principle of these devices is fundamentally different. The F14ZnPc/Cg
interface was proven photo-inactive, not enabling exciton dissociation. Instead, at least a partial
Forster resonant energy transfer from Cgg to FigZnPc molecules is approved. Excitons are
presumably dissociated at MoO3/F16ZnPc interface. However, a comparison of the photocurrent
contribution of the fullerene phase in F16ZnPc/Cgy versus FgZnPc/Cgp indicated an additional

exciton dissociation mechanism, which will be elucidated in the next chapter.

This systematic study highlights the fundamental significance of the D/A interface energetics
in organic planar bilayer cells and the possibilities to deliberately change these energetics by
chemical modification. Nevertheless, it is a subtle interplay between morphology and electronic
effects that determines the quasi Fermi-level splitting at the D/A interface and thus V,. and
that provides the optimum driving force for exciton separation to achieve high photocurrent

densities and thus power conversion efficiencies.
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8. Correlating D/A Interface Energetics of
F.ZnPc/Cgp with Electronic Dynamics

The contributions of the individual molecular components of F,,ZnPc/Cgy (n = 0, 4, 8, 16)
bilayer photovoltaic cells to the generated photocurrent densities varied considerably as evinced
in the previous Chapter The main factor causing this variation was qualitatively assigned
to the modification of D/A interface energetics, ultimately governing exciton dissociation into
free charge carriers. Up to now, little experimental work has been reported in literature on the
underlying exciton dissociation and charge carrier recombination dynamics. This is in particular
true for small molecule based organic solar cells of stacked layer design. In this chapter, the static
picture of F,,ZnPc/Cgp interface energetics is complemented by involving electronic dynamics,
accessed by means of ultrafast transient absorption spectroscopy (TAS) measurements. Not
only the time scale of exciton separation and charge carrier recombination of one of the most
prominent small molecule material combinations ZnPc/Cgg is under investigation, but also the
impact of the D/A interface energetics of F,ZnPc/Cgo bilayers on the electronic dynamics is
established.

The presented studies were-carried out at the University of Stellenbosch in South Africa under
the supervision of Prof. Heinrich Schwoerer during a scholarship provided by the German
Academic Exchange Service (DAAD).

8.1. TAS on F,ZnPc/Cgy Heterostructures

In order to resemble the device design of the bilayer solar cells studied so far, heterostructures

of the following stack architecture were prepared for TAS measurements:
ITO/MoO3(5 nm)/FyZnPc (30 nm)/Cg(35 nm) n = 0, 4, 8, 16 .

Additionally, a 35 nm thick neat Cgg reference film evaporated on glass was characterized. The
TAS measurements were carried-out for time delays of up to 500 ps at room temperature without
encapsulation of the samples, since no changes of the electronic dynamics were reported under
ambient conditions for neither ZnPc nor Cg. [42] By means of a non-linear optical parametric
amplifier (NOPA), the pump pulse was either adjusted to 480 nm, i.e. the pump pulse only
excites fullerene molecules, or to 700 nm resulting in absorption solely by the respective F,ZnPc

layers (see steady state absorption spectra in Figure . The intensity of the pump pulse was
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set to 125 mW/cm?. The probe pulse was generated either by utilizing a white light (WL)
generating YAG-crystal or by the use of a second NOPA to probe a specific wavelength range.
The duration of a pulse generated by the NOPA is less than 50 fs, and for a WL pulse it is
approx. 150 fs. Thus, for a NOPA pump - WL probe experiment the time resolution is better
than 200 fs, whereas for a NOPA pump - NOPA probe experiment a time resolution better than
100 fs is obtained. The results shown in this chapter were attained using NOPA pump - WL

probe settings, unless specified otherwise.

In Figure the transient absorption spectra of the F,ZnPc/Cgo heterostructures and the neat
Cgo thin film are displayed for time delays of up to 20 ps in the NIR spectral region using
a pump wavelength of 480 nm. For all heterostructures and the Cgg reference sample, broad
excited state absorption (ESA) bands, corresponding to positive AmOD values (see Section
[6.3.3), are observed in the NIR. The maxima of the ESA are centered at 1050 nm, only for the
F16ZnPc/Cgp heterojunction a slight red-shift to 1130 nm is detected.
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Figure 8.1.: Transient absorption spectra of F,,ZnPc/Cgy heterostructures and a neat Cgy thin
film in the near-infrared spectral region, utilizing a pump wavelength of 480 nm.

NOPA pump (480 nm) - NOPA probe (1050 nm) measurements were performed to conclude on
the time scales of the emergence of the transient species. The corresponding results are shown
in Figure For the sake of clarity, only measurements on two F,ZnPc/Cgg heterostructures
and the Cgg thin film are shown. Notably, the rise of the ESA signals occurs on ultrashort time
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scales within 100 - 150 fs for all samples, thus being at the limit of the instrumental response of

the employed TAS setup.
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Figure 8.2.: NOPA pump (480 nm) - NOPA probe (1050 nm) experiments to conclude on the
dynamics of the emergence of the ESA signal. For the sake of clarity, only the
measurements on F14ZnPc/Cgg and FyZnPc/Cgg heterostructures as well as on the
Cego film are shown. Black lines represent guides to the eye. The ESA signals arise
on ultrashort time scales limited by the instrumental response function of the setup.

8.2. Classification of the Transient Absorption Species

In order to correlate interface energetics with electronic or excitonic dynamics, a classification
of the observed absorption species is mandatory. In a first step, absolute AmOD values of the
heterostructures are compared to those of the Cgp thin film. In Figure transient absorption
spectra of the F,ZnPc/Cgy heterojunctions and the Cgp reference layer are shown at different
time delays ranging between 0.3 ps and 400 ps. Obviously, for all samples under study, just after
the ultrafast initial rise, a continuous decay of the ESA signal with time is observed, reflecting
the recombination dynamics. Generally, higher AmOD values are obtained for all bilayer stacks
with reference to those of the bare Cgg sample, yielding clear evidence that these ESA signals are
not merely originating from an excitonic species. If the signal had been originating solely from
Ceo excitons, a reverse behavior would have been expected, as the presence of the dissociating

D/A interfaces would rather result in a reduction of the excited state population by quenching.

In a second step, relating the transient spectra of the bilayers to the FQFE data in Figure[7.9] a
remarkable qualitative agreement between the amplitude of the AmOD values and the respective
Cgo contribution to the FQF is attested. This correlation distinctly speaks in favor of generated
free charge carriers being, at least, in part responsible for the the origin of ESA signals observed
in the transient absorption spectra. This deduction is corroborated by literature, attributing
the ESA bands centered at 1050 nm to negatively charged Cgy~ fullerene molecules. [195-197]
This means that for D/A heterostructures yielding the strongest ESA signals associated with
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Ceo™, consistently the largest fullerene contributions to the photocurrent were detected in the

EQFE measurements on the corresponding solar cells.
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Figure 8.3.: Transient absorption spectra of F,ZnPc/Cgo heterostructures at different time de-
lays between 0.3 ps and 400 ps. Additionally, the bottom graph shows transient
absorption spectra of a neat Cgg reference thin film evaporated on a glass substrate.

Concerning this relation it has to be noted, that comparing absolute AmOD values of differ-
ent TAS experiments with each other, care must be taken due to the sensitivity of the setup
on the respective experimental conditions, in particular the laser alignment of the pump and
probe pulse and the stability of the laser source. However, the presented measurements were
performed without changing the spectral and temporal overlap and after warranting identical

pump intensity for all experiments, allowing for a comparison of the absolute data.

After concluding that negatively charged fullerene molecules are contributing to the ESA band
in the NIR spectral region in F,ZnPc/Cgy heterojunctions, the possible contribution by an
excitonic species to the signal is still imperative to consider aiming for a disentanglement of the
different recombination processes, such as recombination of the initially created exciton or non
geminate recombination of separated charge carriers and for a quantification of their respective

magnitudes.
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In order to address this issue, lineouts were extracted from the transient spectra at 1050 nm for
time delays of up to 500 ps. For all samples, the transient data could be fitted with the help of

a biexponential decay function of the following form:

—t —t
y=yo+ A1 -exp <1>—|—A2-exp <2> . (8.1)
1 T2

For the sake of clarity, the corresponding fits are displayed in Figure [8:4] only for time delays of

up to 55 ps.
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Figure 8.4.: Biexponential fits of the ESA signals at 1050 nm of F,ZnPc/Cgy heterostructures
and a Cgg reference film.

The decay constants 71 and 79, the corresponding amplitudes A; and Aj, their ratio A;/Ap, as
well as the offset yg are summarized in Table For all F,,ZnPc/Cgp heterostructures and the
neat Cgp thin film virtually identical decay constants are obtained, indicating that the nature
of the decay processes is likely to be identical in all samples under study. Additionally, a minor
long lived ESA signal exceeding the monitored maximum time delay of 500 ps is observed, as
indicated by the remaining offset yy. For all samples, the first decay channel is dominant yielding

time constants 71 in the range of 3.8 4+ 0.5 ps. For the second exponential decay time constants
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7o of 37 + 10 ps are obtained. Moreover, the ratio of the amplitudes A;/Ay is almost constant,
demonstrating the relative weighting of both decay processes to be independent at the chosen
pump intensity. Taking into account the obvious impact of interface energetics on the absolute
AmOD values clearly indicates Cgg™ to be the dominant origin of the detected ESA signals. If
one of the two decay processes had been directly related to an excitonic Cgg species, this would
have become manifested in a change of the amplitude ratio for the different samples or in a

variation of the respective time constants m and 7o.

] | wfps] | As [ wolps] | A2 | wo | A1/As |
ZnPc/Cgp 3.5 1.9 35 1.4 | 0.36 1.4
F4ZnPc/Cgp 3.6 1.9 40 0.99 | 0.39 1.9
FgZnPc/Cg 4.0 1.5 38 0.87 | 0.40 1.7
F16ZHPC/CGO 3.8 1.6 38 0.90 | 0.42 1.8
Cgothin film 3.5 1.4 36 0.98 | 0.26 1.4

Table 8.1.: Parameters extracted from the biexponential fits of the ESA decay at 1050 nm of
FnZnPc/Cgo heterostructures and the Cgg reference film according to equation

This conclusion is corroborated by additional TAS measurements on the ZnPc/Cgp heterojunc-
tion using an altered pump wavelength of 700 nm, i.e. initially exciting only the ZnPc donor
molecules by the pump pulse (see Figure . Both series, utilizing either excitation of the

acceptor or the donor by the selected pump wavelength, are contrasted in Figure 8.5
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Figure 8.5.: Upper row: ZnPc/Cgy TA spectra at different time delays utilizing different pump
wavelengths. By using a pump wavelength of 480 nm solely the fullerene acceptor is
excited, whereas for 700 nm only the donor material ZnPc is excited. Bottom row:
Biexponential fits of the ESA maxima at 1050 nm according to equation
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Upon excitation at a pump wavelength of 700 nm, distinct ESA signals are observed with the
maximum centered again at 1050 nm. This signal cannot arise due to ESA of Cgp excitons
as no ESA absorption signal is obtained for the Cgp thin film (not shown). Instead, excitons
are generated in ZnPc and become dissociated at the D/A interface into free charge carriers.
Thus, the emergence of the ESA can be attributed to ultrafast transfer of electrons from the
phthalocyanine donor to the fullerene acceptor phase upon dissociation at the donor/acceptor
interface. The ESA maximum was fitted utilizing the biexponential decay function The
obtained decay constants and the ratio of the amplitudes A;/ Az are very similar compared
to the experiment using a pump wavelength of 480 nm, i.e. solely exciting the Cgy acceptor
molecules, as shown in Table

| [ oulps] [ Ar [ welos] [ A2 | yo [ A1/As]
ZnPc/Cgp (acceptor excitation at 480 nm) | 3.5 1.9 35 1.4 | 0.36 1.4
ZnPc/Cgp(donor excitation at 700 nm) 3.5 [0.60 | 40 | 0.41 | 0.062 1.5

Table 8.2.: Fit parameters of the biexponential fits of the ESA signals at 1050 nm, according to
equation for ZnPc/Cgg either exciting only the acceptor or donor.

This result confirms that in both experiments, exciting either the donor or the acceptor material
of the ZnPc/Cgq bilayer, the same Cgo~ species leads to the observed ESA feature in the transient
spectra. After assigning the ESA signals at 1050 nm and its ultrafast emergence in Figure [8.2
to the generation of Cgy™, it can be concluded that Cgg excitons, as well as ZnPc excitons,
are separated into charge carriers within 150 fs. This result is in good agreement with the
time scales reported for exciton dissociation in photovoltaic devices in both planar as well as
bulk-heterojunction configuration. [92,198.|199]

8.3. Charge Carrier Generation Mechanisms in the Cgy Acceptor

The occurrence of similar ESA characteristics for all F,ZnPc/Cgo heterostructures and the neat
Cgo thin film illustrates the existence of free charge carriers in the fullerene phase not only
after dissociation at the heterojunction of the bilayer structures, but importantly, also in the
bare fullerene thin film upon excitation at 480 nm, even though no dissociating D/A interface
is present. In contrast, transient absorption spectroscopy measurements on the Cgg thin film
utilizing a pump wavelength of 700 nm (1.97 e€V) do not yield free charge carriers (not shown).
The optically driven charge carrier generation within an organic semiconductor originates from
autoionization and subsequent dissociation of homo-CT excitons caused by excess energy. For
this process to occur, an excitation to a high-lying Franck-Condon state is mandatory, from
which a charge transfer to a neighboring Cgo molecule can take place. [22,200] The chosen pump
wavelength of 480 nm (2.58 eV) corresponds to an excitation energy of about 0.6 eV above
the absorption edge of the S; transition (corresponding energy 1.97 V), thus providing enough
excess energy for a charge transfer to a neighboring molecule to be possible. Afterwards, the

CT state may dissociate driven by the available excess energy of the hot CT state or by a
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temperature activated step into free charge carriers or recombine geminately. [42,201] A study
by Kohler et al. on the prevalent 7m-conjugated polymer MEH-PPV showed, that not only the
energy of the initially excited state is crucial for the efficiency of dissociation, but also the
wave function character of the primary electronic excited state. Quantum chemical calculations
revealed the high dissociation yield of high-lying Franck-Condon states to be associated with
the CT character of the former. [202] Autoionization was reported to occur in Cgo and fullerene
derivatives at excitation wavelengths below 530 nm (2.34 eV). [42,203,204] Jeong et al. reported
on autoionization of Cgy bulk excitons to contribute to the photocurrent in CuPc/Cgy bilayer
devices. [205]

As a consequence of the virtually identical decay parameters of the different F,,ZnPc/Cgp bi-
layers in Table [8.1] it can be concluded, that subsequent to exciton dissociation, charge carrier
recombination dynamics are unaffected by the variation of the D/A interface energetics. Addi-
tionally, the fact that similar decay constants of the ESA signal are obtained also for the Cgy
thin film indicates that recombination of charge carriers occurs in a similar manner in the Cgg
thin film and the acceptor layers of the heterostructures. This in turn leads to the implication,
that recombination of charge carriers is not particularly dominant at the D/A interface region
but takes places uniformly across the entire Cgg layer. An exact assignment of the observed
decay constants to microscopic processes occurring in the investigated bilayers and single layers
is intricate and, in part, will remain speculative. However, it has to be stated, that recombi-
nation on these time scales seems not to be governed by bimolecular recombination processes,
since the related time constants could be proven to be independent of the incident pump fluence
(not shown). The motion of electrons in the fullerene phase is considered to be predominantly
determined by diffusion (see Section . Taking into account an electron mobility of Cgp of
g = 1 cm?/Vs (see Section , the diffusion coefficient can be calculated according to the
Einstein-relation in Equation and accounts to D = 2.6-107% m?/s. The decay constants
t; and T2 can be correlated with an associated diffusion length of the electrons within the re-
spective F,,ZnPc/Cgg heterostructure and the Cgp thin film assuming a one-dimensional diffusive

motion:

Lp=+vD- 1.

For the first decay constant 71 = 3.8 ps the diffusion length Lp; accounts to 3 nm, correspond-
ing to a length scale of molecular distances. Hence, this decay channel is attributed to trap
states located inside the band gap of Cgg. There is no significant impact of a varying charge
carrier density in the fullerene phase on the decay constants and the relative amplitudes A;/A»
detectable (see Table suggesting that a saturation of the first decay channel, e.g. by trap
filling, is not given in these experiments. This indicates that the second recombination channel
is only accessible in a specific region of the samples to be reached by the diffusion of the charge
carriers. The second decay constant 79 = 37 ps corresponds to a diffusion length Lpo of ap-

proximately 10 nm. This quantity is on a length scale regime of the Cgg film thickness. Hence,
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this decay constant is proposed to be associated with trap states at the Cgp/air surface, possibly
introduced by a change of the surrounding polarizability of the Cgy molecules at this interface

in comparison to the bulk.

Comparing the spectral shape of the ESA in Figure for different pump wavelengths, one
striking discrepancy at around 900 nm appears to be evident. For a pump wavelength of 480
nm a distinct side band is observed centered at 900 nm, whereas this spectral feature is missing
entirely in the measurements using a pump wavelength of 700 nm, which is indicated by black
arrows in Figure In literature, the ESA at 890 to 900 nm is attributed to positively charged
fullerene molecules Cgot. [79] Accordingly, in case autoionization and dissociation of CT excitons
takes place within the Cgo layer, which is assumed for a pump wavelength of 480 nm, the
associated excited state absorption signals should occur simultaneously. In contrast, for the
experiment utilizing a pump wavelength of 700 nm only the ESA signature of Cgg™ is observed
due to the injection of electrons from the ZnPc donor to the fullerene acceptor. For the neat Cgg
thin film no transient species is observed in the NIR spectral region using a pump wavelength
of 700 nm (not shown).

For a pump wavelength of 700 nm the overall AmOD values are markedly smaller compared to
the experiments employing a pump wavelength of 480 nm. This observation might be explained
by a change of the spatial overlap between pump and probe pulse as discussed above. Moreover,
the absence of autoionization in case of a pump wavelength of 700 nm generally results in smaller
AmOD values.

Considering the occurrence of autoionization and subsequent dissociation of Cgy CT excitons
upon illumination, the transient spectra in Figure [8.3] are examined in more detail. Apparently,
the shape of the ESA bands and the absolute AmOD values of the F15ZnPc/Cgg heterostructure
are strikingly similar compared to the Cgg thin film. Given these results and taking into account
that the F16ZnPc/Cgp interface was proven to be photo-inactive due to the lack of energetic
offset between the phthalocyanine and the fullerene (see Figure ), the conclusion can be
drawn that autoionization followed by separation of the CT excitons is the dominant charge
carrier generation mechanism, as schematically depicted in Figure Thus, it is deduced that
this process renders the main contribution to the Cgg photocurrent in F14ZnPc/Cg bilayer cells.
The dominance of this process in the photocurrent generation by the fullerene phase seems to
be confirmed for FgZnPc/Cgy photovoltaic devices (compare spectra in Figure . Although
in these bilayer cells the D/A interface was verified photo-active in general, its dissociation
efficiency is strongly limited, since the energetic offset at the D/A interface is of the same range

as the exciton binding energy.

As illustrated schematically in Figure in ZnPc/Cgg and F4ZnPc/Cgy bilayer cells, this
autoionization process likewise contributes to the generation of free charge carriers and with
it, to the macroscopic photocurrent monitored in the EQFE measurements. But as concluded
from the TAS measurements in combination with the FQFE data, the exciton dissociation at

the D/A interface is more efficient in comparison to the intrinsic Cgg dissociation mechanism.
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Figure 8.6.: Illustration of the relevant exciton dissociation mechanisms leading to free charge
carriers in Cgo for the F,ZnPc/Cgo heterostructures under study. In a D/A bilayer
heterostructure, such as F4ZnPc/Cgp, in which the energetic offset at the interface
exceeds the exciton binding energy, exciton dissociation is predominantly driven
by this D/A interface. Additionally, charge generation takes place distant from
this interface in the Cgo bulk as a consequence of autoionization and subsequent
dissociation of CT excitons. In F15ZnPc/Cgy heterostructures the common interface
is photo-inactive, i.e. the main contribution to the spectral photocurrent originates
from autoionization and subsequent CT exciton dissociation in the acceptor phase.

Under the assumption that the EQFE at a wavelength of 480 nm in F16ZnPc/Cg bilayer cells
solely originates from autoionization and subsequent dissociation into free charge carriers and
that the efficiency of this charge carrier generation mechanism is similar in all F,ZnPc/Cgg
devices, the additional impact of the respective D/A interface on the FQFE can be estimated.
According to this approach, in ZnPc/Cgy and F4ZnPc/Cgp based devices 60 % and 75 % of the
total photocurrent, respectively, can be attributed to the dissociating D/A heterojunction at a
wavelength of 480 nm. This means that geminate recombination of Cgg excitons is lowered in
the presence of the dissociating D/A interface in case of ZnPc/Cgy and F4ZnPc/Cgo devices.
However, after separation into free charge carriers, recombination dynamics are proven to be
unaffected by the respective D/A interface energetics in all F,,ZnPc/Cgp bilayers on the time

scales investigated.

Conclusion

In this chapter, the static view of interface energetics was complemented by the exciton and
charge carrier dynamics in F,ZnPc/Cgo bilayers by means of ultrafast transient absorption
spectroscopy measurements, yielding a comprehensive understanding of the processes occurring
on microscopic length scales. For F,,ZnPc/Cg bilayers and a neat Cgp reference film, broad ESA
bands centered at 1050 nm were detected. These signals were assigned to negatively charged

fullerene molecules Cgy~ and arise on an ultrashort time scale within 150 fs.

A distinct impact of F,ZnPc/Cg interface energetics on the absolute AmOD values was illus-

trated. Evidently, an energetic offset at the D/A interface exceeding the exciton binding energy
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results in a higher density of electrons in the Cgy phase. The improved exciton separation at the
D/A interface was attributed to reduced exciton recombination losses. These results are in good
qualitative agreement with the fullerene contribution to the EQFE of the bilayer solar cells as
discussed in Chapter [7] In all samples under study, autoionization and subsequent dissociation
of CT excitons was observed as a potential charge generation mechanism, which occurs across
the acceptor layer and is intrinsic to the bulk fullerene. Probably, this exciton dissociation mech-
anism is also accountable for the considerable photocurrent densities observed in Schottky-cells
based on Cgg in literature. [206] Comparison of the ESA signals of the Cgy reference thin film
and the FgZnPc/Cgg and the F16ZnPc/Cgy heterostructures showed, that autoionization and
subsequent generation of free charge carriers mainly determines the fullerene FQF contribution
at a reference wavelength of 480 nm in the corresponding bilayer cells. Assuming a similar au-
toionization contribution to the EQFE in all bilayer solar cells, allows to evaluate the additional
impact by the respective exciton dissociating D/A heterojunction on the Cgy photocurrent gen-
eration. In case of ZnPc/Cgy (F4ZnPc/Cgp) bilayer cells, approximately 60 % (75 %) of the
generated photocurrent is due to dissociation of excitons at the D/A interface and 40 % (25 %)

originates by exciton splitting as a consequence of autoionization.

Once exciton splitting had taken place either across the D/A interface or inside the Cgy bulk,
recombination dynamics are unaffected by the D/A interface energetics. This outcome reveals
that non-geminate recombination of charge carriers is not particularly located at the D/A in-
terface, but takes place uniformly across the acceptor layer. Two recombination related time
constants are determined for F,,ZnPc/Cgp bilayers and the Cgg reference film. The decay con-
stant 71 was found to 3.8 + 0.5 ps and was tentatively attributed to trap assisted recombination
within the band gap of the Cgg layer, whereas m was estimated to 37 &+ 10 ps and was assigned

to recombination at trap states at the Cgg/air boundary.
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9. Energy Cascades as a New Concept to
Improve Charge Carrier Generation in OPV

The implementation of energetically tailored intermediate molecular layers at a planar D/A
heterointerface allows for the construction of an energetic staircase, aiming for improved exciton
dissociation efficiency and thereby, for larger photocurrents in OPV devices. The applicability
of this generic concept is illustrated in this chapter, investigating two material combinations of

technological relevance.

In the first place, three chemically different low molecular weight diketopyrrolopyrroles (D1 - D3)
were synthesized to provide compounds with a distinct energy level gradation. Exploiting this
energy level modification, energetic staircases are realized by embedding these diketopyrrolopy-
rroles in a planar layer architecture, employing fullerene Cgg as acceptor. For instance, inserting
a sub-monolayer thick D3 interlayer at the heterojunction between D1 and Cgp a doubling of
overall js. is obtained with respect to neat D1/Cgg-bilayer cells. EFQFE measurements reveal that
this enhancement can mainly be attributed to an improved photocurrent contribution by the
fullerene acceptor phase. The increase is associated with a destabilization of strongly Coulomb-
bound hetero-CT states at the interlayer interface, thus reducing geminate recombination losses.
Synthesis of diketopyrrolopyrroles and their characterization by cyclic voltammetry (CV) was
carried-out by Dr. Christian Miiller, Applied Functional Polymers — Macromolecular Chemistry
I, University of Bayreuth. Cascade solar cell preparation and opto-electronic as well as struc-
tural investigations were performed by the author. The results of this section were published in
Advanced Energy Materials. |136]

In the second case, the universality of cascade energy level alignment is illustrated by transferring
this concept to an, a priori, more efficient material combination. As described in Section[7.4] the
position of frontier energy levels of fluorinated zinc phthalocyanines are reliably controlled by
the degree of fluorination. By the prudent choice of FgZnPc as interlayer material, sandwiched
between a DBP donor and a Cyy acceptor layer, a three layer cascade structure is established.
Upon employing a sub-monolayer thick interlayer in DBP /FgZnPc¢/Crq cascade cells, a remark-
able efficiency improvement to 3.7 % is demonstrated, in comparison to 2.2 % obtained for plain
DBP/Cry bilayer photovoltaic devices. Cascade solar cells based on DBP/FgZnPc/Cgy were
prepared and characterized with the support of Jana Wulf and Philipp Groppe both members

of our workgroup.
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9.1. Cascade Cells Based on Diketopyrrolopyrrole Derivatives (D1 -
D3)

For the results presented in the first part of this chapter, small molecule diketopyrrolopyrrole
derivatives D1, D2, and D3 were synthesized for the application in three-layer cascade cells by
our collaboration partners at the University of Bayreuth. Aiming for a defined energy gradation
with keeping the central structural motif of the molecules fixed as well as their dipole moments
and the surface energies, the terminal aryl groups of the DPP compounds were modified. The
chemical structures of the employed compounds are depicted in the insets of Figure For
experimental details on the synthesis, reference to the literature is given. [136,207] A slight
variation of the m-electron system is achieved by substituting final phenyl groups by pyridine
rings. The implementation of a specific substitution pattern, viz. the introduction of the pyridine
groups in para- or meta-position, in these experiments is crucial since it allows for fine tuning the
frontier energy level alignment. For generic para-pyridine substitution in D3, energy levels are
shifted by 160 meV towards lower energies in comparison to D1 comprising phenyl end groups.
This energy level shift was tracked by cyclic voltammetry (CV) measurements carried-out by
Dr. Christian Miiller, Applied Functional Polymers — Macromolecular Chemistry I, University
of Bayreuth. The resulting energy levels are displayed in Figure (9.1

energy [eV]

D1 D2 D3

60

Figure 9.1.: HOMO and LUMO energies of diketopyrrolopyrroles (D1 -D3) accessed by cyclic
voltammetry (CV). For reference the respective energy levels of the acceptor Cgo
are displayed, which were determined by UPS measurements in section The
insets show the chemical structures of the molecular semiconductors.

Upon substitution of the phenyl ring in D1, energy levels are slightly shifted towards lower
energies by 80 meV in D2 and 160 meV in D3, respectively, whereas the electronic band gap
remains unchanged. Therefore, in order to establish cascade energy level alignment, D2 and

D3 are suitable candidates for interlayer formation between D1 and Cgg. In the following, the

84



focus is particularly set to D1/D3/Cgq cascade cells yielding a higher energetic offset at the D/A
interface compared to D1/D2/Cgq solar cells.

For the first time, a donor molecule and its modified derivative were utilized to create an energetic
staircase in combination with the acceptor Cgg. The thickness dependent effects of the thin
interlayer on the opto-electronic device parameters of cascade cells were investigated using the

following stack architecture:
ITO/MoO3(50 A)/D1(200 A)/D2 or D3(x A)/Ce(800 A) .

Additionally, bilayer reference cells were characterized comprising donor and acceptor layers of
same thicknesses as for the cascade cells. It has to be mentioned that the stack architecture of
the reference bilayer cells was not optimized for achieving highest power conversion efficiencies
possible, but rather to avoid shortening of contacts while at the same time a sufficiently good

performance is guaranteed.

9.1.1. Structural Investigation of D1/D3/Cgy Cascade Cells by XRD and AFM

Before addressing the thickness dependent effects of the D3 interlayer on the opto-electronic cell
characteristics, the focus is on the structural investigation of photovoltaic devices. Aiming to
analyze the structural properties of the photo-active materials, X-ray diffraction measurements
were conducted in Bragg-Brentano geometry. Figure shows the diffraction spectra of a
selected cascade solar cell and two reference bilayer cells.
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Figure 9.2.: X-ray diffraction pattern of a selected cascade solar cell and the two corresponding
bilayer cells. Measurements were carried-out in Bragg-Brentano geometry, thus
probing the out-of-plane crystallinity.
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For reference cells D1/Cgp and D3/Cgq diffraction peaks are clearly observed at ¢, = 0.32 A‘l,
which are attributed to the first order (001) diffraction peak of the respective diketopyrrolopy-
rroles. Accordingly, these peaks correspond to a lattice spacing of 19.3 A. This value for the
out-of-plane lattice constant is crucial, when assessing effective coverage by the respective in-
terlayer. In addition, a representative X-ray diffraction spectrum is shown for a cascade solar
cell comprising an interlayer thickness of 50 A. Evidently, a similar Bragg peak is observed at
¢. = 0.32 A-!. Diketopyrrolopyrrole molecules D1 and D3 have a very similar structural motif
(see Figure . Additionally, the growth modes on ITO/MoOs3 substrates appear to be iden-
tical, leading to the assumption, that D3 interlayer molecules adopt the molecular orientation
of the underlying D1 layer in cascade devices. The molecular dimension along the alkyl-chains
amounts to approx. 24 A. Accordingly, a standing orientation of the respective diketopyrrolopy-
rrole molecules is assumed with a tilt angle of approx. 36° with respect to the substrate normal.
For all bilayer cells and cascade cells no indication for a crystalline Cgy fraction was observed.
Therefore, the thickness dependent effects on the opto-electronic device characteristics in cas-
cade solar cell can be ascribed to a variation of recombination processes occurring in the cascade

region as a consequence of its energy level alignment.

In order to conclude on the coverage of the D1 underlayer upon D3 interlayer deposition, com-
plementary atomic force microscopy measurements on ITO/MoO3/D1 samples were performed.
The AFM scan reveals a smooth and featureless topography with a root mean square roughness
of op1= 11 A (not shown). Small laterally isolated islands with a maximum height of approx.
30 nm exist. Taking into account the obtained op; roughness with respect to the out-of-plane
lattice spacing of dps = 19.3 A, a completely closed D3 interlayer cannot occur for interlayer
thicknesses below 20 A. However, for the maximum employed D3 interlayer thickness of 50 A it

can be assumed that almost full coverage of the D1 underlayer is achieved.

9.1.2. Opto-Electronic Characterization of D1/D3/Cgy Cascade Cells

To analyze the effects associated with the insertion of D3 interlayers of varying thickness on
the photovoltaic parameters of D1/D3/Cgg cascade cells, j(V) characterization was carried-out
under standard illumination conditions. Selected j(V) curves of cascade cells are displayed
in Figure together with that of the corresponding bilayer solar cell D1/Cgy. In order to
compare device performance, photovoltaic parameters of cascade solar cells were normalized
with respect to those of D1/Cgy bilayer cells. The corresponding results are summarized in
Figure Moreover, D3/Cgp bilayer cells were prepared to judge on the general photovoltaic
behavior of this heterojunction with respect to devices based on D1/Cgp. The characterization
of D1/D2/Cgp cascade photovoltaic cells comprising a smaller energetic offset between the

diketopyrrolopyrroles is addressed at the end of this section.

Solar cell parameters of D1/D3/Cgg cascade cells are distinctly varied as a function of interlayer

thickness. In particular, remarkable changes of the short circuit current density are obtained.
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Figure 9.3.: j('V) characteristics of D1/D3/Cgg cascade solar cells, employing various D3 inter-
layer thicknesses. For comparison D1/Cgp and D3/Cgg bilayer reference solar cells
are displayed.

For thin D3 interlayers of 3 A and 6 A thickness, jy. is enhanced by 80 % to 2.5 mA /cm? in

2. For these D3 interlayer

comparison to the corresponding neat bilayer cells with 1.4 mA/cm
thicknesses a full coverage of the underlying D1 layer cannot be assumed, since the out-of-plane
lattice spacing was determined to be dpg = 19.3 A. For interlayer thicknesses above 6 A, the raise
in j,. decreases, but even for cascade cells comprising interlayer thicknesses of 12 - 50 A the short
circuit current densities still exceed those of the bilayer reference devices by 30 - 40 %. In section
[0.1.7] no changes in morphology of the Cgp acceptor layer were detected upon implementation
of the D3 interfacial layer in the D1/Cgo bilayer cells. Thus, the observed variations of js. as a

function of the D3 interlayer thickness cannot be attributed morphological origins.

UV /Vis measurements on cascade structures as well as reference bilayers were performed in
order to verify changes in spectral absorption as a consequence of the insertion of the respective
D3 interlayer. Note that optical studies were carried-out on heterostructures, lacking the Ag
top electrode to achieve a better signal to noise ratio. Selected absorption measurements are
displayed in Figure The absorption between 400 nm and 550 nm is again attributed to
the fullerene acceptor layer (see Section , whereas between 550 nm and 680 nm absorption
originates from the respective diketopyrrolopyrroles. [136] It becomes evident that the diketopy-
rrolopyrrole absorption maximum of D3/Cgq bilayers is slightly blue-shifted with respect to the
D1 based structures. This spectral shift will be shown reproducible in the course of the FQF
measurements. Obviously, even for the maximum interlayer thickness of 50 A utilized in this
study, the absorption is only slightly altered, compared to D1/Cgg bilayer cells. This outcome
clearly illustrates that the drastic js increase of the cascade solar cells cannot predominantly

be assigned to a distinct change of absorption. Instead, the increase is attributed to reduced
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Figure 9.4.: Normalized photovoltaic parameters of D1/D3/Cg cascade solar cells. Scaling was
carried-out with respect to the bilayer solar cells, lacking the thin interfacial D3
layer. Solid lines represent guides to the eye.

geminate recombination of excitons at the D/A interface. Remarkably, the short circuit cur-
rent density enhancement is strongest for intermediate D3 layers in the sub-monolayer thickness
range. Apparently, in the cascade energy level scheme D3 molecules act as exciton dissociation
sites, resulting in high charge carrier generation yields. This assumption is supported by the
general increase of the photocurrent in cascade cells comprising a D3 interlayer thicknesses of
up to 25 A at all biases between —0.5 V and V..

Reduced recombination losses manifest themselves in improved transport properties as confirmed
by increased fill factors of 44 + 1 % upon implementation of thin D3 interfacial layers of 3 A
and 6 A thickness in D1 /D3/Cg cascade cells. In comparison, D1/Cgg bilayer cells feature
a fill factor 41 + 1 %. Whereas the parallel resistances R, (determined at V = 0 V) remain
almost unaffected upon insertion of sub-monolayer thick D3 interlayers, the series resistances
R, are clearly reduced in this thickness regime (see Figure[9.6). The series resistance in organic
photovoltaics is comprised of a number of different contributions such as the bulk resistances of
the photo-active layers, the bulk resistances of the electrodes as well as contact resistances of
all existing interfaces. [95] The cascade energy level design employing thin interfacial layers in
the sub-monolayer thickness range facilitates exciton dissociation, thereby reducing the contact
resistance of the D1/Cgg interface, which results in smaller Ry and, vice versa, in higher fill
factors. Upon further increase of the interlayer thickness, the fill factor drops to 35 % for 25 A
and 50 A intermediate layer thickness. This decrease can be understood considering the i(v)
characteristics of D3/Cgg reference cells. From the combination of a small fill factor of only

20 % and a reduced js. of 0.49 mA /cm?, inferences can be drawn, that transport properties
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Figure 9.5.: Spectral absorption of a selected cascade solar cell and reference bilayer cells. It
has to be noted that optical absorption was determined on plain heterostructures
without Ag top electrode. Due to back reflection of incident light at the top contact
of the solar cells, external quantum efficiencies can exceed the observed spectral
absorption as illustrated in Figure

are distinctly limited in these OPVCs. This conclusion is corroborated by the occurrence of a
so-called S-shape. Such kinks around V,. are associated with the appearance of space charges
occurring in an organic solar cell as a consequence of extraction barriers or transport-induced
charge carrier imbalances. [154,208] By organic field effect transistor measurements on D3 thin
films a hole mobility of i, = 3 x 107* cm?V~!s~! was obtained, constituting a reduction with
respect to D1 by an order of magnitude (p, =5 x 1072 cm*V~1s™!). For experimental details
reference to the literature is given. [136] Accordingly, due to transport limitations of D3 thin
films, R, is expected to be distinctly enhanced for interlayer thicknesses of 25 A and 50 A,
resulting in small fill factors. Thus, with the introduction of the D3 interlayers there is a trade-
off between reduced recombination losses as a consequence of the energetic staircase, slightly

increased absorption, and transport limitations.

The open circuit voltage remains almost unchanged as a function of D3 interlayer thicknesses up
to 25 A, yielding only a slight monotonous enhancement by 30 meV to 0.82 V. V,, is associated
with the energy of the bound CT state at the dissociating interface. [93] Energy levels of D3
are shifted towards lower energies by 160 meV in comparison to D1. Therefore, upon increasing
coverage of the D1 underlayer with D3, successively an increasing number of these high energy
CT states at the D3/Cgo interface determine V,.. Thus, the monotonous increase of V. is
in good qualitative agreement with the CV data. Cascade cells comprising a 50 A thick D3
interlayer yield reduced open circuit voltages of 0.66 V. Due to an expected dpg lattice spacing

of 19.3 A in combination with a smooth D1 underlayer, featuring a root mean square roughness
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Figure 9.6.: Series and parallel resistances of D1/D3/Cg cascade solar cells and D1/Cgq refer-
ence OPVCs. Solid lines represent guides to the eye.

of only op1= 11 A, the formation of closed D3 monolayers can be expected in this case. With
this, the general transport limitations of D3 come into effect as evinced by the increased series
resistance (see Figure and additionally, the D3/Cg interface becomes increasingly important
for the overall device properties and performance. As a consequence, solar cell characteristics
remarkably converge with those of the D3/Cgp bilayer cell for voltages > 0.7 V, and a decrease

in open circuit voltage is obtained.

Finally, as the key criterion to judge on the photovoltaic performance, the power conversion
efficiencies were determined and evaluated for cascade solar cells as well as reference bilayer
cells. As a consequence of the remarkable increase of jy., for thin interfacial D3 layers of 3 A
and 6 A thickness the power conversion efficiency could be doubled to 0.88%. Yet, for larger
interlayer thicknesses the power conversion efficiencies dropped and for solar cells utilizing D3
interlayers of 50 A thickness, the power conversion efficiency is approximately equal or even

smaller than that of D1/Cg reference cells because of the emerging transport limitations.

In order to correlate the j,. increase upon insertion of the D3 interlayers to the photocurrent
contributions of the molecular components, spectrally resolved FQF measurements were carried-
out. The corresponding data are displayed in Figure In agreement with the UV/Vis
optical characterization in Figure the respective shape of EQFE spectra resembles that of the
absorption spectra. For D1/Cgg reference devices, both donor and acceptor material contribute
to the macroscopic photocurrent. Roughly, between 400 nm and 550 nm the photocurrent
contribution to the FQFE is mainly assigned to the fullerene. In this wavelength range only a
minor absorption peak at 420 nm can be attributed to D1. [136] For higher wavelength above
550 nm two EFQFE peaks can be assigned to the donor D1 at 585 nm and 635 nm in agreement
with the absorption data. The energy spacing between these peaks amounts to 170 meV, a value

typically observed for the progression of the vibronic breathing-mode. [41]

Apparently, FQFE values do not directly resemble the absorption behavior of the plain het-
erostructures shown in Figure for instance for D1/D3(50 A)/Cgo cascade cells at 635 nm.
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Figure 9.7.: EQFE measurements of D1/D3/Cg cascade photovoltaic devices, comprising varying
D3 interlayer thicknesses. For reference, D1/Cgp and D3/Cgg bilayer cells are shown.

In contrast to the heterostructures, the photovoltaic cells comprise an Ag back contact. This
top electrode reflects most of the non-absorbed light back into the photo-active layers, enabling
an effectively doubled optical path for absorption. Therefore, absorption of solar cells exceeds
the absorption of plain heterostructure and hence, EQE values can overcome the absorption
reported in Figure In accordance with the strongly enhanced photocurrents observed in the
§(V) characterization, for the implementation of a 3 A thick D3 interlayer, the EQE is distinctly
increased over the whole spectral absorption range. In particular, the FQF associated with the
Cgo acceptor phase is strongly enhanced. To illustrate this effect, the FQFE of the D1/D3(3
A)/Cgo cell at 450 nm, where the fullerene contributes exclusively, was normalized to the EQE
of the corresponding bilayer devices (see Figure . Evidently, the fullerene contribution for
this particular wavelength is enhanced by more than a factor of two. Upon increasing the inter-
layer thickness, the Cgy contribution drops continuously. Finally, for a D3 interlayer thickness
of 50 A the EQF spectra of the cascade solar cell and the corresponding bilayer device almost

converge in the whole spectral range of the fullerene absorption.

The initial enhancement for thin intermediate D3 layers is ascribed to reduced geminate recom-
bination losses, caused by the particular energy level alignment. The facilitated dissociation of
excitons is a consequence of the energetic staircase as schematically illustrated in Figure [0.9]
After photo-generation, excitons in the acceptor material Cgy diffuse to the interlayer interface.
This is where they form CT states that are still Coulomb-bound. The second interface D1/D3
in close proximity is suggested to destabilize these CT states, supporting charge carrier sepa-
ration by the energetic staircase. Hence, the three layer cascade is proposed to destabilize Cgg
excitons into CT states that are subsequently dissociated into free charge carriers in the donor

and acceptor phase. Clearly, charge carrier generation proceeding via exciton dissociation at
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Figure 9.8.: a) Relative FQF at three different wavelengths for cascade cells normalized to
D1/Cgp bilayer devices as a function of interlayer thickness. The EQFE at 450 nm is
associated with the fullerene photocurrent, whereas at 585 nm and 635 nm the FQF
is assigned to a photocurrent originating from the diketopyrrolopyrroles. b) Ratio
of EQFE peaks at 585 nm and 635 nm as a function of interlayer thickness. The
decreasing ratio with increasing interlayer thickness indicates an additional pho-
tocurrent contribution due to the D3 interlayer. Solid lines represent guides to the
eye.

these stacked interlayer boundaries can be considered significantly more efficient than for the
plain D1/Cgp interface. This separation mechanism may be accompanied by hole delocaliza-
tion effects via a wave function spread-out across the D1/D3 interface into the donor phase,
as schematically indicated in Figure [0.9 by the shaded area. Excited state delocalization was
shown to have a crucial impact on the charge carrier generation yield by effectively reducing the
Coulomb-binding energy. [209] Such delocalization effects are associated with structural order.
The polycrystalline character of the D1 donor layer was illustrated in X-ray diffraction measure-
ments in Figure[0.2] hence supporting the assumption that delocalization plays a significant role

for the exciton into free charge carrier conversion in these samples.

Upon further increase of the interlayer thickness, the gain in the fullerene contribution contin-
uously decreases. Finally, in the wavelength range of the fullerene absorption the FQF spectra
resemble each other for cascade solar cells comprising 50 A thick D3 interlayers and D1 /Cso
bilayer cells. This observation can be rationalized considering the data of the morphological
investigation (see section . For a lattice spacing of dpg = 19.3 A and the smooth D1
underlayer featuring a root mean square roughness of op; = 11 A, the formation of closed in-
termediate D3 layers can be assumed. As illustrated in Figure[0.9] after generation of CT states
at the D3/Cg interface the second interface D1/D3 can be considered to be spatially separated
on molecular length scales. Therefore, the cascade energy level alignment is limited in support-
ing free charge carrier generation. Instead, the D3/Cg interface predominantly determines the
photovoltaic properties, i.e. the dissociation of excitons originally generated in the fullerene

phase. Additionally, the associated hole delocalization is not expected to be spread across the
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D1/D3 interface but rather to be confined in the interlayer phase (see Figure . The model
is supported by the FQE data of the D3/Cgq bilayer device. The fullerene contribution in those
solar cells is significantly decreased by approx. 60 %, whereas in the spectral region of the

diketopyrrolopyrrole absorption the EQFE is influenced less by this interface.
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Figure 9.9.: Left side: Illustration of energy level alignments and exciton dissociation mecha-
nisms in D1/D3/Cgp cells comprising thin (upper row) and thick interlayers (lower
row). Right side: Associated spreading-out of the wave function across the D1/D3
interface (upper row) facilitates exciton dissociation. Hole delocalization is re-
stricted to the D3 interlayer (lower row), limiting the support of exciton dissociation.
Diffuse shading represents the charge carrier delocalization schematically.

Moreover, distinct enhancements of the EQF in the spectral range of the diketopyrrolopyrroles
were detected as a function of interlayer thickness. As illustrated by the relative EQFE peaks
associated with the diketopyrrolopyrroles (585 nm and 635 nm) in Figure this enhancement
follows a different trend in comparison to the photocurrent increase associated with the fullerene
phase (450 nm). A monotonous rise up to 25 A interlayer thickness is evinced, for which the
EQE is increased by up to 70 - 80 %. Excitons generated in D1 are not assumed to be dissociated
at the D1/D3 interface, since the energetic offset of approx. 160 meV should be insufficient for
exciton splitting. , However, the formation of hetero-CT states at the D1/D3 interface is
anticipated, which may be destabilized by the cascade alignment. Additionally, coupling between
D1 and Cgg is presumed, in particular for very thin only fragmentally closed interlayers. This
coupling, reaching across the intermediate layer may spatially separate CT excitons, rendering
their dissociation more efficient due to reduced Coulomb-attraction. By the EQF measurements
on the respective bilayer solar cells the plain D1/Cgo interface was confirmed to dissociate
excitons generated in D1. For an intermediate layer thickness of 50 A the normalized EQE

gain drops to approx. 50 %. Probably, electronic coupling between D1 and Cgg is considerably
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reduced as well as the destabilization of CT excitons at the D1/D3 junction due to the formation
of closed D3 layers of sufficient thickness as discussed above. In this case, transport limitations
due to low charge carrier mobility of D3 hinder the efficient extraction of charges. Nevertheless,
the EQF at 50 A D3 interlayer thickness in this spectral range is still 50 % higher compared to
neat bilayer cells.

A contribution to consider when evaluating the EFQFE in this spectral region is the increased
absorption due to the introduction of the additional D3 layer. This contribution is continuously
enhanced upon increasing the interlayer thickness as can be rationalized by the FQFE behavior of
D3/Cg reference cells. In those cells, the diketopyrrolopyrrole EQE peak at smaller wavelength
is less pronounced in comparison to that at higher wavelength. For increasing intermediate
layer thicknesses in cascade solar cells the ratio of these peaks centered at 585 nm and 635 nm is
progressively reduced as shown in Figure b). Since both diketopyrrolopyrroles absorb in this
spectral range, a discrimination and a clear assignment of the respective contributions is not
easily accessible, but the change in peak ratio can qualitatively be accounted for an additional

photocurrent contribution by the D3 interlayer.

Aiming for a deeper understanding of the photocurrent origins by the diketopyrrolopyrroles,
additional spectrally resolved photoluminescence measurements were carried-out. In Figure
the PL spectra of four selected solar cells are displayed.
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Figure 9.10.: Spectrally resolved photoluminescence of cascade solar cells and the corresponding
bilayer cells.

The samples were excited utilizing a continuous wave laser with a central wavelength of 532 nm,
keeping the excitation intensity constant at 6 mW/cm?. Broad but structured PL bands are
detected between 625 nm and 775 nm and can be attributed to radiative decay of the respective
first excited state S; of the diketopyrrolopyrroles D1 and D3. The photoluminescence of Cgg

is considered negligible because radiative transitions are dipole forbidden and accordingly, are
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weak. [211] For D1/Cgp bilayer cells, photoluminescence peaks are observed at 655 nm and 720
nm, again corresponding to an energy spacing of 170 meV (see EQFE measurements in Figure
and hence, are attributed to the vibronic progression.

The PL of D1/D3/Cgg cascade solar cells, comprising a thin interfacial layer of 3 A, is consider-
ably reduced in comparison to D1/Cgg reference devices. This observation is in accordance with
the previous opto-electronic device characterization by EQE and j(V) studies. In those cascade
solar cells improved exciton dissociation into free charge carriers was proven and accordingly, a
quenching of the photoluminescence of D1 excitons is observed. For reference devices based on
D3/Cgp a spectral shift of the PL peaks to 630 nm and 690 nm is obvious. A similar spectral
shift was obtained in the FQFE measurements with respect to D1/Cgo bilayer cells. Generally,
for D3/Cg solar cells strongly pronounced PL bands are obtained, revealing higher radiative
recombination losses compared to D1/Cgy and hence, explaining the smaller photocurrent in
these photovoltaic devices. Despite the energetic staircase and the increased diketopyrrolopyr-
role contribution illustrated in Figure cascade cells comprising an interlayer thickness of 50
A yield a distinctly pronounced PL in comparison to D1 /Ceo bilayer solar cells. In this case,
the interlayer is assumed entirely closed and accordingly, dissociation of excitons created in D1
is strongly limited since the energetic offset at the D1/D3 interface is not assumed sufficient
for exciton dissociation and the potentially separating Cgg interface is separated on nanometer
length scale. Therefore, in those cascade cells the number of excitons created in the D1 phase
to decay radiatively is increased. In these devices employing a 50 A thick interlayer, the PL
signature of D3 is almost missing entirely, indicating that excitons created in this intermediate
layer probably become dissociated very efficiently at the confining interfaces during their life-
time. Only a small contribution at 690 nm can be identified, which is attributed to fluorescence
originating from this intermediate layer. Additionally, it is noted that Forster resonant energy
transfer is possible between diketopyrrolopyrroles since the absorption spectrum of D1 and the
emission spectrum of D3 overlap considerably (see Figure and Figure . Subsequent to
such a resonant energy transfer, exciton dissociation into free charge carriers may take place at

the fullerene interface.
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9.1.3. Opto-Electronic Characterization of D1/D2/Cgy Cascade Cells

In the following Section, the focus lies on cascade devices comprising a smaller energetic offset
between the donor material and the intermediate layer. This was realized by utilizing the
diketopyrrolopyrrole D2 as an interlayer material instead of D3. As illustrated in Figure the
meta-pyridine substitution in D2 results in an energy level shift of only 80 meV with respect to
the donor material D1. For comparison the energy level shift in D3 is twice as large with 160
meV. Figure shows the EQFE for D1/D2/Cgq solar cells in comparison to already discussed
D1/D3/Cgp cascade cells and D1/Cgg reference devices.
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Figure 9.11.: EQF of D1/D2/Cgy and D1/D3/Cg cascade solar cells and D1/Cg bilayer cells.

The EQE is enhanced over the whole spectral absorption range for employing a 6 A thick
intermediate layer of D2. Evidently, for the FQF in the spectral absorption range of the dike-
topyrrolopyrroles between 550 nm and 670 nm, similar results are obtained for cascade solar cells
utilizing a 6 A thick intermediate layer of D2 and D3, respectively. Hence, this improvement is
ascribed to the mechanisms already discussed in the previous Section Compared to the
cascade solar cells utilizing interfacial layers of D3, the fullerene contribution in the spectral
range between 400 nm and 550 nm is slightly decreased in D1/D2/Cgg layered cells. This ob-
servation is ascribed to the modified energetics of the interlayer compound. Excitons generated
in the fullerene phase are expected to form hetero-CT states at the D2/Cgg interface. Due to
the smaller energetic offset at the D1/D2 interface with respect to D1/D3, the destabilization of
these CT states is less efficient and so is the generation of free charge carriers. This interpretation
is corroborated by the j(V) characteristics displayed in Figure

The obtained js. for D1/D2/Cg solar cells exceeds the values observed for the bilayer solar cell
by 35 %, but is smaller compared to D1/D3/Cgq cascade solar cells featuring a bigger energetic
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Figure 9.12.: Comparison of j(V) characteristics of D1/D2/Cgy and D1/D3/Cgo cascade solar
cells. The energetic offset between diketopyrrolopyrroles is smaller in case of the
former. Additionally, the corresponding D1/Cgg reference device is included.

offset at the interface. Noteworthy, other solar cell parameters, such as V,. or FF of cascade
solar cells employing D2 and D3 are almost identical (see Table .

| solar cell structure | joc [mA/cm?] | Voo [V [ FF [%] | n[%] |
D1/Cg 1.37 £0.14 | 0.78 £0.01 | 41 +£1 | 0.44 £+ 0.06
D1/D2/Cg 1.85+0.19 | 0.81 £0.01 | 42+ 1 | 0.60 & 0.09
D1/D3/Cg 249+ 0.25 | 0.824+0.01 | 424+ 1 | 0.85 +0.1

Table 9.1.: Photovoltaic parameters for D1/D2/Cgp and D1/D3/Cgg cascade solar cells and
D1/Cgp bilayer devices.

In summary, these results illustrate the remarkable impact of inserting energetically tuned in-
termediate layers at a donor/acceptor heterojunction and the sensitivity of the overall device
performance on the interface energetics, effecting the fundamental processes occurring during

photo-conversion on microscopic length scales.

9.2. Application of Cascade Concept to DBP/FgZnPc/C7o Solar
Cells

After the general proof-of-concept, cascade energy level alignment is applied to a more efficient
material combination. The donor DBP is chosen in combination with the acceptor Crg, since
this material combination has been shown highly efficient in planar-heterojunction configuration
yielding efficiencies of up to 2.8 %. [212,213] In order to establish cascade energy level alignment,

the choice of a suited interlayer material is crucial. As elaborated in the course of this thesis,
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the use of fluorinated zinc phthalocyanines offers an eligible option, due to the feasibility of
modifying their energy level positions as a function of the degree of fluorination (see Chapter [7)).
Moreover, good transport properties were confirmed, promising the implementation of thicker
interlayers comprised of several F,,ZnPc monolayers without significant limitation of charge car-
rier transport. Taking into account the energy levels of DBP and Crg reported in literature, the
mandatory choice to establish staircase energy level alignment finally went in favor of FgZnPc.
The expected energy level alignment is displayed in Figure . [175,)212] The chemical struc-
tures of the employed semiconductors are shown in the insets of Figure Cascade solar cells

were comprised of the following layer sequence:
ITO/PEDOT:PSS/DBP(100 A)/FgZnPc(x A)/C70(400 A)/BPhen(100 A)/Ag .

To evaluate the functionality of the energetic staircase, morphological properties of the photo-
active layers are important to consider, as discussed above. AFM measurement on an
ITO/PEDOT:PSS/DBP thin film revealed smooth and featureless morphology yielding a root
mean square roughness of opgp = 15 A (not shown). [214] Moreover, the lattice spacing of
FgZnPc thin films was determined dpgz,p. = 14.0 Ain Chapter

energy [eV]

DBP F,ZnPc C

Figure 9.13.: Expected energy level alignment of the photo-active materials in
DBP/FgZnPc/Cry cascade solar cells. Insets show the chemical structures
of the organic semiconductors.

The impact of the insertion of an FgZnPc interfacial layer on the photovoltaic parameters was
analyzed as a function of thickness. The corresponding j(V) characteristics are shown in Figure
As the cascade energy level alignment was demonstrated to have a strong impact on the
exciton dissociation efficiency and therefore, on js., this quantity is addressed at first. Evidently,
upon implementation of FgZnPc interlayers again a remarkable enhancement of j,. is observed.
The maximum increase is obtained for a interlayer thickness of 5 A, resulting in a j,. enhance-

ment by 40 % compared to bilayer reference devices, yielding a short circuit current density of
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6.8 mA /cm?. For thicker interlayers, js. values drop linearly, hinting at an Ohmic effect. Even
for an intermediate layer thickness of 100 A, js. of the cascade cell still excels that of the neat
bilayer cell by 20 %. The overall increase is attributed to the destabilization of hetero-CT states
at the D/A interface, being in good qualitative agreement with the data reported on D1/D3/Cg
cascade cells. However, the attenuation of the gain in j,. upon increasing interlayer thickness
is obviously changed, comparing the two different material combinations. This discrepancy will

be elucidated in more detail in the course of the FQF measurements below.
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Figure 9.14.: j(V) characteristics of DBP/FgZnPc/Cry cascade solar cells and DBP/Cyq refer-
ence bilayer cells.

After demonstrating the distinct increase of j,. in cascade solar cells in comparison to neat bilayer
devices, an approximation of the maximum achievable short circuit current density jscimas for
the chosen layer thicknesses of the molecular semiconductors is carried-out, in order to judge on
the potential for further improvement of the overall photocurrent generation efficiency within
these stacks. On the idealized situation that all photo-generated excitons get dissociated into
free charge carriers and are subsequently extracted at the electrodes, i.e. that no recombination

losses occur within the solar cell, the maximum achievable short circuit current density jscmaz

can be calculated (compare Section [6.1.2)):

; _ / A(N) - Panrisa(A) g+ A

dX. 1
o (9-1)

Here A()) denotes the spectrally resolved absorption of the molecular semiconductors, Paps1 56(\)
the solar spectrum, g the elementary charge, A the wavelength, h the Planck constant, ¢ the
speed of light. For the exemplary cascade solar cell featuring an intermediate layer thickness of
5 A, the calculated maximum achievable short circuit current density amounts to jscmaz = 12.5

mA /cm?, whereas the real macroscopic js. amounts to 6.8 mA/cm?. Thus, for this solar cell
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configuration approximately 55 % of all photo-generated excitons contribute to the photocurrent

under short circuit conditions.

Evidently, transport properties across the energy staircase are distinctly improved as manifested
in the enhanced FF for thin FgZnPc interfacial layers of up to 10 A, (see Figure . For
instance, for a 4 A thick FgZnPc layer the fill factor is increased to 62 % in comparison to 54 %
obtained for the bilayer reference cells. The reasons for this improvement were addressed in
detail for cascade solar cells based on D1/D3/Cgp in the previous section. Upon increasing the
interlayer thickness further, the FF drops, but even for interlayer thicknesses of 50 A and 100
A the observed fill factors are still comparable to that of the bilayer reference device. At this
point, a clear discrepancy has to be noticed in comparison to D1/D3/Cgp cascade solar cells, for
which transport properties were significantly limited by the formation of space charges in this
thickness regime of several monolayers. Evaluating the two cascade architectures, D1/D3/Cgg
and DBP /FgZnPc/Cr, the interlayer material utilized in the latter turns out to yield superior

transport properties.
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Figure 9.15.: Normalized photovoltaic parameters of DBP /FgZnPc/Cry cascade devices for dif-
ferent interlayer thickness. Scaling was carried-out with respect to the DBP/Crg
bilayer solar cell. Solid lines represent guides to the eye.

Moreover, in accordance with reduced recombination losses a slight increase of V,. is detected
for thin interlayers. For a 4 A thick intermediate FgZnPc layer the open circuit voltage amounts
to Voe = 0.87 V. This gain in voltage drops upon increasing the interlayer thickness and finally,
for a 100 A thick interlayer V,. is reduced to 0.71 V. For such a solar cell configuration, the
DBP /FsZnPc and FgZnPc/Cry heterojunction are supposed to operate independently and as
such, the two heterojunctions of the cascade structure are considered to be connected in parallel.

As a consequence, the macroscopic V,. of such a device is determined by the smaller open
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circuit voltage of the two spatially separated heterojunctions. [215] In this case, the FgZnPc/Crg
interface would limit V., as the related material combination FgZnPc/Cgq yielded a comparable
open circuit voltage (see Section |7.2]). The decisive energy levels, which determine V., of Cg

and Crg are virtually the same. [18]

Finally, the beneficial impact of the implementation of FgZnPc interlayers on the individual
solar cell parameters leads to a remarkable improvement of the power conversion efficiency. For
instance, for an FgZnPc interlayer thickness in the sub-monolayer range between 4 A to 10 A
the power conversion efficiency is enhanced by 50 - 70 % (see Figure , demonstrating the
capability of this functional design concept to improve device parameters of established planar
heterojunctions. The maximum power conversion efficiency of 3.7 % obtained for an interlayer
thickness of 5 A is among the best reported in literature so far for planar solar cells utilizing

thin interfacial dissociation layers.

The lower graph of Figure shows the EQE of DBP/FgZnPc/Cy cascade solar cells and
the corresponding DBP/Cyg bilayer cells. Additionally, in the upper graph the absorption

coefficients of the molecular components are displayed.
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Figure 9.16.: Upper graph: Absorption coefficients of the photo-active materials. Lower graph:
EQFE of DBP/FgZnPc/Crg cascade solar cells and DBP/Cyg bilayer devices.

For the neat DBP thin film three distinct absorption peaks are observed at 517 nm, 559 nm

and 611 nm. The energy spacing of 0.18 eV between these peaks is associated with the vibronic

101



progression. |[41] The existence of this donor related photocurrent contribution is clearly verified
in the FQF measurements on DBP/Cr( bilayer solar cells. Also the C7g acceptor yields a clear

photocurrent contribution, as evinced exemplarily for a wavelength of 450 nm.

Upon insertion of a 5 A thick FsZnPc intermediate layer sandwiched between the DBP/Crg
heterojunction, the EQFE is increased over the whole spectral absorption range in comparison to
bilayer reference cells. Particularly, the fullerene contribution is enhanced by more than a factor
of 2, as demonstrated in Figure Excitons created in the fullerene phase can form hetero-CT
states at the FgZnPc/Cro interface. Due to the staircase energy level alignment and the close
proximity of the second interface, these CT states are effectively destabilized. Increasing the
interlayer thickness further, the gain continuously decreases, but even for an interlayer thickness
of 100 A the Cyy contribution is still enhanced by 50 %. Therefore, it can be rationalized that
for macroscopic interlayers comprising several monolayers, such as the 50 A and 100 A thick
FgZnPc layers, the common interface between phthalocyanine and fullerene enables efficient

exciton dissociation.

For the D1/D3/Cgp and DBP/FsZnPc/Cry cascade cells analyzed in this chapter, there is an
important difference concerning the respective energetic position of the interlayer with respect
to the donor and acceptor material. In D1/D3/Cgo cascade cells, the interlayer features an
energetic offset of approx. 700 meV with respect to the acceptor, whereas in DBP /FgZnPc/Crg
cells this energetic offset amounts to approx. 150 meV. Nevertheless, for both material combi-
nations a substantial increase of the fullerene acceptor contribution to the photocurrent could
be established in cascade cells, demonstrating the universality of this conceptual approach to

improve exciton dissociation.

The DBP photocurrent contribution to the FQFE cannot be separated precisely from that of the
fullerene fraction, because the donor absorption spectrum is superimposed to that of the accep-
tor. However, a qualitative increase is also confirmed for the DBP photocurrent implementing
FgZnPc intermediate layers in comparison to the respective bilayer solar cells. In the spectral
range of strong DBP absorption, i.e. in particular between 560 nm and 610 nm, the EQFE is
enhanced by 55 % to 70 % for the insertion of a 4 A thick interlayer. Upon increasing interlayer
thickness, the EQFE gain only slightly diminishes despite the fact, that the fullerene contribu-
tion was shown to decrease much steeper in Figure This illustrates that the relative DBP
contribution to the EQFE is enhanced upon increasing interlayer thickness. This trend was also
observed for the donor material in D1/D3/Cgy cascade solar cells. It has to be noted, that
interference effects may play an important role, in particular for the DBP donor layer, since the
introduction of an additional interlayer between the donor and acceptor shifts the position of

the maximum E-field amplitude within the stack.

Finally, for 50 A and 100 A thick intermediate FgZnPc layers, a clearly discernable EQE con-
tribution by the phthalocyanine is obtained as indicated by the shoulder in absorption at 675
nm, suggesting the ability of at least one of the organic/organic interfaces to dissociate excitons

created in the phthalocyanine layer.
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Figure 9.17.: Normalized EQF peak at an excitation wavelength of 450 nm, corresponding to the
Crg fullerene contribution, as a function of interlayer thickness. Normalization was
performed with respect to the DBP/Crq bilayer solar cell. The solid line represents
a guide to the eye.

Conclusion

In this chapter the impact of establishing cascade energy level alignment in tri-layer solar cells
was under investigation. Such energetic staircases were realized for two different material com-
binations by introducing thin interfacial layers between the respective donor/acceptor hetero-
junction. The first material combination was based on diketopyrrolopyrroles, which differed in
their energy levels by approx. 160 meV due to the chemical substitution of phenyl end groups
(D1) by para-pyridines (D3). In D1/D3/Cgo cascade solar cells employing thicknesses in the
sub-monolayer range, a remarkable increase of the short circuit current density was obtained
by almost a factor of two in comparison to neat D1/Cgy bilayer cells. This increase was at-
tributed to an improved destabilization of hetero-CT states at the D3/Cgg interface, rendering
the generation of free charge carriers more efficient. The fact that interlayer thicknesses in the
sub-monolayer range operated most efficiently reveals that interlayer molecules act as dissocia-

tion sites, without imposing severe constraints on the charge transport across the cascade.

The cascade concept was transferred to the well-established, high performing small molecule
material combination DBP/Cry by introducing interlayers of fluorinated zinc phthalocyanine
FgZnPc at this D/A heterojunction, causing a significant improvement of all solar cell parame-
ters. This translates into a power conversion efficiency of 3.7 % for an interlayer thickness of 5
A, in comparison to 2.2 % for the corresponding DBP /Cro bilayer devices. For organic cascade
solar cells employing thin molecular interfacial layers this is among the best results reported in

literature up to now. [92,93]
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Comparing both cascade structures it becomes evident, that energy levels of the respective
interlayers have to differ relative to those of the donor and acceptor material. Nevertheless, the
gain in photocurrent by the molecular donor and acceptor component is comparable for the two
different cascade structures investigated, as evinced by the EQF measurement, illustrating the
universality of this concept. This study highlights the crucial role of interface energetics on the
separation of excitons into free charge carriers and demonstrates the possibility of intentionally
targeting recombination losses by the implementation of an additional single layer, viz. an

additional processing step in the preparation of planar heterojunction organic solar cells.
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10. Excitonic and Electronic Compatibility of
Mixed Cgo:C79 Acceptor Layers

10.1. Fullerenes: Structure, Purification Costs and Technological
Relevance in OPV

Fullerenes are carbon based, closed cage molecules. Owing to Euler s theorem, fullerenes are
formed by exactly 12 pentagons and an arbitrary number of hexagonal faces, i.e. the smallest
fullerene possible is Cqg, consisting of solely 12 pentagonal faces. [18] However, such a struc-
ture comprising adjacent pentagons is energetically unfavorable, because it yields a high local
curvature and with it, a high strain on the fullerene cage. The trend of preferential formation
of fullerenes with pentagons at all sites being adjacent to hexagonal faces is called the isolated

pentagon rule. [216},217] The smallest compounds to fulfill this requirement are Cgp and Cry.

Fullerenes are generated from carbon rich vapors, e.g. by resistive heating of carbon rods or
an electric discharge between graphite electrodes in He atmosphere. In these common synthesis
procedures, predominantly Cgg and Crg are created at a ratio of 3:1 enclosed in a carbon rich
soot. [218] This raw fullerene blend also includes 1 - 3 % of higher mass fullerenes such as
C76, Crs and Cgo, satisfying the above-mentioned isolated pentagon rule. Due to the different
molecular masses of the individual fullerenes, their sublimation temperatures vary (see Section
. Accordingly, a separation is for example possible by gradient sublimation, rendering
Cego easiest to be isolated from higher order fullerenes, with potential impurities being mainly

comprised of Crg. [219]

In most organic photovoltaic cells, either Cgg or Crg is utilized as acceptor material. This is
due to the isotropically closed-packed structure of the molecules in thin films, the high electron
mobility of up to 1 Vs/cm? and the high electron affinity, respectively (see Section. 145.220]
Those fullerenes, employed in opto-electronic applications, are generally highly purified, leading
to the fact that the overall fullerene material costs are mainly determined by this purification
process. To date, refinement of Cgy at a chemical purity of 99.9 % instead of 99.5 %, already
results in a price disparity of approximately a factor of two. Isolating higher mass fullerenes
is even more cost-intensive. The purification costs for Crg, having a purity grade > 99 %, are
already one order of magnitude higher compared to those of refined Cgg at a purity degree of

99.5 % and two orders of magnitude higher with respect to raw fullerene blends.
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With regard to the optical properties, Crg by its slight spherical distortion yields a distinctly
higher absorption coefficient in comparison to Cgg. Thus, the implementation of Cry as an
acceptor layer generally translates into superior photocurrents in photovoltaic applications com-
pared to Cgp, in bulk-heterojunction as well as planar-heterojunction architectures. [221}222]
This tendency is also observed for solar cells based on the related fullerene derivatives [6,6]-
phenyl-C-71-butyric acid methyl ester (PC7BM) and [6,6]-phenyl-C-61-butyric acid methyl es-
ter (PCgoBM). [223-225] A side-chain attached to these fullerene derivatives facilitates solubility
in commonly used organic solvents such as toluene or chlorobenzene and hence, enables liquid

processing.

A recent study by Popescu et al., applying blends of these two electron acceptors in combination
with the donor poly(3-hexylthiophen-2,5-diyl) (P3HT) questions the necessity of utilizing only
highly-refined fullerenes, because identical device performance was obtained for a widely varying
composition range of PCgoBM:PC7BM blends. [226] This result was rather unexpected because
thin film absorption differs significantly for both fullerenes and energy levels were reported very
similar, but not identical. |[18}/101,227] However, electron paramagnetic resonance measurements
indeed revealed a common electron affinity for such PCgoBM:PC7oBM blends. [228] Accordingly,
no preferential formation of the anionic state of either fullerene derivative was observed, i.e. no
preferred trapping of electrons on either molecular compound was obtained. As a consequence
thereof, the authors suggested the use of so-called technical grade PCBM, containing a mixture
of PCgBM and PC7BM, for bulk-heterojunction fabrication, since such a fullerene blend is
much cheaper to produce. [226228]

In this chapter, the scope of research is extended to blends of archetypical fullerene molecules Cgg
and Cro, which are the most commonly used compounds in small molecule organic photovoltaics.
The two structurally and energetically very similar materials are tested in an interlaced acceptor
phase and the consequences for excitonic and electronic transport are elucidated. Next to photo-
physical implications, also the technical relevance of purification is discussed in this chapter and
from a cost-related point of view, a recommendation for refinement is given. To this end, highly
purified fullerenes Cgo (Creaphys: purity > 99.95 %) and Crq (Solaris Chem. Inc.: purity > 99 %)
were employed at various mixing ratios as co-evaporated acceptor phases and in combination

with the prototypical donor material DIP. The following solar cell architecture was utilized:
ITO/PEDOT:PSS/DIP (30 nm)/Cgp:Cr70(35 nm)/BPhen(5 nm)/Ag .

This sequence includes the corresponding bilayer solar cells DIP/Cgy and DIP/Czq for reference.
Additionally, in Section solar cells based on an acceptor phase comprising a raw fullerene
mixture (Tonic Liquids Technologies GmbH: 75 % of Cgg and 25 % of C7p and 1 - 3 % of higher
mass fullerenes) were tested, in order to verify the impact of higher order fullerenes on the

photovoltaic characteristics. Photovoltaic devices were prepared together with Johannes Mahr.
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10.2. Thin Film Properties of the Molecular Semiconductors

Opto-electronic properties of photovoltaic devices are closely linked to the microscopic mor-
phology of the photo-active layers. Therefore, structural properties were investigated by atomic
force microscopy. The photo-active layers were evaporated on ITO/PEDOT:PSS covered glass
substrates to resemble the solar cell geometry. The morphologies of neat bilayer heterostructures
DIP/Cgp and DIP/Crg, were compared to DIP/Cgp:Cro heterojunctions, consisting of an inter-
laced acceptor phase. A variation of the microstructure may result in different coverages of the
respective acceptor phase by the subsequent BPhen exciton blocking layer within the cells. The
coverage of the acceptor by BPhen is a crucial factor in terms of extraction of charge carriers by
the top-grown cathode (see Section . Besides, BPhen prevents detrimental effects associated
with the deposition of the Ag top-electrode, such a partial shortening.

Figure shows the obtained AFM images of a 30 nm thick DIP thin film (a) and of the
investigated DIP/Cgo:Cro heterostructures (b - d). The AFM image of the bare PEDOT:PSS
hole transporting layer is omitted, since it showed a smooth and featureless surface, yielding a
root mean square roughness of cpppor.pss < 1 nm. The topography of the DIP donor layer
features a distinct island (Voolmer-Weber) growth mode. Accordingly, a rough surface with
oprp = 4.9 nm is obtained. The island shaped crystallites yield lateral dimensions of 50 - 100

nm in diameter.
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Figure 10.1.: AFM images of a) a neat DIP thin film and b) - d) DIP/Cgp:Cro heterostructures.
Evidently, upon evaporation of a 35 nm thick Cgg layer on top of the donor material, fullerene

molecules adopt the morphology of the underlying DIP layer. Fine-grained, almost spherically

shaped fullerene domains are formed atop the donor islands, hence yielding a correlated rough-
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ness of oprp/c,, = 9.0 nm. Since the closed cage structural motif of C7g and Cgg molecules is
very similar, so is the topography of DIP/Cgy and DIP/Cyp (compare Figure b) and c)).
This observation is corroborated by an almost unaffected roughness of oprp/c., = 5.1 nm. For
the same reason, this similarity is also observed for the microscopic topography of co-evaporated
fullerene phases in the DIP/Cgo:Crg (1:1) heterostructure in Figure d). A corresponding
roughness of oprp/cy:cry = 9.0 nm is detected.

The overall morphological similarity of all fullerene phases under investigation, i.e. DIP/Cgy,
DIP/Crp and DIP/Cgp:Cro, allows to exclude changes in the electrical losses associated with a
variation of the BPhen blocking layer coverage for the different heterostructures (vide supra).
Moreover, the heterostructures were analyzed by X-ray diffraction measurements. No crystalline
texture of the top-grown fullerene fraction could be observed. Hence, variations in opto-electronic
behavior can be mainly attributed to the material inherent properties of the respective fullerene

phase.

In order to correlate effects by the varying acceptor mixing ratio to the performance of the
corresponding photovoltaic devices it is obligatory to analyze the absorption of the molecular
components beforehand. Therefore, organic thin films comprised of neat Cgg, C7g as well as
the raw fullerene mixture were evaporated on glass substrates and were investigated by UV /Vis
spectroscopy. The respective absorption coefficients were determined according to Equation
and are displayed in Figure[I0.2] For the sake of completeness, the absorption coefficient of the
donor material DIP is also shown.
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Figure 10.2.: Absorption coefficients of the donor DIP and the acceptor compounds Cgy, Crg
and the raw fullerene mixture.

The absorption onset of the buckminsterfullerene Cg is observed at 1.7 eV. Around this absorp-

tion threshold, optical transitions are very weak, because electric dipole transitions are forbidden
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due to symmetry considerations. [230] Moving away from the absorption threshold towards in-
creasing energy, the absorption coefficient becomes larger. The absorption peak at 2.7 eV is
attributed to dipole allowed electronic transitions between HOMO-1 — LUMO and HOMO —
LUMO-+1 states. [123] As fullerenes generally comprise a closed cage motif their fundamental
electronic structures qualitatively resemble one another. Accordingly, electronic transitions and
therewith, optical absorption of Cgy and Crq is similar. The absorption edge of Crqg is slightly
red-shifted due to the extended m-electron system. In particular, near the absorption edge the
absorption coefficient of C7q distinctly exceeds that of Cgg. This is due to the lower symmetry of
the former. The absorption coefficient of the raw fullerene mixture is strikingly similar to that
of Cgo concerning spectral shape and absolute values. The raw fullerene mixture was specified
to be comprised of a Cgp:Crg blend ratio of 3:1 including additionally 1 - 3 % of higher mass
fullerenes by mass spectrometry (not shown). However, the optical data of the corresponding
thin film appear to be solely determined by the absorption of Cgg. Due to the different molecular
masses of the contained fullerenes their sublimation temperatures vary considerably (see Section
and thus, it can be concluded that vacuum sublimation of the raw fullerene mixture yields

thin films predominantly comprised of Cgp.

The absorption onset of the HOMO — LUMO transition of the DIP donor material is observed at
2.1 eV. The local absorption maximum at 2.25 €V is clearly associated with vibronic progression
of the breathing mode equidistantly separated in energy by 0.18 + 0.01 €V. [41] The spectral
absorption is correlated to the so-called o-crystal structure of DIP, for which the molecules
adopt an almost upright standing position with respect to the substrate surface (see Section
. [141] The dipole moment p of the Sp — S; transition is oriented along the long molecular
axis of DIP. In turn, this results in weak coupling of the E-field vector E of the incident light to
this transition dipole moment, since the absorption probability is proportional to \/ﬁ . Hence,
the overall absorption of the transition Sqg — S; is weak in the o-crystal structure. Although
excellent transport properties were reported in literature for DIP/Cgg bilayer cells, yielding fill
factors higher than 70 %, the weak absorption in the visible spectral range constitutes a limiting
factor for the application of DIP in crystalline bilayer solar cells. [154,/174] However, for this
particular study the constraint is not considered detrimental, as the respective fullerene phase is
anticipated to provide the dominant contribution to the generated photocurrent, thus enabling
to verify the impact of the respective fullerene phase on the photovoltaic parameters directly.
Aiming to illustrate the role of the fullerene phase in photocurrent generation, the spectrally
resolved absorption coefficients were weighted with the solar spectrum at AM1.5G, considering
the respective layer thickness of the donor and acceptor material. [158] Under this simplified
approach, i.e. without consideration of interference effects and recombination losses, the fullerene
contribution is expected to yield approximately 70 % of the total generated photocurrent in
DIP/Cgp solar cells. Due to the stronger absorption of Czg, the photocurrent of DIP/Cy is
anticipated 80 % larger in comparison to DIP/Cgp.

Photoemission and inverse photoemission experiments on Cgy and Crg thin films revealed re-

markable similarities of both fullerenes with respect to the density of states and also to the
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absolute HOMO and LUMO energies with respect to the Fermi-level. However, minor differ-
ences are reported, i.e. the band gap of Cry is supposed to be slightly decreased by several
tens of meV in comparison to Cgo. [18] This observation was in good qualitative agreement
with theoretical calculations. [231] Due to these slight differences in frontier energy positions,
it has to be verified if this energetic disparity translates into enhanced trapping of excitons on
either fullerene phase in case of interlaced Cgg:Crg blends. For that purpose, spectrally resolved
photoluminescence measurements were carried-out on Cgg, Crp as well as Cgp:Crg thin films

evaporated on glass substrates. The corresponding PL spectra, using a 532 nm cw-laser for
excitation are shown in Figure [10.3
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Figure 10.3.: Spectrally resolved photoluminescence intensity utilizing a 532 nm cw-laser with
an incident intensity of 1.5 mW /cm? for excitation. Samples were comprised of 35
nm Cgg, C7g and Cgg:Crg thin films. Additionally, the sum of half of the PL of
both plain Cgy and Crg thin films was calculated.

Broad PL bands are observed between 1.50 eV and 1.85 eV for Cgg and Crq thin films. Evidently,
the PL of the higher mass fullerene Cyy exceeds the fluorescence of Cgg by approximately one
order of magnitude. For the co-evaporated Cgp:C7g (1:1) blend, a PL signal is obtained, which
is intermediate to that of both plain fullerene thin films.

Averaging the PL intensity of neat Cgg and Cr thin films with respect to the nominal 50:50
stoichiometric mixing ratio of the blended sample, i.e. calculating the arithmetic mean (PL¢,, +
PLc.,)/2, yields a PL signal (blue curve), which is quite similar in spectral shape and absolute
intensities compared to the PL signal of co-evaporated Cg:Crg (1:1) thin films (green curve),
for energies up to 1.7 eV. However, towards higher energies an evident mismatch is obtained
rendering the calculated PL higher than the experimentally observed PL of the co-evaporated
sample. Apparently, this discrepancy is most pronounced around 1.79 eV, i.e. in an energy

regime in which the PL signal is predominantly determined by the fluorescence of Crg. As-
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suming the existence of an efficient Forster-type energy transfer between both fullerene entities,
excited state populations are expected to equilibrate over time, since such an energy transfer
is anticipated to be faster than the competing radiative decay of excitons. [195] Furthermore,
these exciton populations on either fullerene phase instantaneously after photo-excitation are
determined by the respective absorption coefficient. For the utilized excitation wavelength of
532 nm the absorption coefficient of Cyo (ac,, = 14.3 uim) exceeds that of Cg (acy, = 6.0 u%)
by almost a factor of 2.5 (see Figure . Hence, qualitatively an energy transfer from Crq to
Ceo is expected to take place subsequent to the initial absorption process. By this effect, the
number of excitons on weakly photoluminescent Cgy molecules is increased and wvice versa, the
population of excited Cry molecules with a comparably strong PL is decreased. Therefore, the
smaller PL of co-evaporated Cgp:Cro (1:1) thin films in comparison to the calculated mean PL =
(PL¢g, + PLc.,)/2 is in good qualitative agreement with the hypothesis of an efficient resonant

energy transfer between both fullerene entities at room temperature.

10.3. Impact of Fullerene Composition Ratio on DIP/Cgy:C7¢ Solar
Cells

The existence of a resonant energy transfer, promoting exciton transport between the two
fullerene constituents in co-evaporated Cgo:Crg thin films at room temperature, can be con-
sidered a prerequisite for potential applications of Cgy:Cyg blends as acceptor phases in organic
photovoltaics. In this section, the focus is placed on the impact of a varying fullerene compo-
sition ratio on the resulting device characteristics of DIP/Cgy:Cro cells. For this purpose, in
Figure the EQFE data of a set of representative devices is displayed.

Comparing the respective absorption coefficients in Figure with the FQF data it becomes
evident, that the FQF and with it the generated photocurrent, predominantly originates from
the fullerene acceptor phase in plain DIP/Cgg reference bilayer cells, as expected from the
considerations in Section Solely a weak absorption shoulder at 550 nm can be assigned
to the donor material DIP. For DIP/Cyq bilayer cells, the EQFE is distinctly increased over the
entire absorption range, yielding a maximum EQFE of 50 % at 500 nm, exceeding that of 30 %
obtained for DIP/Cgg bilayer cells. This increase is attributed to the overall higher absorption of
C7p in comparison to the buckminsterfullerene Cgg. In accordance with the optical data shown
in Figure the EQFE is slightly red-shifted for DIP/Cyg cells in comparison to DIP/Cgyp,

resulting in a steep onset at 700 nm.

Verifying the impact of the mixed acceptor phase on the photovoltaic behavior, the Cgp:Cro
fullerene acceptor composition was systematically changed. For solar cells based on a Cgg:Crg
acceptor mixing ratio of 3:1, the FQF is intermediate to that of the respective bilayer reference
devices. Upon increasing the Crg content in the fullerene acceptor layer, the FQFE is successively

enhanced and finally adopts the shape of DIP/Cyq reference devices, as can be rationalized for
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Figure 10.4.: External quantum efficiencies of representative DIP/Cgy:Crp organic photovoltaic
cells, comprising different fullerene mixing ratios of the acceptor phase. Addition-
ally, the FQFE of a DIP /raw fullerene solar cell is displayed.

the solar cells based on a Cgy:Crp ratio of 1:3. Despite the non-identical energy levels of the
neat fullerene entities reported in literature, no enhanced trapping or recombination losses are

observed for solar cells based on mixed Cgo:Crg acceptor phases.

For photovoltaic cells comprising a raw fullerene acceptor layer the FQF is drastically reduced
over the entire spectral range in comparison to the DIP/Cgg reference devices, despite the fact,
that the absorption of the raw fullerene mixture slightly exceeds that of pure Cgy (see Figure
[10.2). As a result, for DIP/raw fullerene cells the maximum EQFE of 14 % measured at 550
nm is reduced by more than 50 % in comparison to DIP/Cgg cells. This decrease has to be
assigned to enhanced recombination losses caused by the presence of higher order fullerenes in
the raw fullerene mixture. In comparison to DIP/Cgg bilayer cells, the DIP donor contribution
to the EQFE seems to be almost unaffected in DIP/raw fullerene devices, whereas the fullerene
photocurrent contribution is distinctly reduced. This means that after dissociation of excitons
generated in the DIP donor layer into free charge carriers, the transport of the resulting electrons
within the fullerene phase to the electrodes seems not to be significantly restricted. Hence, it is
concluded that mainly the excitonic transport in the fullerene phase is distinctly deteriorated.
The HOMO energies of the higher order fullerenes Crg and Cgy are reported to be shifted by 0.5
eV towards higher energies in comparison to Cgg and Crg, whereas the LUMO energies remain
almost equal. |232,233] Accordingly, due to the specific energy level positions of the respective
individual acceptor constituents of the raw fullerene blend, electronic transport between the
different fullerene entities seems possible, whereas, with regard to excitonic transport, higher
order fullerenes may act as traps. Only 1 - 3 % of higher order fullerenes are present in the

initial raw fullerene composite, yet a smaller amount is anticipated in the processed raw fullerene
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thin film due to the higher sublimation temperature of these higher mass fullerenes (see Section
10.2)). Nevertheless, even impurity concentrations of 1079 - 1075 in polyacene single crystals are

reported to affect transport of excitons and charge carriers significantly. [234]

Finally the voltage-dependent j(V) characteristics were measured under AM1.5G standard il-
lumination conditions, in order to judge on the macroscopic device performance. The j(V)

characteristics are shown in Figure [10.5( and the deduced solar cell parameters are summarized

in Figure
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Figure 10.5.: j(V) curves of DIP/Cgp:Crg solar cells employing various compositions of the
fullerene acceptor blend. Moreover, the DIP/raw fullerene j(V) characteristics
are shown for comparison.

For DIP/Cgg bilayer solar cells a short circuit current density of 2.8 mA/cm? is obtained. A
defined correlation between the Cr7g content in the fullerene phase and js;. can be confirmed,
yielding a linear enhancement of the short circuit current density with increasing Cyq fraction.
This outcome is in qualitative agreement with the EQFE data shown above. Finally, for DIP/Cr
bilayer cells the short circuit current density is increased by 90 % to 5.2 mA /cm?. Remarkably,
this value is very close to the expected js. increase of 80 %, solely anticipated by weighting the
absorption coefficients with the layer thicknesses of the absorber materials and the solar spectrum
(see Section . The linear enhancement of j,. as a function of C7y content confirms that
no significant increase of recombination losses occurs in the co-evaporated fullerene acceptor
phases over the entire composition range under study. This outcome is corroborated by the
results obtained for the fill factor. Consistently high values between 53 % and 60 % are obtained
for this quantity, as illustrated in Figure The slight variation of the fill factor as a function
of the fullerene composition ratio is attributed to a change in the series resistance (see Table
10.1]). The series resistance of a solar cell is determined under open circuit conditions and the

parallel resistance under short circuit conditions. The series resistance of organic photovoltaic

113



cells is a complex quantity and factors determining Rs were discussed in more detail in Section
In this study, the change of the series resistance for the different solar cell configurations
is mainly associated with the utilization of the PEDOT:PSS hole transport layer. The work
function of PEDOT:PSS is very sensitive to the residual water content and with it, to the exact
preparation conditions (see Section . Since the hydrophilic PEDOT:PSS layer is spin-cast
under ambient conditions, the residual water content may vary. Therefore, a certain variation
of the hole injection barrier at the PEDOT:PSS/DIP interface is considered to affect the series
resistance of the solar cells and thereby, the fill factor. [115] As illustrated in Table the
parallel resistance of all DIP/Cg:C7y photovoltaic devices is conformably high, reflecting the

similar morphology for the different fullerene composition ratios, as evinced in Section [10.2}

| solar cell configuration | FF [%] | R [Qcm?] | R, [Qcm?] |

DIP/Cgp 56 36 1200
DIP/Cgo:Cro (3:1) 55 50 1300
DIP/C6()C70 (11) 60 24 1300
DIP/Cg0:Cro (1:3) 57 36 1100

DIP/Cr 52 49 1000
DIP /raw fullerene 49 168 2000

Table 10.1.: Fill factors F'F, series and parallel resistances, Rs and R, of DIP/Cgy:C79 and
DIP /raw fullerene solar cells.

As discussed in detail in Section the open-circuit voltage is associated with the energy
difference between the quasi Fermi-level splitting of the donor and acceptor material upon photo-
doping. [97] Frontier energy levels of Cgo and Cyg are reported to be very similar hence, the almost

unaffected V,. values are in good agreement with this model and with literature. [97}/175}227]

The increase of the power conversion efficiency as a function of Cyg content in the mixed fullerene
phase originates primarily from the enhanced short circuit current density. For neat bilayer solar
cells based on DIP/Cyg, the power conversion efficiency is increased to 2.4 % in comparison to
1.3 % for DIP/Cgq bilayer cells.

For the chosen ratios of Cgy:C7g fullerene composition, the formation of bi-continuous interpene-
trating networks composed of the two fullerenes between the D/A interface and the top-electrode
cannot be fully excluded. Such bi-continuous interpenetrating networks are schematically indi-
cated by the green and red line for the DIP/Cgy:C7o (1:1) solar cell in Figure In order to
analyze possible effects by such a structure, a different device design was compared. Instead of a
stochastically grown fullerene acceptor phase formed upon co-evaporation of both constituents,
an alternating stacked architecture was intentionally prepared by subsequently depositing neat
fullerene layers on top of each other. The device designs are also shown in Figure Ac-
cording to the thin film structural studies in Section by this approach an interpenetrating
network reaching from the D/A heterointerface to the Ag-electrode can be suppressed, allowing
for an evaluation of the electronic transport compatibility of both fullerenes at room temper-

ature. For the stacked architecture, the neat fullerene layer thicknesses were adjusted to 17.5
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Figure 10.6.: Solar cell parameters of DIP/Cgo:Cr¢ photovoltaic bilayer devices as function of
the relative Crg fullerene content in the acceptor phase. Solid lines represent guides
to the eye.

nm each, thus resembling the total fullerene layer thickness in the stochastically processed ref-
erence solar cells. Both potential layouts DIP/Cgy/Cro and DIP/Cr/Cgo were evaluated and
compared to DIP/Cgo:Crg cells. The corresponding j('V) characteristics are displayed in Figure
Apparently, for the different device architectures, no significant discrepancy in the pho-
tovoltaic parameters is observed. This finding illustrates and confirms the experimental proof
of general electronic and excitonic compatibility of Cgp and Cry at room temperature. Solely
a minor difference in the j('V) characteristics is observed around V,., yielding increased series
resistances in case of the stacked layer designs (Rs = 67 f2cm? for DIP/Cgo/Cro and R =
42 f2cm? for DIP/Cro/Cgo) in comparison to the stochastically processed reference solar cells
(Rs = 24 f2cm?). This increase in Rs may be associated with the possible variation of the
hole injection barrier at the PEDOT:PSS/DIP interface due to the sensitivity of the polymeric
hole conduction layer on the processing conditions (vide supra), but may also indicate a slightly

deteriorated transport across the fullerene/fullerene interface.

Finally, as shown in Figure for DIP /raw fullerene photovoltaic devices all solar cell pa-
rameters are distinctly reduced in comparison to solar cells comprised of purified fullerenes Cgg
and Crg. The short circuit current density is significantly diminished by 60 % to 1.2 mA /ecm? in
comparison to neat DIP/Cgo bilayer devices despite the fact, that the overall absorption is in-
creased in DIP /raw fullerene heterostructures (see Section[10.2). In the j('V) curve a pronounced

S-shape around V,. occurs, resulting in a high series resistance of 168 f2cm? and a fill factor
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Figure 10.7.: j(V) characteristics of deterministically stacked and stochastically co-evaporated
photovoltaic devices. The corresponding device architectures are displayed on the
right. The red and green line in the DIP/Cg:Cro (1:1) structure indicate a pos-
sible path in the interpenetrating network between the D/A interface and the
top-electrode composed of either fullerene. By employing a stacked architecture,
the formation of such interpenetrating networks is prevented.

of only 49 %. These findings are in good agreement with the EQFE data and clearly indicate,
that transport of photo-generated excitons is hindered in those photovoltaic devices. Besides,
Ve is decreased to 0.66 V, indicating the increased recombination due to the enhanced exciton

trapping.

Conclusion

In order to evaluate the need for highly purified fullerenes in organic photovoltaics, the impact
of a varying mixing ratio of co-evaporated fullerenes on the photo-physical characteristics of
DIP/Cgo:Cro photovoltaic cells was analyzed. A linear increase of js. as a function of C7g con-
tent was attributed to the enhanced absorption of the latter, yielding a short circuit current
density of 5.2 mA /em? for DIP/Cyg bilayer cells. This enhancement with respect to DIP/Cgg
solar cells was in almost perfect agreement with the anticipated photocurrent increase by weight-
ing the absorption coefficients with the layer thickness of the photo-active materials and the
solar spectrum. The linear increase of js. upon increasing Crg content over the entire composi-
tion range, together with the observation of an almost unaffected fill factor, gave evidence for
compatible electronic transport properties of both acceptor constituents under standard illu-
mination conditions at room temperature. Aiming to verify this hypothesis, a different solar
cell architecture was applied by evaporating both fullerenes on top of each other. The trilayer
configurations DIP /Cgy/Cro and DIP/Cro/Cgg were tested with respect to their photovoltaic be-
havior. As no significant variations of the photovoltaic properties were detectable in comparison
to DIP/Cgp:Crg solar cells, the latter being comprised of a stochastically mixed fullerene blend,

these results give evidence for the excitonic and electronic compatibility of both fullerenes at

116



room temperature. Therefore, the utilization of highly purified Cgp might be reconsidered since
prevalent synthesis procedures yield Crg as the most abundant impurity in Cgg. Instead, from
an economical point of view, Cgg and Crg fullerene mixtures should be used containing a high
content of the latter but only a minor amount of higher order fullerenes. Solar cells based on
DIP /raw fullerenes showed a distinctly deteriorated device performance, which was assigned in
particular, to increased exciton recombination losses. These losses are associated with energetic
trap states, introduced by traces of the higher order fullerenes in the raw blends. Therefore, the
exclusion of such higher mass fullerenes by suitable refinement techniques remains imperative

for potential high performance opto-electronic device applications.
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11. Summary

It was the scope of this work to gain a deeper understanding of the correlation between interface
energetics of molecular semiconductors in planar organic solar cells and the corresponding opto-
electronic characteristics. For this aim, different approaches were followed. At first, a direct
variation of donor/acceptor (D/A) interface energetics of bilayer cells was achieved by utilizing
systematically modified donor compounds. This change could be correlated to the macroscopic
device performance. At second, the impact of interface energetics was illustrated, employing
a more extended device architecture. By introducing a thin interlayer between a planar D/A
heterojunction, an energetic staircase was established. Exciton dissociation in such devices
could be linked to the cascade energy level alignment of the photo-active materials. Finally, two
different fullerene molecules Cgg and Crg were employed in co-evaporated acceptor phases. The
expected discrepancy in their electronic structure was related to the transport properties of the
corresponding organic photovoltaic cells (OPVCs). The fullerenes are created simultaneously in
common synthesis procedures. Next to the photo-physical relevance, the study was carried-out
to judge on the necessity of separating the components from each other by purification which
constitutes the cost-determining step in the total production costs. This Chapter summarizes

the key results of this thesis.

Impact of Gradual Fluorination on the Properties of F,ZnPc/Cg
Bilayer OPVCs

The energy differences between the frontier orbitals of donor and acceptor materials drive the
separation of photo-generated excitons into free charge carriers. Moreover, the energy difference
between the highest occupied molecular orbital (HOMO) of the donor and the lowest unoccupied
molecular orbital (LUMO) of the acceptor is associated with the open circuit voltage V,.. To gain
detailed insight into these correlations, tailoring of energy levels by chemical modification of one
of the photo-active materials provides a potential approach. Following this strategy, the effect
of successive fluorination on the photo-physical properties of fluorinated zinc phthalocyanine
FnZnPc thin films and F,ZnPc/Cgo (n = 0, 4, 8, 16) planar bilayer solar cells was analyzed. [175]

As was confirmed by ultraviolet photoelectron spectroscopy (UPS) measurements, frontier or-
bital energies are successively shifted towards lower energies upon increasing fluorination. The

HOMO energy of the perfluorinated homologue F14ZnPc is lowered by 1.7 eV with respect to the
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vacuum level in comparison to ZnPc. Complex electronic effects were observed upon deposition
of the Cgp phase. For heterostructures based on ZnPc/Cg and F4ZnPc/Cgy Fermi-level pinning
of the Cgp LUMO was evinced and concomitantly, the formation of an effective interface dipole
of 0.6 €V in case of ZnPc/Cg bilayers was ascertained by a shift of the secondary electron cut-off.
Hence, the assumption of a vacuum level matching at such organic heterojunctions is not gen-
erally valid. This means, a combination of energy levels from literature can only be considered
as a rough estimate, requiring detailed PES measurements for a comprehensive understanding
of the actual electronic structure of D/A interfaces. Importantly, the existence or absence of
Fermi-level pinning has crucial effects on the D/A interface energetics and thus, on the solar cell

parameters and on the performance.

Comparison of external quantum efficiency (EQFE) data revealed that in case of FgZnPc/Cgp the
energetic offsets at the D/A interface are just in the range of the exciton binding energies there-
fore, causing a distinct limitation of exciton dissociation into free charge carriers. In contrast,
efficient exciton dissociation could be demonstrated for ZnPc/Cgy and F4ZnPc/Cgg. In those
bilayer cells, the relevant energetic offsets between the HOMO energies AEgoyo and between
the LUMO energies AEryao at the D/A interface exceed the required exciton binding energies.
For the solar cell based on F14ZnPc/Cgp no energetic driving force for exciton splitting was
discernable. Consistently, spectrally resolved PL measurements showed that the F15ZnPc/Cg
interface is photo-inactive. Instead of exciton separation into free charge carriers, Cgy excitons
are transferred to the phthalocyanine layer by a Forster resonant energy transfer. Nevertheless,
a small but distinct photovoltaic response of both absorber materials could experimentally be
confirmed by the FQFE measurements. Therefore, a fundamentally different working mecha-
nism was proposed, assuming excitons to be dissociated at the MoOs/F16ZnPc interface. [193]
Moreover, the fullerene contribution to the photocurrent is substantially affected by a second
exciton dissociation mechanism which was thoroughly investigated in the course of the transient

absorption spectroscopy measurements (see below).

In comparison to ZnPc/Cgg reference cells, the j(V) characterization yielded an increase of the
open circuit voltage V. for F4ZnPc and FgZnPc based devices by 30 % and 50 %, respectively.
This increase was assigned to an increased effective band gap Ej .y and hence, to an enhanced
quasi Fermi-level splitting at the D/A interface. [97,100] The loss factor represents the energy
difference between Ey.ry and e - V.. For FgZnPc/Cgq bilayer cells a loss factor of 0.8 eV was
found, which is twice as high as for ZnPc/Cgy and F4ZnPc/Cgp based devices. This observation
was attributed to enhanced recombination taking place as a consequence of the insufficient
energetic offsets at the FgZnPc/Cg interface and counteracting exciton dissociation into free
charge carriers. Finally, for F16ZnPc/Cgg solar cells a V. of 0.41 V was obtained. In case of solar
cells comprising such a photo-inactive interface, the work function difference of the electrodes is

proven to determine V.
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Correlating D/A Interface Energetics of F,ZnPc/Cgy with Electronic

Dynamics

After correlating D/A interface energetics to macroscopic device characteristics of Fy,ZnPc/Cg
(n =0, 4, 8, 16) bilayer solar cells, the static picture was complemented by involving electronic
dynamics, accessed via ultrafast transient absorption spectroscopy (TAS). Upon excitation of
the fullerene phase at a pump wavelength of 480 nm, broad excited state absorption (ESA)
bands centered at 1050 nm were detected for F,,ZnPc/Cgy heterostructures and a Cgg reference
thin film, which could be assigned to Cgp~ anions. For all samples, dissociation of excitons into

free charge carriers was proven to occur on an ultrafast time scale within 150 fs.

A discernable impact of D/A interface energetics on the amplitude of the excited state absorp-
tion signal was confirmed yielding a higher population of electrons in the Cgy phase in case that
AEnomo exceeds the exciton binding energy Epingcy,. Accordingly, these changes were in par-
ticular attributed to reduced recombination of Cgg excitons. These findings qualitatively concur
with the fullerene contribution in the FQF data of the bilayer solar cells. Autoionization and
subsequent dissociation of CT excitons into free charge carriers were demonstrated to contribute
to these ESA signals. The charge generation process intrinsic to the fullerene is expected to take
place throughout the Cgg layer in all samples. Comparison of the ESA signals of the plain Cgg
reference thin film and the FgZnPc/Cgy and the F14ZnPc/Cgp heterojunctions revealed, that
this charge carrier generation mechanism predominantly determines the fullerene FQFE contri-
bution in the corresponding bilayer cells. Assuming a similar autoionization contribution to the
EQF in all bilayer devices enables to judge on the additional impact on the photocurrent gen-
eration by the respective exciton dissociating D/A heterojunction. Accordingly, for ZnPc/Cg
(F4ZnPc/Cgp) bilayer solar cells, approximately 60 % (75 %) of the generated photocurrent is
caused by charge carrier generation at the D/A interface and 40 % (25 %) originates by exciton

splitting within the fullerene phase as a consequence of autoionization.

Importantly, subsequent to exciton dissociation into free charge carriers, recombination dynamics
are unaffected by the D/A interface energetics on the investigated time scale of up to 500 ps,
illustrating that non-geminate recombination at the D/A interface is not the dominant process
which limits the device performance. Instead, recombination of free charge carriers is presumed
to occur uniformly throughout the acceptor layer. ESA decay dynamics could be fitted by a
biexponential function with the related time constants 71 = 3.8 & 0.5 ps and 79 = 37 £ 10 ps.
According to a first rough estimation of the charge carrier diffusion lengths, the former decay
constant can be tentatively attributed to recombination at homogenously distributed electronic
trap states within the band gap of Cgp, whereas the latter is assigned to recombination at the

Cgo/air boundary.
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Energy Cascades as a New Concept to Improve Charge Carrier
Generation in OPV

Next to affecting D/A interface energetics directly by chemical modification of an absorber ma-
terial, aiming for manipulating quasi Fermi-level splitting and exciton dissociation alike, another
conceptual approach was evaluated in this thesis, highlighting the crucial role of energy level
alignment for the opto-electronic characteristics of organic photovoltaic cells. By the insertion of
thin interfacial layers between planar donor/acceptor heterointerfaces, energetic cascades were
established. For that purpose energy levels of the interfacial layers are required to be interme-
diate to those of the donor and acceptor material. As a result, such energetic staircases are
associated with improved exciton dissociation into free charge carriers. This generic concept

was illustrated by two different trilayer material combinations.

Low molecular weight diketopyrrolopyrroles (D1 - D3) were intentionally synthesized, differing
in the electron deficiency of their terminal aryl units. As a consequence, a defined variation of
their frontier orbital energies was achieved, i.e. energy levels are shifted by 160 meV towards
lower energies for D3 with respect to D1. Taking advantage of the energy level variation, these
materials were employed in combination with the acceptor Cgg in cascade OPVCs. Establishing
cascade energy level alignment by utilizing a donor compound and a suitable derivative thereof
was reported for the first time. [136] By introducing a sub-monolayer of D3 at the D1/Cgg
interface, an increase of the short-circuit current density js. by 80 % to 2.5 mA/cm? could
be achieved with respect to plain D1/Cgy bilayer cells. EQFE measurements disclosed that
this enhancement is associated with an increase, in particular, of the fullerene photocurrent
contribution. After photo-generation of excitons in Cg, these excitons can diffuse to the D3/Cg
interface to form bound CT states. Due to the particular energy level alignment, the adjacent
D1 interface is assumed to destabilize these CT states and thereby, facilitate the generation
of free charge carriers. Moreover, the improved dissociation mechanism may be supported by
delocalization of the holes via a wave function spread-out across the D1/D3 interface into the D1
donor phase. For thicker interfacial layers, the gain in j,. decreased. In case the interlayer was
comprised of several monolayers, the second interface can be considered separated on molecular

length scales. Hence, the energetic staircase is limited in facilitating exciton dissociation.

The concept of energy cascades was also applied to the high performance material combination
DBP/C7y. Due to the feasibility of tailoring energy levels by gradual fluorination of zinc ph-
thalocyanine (vide supra), an energetic staircase could be implemented by the choice of FgZnPc
as interlayer material. [175] As a consequence of employing a sub-monolayer of the fluorinated
zinc phthalocyanine in DBP/FgZnPc/Crg cascade cells, solar cell parameters were distinctly
improved. The best results were obtained for an intermediate layer thickness of 5 A, yielding a
power conversion efficiency of 3.7 % compared to 2.2 % for the reference DBP/Cyq bilayer cell.
Concerning organic cascade cells with thin interfacial dissociation layers, this outcome is among

the best results reported in literature. [92,93]
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These results demonstrate the crucial role of interface energetics at organic/organic heteroint-
erfaces for OPVCs. Next to scientific relevance, these findings are also of great significance with
respect to technical applications. By implementing a single additional processing step, recombi-
nation losses can be specifically targeted in planar heterojunction OPVCs, thus improving their

overall performance.

Excitonic and Electronic Compatibility of Mixed Cgy:C7¢9 Acceptor

Layers

In standard fullerene synthesis procedures, Cgo and Crg are generated simultaneously at a 3:1
ratio including additionally 1 - 3 % of higher mass fullerenes in raw blends. The total material
costs of the individual compounds are determined by the subsequent purification steps, i.e. by
the separation of the constituents from each other. Since energy levels of both, Cgg and Cg are
reported almost identical, the necessity of purification from a cost-efficient point of view was

under investigation. [1§]

To this end, the effect of a varying Cgp:C7g acceptor mixing ratio on the performance of
DIP/Cgo:Cro planar organic solar cells was analyzed. Device parameters, such as V,. and FF,
remained almost constant as a function of the Cry content in co-evaporated fullerene phases. In
contrast, the j(V) characteristics showed a linear increase of js., which was attributed to the
higher absorption of C7g in comparison to Cgy. The presence of a Forster-type transfer allows
for efficient energy transport between both fullerene components within Cgp:Crg blends at room

temperature, as was confirmed by complementary spectrally resolved PL. measurements.

Aiming to exclude the occurrence of interlaced Cgy and Crg networks bridging donor material and
the cathode in cells comprising a blended fullerene acceptor phase, a stacked acceptor Cgg/Cro
design of identical thickness was chosen. Comparison of solar cell characteristics showed no
significant discrepancy for the different device architectures, giving experimental proof for the

excitonic and electronic compatibility of both fullerene compounds at room temperature.

Owing to the different sublimation temperatures related to their respective molecular masses,
purification of fullerenes by e. g. gradient sublimation yields Cvy as the most abundant “im-
purity” of Cgo. Hence, in terms of cost considerations, instead of highly purified Cgy acceptor
layers, a Cgp:Crg fullerene mixture ought to be targeted. Concerning device performance this
mixture should be comprised of a high content of the latter, because of its superior absorption.
Additionally, DIP /raw fullerene solar cells were tested for the purpose of specifying the effect of
higher order fullerenes on the device performance. All solar cell parameters were significantly
reduced in these devices, which was attributed to increased excitonic recombination losses due to
trap states introduced by the higher mass fullerenes within the blend. Accordingly, an exclusion
of these higher mass fullerenes is still imperative for high performance applications of Cgy and

C7o in organic electronics.
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Final Remarks

In this thesis the impact of interface energetics in planar organic solar cells on the corresponding
opto-electronic device characteristics was under investigation. Versatile possibilities, in particu-
lar the use of energetically tailored donor molecules or the implementation of energetic staircases
by introducing thin interfacial layers between the respective D/A heterostructure were demon-
strated aiming to systematically change the interface energetics and thus, the performance of
the functional units. Fundamental processes such as the quasi Fermi-level splitting at the D/A
interface, the dissociation of CT excitons into free charge carriers and their associated recom-
bination dynamics could be correlated with the frontier orbital energies at the D/A junction.
Thereby, these studies provide a deeper understanding of complex photo-physical effects occur-
ring on microscopic length scales and allow further optimization of opto-electronic devices based

on small molecule semiconductors.
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12. Zusammenfassung

Es war das Ziel dieser Arbeit, ein tieferes Verstdndnis der Beziehung zwischen der Energetik
molekularer Halbleitergrenzflichen in planaren, organischen Solarzellen und den daraus resul-
tierenden opto-elektronischen Bauteileigenschaften zu gewinnen. Zu diesem Zweck wurden ver-
schiedene Ansétze verfolgt. Zum einen wurde eine Verdnderung der Donator/Akzeptor (D/A)
Grenzflaichenenergetik in Bilagen-Solarzellen durch die Verwendung verschieden fluorierter Do-
natorverbindungen erreicht. Zum anderen wurde der Einfluss der Grenzflichenenergetik auf die
photo-physikalischen Prozesse anhand einer geéinderten Bauteilarchitektur aufgezeigt. Durch das
Einbringen einer diinnen Schicht an der D/A Heterogrenzfliche wurde eine energetische Kas-
kade realisiert. In diesen Solarzellen konnte die Exzitonendissoziation mit der Anpassung der
Kaskaden-Energieniveaus der molekularen Halbleiter in Verbindung gebracht werden. Abschlie-
Bend wurden zwei unterschiedliche Fullerenmolekiile in ko-verdampften Akzeptorphasen einge-
setzt. Der vermeintliche Unterschied in ihrer elektronischen Struktur wurde anhand der Trans-
porteigenschaften der organischen photovoltaischen Zellen analysiert. In herkémmlichen Syn-
theseansétzen werden die beiden Fullerene gleichzeitig gebildet. Neben der photo-physikalischen
Relevanz wurde die Studie durchgefiihrt, um die Notwendigkeit einer Trennung der beiden Ver-
bindungen fiir das Leistungsverhalten opto-elektronischer Bauteile zu beurteilen, da dieser Auf-
reinigungsschritt der Kosten-bestimmende Prozess bei den gesamten Materialkosten darstellt.

Dieses Kapitel fasst die wichtigsten Resultate dieser Arbeit zusammen.

Der Einfluss sukzessiver Fluorierung auf die Eigenschaften von

F.ZnPc/Cgy Bilagen-Solarzellen

Die Energiedifferenz der jeweiligen Molekiilorbitale an der D/A Grenzfliche organischer photo-
voltaischer Zellen (OPVZs) ermoglicht die Dissoziation der Exzitonen in freie Ladungstréger.
Zudem wird die Energiedifferenz zwischen dem hochsten besetzen Molekiilorbital (Englisch: hig-
hest occupied molecular orbital, HOMO) des Donators und dem niedrigsten unbesetzten Mole-
kiilorbital (Englisch: lowest unoccupied molecular orbital, LUMO) des Akzeptors mit der offenen
Klemmspannung (Englisch: open circuit voltage, V,.) in Verbindung gebracht. Um Einsicht in
diese Beziehungen zu erlangen, ist die gezielte Beeinflussung der Energieniveaus mittels che-
mischer Modifikation eines der molekularen Halbleitermaterialien eine vielversprechende Stra-

tegie. Diesem Ansatz folgend wurde der Einfluss einer sukzessiven Fluorierung auf die photo-
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physikalischen Eigenschaften von F,ZnPc Dinnschichten und F,ZnPc/Cgg (n = 0, 4, 8, 16)

Bilagen-Solarzellen untersucht.

Wie mittels Ultraviolettphotoelektronenspektroskopie-Messungen (UPS) gezeigt werden konnte,
werden infolge zunehmender Fluorierung die Molekiilorbitale stufenweise zu niedrigeren Energien
verschoben. Im Vergleich zu ZnPc ist das HOMO des perfluorierten Phthalocyanins F1ZnPc mit
Referenz zum Vakuumniveau um 1,7 eV zu niedrigeren Energien verschoben. Bei anschlieffender
Abscheidung der Cgy Phase wurden komplexe elektronische Effekte beobachtet. So konnte fiir die
Heterostrukturen, basierend auf ZnPc/Cgy und F4ZnPc/Cgg, ein Fermi-Niveau Pinning des Cg
LUMOs nachgewiesen werden. Gleichzeitig wurde die Ausbildung eines effektiven Grenzflichen-
dipols im Fall von ZnPc/Cgy beobachtet, der anhand der Verschiebung der Sekundérelektronen-
Kante zu 0,6 eV bestimmt werden konnte. Daher ist die Annahme eines gemeinsamen, energetisch
angepassten Vakuumniveaus an derartigen Organik /Organik-Grenzflichen im Allgemeinen nicht
gerechtfertigt. Dies wiederum bedeutet, dass eine Kombination von Energieniveaus verschiede-
ner Materialien nach ihren jeweiligen Literaturwerten nur eine grobe Abschétzung darstellen
kann. Fiir eine tatsichliche Erfassung der elektronischen Struktur am D/A Ubergang sind daher
Photoelektronenspektroskopie-Studien unabdingbar. Die Existenz beziehungsweise das Ausblei-
ben des Fermi-Niveau Pinnings haben mafigeblichen Einfluss auf die Grenzflachenenergetik und

damit auf die Leistungskenndaten der entsprechenden Solarzellen.

Im Fall der FgZnPc/Cgg Solarzelle liegen die energetischen Absténde der jeweiligen HOMO und
LUMO Energien im Bereich der Exzitonenbindungsenergien. Dies hat zur Folge, dass die Exzi-
tonendissoziation in freie Ladungstréiger limitiert ist, wie in den entsprechenden Messungen der
externen Quanteneffizienz (EQF) gezeigt werden konnte. Im Gegensatz dazu, konnte eine effizi-
ente Trennung der Exzitonen fir die Solarzellen auf Basis von ZnPc¢/Cgy und F4ZnPc/Cgp nach-
gewiesen werden. In diesen Bilagen-Zellen iibersteigen die relevanten energetischen Abstédnde
zwischen den HOMO Niveaus AFEpoyo und den LUMO Niveaus AEryao an der D/A Grenz-
fliche die jeweiligen Exzitonenbindungsenergien. Fiir die Solarzelle auf Basis von Fi6ZnPc/Cgo
ist keine energetische Triebkraft fiir die Trennung der photo-generierten Exzitonen vorhanden.
Spektral aufgeloste Photolumineszenz (PL) Messungen haben gezeigt, dass die F16ZnPc/Cgg
Grenzfliche photo-inaktiv ist, das heiflt, dass eine Exzitonendissoziation in freie Ladungstriger
an dieser Grenzfliche nicht stattfindet. Nichtsdestotrotz konnte in den FQFE Messungen eine
schwache, aber dennoch nachweisbare photovoltaische Antwort detektiert werden. Daher wur-
de eine grundlegend verschiedene Funktionsweise dieser Solarzelle vorgeschlagen. Exzitonen, die
in Cgo generiert werden, konnen iiber einen Forster-Resonanzenergietransfer auf die FigZnPc-
Schicht iibertragen werden. Im Anschluss daran ist aufgrund der beteiligten Energieniveaus eine
Trennung dieser Exzitonen an der MoO3/Fi6ZnPc Grenzfliche moglich. [193] Auerdem wird
der Beitrag des Fullerens zum Photostrom durch einen zweiten Mechanismus beeinflusst, wie im

Zuge der transienten Absorptionsmessungen (siehe unten) gezeigt werden konnte.

Im Vergleich zu den ZnPc/Cgy Referenzsolarzellen ergab die j(V)-Charakterisierung der
F4ZnPc/Cgp und FgZnPc/Cgy basierten Zellen eine Zunahme der offenen Klemmspannung um

126



30 % beziehungsweise 50 %. Diese Erhohung wurde der groBeren effektiven Bandliicke Eg . r¢
zugeschrieben und damit einer Vergroflerung der quasi-Fermi-Niveau Aufspaltung an der D/A
Grenzfliche. Die Verlustenergie, die sich aus der Differenz zwischen E,.rr und e -V, ergibt,
wurde fiir die FgZnPc/Cgo Bilagen-Zellen zu 0,8 eV ermittelt. Damit iibersteigt diese jene der So-
larzellen auf Basis von ZnPc/Cgy und F4ZnPc/Cgp um einen Faktor zwei. Dieses Ergebnis wurde
erhohten Rekombinationsverlusten zugesprochen, die infolge der unzureichenden energetischen
Triebkraft an der D/A Grenzfliche entstehen. Fiir Solarzellen auf der Basis von Fi5ZnPc/Cg
wurde eine offene Klemmspannung von 0,41 V ermittelt. In diesem Fall wird V,. durch den
Unterschied der Austrittsarbeiten der beiden Elektroden bestimmt.

Korrelation zwischen der D/A Grenzflachenenergetik und der

elektronischen Dynamik

Nach der Betrachtung der makroskopischen Bauteileigenschaften von F,,ZnPc/Cgp (n = 0, 4, 8,
16) Bilagen-Solarzellen im Gleichgewichtszustand wurde das stationdre Bild durch dynamisch
ablaufende elektronische Prozesse erweitert. Zugang zu diesen Prozessen wurde mittels der ul-
traschnellen transienten Absorptionsspektroskopie (TAS) erlangt. Infolge der Photo-Anregung
der Fullerenphase mit einer Wellenlénge von 480 nm konnten breite Absorptionsbanden der an-
geregten Zustande (Englisch: excited state absorption, ESA) im Bereich von 1050 nm fiir alle
FnZnPc/Cgo Heterostrukturen und eine Cgy Referenz-Diinnschicht nachgewiesen werden. Diese
Absorptionsbanden angeregter Zustdnde konnten Cgp~ Anionen zugeordnet werden. Dabei findet
die Dissoziation der Exzitonen in freie Ladungstriger auf einer ultraschnellen Zeitskala innerhalb
von 150 fs statt.

Es konnte ein deutlicher Einfluss der D/A Grenzfldchenenergetik auf die Amplitude des jewei-
ligen ESA Signals nachgewiesen werden. Fiir den Fall, dass AEgono die Exzitonenbindungs-
energie der Cgg Exzitonen Epinqcy, iibersteigt, war eine groere Anzahl freier Elektronen in der
Ceo Lage festzustellen. Diese Resultate stimmen qualitativ mit dem Beitrag der Fullerenphase
der jeweiligen Solarzellen in den EQE Messungen iiberein. Es konnte gezeigt werden, dass die
Autoionisation und anschliefende Dissoziation der Ladungstransfer (Englisch: charge transfer,
CT) Exzitonen in freie Ladungstrager zur Ausbildung der ESA Signale beitragen. Dieser intrin-
sische Ladungstriagergenerationsprozess findet in allen Proben unabhéngig von der Gegenwart
eines trennenden D/A Heteroiibergangs statt. Der Vergleich der ESA Signale der reinen Cg
Dinnschicht mit denen der FgZnPc/Cgp und der Fi6ZnPc/Cgy Heterostrukturen verdeutlich-
te, dass dieser Ladungstrigergenerationsprozess den dominanten Beitrag der Fullerenphase zur
EQEFE in den entsprechenden Bilagen-Solarzellen liefert. Unter der Annahme, dass die Ladungs-
tragergeneration infolge von Autoionisation in allen Bilagen-Solarzellen dhnlich stark ausgepragt
ist, kann der zusétzliche Beitrag durch die Exzitonen-trennenden D/A Heteroiibergénge auf
die EQF bei einer exemplarischen Wellenldnge von 480 nm abgeschitzt werden. Im Fall von
ZnPc/Cgp (F4ZnPc/Cgp) Bilagen-Solarzellen werden etwa 60 % (75 %) des Photostroms durch
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Ladungstragergeneration am D/A Heteroiibergang erzeugt und 40 % (25%) entstehen durch

Exzitonentrennung als Folge von Autoionisation innerhalb der Cgp Schicht.

Im Anschluss an die Exzitonendissoziation in freie Ladungstrager ist die Rekombinationsdyna-
mik fiir alle Proben auf der untersuchten Zeitskala von bis zu 500 ps unbeeinflusst von der D/A
Grenzflachenenergetik. Dies verdeutlicht, dass nicht-geminale Rekombination an der D/A Grenz-
fldche nicht der limitierende Faktor fiir die Leistungsfahigkeit der untersuchten Heterostrukturen
ist. Stattdessen ist davon auszugehen, dass die Rekombination freier Ladungstrager gleichméafig
iiber die Fullerenschicht verteilt stattfindet. Die Dynamik des ESA Signals konnte mit einer
biexponentiellen Funktion gefittet werden. Die zugehorigen Zeitkonstanten betrugen m = 3.8 +
0,5 ps und 75 = 37 £+ 10 ps. Unter Beriicksichtigung der damit einhergehenden Diffusionsldngen
konnte die 71-Komponente Rekombinationsverlusten zugeordnet werden, die infolge elektron-
ischer Fallenzustinden in der Bandliicke von Cgg vorliegen, entstehen. Die Zeitkonstante 7o

hingegen wurde Verlustprozessen an der Grenzfliche Cgo/Luft zugeschrieben.

Energie-Kaskaden als Konzept zur Verbesserung der

Ladungstragergeneration in OPVZs

Neben dem Ansatz, die D/A Grenzflachenenergetik durch chemische Modifikation eines der Ab-
sorbermaterialien zu verdndern, um sowohl die quasi-Fermi-Niveau Aufspaltung als auch die
Exzitonendissoziation in freie Ladungstriger gezielt zu beeinflussen, wurde eine weitere konzep-
tionelle Vorgehensweise verfolgt, welche die entscheidende Rolle der Energieniveaulagen an der
D/A Grenzflache fiir die opto-elektronischen Eigenschaften organischer Solarzellen verdeutlicht.
Durch das Einbringen einer Monolagen dicken Schicht zwischen der D/A Grenzfliche wurden
so genannte Energie-Kaskaden erzeugt. Entscheidend fiir die Ausbildung einer solchen Energie-
Kaskade ist, dass die Energieniveaus der Zwischenschicht zwischen jenen des Donators und
des Akzeptors liegen. Im Vergleich zu Bilagen-Solarzellen werden Kaskadenzellen mit einer
hoheren Konzentration an Ladungstrigern infolge einer verbesserten Exzitonendissoziation in
Verbindung gebracht. Dieses allgemeine Konzept wurde anhand zweier Materialkombinationen

untersucht.

Diketopyrrolopyrrol-Pigmente (D1 - D3) mit geringer molekularer Masse wurden derart syn-
thetisiert, dass sie sich in der Elektronenverteilung ihrer &ufleren Arylgruppe unterscheiden. In-
folgedessen konnte eine definierte Verdnderung der Energieniveaus erreicht werden. So wurden
im Vergleich zu D1 das HOMO und LUMO Niveau fiir D3 um 160 meV zu niedrigeren En-
ergien verschoben. Die Abstufung der energetischen Positionen der Energieniveaus ausnutzend,
wurden diese Diketopyrrolopyrrol-Pigmente in Kombination mit dem Elektronenakzeptor Cgg
in Kaskadensolarzellen verwendet. Erstmalig wurde in dieser Studie eine Energie-Kaskade real-
isiert, indem ein Donatormaterial und dessen Derivat verwendet wurden. [136] Im Vergleich zu

D1/Cgo Referenzsolarzellen konnte durch das Einbringen einer Sub-Monolage aus D3 zwischen
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die D1/Cgp Grenzflache die Kurzschlussstromdichte (Englisch: short circuit current density, jsc)
um 80 % auf 2,5 mA/cm? gesteigert werden. EQE Messungen zeigten, dass der Zugewinn in
der Photostromdichte insbesondere auf eine Steigerung des Beitrags durch die Fullerenschicht
zuriickzufithren ist. In Cgg erzeugte Exzitonen kénnen innerhalb ihrer Lebensdauer an die
D3/Cgp Grenzflache diffundieren und dort gebundene CT Zustédnde ausbilden. Aufgrund der
speziellen Positionen ihrer Energieniveaus kann die D1 Grenzflache, die sich in unmittelbarer
Néhe befindet, diese CT Zustédnde destabilisieren und somit die Generation freier Ladungstriger
verbessern. Fiir dickere Zwischenschichten geht der Zugewinn der Photostromdichte zurtick. Im
Falle, dass die D3 Zwischenschicht aus mehreren Monolagen besteht, konnen die aus dem D3/Cg
Kontakt gebildeten CT Zustédnde als rdumlich getrennt von der D1 Grenzfliche angenommen
werden. Daher ist die Wirkung der Energie-Kaskade begrenzt und kann die Exzitonendissozia-

tion in freie Ladungstriger nicht mehr effektiv unterstiitzen.

Das Konzept der Energie-Kaskaden wurde anschlieBend auf die leistungsfihigere Materialkom-
bination DBP/Crq iibertragen. Aufgrund der Moglichkeit die Energieniveaus der Zinkphthalo-
cyanine gezielt durch Fluorierung zu verédndern (siche oben), konnte eine Energie-Kaskade ver-
wirklicht werden, indem FgZnPc als Zwischenschicht gewéhlt wurde. [175] Bei Verwendung einer
Zwischenschicht im Sub-Monolagen Bereich in DBP/FgZnPc/Cry Kaskadenzellen konnten die
Solarzellenparameter deutlich verbessert werden. Die besten Resultate wurden fiir eine Zwis-
chenschichtdicke von 5 A erzielt, fiir die der Wirkungsgrad im Vergleich zu DBP/Cry Ref-
erenzzellen von 2,2 % auf 3,7 % gesteigert werden konnte. Fir organische Kaskadenzellen, in
denen diinne molekulare Zwischenschichten eingesetzt werden, sind diese Resultate unter den
besten, die bisher in der Literatur berichtet wurden. [92,93]

Diese Ergebnisse zeigen deutlich, welche mafigebliche Rolle die Energetik an Organik/Organik-
Grenzflachen fiir die Parameter und das Leistungsverhalten organischer photovoltaischer Zellen
einnimmt. Neben dem wissenschaftlichen Interesse an den mikroskopischen Prozessen, sind
diese Resultate auch von wesentlicher Relevanz fiir die technische Realisierung leistungsfahiger
organischer Solarzellen. Durch die Einfithrung eines einzelnen, einfach zu implementieren-
den Prozessierungsschrittes, konnen Rekombinationsverluste in planaren organischen Solarzellen

gezielt verringert und somit deren Leistungsfdhigkeit erheblich verbessert werden.

Untersuchung der Transportkompatibilitat gemischter Cgy:Cyg
Akzeptorschichten in OPVZs bei Raumtemperatur

Etablierte Fulleren-Synthesen ergeben eine Roh-Fullerenmischung bestehend aus Cgp und Crg
in einem Verhéltnis von 3:1, sowie zusétzlich 1 - 3 % Fullerene hoherer molekularer Masse. Die
Gesamtmaterialkosten der einzelnen Verbindungen werden durch die Aufreinigung bestimmt,
das heif3t, durch die Trennung der einzelnen Komponenten voneinander. Da in UPS Messungen

gezeigt werden konnte, dass die Energieniveaus von Cgyp und Crg nahezu identisch sind, wur-
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de die Notwendigkeit einer Aufreinigung im Hinblick auf den Effekt auf die photovoltaischen

KenngroBen untersucht. [18]

Hierfiir wurde der Einfluss eines unterschiedlichen Cgg:C79 Akzeptor-Mischungsverhéltnisses auf
die Leistungskenndaten planarer DIP/Cg(:Cr¢ Solarzellen analysiert. Die Solarzellenparameter
offene Klemmspannung V,. und Fillfaktor FF' erwiesen sich als nahezu unabhéngig von dem
jeweiligen Cro-Anteil in der ko-verdampften Fullerenphase. Im Gegensatz dazu zeigte die j(V)-
Charakterisierung einen linearen Anstieg von js. mit der Crg Konzentration. Dieser Anstieg
wurde der héheren Absorption von Crg im Vergleich zu Cgg zugeordnet. Wie durch komplemen-
tare, spektral aufgeloste PL Messungen verdeutlicht werden konnte, ermdéglicht ein resonanter
Energietransfer einen effizienten Transport der Anregungsenergie zwischen den beiden Fullerenen

bei Raumtemperatur.

Um den Einfluss interpenetrierender Netzwerke aus Cgg und Crg in ko-verdampften Fulleren-
phasen zu unterdriicken, welche das Donatormaterial direkt mit der Kathode verbinden kénnen,
wurde die Akzeptorphase bei identischer Gesamtschichtdicke als Cgo/Crp Schichtstapel aufge-
bracht. Der Vergleich der Solarzellenparameter zeigte keinen signifikanten Unterschied fiir die
verschiedenen Bauteilarchitekturen, wodurch der experimentelle Nachweis einer exzitonischen
und elektronischen Kompatibilitdt zwischen den beiden Fullerenen bei Raumtemperatur erbracht

wurde.

Aus den unterschiedlichen molekularen Massen der jeweiligen Fullerene resultieren verschiedene
Sublimationstemperaturen. Die Aufreinigung einer Roh-Fullerenmischung mittels Gradienten-
sublimation ergibt Cry als hdufigste ,Verunreinigung” von Cgg. Unter Kostengesichtspunkten
sollte daher anstelle von hochaufgereinigtem Cgg eine Cgo:Crg Akzeptormischung angestrebt
werden. Im Hinblick auf die Solarzelleneigenschaften sollte diese Mischung aufgrund der héhe-

ren Absorption einen moglichst groflen Anteil an Crg aufweisen.

Zusétzlich wurden Solarzellen auf Basis von DIP und der Roh-Fullerenmischung hergestellt und
opto-elektronisch untersucht, um den Einfluss von Fullerenen héherer molekularer Masse auf die
Bauteileigenschaften zu analysieren. Alle Solarzellenparameter zeigten sich deutlich verschlech-
tert. Dieses Verhalten wurde erhohten exzitonischen Rekombinationsverlusten zugeordnet, die
sich infolge von zusétzlichen Fallenzustdnden ergeben. Diese Fallenzustdnde werden durch die
Fullerene hoherer molekularer Masse aufgrund deren energetischer Lage innerhalb der Cgy bzw.
C7o Bandliicke im Bauteil erzeugt. Daher ist eine Separation dieser Fulleren-Komponenten fiir
die Anwendung von Cgg und Crg als Akzeptoren in organischen, elektronischen Bauteilen mit

hoher Leistungsfdhigkeit unabdingbar,

AbschlieBende Bemerkungen

In dieser Arbeit wurde der Einfluss der Grenzfldchenenergetik zwischen den molekularen Halb-

leiterschichten planarer Solarzellen auf die opto-elektronischen Eigenschaften der Bauteile unter-
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sucht. Vielseitige Mo6glichkeiten wurden aufgezeigt, um die Grenzflachenenergetik systematisch
zu variieren, wie zum Beispiel die Verwendung chemisch modifizierter, energetisch mafigeschnei-
derter Donatormolekiile, oder die Implementierung eines neuen Bauteilkonzepts, bei dem Ener-
giekaskaden durch das Einbringen diinner Zwischenschichten an der jeweiligen D/A Grenzflache
realisiert wurden. Grundlegende Prozesse, wie die quasi-Fermi-Niveau Aufspaltung an der D/A
Grenzfliche, die Trennung von CT Exzitonen in freie Ladungstridger und deren dynamisches
Rekombinationsverhalten konnten somit gezielt untersucht und mit der Grenzflichenenergetik
korreliert werden. Damit haben diese Studien zum grundlegenden Verstdndnis komplexer, auf
molekularer Ebene ablaufender, photo-physikalischer Effekte beigetragen und liefern wichtige
Erkenntnisse fiir die zukiinftige Leistungsoptimierung molekularer opto-elektronischer Funkti-

onseinheiten.
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