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Untersuchung des Ladungstransports in organischen Halbleitern
mittels Kelvin Rastersondenmikroskopie — Im Rahmen dieser Doktor-
arbeit wurde der Potentialverlauf innerhalb organischer Solarzellen untersucht.
Dazu wurde in die Zellen ein wenige Mikrometer grofles Loch mit einem fokus-
sierten Ionenstrahl gefrist, so dass der Querschnitt der Zellen fiir Raster-Kelvin
Mikroskopie (SKPM) zugénglich wurde. SKPM Messungen unter Beleuchtung und
unter angelegter elektrischer Spannung wurden mit diesem Verfahren an Solarzel-
len aus Poly(3-hexylthiophen) (P3HT) und [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) durchgefiihrt. In Solarzellen, in denen die Materialien in einer Zwei-
schichtstruktur aufgebracht sind, fallt eine angelegte Spannung zwischen P3HT und
Anode und tiber der gesamten organischen Schicht ab. In einer Zelle mit interpe-
netrierendem Schichtsystem (bulk heterojunction) findet der Potentialabfall bei
angelegter Spannung am Kontakt zur Anode und am Kontakt zur Kathode statt.
Invertiert man die Solarzellen durch Anderung der Kontaktmaterialien, so kann kein
Potentialabfall an den Kontakten beobachtet werden, sondern das gesamte Potential
fallt iiber der organischen Schicht ab. Daraus ldsst sich schlieen, dass invertierte
Kontakte fiir diese Morphologie des interpenetrierenden Systems bevorzugt sind. Es
konnte weiterhin gezeigt werden, dass die offene Klemmspannung am selben Ort
abfillt wie eine von auflen angelegte Spannung. SKPM Messungen wurden zudem an
Solarzellen mit S-férmigen Strom-Spannungs-Kennlinien vorgenommen. Es konnte
direkt abgebildet werden, dass die besagte S-Form aus einer Transportbarriere am
Kontakt zur Kathode resultiert.

Investigation of charge transport in organic semiconductors by
scanning Kelvin probe microscopy — In this work the potential distribution
within organic solar cells was investigated. Using a focused ion beam micrometer
sized holes were milled into the cells such that the cross sections became accessible by
scanning Kelvin probe microscopy (SKPM). SKPM measurements were performed
on Poly(3-hexylthiophen) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) solar cells under illumination and under different bias voltages. In a bilayer
solar cell the applied bias voltage drops at the interface between P3HT and anode
and within the organic layer. In a bulk heterojunction solar cell the potential drops
at the interface between P3HT and the anode and at the interface between the
PCBM and cathode. In solar cells which were inverted due to altered contact
materials there is no potential drop at the contacts, but the potential uniformly
drops within the organic material. It can be concluded that an inverted device
structure is more favorable for this morphology of the bulk heterojunction. The
open circuit voltage exhibited a similar distribution within the device as an external
applied bias voltage. Furthermore, SKPM measurements were performed on solar
cells with S-shaped current-voltage characteristics. It was mapped that the S-shape
behavior results from a transport barrier at the cathode interface.
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SEM: Scanning electron microscopy

SKPM: Scanning Kelvin probe microscopy

SPM: Scanning probe microscopy
STM: Scanning tunneling microscopy
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1. Introduction

Energy supply is one of the hugest challenges modern society has to face. The
growth of the world population and economic wealth lead to steadily increasing
energy demand. By now, the world energy consumption amounts to 17 TW [1],
the U.S. Energy Information Administration forecasts the demand to grow
by about 56% to 27 TW by 2040 [1]. On the other hand, fossil fuel resources
decrease or will be difficult to access. Furthermore, the burning of fossil
resources releases bound carbon which has resulted in a significant increase
of the carbon dioxide concentration in the atmosphere since the industrial
revolution [2]. As carbon dioxide is a polar, infrared active molecule it can
contribute to the greenhouse effect [3], so that many scientists see a correlation
between carbon dioxide in the atmosphere and global warming [4].

Consequently, a lot of effort is made to reduce the irreversible consumption
of fossil fuels and to develop sustainable energy supply. So called renewable
energy sources are manifold. With a total power of about 10 W [5] which
reaches the earth on average, the sun provides a multiple of the energy we
need. Wind energy, biomass and hydro energy (which also have their origin in
sun radiation) are further renewable energy sources [6-8].

But the term “sustainable” does not only mean ecological aspects. Energy
has to be affordable to ensure economic progress and social wealth. Nowa-
days, renewable energy sources are criticized for their high prduction cost (in
Germany: 0.078-0.142 €/kWh for electrical energy [9]) compared to conven-
tional energy sources like lignite (in Germany: 0,038-0.053 € /kWh for electrical
energy [9]) or nuclear power. Many national administrations including the
German Federal Government have addressed this issue by supporting the
power production from renewables through offtake and price guarantees [10].
Considering only this aspect, renewable energy is not yet profitable which un-
fortunately is usually the only aspect covered by German media. On the other
side of the coin, political influence on the energy sector is not an unusual thing
and has also been active in favour of coal or nuclear energy in the past [11].
Furthermore, the enormous economical risks imposed by the climate change
or the use and disposal of nuclear material are incalculable. Nevertheless, the
ambition of researchers and industrials in the renewable energy sector is to
narrow the gap of immediate production costs in comparison to conventional
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sources.

Sun power can be used in different ways. In solar heat power plants for
example the sun heats molten salt [12,/13] or oil [14] which than heats water
and drives turbines. A very elegant way to directly transform solar energy into
electrical energy is provided by photovoltaic (PV) devices, also called solar
cells. The photoelectric effect, first described as a quantum effect by Albert
Einstein [15,/16], is used to convert the energy of light (photons) into electrical
power by exciting electrons within the PV device [17]. PV devices consist of
semiconducting materials. Silicon is the most prominent one from which the
first semiconductor solar cell modul was made [18-20] and which is usually
used in roof top PV power plants. But many other material systems like GaAs,
CulnSe or CdTe are also used for PV and they all come with advantages and
disadvantages. However, all commercially applied solar cells produce by far
more energy during their live time than they consume during their production.
The energy pay back time (period which is needed to produce the production
energy) amounts to a few years depending on the type of solar cell and the
region where it is installed. For an amorphous silicon solar cell in Germany
the energy pay back time amounts to about two years [21].

A relatively new class of PV devices is formed by organic solar cells in which
organic (carbon based) molecules serve as semiconducting materials. Since
the discovery of semiconducting properties in organic molecules in 1977 by
Alan Heeger [22], the investigation and application of organic semiconductors
has boomed. They offer the possibility to realize flexible, low-cost and sus-
tainable electronics. Smartphones and televisions with organic light emitting
diode (OLED) displays already have been commercially fabricated for some
years. First organic solar cells are also commercially available and they offer
applications one cannot realize with inorganic solar cells. Organic solar cells
are lightweight and can be coated on flexible substrates, such that they are
very suitable for mobile applications like outdoor equipment. Furthermore,
flexible substrates offer the opportunity of roll-to-roll fabrication [23]. As
organic solar cells can be processed from solution, it is even possible to print
organic devices [24],25]. Organic solar cells can be fabricated in all colors and
even transparent solar cells are possible [26],27]. This property makes them
interesting candidates for building integrated PV for example in windows.
Furthermore, they have a very good absorbance of indirect light compared
to crystalline inorganic semiconductors. Today, the world record efficiency of
organic solar cells amounts to 10.7% [28]. This value increases steadily but
compared to inorganic solar cells (silicon solar cell world record: 25.0% [28])
it is still low. However, the perspective of cheap production, alternative
applications and the rapid progress justifies research efforts.



Although there is a huge progress in the performance of these devices,
the physical fundamentals of charge transport are still lacking of a closed
description. Weak bonding and disorder of the involved molecules often
leads to properties strongly deviating from inorganic semiconductors. Many
scientific groups have investigated the charge generation, separation and
transport in organic solar cells by different methods like optical spectroscopy
[29], scanning probe techniques [30-32] or nonlinear optical microscopy [33],
but the potential distribution within operating solar cells and the origin of the
open circuit voltage remain unclear. One well established method to investigate
the surface potential was already used by many scientists to image the potential
distribution in organic field effect transistors (OFETs) and thereby to gain
information about the charge transport in these devices [34-37]. This method is
called scanning Kelvin probe microscopy (SKPM). With SKPM, measurements
of the contact potential difference can be performed spatially resolved and
so the potential distribution within a device can be mapped. SKPM works
similar to atomic force microscopy (AFM) which means that a tiny tip on a
cantilever is scanned along the surface. Conventional SKPM is restricted to
measure on the surface of devices whereas (contrary to OFETs) the charge
transport in organic solar cells occurs vertically to the surface [38]. Therefore,
one needs to expose the cross section of the solar cells to perform the potential
mapping. In inorganic solar cells the cross section can be easily exposed due
to their cristallinity by cleaving the samples. Cleaving of organic solar cells
leads to rough surfaces which are difficult to acces by SKPM [39,40].

Here, a new method will be presented in which the cross section is laid
open by milling micrometer sized holes into the solar cells with a focused
ion beam. Solar cells made from poly(3-hexylthiophen) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) were investigated in bilayer,
conventional bulk heterojunction (BHJ) and inverted BHJ device structures.
SKPM measurements were performed on these devices in the dark, under
illumination and with applied bias voltage. In a bilayer solar cell the applied
bias voltage drops at the interface between P3HT and anode and within the
organic layer. In a BHJ solar cell the potential drops at the interface between
P3HT and the anode and at the interface between the PCBM and cathode.
In solar cells which were inverted due to altered contact materials there is
no potential drop at the contacts, but the potential uniformly drops within
the organic material. It can be concluded, that an inverted device structure
is more favorable for this morphology of the BHJ. The open circuit voltage
exhibited a similar distribution within the device as an externally applied bias
voltage. Furthermore, SKPM measurements were performed on solar cells
with S-shaped current-voltage characteristics. For the first time, it could be
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directly mapped that the S-shape behavior results from a transport barrier at
the cathode interface, which was already predicted by many other experiments
and simulations.

This project was executed in the InnovationLab |41] in Heidelberg which
is a joined research platform of industry and academia within the “Leading-
Edge Cluster Forum Organic Electronic” sponsored by the Federal Ministry
of Education and Research (BMBF). The institute covers the whole organic
electronics’ value chain from fundamental research to industrial application.
The institute is divided into competence centers which work with different
methods on different topics. The Simulations competence center for example
uses different computer simulation methods to describe and predict properties
of organic materials. The competence center Synthesis synthesizes new materi-
als which are tested in the competence center Device Physics. The competence
center Printing works out printing techniques from small inkjet printers up to a
huge roll-to-toll printing machine. This dissertation project is affiliated to the
competence center Analytics which investigates the fundamental properties of
organic semiconductors. In a joined laboratory the Universities of Heidelberg,
Braunschweig and Darmstadt bring together their competences in infrared
spectroscopy, photoelectron spectroscopy, electron microscopy and scanning
probe microscopy.

This dissertation is structured as follows: In chapter 2 an introduction into
the fundamental properties of organic semiconductors will be given. Chapter
3 outlines the preparation of the investigated samples and in chapter 4 the
measurement methods and the experimental setup will be explained. The above
mentioned new method for the investigation of organic devices’ cross sections
by FIB milling and further analysis by SKPM will be evaluated in chapter 5.
Chapter 6 will show measurements on an OFET and a silicon solar cell which
were performed to reproduce literature results and to confirm that the launch
of SKPM in the InnovationLab has been successful. Chapter 7 and chapter 8
constitute the main part of this dissertation as within these chapters the novel
results on different P3HT /PCBM solar cells will be presented. Chapter 9 gives
a short introduction into the results of SKPM measurements on cross sections
of OLEDs. In chapter 10 a summary, conclusion and outlook will be given.



2. Fundamentals of organic
semiconductors

In this chapter an introduction to the most important aspects of organic
semiconductors will be given in order to understand the experimental results.
It is important to know about the charge transport in organic materials as well
as about the effects occurring at interfaces between different organic materials
and at the metal contacts. Therefore, in the first two sections the charge
transport in organic materials and at interfaces will be explained. In the third
section organic solar cells will be introduced.

2.1. Charge transport in organic materials

Organic semiconductors consist of small organic molecules or polymers which
for their part consist of monomer units.

If electrons can move between the molecules or the units the material in
principle is able to conduct electrical current. The movement from one unit A
to another unit B can be described by Fermi’s Golden Rule [42-44]:

Ra.p= 5(EB — B4+ AE) o< A‘MA_>B|B > .

R4__.p is the transition rate from state A to state B. First of all, the energy
conservation has to be obeyed. In the formula this is implemented by the
Kronecker delta 0(Ep — E4 + AFE). If A and B are not on the same energy
levels (E4 and Ep) or if there exists an energetic barrier between them, the
electron has to be excited, e.g. by heating or by an electric field (AFE). In case
of similar energy levels with a barrier, electrons can overcome the barrier by
tunneling. Second, there must be occupied states in the initial state and there
must be vacant states in the final state. The density of states is considered by
the factor p. The higher the state density the higher the transition rate. Third,
there must be an overlap of the initial and the final state which is illustrated
by the transition matrix element < A|M4_,g|B > in Fermis’ Golden Rule. In
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this description the movement of the electrons usually is called hopping and a
detailed introduction into hopping transport is given by H. Béssler [45].

The orbitals of the atoms in the molecules overlap and form molecular
orbitals [46]. The molecular orbitals are filled by the electrons up to the
highest occupied molecular orbital (HOMO). The lowest unoccupied molecular
orbital (LUMO) lies energetically higher and it is possible to excite electrons
from the HOMO to the LUMO such that an electron vacancy in the HOMO
and an occupied state in the LUMO arise. The vacancy (hole) and the electron
are able to participate in the hopping charge transport.

In the case of ordered organic crystals with sufficient orbital overlap Bloch’s
theorem [47,48] becomes valid and one can find expanded, band like energy
states where the overlapping HOMOs correspond to the valence band in a
classic semiconductor and the LUMOs correspond to the conduction band [49).

Disorder or impurities broaden the bands and lead to tail and gap states
[50,51]. If the lattice becomes irregular the translation invariance vanishes
[52,/53] and therefore quasi impulse conservation is no longer given [54}55].
This is similar in amorphous silicon and e.g. leads to the good absorbance of
indirect light [56},57].

Materials with high charge carrier mobilities in the HOMO are called hole
conductor or p-type, materials with high charge carrier mobilities in the LUMO
are called electron conductor or n-type. Materials with high charge carrier
mobilities in the HOMO and in the LUMO are called ambipolar.

Similar to inorganic semiconductors the charge transport in organic materials
usually works better in ordered systems. Disorder and grain boundaries lead
to charge transport barriers which have to be overcome by tunneling, by an
electric field or by heating. Charge transport in an electronic device may be
further hindered by mismatched contacts and interfaces.

2.2. Interfaces

An electronic device usually consists of different materials which have different
functions in the device. E.g.; in a simple organic solar cell, an organic hole
and an electron conductor act as absorbers and separate the excitons. Metal
contacts conduct the current to the consumer load. The interfaces between
the organic materials as well as between the organic material and the metal
play a significant role in the transport.
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Figure 2.1: From [58]: “Energy diagram of a metal-organic semiconductor interface
(a) without and (b) with a dipole barrier A. ¢, and ¢, are the electron and hole
barriers, respectively, and Eq,c(O) and Ey,c(M) are the organic and metal vacuum
levels, respectively”.

2.2.1. Ideal interfaces

The Schottky-Mott model makes predictions on the band level alignment if
a metal and a semiconductor get in contact. In this model a potential hill
is formed at the interface which corresponds to the work function difference
between the semiconductor and the metal [59,60]. This potential hill shows
rectifying behavior for n-doped semiconductors if the work function of the
metal is higher than that of the semiconductor. If the work function of the
metal is lower than that of the semiconductor, the interface acts as an ohmic
contact. For p-doped semiconductors the interface shows rectifying behavior if
the work function of the metal is lower than that of the semiconductor [61,62].
The energy levels of inorganic as well as of organic materials can be measured
by photoelectron spectroscopy [63].

2.2.2. Real interfaces

At real interfaces the Mott-Schottky model usually does not apply, but Fermi
level pinning and the formation of interface dipoles [64/{66] can occur. Fermi
level pinning is a common phenomenon in inorganic semiconductors [67,/68]
and organic semiconductors [69,70]. Surface states lead to energy levels within
the band gap which pin the Fermi level to a certain niveau such that the
work function of the metal is no longer decisive for energy alignment [71].
Interface dipoles are held responsible for observed discontinuities in the energy
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levels at interfaces [72-74]. In figure the energy alignment in a metal-
organic semiconductor interface is schematically demonstrated. ¢. and ¢y,
are the electron and hole barriers, respectively, and E,.(O) and E,.(M) are
the organic and metal vacuum levels, respectively. In figure the energy
alignment is shown by using the above explained Schottky-Mott model for
thin organic layers with low charge carrier density. In figure there exists
a dipole barrier A between the metal and the organic semiconductor. Thus,
the transport barrier for electrons and holes is altered.

In figure an experiment by Antoine Kahn et al. is shown in which the
energy alignment between different metals and eight different organic materials
was investigated [58]. For each organic material the measured interface position
of the Fermi level Er with respect to HOMO and LUMO as a function of the
metal work function is shown. The dashed oblique lines correspond to the
Schottky—Mott limit of the Fermi level position, and the vertical lines give the
magnitude of the measured interface dipole barriers. The predictions of the
Schottky-Mott model are only valid in a few cases.

Furthermore, organic semiconductors chemically react with the contact
materials which alters the injection properties [75-78].

Overall, one can state, that it is almost impossible to predict the properties
of an interface from the energy levels of the single materials. Therefore, it is
important to measure energy levels on interfaces or in realistic devices.

2.3. Organic solar cells

Solar cells convert the energy of light into electrical energy by absorbing
photons which excites electrons from the valence band (or HOMO level) to
the conduction band (or LUMO level) [17]. The electrons in the conduction
band and the missing electrons in the valence band create electron-hole-pairs.
They are bound by the Coulomb interaction and form a quasiparticle, the
exciton. Due to the weak electrostatic shielding in organic semiconductors
the bounding energy is in the range of 0.1-1.0eV (Frenkel exciton [54,[80]) and
thermal energy is not sufficient for their separation. Therefore most organic
solar cells consist of a hole transporting material with a relatively high HOMO
level and an electron transporting material with a relatively low LUMO level
to separate the exciton at the interface between both materials. This is known
as the charge transfer (CT) state and from this state free electrons and holes
are formed [79]. The principles of photon absorption, exciton diffusion and
dissociation are displayed in figure in a spatial (a) and in an energetic
(b) scheme. By passing the electron or hole conductor the separated charge
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Figure 2.4: a) Scheme of a BHJ solar cell. b) Chemical structure of PCBM and
P3HT. From .

carriers then arrive at the top and bottom contact where they are extracted
if the energy levels at the interfaces match. The driving force for this charge
carrier drift is given by an internal electric field which is built up by the work
function difference of the contact materials . There are also scientists who
claim that the internal field is built up by the energy difference between the
HOMO level of the donor and the LUMO level of the acceptor components [81].
Both hypotheses will be discussed within the experimental section.

The diffusion length of the excitons is in the range of a few nanometers
so an efficient separation is only possible in thin layers. As the absorption
becomes poor in thin layers the so called bulk heterojunction (BHJ) offers a
more effective solution for the exciton separation: The active material consist
of a penetrating network of the hole and the electron conductor (see figure
a) which is thick enough to absorb most photons but there are enough
interfaces to separate the excitons.

There are basically three different kinds of solar cells which are summa-
rized under the name organic solar cells (OSCs): small molecule solar cells,
polymer solar cells and hybrid organic/inorganic solar cells. One of the
workhorses in the community of fundamental physical research are the poly(3-
hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM)
bulk heterojunction (BHJ) solar cells. They can reach efficiencies up to 5% [83].
P3HT is a polymer and acts as the hole conductor with an electron affinity
of 2.13eV and an ionization energy of 4.65 eV . PCBM is a fullerene
derivative with an electron affinity of 3.80eV and an ionization energy
of 5.8eV and conducts the electrons. The molecule structures of both
materials are shown in figure 2.4b. The major part of this thesis is about the
charge transport in solar cells made from P3HT and PCBM. As the BHJ has a
very complex morphology with structure sizes of less than 10nm [85], it is not

10
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Figure 2.5: IV curve of a solar cell in the dark (black) and under illumination
(red). The voltage dependent power of the solar cell is plotted in blue.

possible to resolve morphology effects with SKPM (see chapter . Therefore,
also bilayer solar cells from P3HT and PCBM were investigated.

Figure shows the typical current-voltage (IV) characteristics of a solar
cell in the dark (black curve) and under illumination (red curve). The current
at zero voltage is called short circuit current (Isc). The voltage at zero
current is called open circuit voltage (Voc). The power of the solar cell is
given by the negative product of the voltage and the current. In the graph
it is plotted in blue. The regime in which the solar cell produces power is
called active regime. The state in which the solar cell produces most power
is called maximum power point (MPP). One can define a fill factor (FF) by
FF=Vawmpp xlamppr/Voc xIsc.

The efficiency n of a solar cell is given by the produced power at the maximum
power point Paypp divided by the incoming power Pjy:

— P@MPP _ -Vampp X lampp _ —Voe X Is¢ X FF
7 Pin Pin Pin
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3. Preparation of samples

This chapter gives an overview of the sample preparation processes. The first
section describes the preparation of TIPS-pentacene OFETs, which have been
used for the establishment of SKPM in the InnovationLab. The second section
describes the preparation of PSHT:PCBM BHJ solar cells in conventional and
inverted device structures. In the third section the fabrication of bilayer solar
cells is explained. The major part of the sample preparation has been performed
by bachelor, master and diploma students under my mentoring. Therefore,
detailed processes and parameters can be found in their theses [40}/86-89].

3.1. TIPS-pentacene OFETs

The 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) [25]90]
OFETs were designed in a bottom gate bottom contact structure. A Si-
wafer with 200nm of thermal oxide on top served as substrate and gate
respectively. The contact structure was designed by photolithography and
subsequent metal evaporation and lift-off. 60 nm gold was used as contact ma-
terial with about 10 nm aluminum as adhesive layer. TIPS-pentacene served as
the active material of the OFETs and was deposited from solution in different
solvents by drop casting or spin coating. The choice of different solvents,
the use of surface altering self assembled monolayers (SAMs) and the use of
different coating methods lead to entirely different morphologies [86,/91},92].
The transistor which will be discussed in chapter was prepared by drop
casting TTPS-pentacene from toluene on an OTS treated substrate.

A detailed description of the preparation is given in the bachelor theses of
Lars Miiller [86] and Florian Ullrich [87].

3.2. P3HT:PCBM BHJ solar cells

The major part of this work deals with solar cells made from P3HT and PCBM
in normal BHJ, inverted BHJ and bilayer structure. In figure |3.1] the different
device structures are shown.
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3. Preparation of samples

a) Conventional P3HT:PCBM BHJ b) Inverted P3HT:PCBM BHJ c) Bilayer P3HT/PCBM
ITO §P3HT( PCBM W\l ITO §P3HTL PCBM | P\ ITO § P3HT |PCBM JW.\l
(A) (9 (€) (A) (A) (€)
A A A A A
PEDOT:PSS LiF PEIE MoOx PEDOT:PSS Li

Figure 3.1: Scheme of P3BHT:PCBM BHJ solar cells in a) conventional, b) inverted
and c) bilayer structure.

The preparation process for our PSHT:PCBM BHJ solar cells in conventional
(see figure [3.1h) and inverted (see figure [B.1p) device structure is described in
our publication [93]: “BHJ solar cells were fabricated on ITO-coated glass that
had been patterned by photolithography to achieve a defined contact structure.
The substrate size was chosen to be 5 x 5mm? as this is the maximum sample
size which can be handled within our analytical setup. An approximately 25 nm
thick poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS)
buffer layer was spin coated on top of the ITO electrode. To prepare active
layers of PSBHT:PCBM blends, PSHT and PCBM were dissolved in chloroben-
zene in a weight ratio of 1:1 with a total concentration of 20 mg/ml for each
material. The solution was spin coated onto the PEDOT:PSS coated substrate
at a speed of 2000 rpm. As the substrate size was rather small, the resulting
layers became inhomogeneous with thicknesses of 2 — 3 um at the edge of the
substrate and about 200 nm at its center. As top electrode 6 A LiF and 100 nm
Al were thermally evaporated. For the fabrication of the inverted solar cells,
polyethylenimine ethoxylated (PEIE) [94-96] was spin coated on top of the
patterned ITO substrate. PEIE served as work-function-lowering agent and
ITO became the bottom cathode in the inverted OPV architecture. The BHJ
was deposited as in the case of the non-inverted solar cells. A 10 nm layer of
MoOj3 with 100 nm of Al on top served as the top anode contact. The samples
have been prepared under nitrogen atmosphere. They came into contact with
ambient air for a few minutes during transport to vacuum. Possible influences
of oxygen doping on the potential distribution have been investigated by
Morris et al. . Immediately after their preparation, the solar cells were
characterized under illuminated (AM 1.5) conditions. They exhibit an open
circuit voltage of 5.5V and a short circuit current of about 8 mA/cm? with a
maximum fill factor of 70%. The results for normal and inverted solar cells
were similar.”

A more detailed description of the preparation process of conventional solar
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3.3. PSHT:PCBM bilayer solar cells

cells is given in the master thesis of Dominik Daume [88] and in the diploma
thesis of Michael Scherer [40]. The preparation of inverted solar cells is further
described in the bachelor thesis of Julian Heusser [97].

3.3. P3HT:PCBM bilayer solar cells

The preparation of bilayer solar cells (see figure ) is described in our
publication [98]: “The solar cells were prepared on indium-tin oxide (ITO)
coated and patterned glass substrates by spin coating of the active materi-
als. First, a poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PE-
DOT:PSS) buffer layer was spin coated on top of the ITO electrode. P3HT
was solved in chlorobenzene and spin coated with 1000 rpm for 90s on top of
the PEDOT:PSS. As proposed by Ayzner et al. [99] the PCBM was solved
in dichloromethane to gain well separated layers. It was spin coated with
4000 rpm for 10s. From analytical transmission electron microscopy (TEM)
measurements [85] on our samples, we certainly know that the P3HT and
PCBM form well separated layers. The whole preparation was performed
in a glove box under nitrogen atmosphere. 0.6 nm LiF and 100 nm Al were
thermally evaporated to form the top contact. Some of our solar cells showed
S-shaped IV-curves caused by a temporary iodine contamination of our glove
box, which we found out by XPS measurements. We prepared four batches of
bilayer solar cells. The first and the third one were prepared in a clean glove
box and the second and fourth in a contaminated glove box. In the first and
the third batch, all solar cells showed normal I'V-characteristics, in the second
and fourth batch all solar cells showed S-shaped IV-curves.”

An elaborated description of the preparation is shown in the master thesis
of Christian Miller [89].

Figure shows a transmission electron microscopy (TEM) measurement of
the lamella of a P3HT /PCBM solar cell. The lamella has been prepared by FIB
milling and subsequent transfer to a TEM grid by use of a micromanipulator
[100]. It was prepared from the very same device (MuBiSpin2_3) which will
be discussed in chapter [§| after all SKPM measurements had been performed.
The left image in figure shows an electron-loss measurement at 28 eV where
the PCBM appears bright due to its plasmon excitation [85]. The right image
shows a zoom into the region of the bilayer interface where the PCBM is
colored in red and the P3HT is colored in green. The TEM image shows
clearly, that the PCBM and P3HT form a well separated bilayer structure.
Lamella preparation as well as TEM measurement and analysis were performed
by Diana Nanova [101].
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PEDOT:PSS

ITO/Substrate

Figure 3.2: TEM measurement of the lamella of a PSHT/PCBM bilayer solar cell.
The lamella was prepared by FIB milling and subsequent transfer to a TEM grid by
use of a micromanipulator .The left image shows an electron-loss measurement
at 28 eV where the PCBM appears bright due to its plasmon excitation . The
right image shows a zoom into the region of the bilayer interface where the PCBM is
colored in red and the P3HT is colored in green. The TEM image shows clearly that
the PCBM and P3HT form a well separated bilayer structure. Lamella preparation
as well as TEM measurement and analysis were performed by Diana Nanova .
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4. Measurement methods and
experimental setup

The following chapter covers the main measurement methods which have
been used in this work. After an introduction into Kelvin probe, scanning
probe microscopy, electron microscopy and focused ion beam will be explained.
The last section demonstrates the measurement setup that has been used to
investigate the potential distribution in solar cells.

4.1. Kelvin probe

Kelvin probe (KP) is a method to determine the contact potential difference
(CPD) [102] of a surface relative to the probe of the KP system. The CPD
corresponds to the local surface work function (WF) difference between the
sample and the probe [103]. The measurement principle is demonstrated in
figure 4.1} Sample and probe align to different Fermi levels when there is no
electrical contact (figure ) If they are electrically connected, the Fermi
levels align and there is a vacuum level difference which corresponds to the
CPD of the two materials (figure ) In a KP system sample and probe
are arranged in a capacitor structure such that different vacuum levels lead to
an electric field and a force between sample and probe. This force vanishes if
one applies a voltage to the probe which is equal to the CPD (ﬁgur). If a
bias voltage is applied to the sample the CPD is altered by this bias voltage.

The detailed control mechanism for conventional KP is explained in [104},105],
for SKPM it will be explained in section To determine the absolute value
of the work function of a material, a reference with very defined work function
has to be measured. An adequate reference material forms highly ordered
pyrolytic graphite (HOPG). The surface can be refreshed by pulling-off a
scotch tape just before the measurement [106].
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CPD

Figure 4.1: The working principle of KP is described: a) The sample with WF &
and the probe with WF &5 are not in contact. b) Sample and probe are electrically
contacted, Fermi level alignmenet leads to a shift of Vepp in the vacuum potential.
c¢) The voltageVepp is applied between sample and probe such that the vacuum
levels align.

4.2. Scanning probe microscopy

The term scanning probe microscopy (SPM) summarizes all methods which
perform two dimensional lateral resolved measurements using a probe which
scans along the surface of the sample. The most prominent and oldest SPM
techniques are scanning tunneling microscopy (STM) and atomic force mi-
croscopy (AFM) [107]. AFM offers the possibility to measure the topography
of a sample surface with atomic resolution. In AFM the probe consists of a
cantilever with typical sizes of 50 um x 170 um[[] At its very ending a tip is
positioned which extends to the sample. If the probe is approached to the
sample at some point an interaction between sample and probe takes place.
This interaction leads to a deflection of the cantilever or to a reduction of the
oscillation amplitude if the cantilever is oscillating. There are two commonly
used types of measuring modes. In contact mode AFM the deflection of the
cantilever is kept constant while the probe scans the surface by varying the
height position of the sample. In non-contact or tapping mode AFM the
reduced oscillation amplitude is kept constant by regulating the sample height
during the scan. The non-contact mode is less invasive and therefore preferably
used for soft materials like organic semiconductors.

"'We mostly used the cantilever model ATEC-NCPt [108].
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4.3. Scanning Kelvin probe microscopy

4.3. Scanning Kelvin probe microscopy

Scanning Kelvin probe microscopy (SKPM) combines the lateral resolution of
SPM with the CPD measurements of KP |109]. There are different possibilities
how to realize SKPM. We use a method which is known as one pass amplitude
modulated (AM) SKPM. The AFM is operated in the non-contact mode and
the SKPM signal is captured simultaneously. An AC voltage with a frequency
of a few kHz below the resonance frequency of the cantilever and a DC voltage
are applied to the cantilever such that together with the above mentioned
CPD a potential between probe and sample is built up:

V = Vpe + Vac Sin(wt) — Vepp. (41)

As the cantilever and the sample can be considered as a capacitor structure
with capacity C', the potential induces a force between them:

1dC
F=--—V> 4.2
2 dz (42)
If one inserts the voltage in (4.1)) into the term given in (4.2) the total force

is conform to:

1dC )
F = o4 (Vb + Vacsin(wt) — Vepp) 2. (4.3)
Solving and sorting the forces with respect to the frequencies such that

F = Fpe + F,, + F, leads to [110]:

1dC V2
dC .
Fw = _@(VDC — VCPD)VAC sm(wt), (45)
1dC
F, = Z@VEC cos(2wt). (4.6)

According to equation (4.5)) the force which is modulated with frequency
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DC Voltage Frequency

generator
Output

Figure 4.2: Scheme of the SKPM setup: A laser is used to detect the oscillation of
the cantilever. The frequency generator provides an AC voltage with frequency w
and with the lock-in amplifier the oscillation of the cantilever with the frequency
w is measured. This oscillation is regulated to zero by adjusting the DC voltage.
According to equation the DC voltage which regulates the oscillation of the
cantilever with frequency w to zero corresponds to the CPD. Therefore, the DC
voltage forms the output. Note that in the scheme the sample is set to ground
potential but it can be set on any potential such that it is possible to investigate
electronic devices under device operation.
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4.3. Scanning Kelvin probe microscopy

w vanishes if the applied DC voltage is equal to the CPD. Therefore, one
regulates the DC voltage such that the cantilever oscillation with frequency
w disappears [111] in order to determine the CPD [109]. In figure the
scheme of a setup for measuring SKPM is shown. A laser is used to detect the
oscillation of the cantilever. The frequency generator provides an AC voltage
with frequency w and with the lock-in amplifier the oscillation of the cantilever
with the frequency w is measured. This oscillation is regulated to zero by
adjusting the DC voltage. According to equation the DC voltage which
regulates the oscillation of the cantilever with frequency w to zero corresponds
to the CPD. Therefore, the DC voltage forms the output. Note that in the
scheme the sample is set to ground potential but it can be set on any potential
such that it is possible to investigate electronic devices under device operation.
Like in KP measurements, the CPD is a relative value and in order to obtain
the absolute work function of a sample, one has to use a reference material.
In SKPM this standardization is more difficult than in KP because sample
mounting is more complex and the tip usually becomes contaminated during
the measurement. In this work the relative values and the distribution of the
potential is most important. Therefore, the measurements were done without
the standardization.

The lateral resolution of AM SKPM typically amounts to 20 nm, the electrical
resolution to 5mV [112]. The lateral resolution is limited to 20 nm as in this
SKPM configuration the whole tip and not only its very end interacts with
the sample due to long range electrostatic force. The measured image is a
convolution of the measured structure and the shape of the tip. Furthermore,
the signal depends on the distance between the cantilever and the sample [113].
With high computing time it is possible to some extent to reconstruct the
actual surface potential [114].

Moreover, the measured signal is also influenced by the interaction of the
whole cantilever with the surface. This interaction actually does not only affect
the local resolution but also alters the overall signal, such that the measured
CPD difference at different positions of the sample is always smaller than the
real CPD difference [115,[116]. Therefore, if a voltage is applied between two
contacts, the measured voltage is always smaller [115]. By using coaxial tips
and cantilevers, this effect can be avoided [117]. They were not used within
this project, as these cantilevers are not yet commercially available. We try
to avoid a significant altering of the measured potential in the solar cells by
the cantilever, by leaving the top contact on ground potential. However the
value of the measured signal is always lower than the applied voltage (compare

chapter [7| and chapter .
Due to the high spatial resolution, SKPM can be used to map the CPD in
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an electronic device. If the device is under operation, the CPD corresponds
to a superposition of the local surface work function [103] difference and the
effect of the applied voltage [103]. If one subtracts the work function difference
from the CPD, the net potential distribution in the device is obtained. The
practical approach is explained in chapter [7}

In an electronic device different effects can lead to hindered charge transport
(see chapter . In figure the energetic scheme of the conduction band in
an organic device with hindered charge transport due to an injection barrier at
the bottom contact and due to crystal grain boundaries or disorder is shown.
In a static equivalent circuit such barriers can be displayed as resistances (see
figure [£.3p). Note that this egivalent circuit does not describe the IV curves of
the solar cells, it only gives an interpretaion for the potential distribution at a
certain voltage. In realistic equivalent circuits of solar cells, one uses at least
one diode, a photo current source and some parallel and series resistances [118].
If a bias is applied to such a circuit as shown in figure the voltage drops
along the resistances (see figure ) With SKPM the potential distribution
under device operation can be measured spatially resolved and the regions of
potential drops can be localized. Therefore, one gains information about the
major resistances in the device which consequentially gives information about
the charge transport barriers. In figure the situation is simplified a lot by
only considering the series resistances for one certain applied voltage. These
resistances are voltage dependent and should only help to understand the
conclusions of the measured potential distribution. E.g., a charge transport
barrier due to an injection barrier depends strongly on the applied voltage as
will be demonstrated in chapter [7]

4.4. Electron microscopy and focused ion
beam

In scanning electron microscopy (SEM) an electron beam with acceleration
voltage typically in the range of 1 — 30kV is scanned along the surface of a
sample [119]. The electron beam interacts with the sample and is backscattered,
dissolves secondary electrons and stimulates characteristic X-rays. There are
different kinds of detectors which detect one of these signals respectively. In our
Carl Zeiss AURIGA SEM we use two detectors, the so called in-lens detector
which is a secondary electron detector located in the electron lenses and the
so called SE2 which is an Everhart-Thornley type detector [120] located a few
centimeters besides the electron gun. Our SEM is specified for a maximum
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4.4. Electron microscopy and focused ion beam

b) Equivalent circuit

Bottom m m Top

contact R R contact

c) Potential distribution in the device Top
+2 Vcontact
O V Bottom
contact

Figure 4.3: Visualization of the measurement concept. a) The energetic scheme of
the conduction band in an organic device based on the assumption of an injection
barrier at the bottom contact and a hindered charge transport due to crystal
grain boundaries or disorder is displayed. b) Equivalent circuit and c) potential
distribution in the device. Note that this equivalent circuit only describes
the solar cell in the static case of one certain applied voltage. The shown
resistances are voltage dependent and should only help to understand the conclusions
of the measured potential distribution. In realistic equivalent circuits of solar cells,
one uses at least one diode, a photo current source and some parallel and series

resistances .
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resolution of 1.2nm. This maximum resolution is defined as the decline from
80% signal to 20% signal on a material transition with very high contrast. For
the certification there was used gold, which has a very high secondary electron
emission, and carbon, which has a very low secondary electron emission. That
means the resolution in material systems used in this work is far worse and
structures usually have to exceed 20 — 50 nm to be resolved.

A focused ion beam (FIB) can be used for imaging as well as for material
milling [121]. In our microscope Ga ions are used and they are accelerated
with a voltage of 30kV. The maximum resolution amounts to 7 nm.

4.5. Experimental setup

The main part of the measurements has been performed in a crossbeam
SEM/FIB microscope (AURIGA from Carl Zeiss microscopy [122]) with an
integrated SPM (BRR from DME [123]). This system allows for preparation of
FIB milled cross sections and in-situ measurements with the SPM. Figure [4.45
shows a scheme of the SPM and the SEM and FIB column. The SEM column
is placed such that the electron beam is accelerated down vertically and the
FIB column is mounted in a 54 degree angle. To readout the movement of
the cantilever a red laser is used which is marked by the red line in figure
M.4h. The laser is placed in the laser tube and the beam first hits a movable
mirror which directs it via a fixed mirror onto the cantilever. The beam is
reflected to another fixed mirror and from there to a movable mirror. This
mirror guides the beam to the detector. In figure a picture of the SPM
in the electron microscope is shown. The SPM unit is fixed to the vacuum
chamber door and to take the picture the chamber had to be open. Therefore,
in the picture the SPM unit is located in front of the SEM and FIB but with
closed door it stands beneath. The upper part shows the components of the
standard AURIGA, the SEM column and the FIB column are marked by an
arrow. The lower part shows the SPM unit. Note that in this picture there is
no sample and no cantilever mounted in the SPM unit. The above mentioned
mirror mover and laser tube are marked as well as the scanner plate which
moves the sample towards the cantilever and performs the scanning while the
cantilever is kept fix. The SPM unit can be moved in all spatial directions and
can be tilted towards the FIB up to 80 degree. Rotation of the SPM unit or
the sample is not possible. The in plane movement of the SPM is performed
by two platters which can move in one dimension each (marked by stage xy in
figure ) The in plane movement of the sample is performed by two forks
which hustle the sample into the right position.
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Figure 4.4: a) Scheme of the SPM in the crossbeam microscope. The red line
marks the laser path. b) Picture of the SPM in the electron microscope with open
vacuum chamber door. ¢) Picture of the whole measurement setup.

Figure ) shows the whole measurement setup. On the right, the computer,
monitors, control panel and joystick for the SEM, FIB and SPM control are
shown. In the middle, the AURIGA microscope with the SPM chamber door
is displayed. On the left, the source-measurement unit (SMU) which is used
to run the solar cell is shown as well as the power supply for the LED which
illuminates the solar cells in the chamber. The oscilloscope is used to monitor
the signal coming from the SMU to make sure that it is not noisy. Three black
boxes contain the SPM and stage controller.

Figure shows a cantilever holder for our SPM. The location of the
cantilever is marked by an arrow as well as the pins for the piezo contact and
the SKPM signal. If the sample holder is inserted, the pins are connected
with electrical feedtroughs such that the driving voltage for the piezo and the
SKPM signal can be applied from outside the vacuum system. A resistance
of 1k() has to be implemented between the pin and the cantilever to avoid
electrical breakdowns. Figure shows a sample holder for our SPM. During
measurement the round plate which is fixed by the two L-shaped wires is lifted
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Figure 4.5: a) Cantilever holder, b) sample holder and c) solar cell.

by the scanner and moved with the scanner. On top of this plate an LED
is mounted which illuminates the solar cells from the bottom. The solar cell
(figure [4.5k) is mounted on the Si-pedestals and fixed with silver glue. Again,
the pins are connected to electrical feedthroughs which in this case are used
to run the LED and connect the solar cell to the SMU.

Generally, the solar cells were characterized in a solar simulator right after
their preparation to obtain the IV curves in the dark and under standard
solar AM 1.5 irradiation. Unfortunately, the solar simulator was out of order
many times such that IV curves under AM 1.5 illumination are not available
for all solar cells. IV curves in the dark and under LED illumination were
captured for all cells in the measurement setup. IV curves of the conventional
P3HT:PCBM BHJ solar cells were only captured in the measurement setup as
at this time we had not yet made an adapter for the solar cell simulator which
is restricted for one special cell layout. Additionally, the illumination of the
solar cells was performed with a fiber where we incoupled the light of a white
light source. The fiber end was positioned at the side of the solar cell, such
that there was not very much light coupled to the solar cell. Unfortunately, the
original idea of guiding a fiber through the SPM scanner to illuminate from
the bottom had to be dismissed as the SPM dimensions were too low and the
fiber disturbed the scanning. Nevertheless, there was enough light coupled into
the solar cell such that photocurrent and photovoltage were created (compare

section [7.2.1)).

Once the cantilever holder and sample holder have been mounted to the
microscope and the laser path for detection of the cantilever movement has
been adjusted, the system gets evacuated. When the vacuum reaches at least
5-107° mbar we align the electron and the ion beam at the place where both
beams cross (coincidence point). We take IV curves of the solar cells in dark
and under illumination before we start milling the devices with the FIB. To
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Figure 4.6: a) demonstrates the preparation and measurement method: First, a
hole is millled into the solar cell under a 54 degree angle, than the cross section can
be measured by SKPM. Additionally illumination of the solar cell can be performed
during measurement by the LED. b) shows an SEM image of an FIB milled solar
cell which is scanned with a cantilever (From )

expose the cross section, first a coarse milling with 1nA FIB beam current
is performed. In a second step the cross section is polished with a 50 pA
FIB beam. In figure the preparation and measurement procedure is
demonstrated: First, a hole is milled into the solar cell under a 54 degree
angle, than the cross section can be measured by SKPM. We used a cantilever
with a very sharp tip (cantilever model ATEC-NCPt [108]) to minimize the
interaction between the side faces of the cantilever and the FIB milled edge.
[Mlumination of the solar cell can be performed during measurement by the
LED. Figure [4.6p shows an SEM image of an FIB milled solar cell which is

scanned with a cantilever.
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5. Evaluation of the method

The described preparation method is an elegant way to prepare and measure
the cross sections in-situ. However, it was important to find out to which
extend this method alters the properties of the solar cell. First of all, the
milling is performed by a Ga FIB which is known to change material properties
due to Ga implantation and destruction of molecules [124]. Furthermore, the
FIB can dope inorganic semiconductors [125]/126] and we found that doping
of organic materials by FIB is also possible [124]. The doping of organic
materials by FIB is an unwanted effect for further investigation by SKPM, but
doping of organic materials is a widely discussed topic [127-130] as the defined
manipulation of electrical properties helps improving devices. Therefore, a
systematic doping experiment was performed. In figure the setup for this
experiment is drafted. TIPS-pentacene OFETs were prepared as described
above. The organic layer was deposited by spin coating to provide for uniform
layer properties in all devices. The devices were exposed with different Ga
doses and the conductivity was measured. As can be seen in figure the
conductivity can be tuned over six orders of magnitude in a very defined way.
By photoelectron spectroscopy and SKPM measurement it was found that the
TIPS-pentacene becomes p-doped upon Ga exposure. Further experimental
results and discussion can be found in the paper “Doping of TIPS-pentacene
via Focused Ton Beam (FIB) exposure” [124].

With the results on doping of TIPS-pentacene the question arised to which
extend the FIB milling as preparation method for the cross sections alters the
properties of the solar cells. Therefore, the IV characteristics of the solar cells
before and after FIB milling had to be compared.

In figure the IV curves of a P3HT:PCBM solar cell (C216_3) are
shown before (black solid line) and after (red dashed line) FIB milling. It
was found that they are not changed by FIB exposure. As the exposed area
(ca. 8 x 8 um?) is significantly smaller than the whole active area of the cell
(ca. 2 x 4mm?), a local variance of the cell does not need to change the
IV curves of the whole device. Therefore, it was important to prepare the
cross sections with another method and compare the results. Contrary to
most inorganic semiconductors which can be easily cleaved because of their
crystallinity, cleaving of organic solar cells leads to very rough surfaces which
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Figure 5.1: a) Scheme of the FIB-doping experiment on TIPS-pentacene OFETs.
b) Conductivity increase depending on Ga exposure. From [124].
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Figure 5.2: a) IV curves of a P3HT:PCBM BHJ solar cell before (black solid line)
and after (red dashed line) FIB milling. b) IV curves of an inverted PSHT:PCBM
BHJ solar cell (Mu5_ 1) under different illumination conditions .
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Figure 5.3: From : “Preparation of OSC cross sections by (a) FIB milling, (b)
cleavage and (c) microtome cutting is depicted (view perpendicular to the exposed
cross section); SEM images taken during SKPM measurements at (d) FIB milled, (e)
cleaved and (f) microtome cut OSC cross sections; Comparison of IV characteristics
before and after the sample preparation process by (g) FIB milling, (h) cleaving
and (i) microtome cutting. The black (dashed) line indicates the IV characteristic
of the untreated solar cell without illumination, the blue (continuous) line indicates
the prepared solar cell sample with exposed cross section without illumination and
the red (dashed-dot) line indicates the (non-standard) illuminated solar cell sample
right before the SKPM measurement”.
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are challenging to measure by SPM. In figure the preparation of solar
cell cross sections by a) FIB milling, b) cleaving and ¢) microtome cutting is
drafted. Figure[5.3{, e and f show SEM images of the corresponding cross
sections. It becomes clear that it is most convenient to measure the FIB milled
cross section by AFM as this cross section has the smoothest surface. Note
that in this image of the FIB milled cross section, no polish step with low
FIB current was performed, therefore the “curtain effect” |131-133] appears
very strong. Polished surfaces are smoother (Compare figure ) Figure
[.3] shows a comparison of IV characteristics before and after the sample
preparation process by g) FIB milling, h) cleaving and i) microtome cutting.
The black (dashed) line indicates the IV characteristic of the untreated solar
cell without illumination, the blue (continuous) line indicates the prepared
solar cell sample with exposed cross section without illumination and the red
(dashed-dot) line indicates the (non-standard) illuminated solar cell sample
right before the SKPM measurement. The IV characteristics were not altered
by the preparation of the cross sections.

We managed to capture some SKPM measurements on the cleaved as well as
on the microtome cut solar cells. Figure|5.4] shows “surface potential profiles of
OSC cross sections under short circuit conditions prepared by (a) FIB milling,
(b) cleaving and (c) microtome cutting. Surface potential maps obtained by
SKPM are shown in the insets. The displayed profiles were derived from line
scans indicated by the arrow. The vertical lines mark the positions of the
interfaces between the different layers; d) Surface potential distributions of
a cleaved OSC cross section under illumination. The red upper curve shows
the short circuit case, the black lower curve shows the case of a floating
(disconnected) Al contact (open circuit condition). In the open circuit case the
potential of the Al cathode shifted by about —300 mV~ V. The ITO anode
remained on the same potential”. [39]. The results show that similar CPD
distributions were obtained with all preparation methods. The preparation of
cleaved and microtome cut solar cells was mainly done by Michael Scherer who
summarized all preparation details and results in his diploma thesis [40]. This
cross sections were exposed to ambient air during preparation and mounting.
So a contamination by oxygen and water is likely. Therefore, we know at
least that FIB preparation does not alter our experiments differently than
exposure with ambient air. It will be demonstrated in chapter [7] and [§] that
the obtained results for potential distributions of devices under operation lead
to coherent conclusions. From transmission electron microscopy (TEM) which
was performed on thin FIB prepared lamellas from the very same devices, we
know that there is little Ga implantation but the organic materials still show
specific behavior |101]. A possible explanation for the FIB having no significant
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Figure 5.4: From : “Surface potential profiles of OSC cross sections under
short circuit conditions prepared by (a) FIB milling, (b) cleaving and (c) microtome
cutting. Surface potential maps obtained by SKPM are shown in the insets. The
displayed profiles were derived from line scans indicated by the arrow. The vertical
lines mark the positions of the interfaces between the different layers; d) Surface
potential distributions of a cleaved OSC cross section under illumination. The red
upper curve shows the short circuit case, the black lower curve shows the case of a
floating (disconnected) Al contact (open circuit condition). In the open circuit case
the potential of the Al cathode shifted by about —300 mV=~ Vp¢c. The ITO anode
remained on the same potential”.
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5. Evaluation of the method

influence on the measurement results is the fact that the ion beam only streaks
the surface of the cross section while most of the organic material lies in the
shadow of the metallic top contact. This is different from our experiments
on “Doping of TIPS-pentacene via Focused Ion Beam (FIB) exposure” |124]
where the organic layer was not covered by any contact.

One can also criticize that the measurements are not performed on rect-
angular cross sections. Assuming that charge transport occurs vertically to
the surface that means that the measurement is not performed directly at
the charge transport path. Again we can exclude an effect of this geometric
condition as the measurement results are similar in the cleaved and microtome
cut devices where the cross sections were approximately rectangular to the
surface [39].

Overall, it cannot be excluded that the cross section preparation affects
the properties of the surface of the cross section but there are many hints
which argue against a significant influence on our measurement under device
operation.

The measurement procedure has another deficit: we are able to illuminate the
solar cells during measurement with an LED but due to the small dimensions, it
is not possible to illuminate with standard AM 1.5 light. During measurement
it was not possible to run the LED on full power as heating of the solar cells
leads to drifting (see section [A.1.3)). In figure IV curves of an inverted
P3HT:PCBM BHJ solar cell (Mu5_ 1) under different illumination conditions
are shown. The dark IV curve is displayed by the black dashed line, the IV
curve under AM 1.5 illumination by the solid black line and the green line
shows the IV curve under LED illumination. The red line displays the IV
curve under reduced LED power. The figure shows that not only the current
but also the open circuit voltage depends on the illumination which has to be
taken into account during analysis of measurement results.
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6. SKPM on OFETs and Si
solar cells

As research at InnovationLab just started a few month before the start of
this thesis, the measurement equipment first had to be installed and launched.
Furthermore, SKPM is a well established method but the correct choice of
measurement parameters and the interpretation of results requires some expe-
rience. Therefore, we decided to start with measurements on well investigated
devices and confirm literature results. In this chapter the first experimental
results are described and discussed. Measurements will be shown which have
also been performed by other scientific groups to proof that the establishment
of SKPM in our laboratory was successful. The first section will be concerned
with the investigation of a TIPS-pentacene OFET. The potential profiles were
measured with a standard SPM system in ambient air. In the second section
the analysis of a standard Si solar cell will be presented. This study was
performed with the combined cross beam/SPM system.

6.1. TIPS-pentacene OFET

OFETs have been investigated with SKPM by many different groups [30,34}35]
as the charge transport occurs parallel to the surface and therefore is easily
accessible by SKPM. As first test devices we chose OFETs with TIPS-pentacene
as an active layer (see chapter . The investigation of these devices was
performed during spring-time in 2011 before the delivery of our combined
SEM/FIB and SPM microscope which is described in chapter . Therefore, a
leased SPM from DME [134] which is capable of measuring SPM at ambient
air was used.

Figure [6.1] shows topography images of TIPS-pentacene OFET channels.
Figure is taken from the PhD thesis of Stephen Bain, University of
Southampton, who prepared the active layer by zone casting [135] of TIPS-
pentacene from solution in mesitylene [136]. Figure shows one of our
devices which was prepared by drop casting TTPS-pentacene from toluene on a
OTS treated substrate. The obtained morphologies are similar with elongated
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Figure 6.1: Topography image of a TIPS-pentacene OFET a) from [136] and b)
measured within this project.

crystals covering the channel in an arrangement nearly parallel to the charge
transport. Note that the images have different scales such that the crystals in
figure appear broader although they have approximately the same size as
the crystals in figure [6.1p. The location of the channel can be estimated from
light microscope measurements and is marked in figure [6.1Ip by the black lines.

Figure [6.2]shows the corresponding surface potential measuremets. In Figure
[6.2h) a source-drain voltage (Vsp) of 5V and a gate voltage (V) of —40V
were applied . In Figure [6.2b) the gate voltage amounted to zero and the
source-drain voltage to 5 V. In both images one can see that the voltage drops
from the electrode with the higher potential to the electrode with the lower
potential inside of the channel. The potential distribution is influenced by the
crystal grain boundaries in both measurements.

The good agreement between the results shows that the establishment of
SKPM has been successful. The above shown measurement is only one example
for the potential distribution within OFETs. Different morphology or contact
properties can change the potential distribution significantly.

Further results and discussion on the morphology and the potential distri-
bution of the TIPS-pentacene OFETs which have been investigated in the
framework of this project can be found in the Bachelor theses of Lars Miiller [86]
and Florian Ullrich .
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Figure 6.2: SKPM image of a TIPS-pentacene OFET with a) Vgp = 5V and
VG =—40V “ and b) VSD =5V and VG =0V.

6.2. Cleaved Silicon solar cells

In inorganic semiconductor physics the investigation of device cross sections by
scanning (Kelvin) probe microscopy is a well established technology and has
been performed by many groups on LEDs as well as on solar cells [138-140]
and other inorganic structures . As inorganic solar cells usually consist
of crystalline material, the cross section can be easily accessed by cleaving of
the device. Therefore, standard silicon solar cells were purchased at a shop for
electronic equipmentﬂ Small pieces with a height of about 2 mm were cleaved
from the solar cells and mounted on the sample holder. The cleaved cross
section formed the face. In SEM images the pyramids which result from
anisotropic KOH etching , were visible. So it can be concluded, that
the solar cells were monocrystalline. Due to this very high pyramids compared
to the size of cantilever and to the maximal scan size, it was not possible
to measure SKPM on FIB milled cross sections. But measurements on the
cleaved cross sections worked well. In figure the CPDs of two Si solar cells
without applied bias voltage are shown. Figure is taken from the paper
of A. Breymesser et al [144]. In this figure the surface potential (CPD) is
plotted as a black line which refers to the right y-axis. From this potential
distribution the electric field strength is deduced and plotted in grey (refers to
the left y-axis). Figure was measured in our system. The shape of both
black curves appear very similar with a higher CPD signal in the n-doped
region than in the p-doped region. This is a reasonable result as the work

!Conrad, Sol Expert Solarzellenbruch Nennspannung 0,45 V Nennstrom 3 A, order number:
110154 - 62
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Figure 6.3: Surface potential (CPD) of a a) microcrystalline Si solar cell [144] and
b) monocrystalline Si solar cell. In a) the electric field strength is deduced from the
surface potential and plotted in grey.

function of n-doped Si is lower than that of p-doped Si. The absolute values
of the CPD do not match as they are dependent on the tip material. The
maximum difference of the measured CPD in the p-doped and the n-doped
region amounts to 210 mV in both cases.

In figure potential profiles within two Si solar cells with applied bias
voltages are shown.

The signal was captured by measuring the CPD on the cross section under
application of different bias voltages. Afterwards, the signal at 0V was
subtracted from the signals at different voltages (this procedure is explained
in detail in chapter . In figure the anode was kept on constant potential
while the potential on the cathode was altered. The applied bias voltage drops
along the depletion zone with flat slope in the n-doped region and steeper
slope in the p-doped region. In figure the cathode was kept on constant
potential and different bias voltages were applied to the anode. So at a first
glance the profiles appear different but again, the voltage drops along the
transition between the n-doped and p-doped region with a flat slope in the
n-doped region and a steeper slope in the p-doped region. The depletion region
in the p-doped zone, which means the distance between the p-n junction and
the point of constant potential, is different in both measurements. In figure
the depletion zone extends from the p-n junction to the point where
the profiles run together which amounts to appr. 1.5 ym. In figure [6.4p it
extends from the p-n junction to the point where the profiles run parallel
which amounts to appr. 0.7 pum. This difference might result from the fact
that in figure the bias voltage is applied in reverse direction and therefore
a broader depletion zone is expected. Differences in the depletion zone length
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Figure 6.4: Potential difference in Si solar cells under different applied bias voltages.
a) is taken from and the anode was kept on constant potential while the potential
on the cathode was altered. b) was captured with our microscope. The cathode was
kept on constant potential and different bias voltages were applied to the anode.

can also occur from different doping or from different measurement geometries.

The above shown results confirm that with our experimental equipment
and procedure it is possible to reproduce potential measurement within Si
solar cells. Further measurements and interpretations for the Si solar cells are
discussed in the Master’s thesis of Christian Miiller [89).
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7. Potential distribution within
P3HT/PCBM BHJ and

bilayer solar cells

In this chapter the measurements on different P3HT/PCBM solar cells are
shown and discussed. In chronological order, the BHJ solar cells were inves-
tigated before the bilayer solar cells as only after the measurements of the
BHJ it became clear that a closed description is only possible by removing
the complex morphology. However, to simplify interpretation, the results on
the bilayer cells are shown in the first section. The second section is about
conventional BHJ solar cells and the third section is about inverted BHJ solar
cells. The nomenclature of the different samples is intensionly left as it was
originally to allow for traceability on the basis of the laboratory books.

7.1. P3HT/PCBM bilayer solar cells

Using the example of P3BHT/PCBM bilayer solar cells the procedure of data
acquisition is explained in detail.

7.1.1. TV curves

During the investigation of the bilayer solar cells, a functional solar simulator
was not available such that only IV curves in the dark and under LED illumina-
tion were taken. Figure shows IV curves of two bilayer P3HT /PCBM solar
cells (MuBiSpin3 1 and MuBiSpin3_2) in a) linear and b) logarithmic scale.
The IV curves show that both solar cells have similar characteristics with open
circuit voltage of about 0.5V and short circuit current of about 1.5mA/cm?
with fill factors of about 52% under LED illumination. For MuBiSpin3 2 an
open circuit voltage of 0.51V and a short circuit current of 4.75m4/cm? were
taken under ambient, afternoon sun exposure [[] MuBiSpin3 1 was already

!Taken on July 19, 2013 at 3pm
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Figure 7.1: IV curves of two bilayer P3HT/PCBM solar cells (MuBiSpin3 1 and
MuBiSpin3_ 2) in the dark and under illumination in a) linear and b) logarithmic
scale.

degraded because of too many measurements in ambient air, but another solar
cell from the same batch (MuBiSpin3_3) was measured as well and showed an
open circuit voltage of 0.50 V and a short circuit current of 5.50 mA/em2. In our
experiments it was most important that the cells show reasonable open circuit
voltages and short circuit currents. It was not attempted to fabricate cells
with highest efficiencies but the focus was on comparing different properties
and evaluating the method.

7.1.2. Analysis of the cross section

The cross sections were prepared by FIB milling as explained above. After
milling the cross section, the SPM cantilever was positioned at the region of
interest by using the SEM. To minimize beam damage or carbon deposition on
the active layer, the SEM was used with low beam current and short exposure
time. Therefore, high resolving SEM images were only captured after the SPM
characterization of the surface. Figure shows the SEM image of the cross
section of a bilayer solar cell. The different materials are marked in the image.
ITO and Al appear as bright layers in the image. The organic layer (marked
as ,O”) always appears very dark. A differentiation of P3HT and PCBM is
not possible as both mainly consist of carbon which, if not highly doped, emits
only few secondary electrons. Note that the PEDOT:PSS layer is not marked.
It has a thickness of only a few nanometers and a similar contrast as ITO. So
with the secondary electron detector it cannot be resolved. The LiF layer has
only a thickness of 0.7nm which is smaller than the maximum resolution of
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Figure 7.2: a) SEM image, b) topography in 2D representation and c) topography
in 3D representation of the cross section of MuBiSpin3_ 2. The scale bar refers
to both topography images. d) SKPM measurement (spatially resolved CPD) of
MuBiSpin3_ 2 without applied bias voltage. The arrow marks the position where
the profile shown in e) was taken. In the profile in e) the position of the ITO, the
P3HT/PCBM bilayer and the Al is marked.

the SEM (1.2nm). In figure the AFM image of the cross section is shown
in a 2D representation and the different layers are marked. In figure [7.2k the
topography is presented in 3D. The scale bar between figure and c refers
to both images. The topography images show that the FIB milling yields a
smooth and continuously declining cross section.

In figure the CPD image without applied bias voltage is shown. The
different layers can clearly be distinguished by their different CPDs. Note,
that the PEDOT:PSS layer cannot be resolved as its thickness is below SKPM
resolution of 20nm (compare section [3| and [4.3). Same is valid for the LiF.
Therefore, in all further figures and descriptions the position of the ITO and
the Al will be indicated and the PEDOT:PSS will be treated as part of the
ITO contact. However, the presence of PEDOT:PSS (or PEIE in the case of
inverted cells) has to be kept in mind as these materials significantly influence
the energy level alignment and the device properties. Figure shows a
profile of the SKPM signal along the solar cell’s cross section. The position

43



7. Potential distribution within P3HT/PCBM BHJ and bilayer solar cells

where the profile was taken is marked by an arrow in figure [7.2d. In the
graph, the position of the ITO, of the Al and the estimated position of PSHT
and PCBM are marked. The CPD of ITO is measured to be around 0.4V
smaller than the CPD of Al. Therefore the measured relative work function
of ITO is higher than the work function of Al. Regarding all measurements
on cross sections of different P3HT/PCBM solar cells, the difference of the
CPD of Al and ITO was in the range between 0.4V and 0.6 V. As explained
in section the measured signal is always influenced by the interaction of
the cantilever with the sample and so the measured potential difference is
always smaller than the real potential difference. This effect is more or less
pronounced depending on the geometry and the measurement condictions.
Therefore, the CPD difference is not always the same and it can be assumed
that the real difference is slightly higher than the measured difference. In
literature one finds different values for the work function of ITO and Al,
highly depending on the processing parameters and surface treatment. The
literature values of the work function of ITO vary between 4.4 eV [741[146] and
5.5eV [147]. For Al there can be found literature values around 4.2¢eV [46].
Anyway, it can be stated that the work function of ITO is higher than the work
function of Al which also complies all measurements performed within this
project. Furthermore, in all measurements the PSHT and PCBM had a lower
CPD than the I'TO which means a higher work function. Most work function
measurements of PSHT and PCBM which can be found in literature were
performed by photoelectron spectroscopy. For P3HT one finds 3.9V [74] and
for PCBM 4.2¢V [74]. The ionization energy of P3HT amounts to 4.65¢V [84]
with a band gap of 2.52eV [84] and the ionization energy of PCBM amounts to
5.80eV [84] with a band gap of 3.0eV [84]. Therefore, a higher work function
than reported by Xu et al. |[74] is possible. With conventional KP Wu et al.
found 4.4 eV as the work function in a PSHT:PCBM BHJ [148]. With the KP
system in our laboratory, Tobias Jenne measured a PCBM work function of
5.2¢eV and a P3HT work function of 4.6 eV [149]. As reference a highly ordered
pyrolytic graphite (HOPG) sample was used. The surface was refreshed by
pulling-off a scotch tape a few minutes before the measurement [149]. In the
SKPM measurements on cross sections of all PSHT/PCBM solar cells (bilayer
and BHJ) the relative work function of the organic layer was always about
0.2V higher than the relative work function of the ITO. This value lies within
the range of the above mentioned values. Altogether, the measured CPD
differences are lower than they are in reality due to interaction of the whole
cantilever with the sample (compare section . The P3HT and PCBM
cannot be distinguished in the bilayer devices as well. As the layers are very
small the influence of the depletion zone cannot be neglected. In thicker bilayer
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Figure 7.3: a) From [150]: “The mean-field potential line-profile of the cross-
sectional image”. b) From [151]: “The linear potential profile of the device in a short
circuit condition”.

devices a differentiation of the work functions should be possible as long as
the work function difference exceeds about 50 — 100 meV.

As far as published in literature, only one other scientific group has measured
SKPM on cross sections of organic solar cells. Jongjin Lee, Jaemin Kong et al.
cleaved and investigated a standard P3HT:PCBM solar cell under nitrogen
atmosphere [150]. In figure the CPD profile which they measured is
demonstrated. Similar to our results, the interface between the Al contact and
the BHJ can be clearly resolved by a CPD drop and the work function of the
BHJ is higher than the work function of the Al. They obtained similar relative
work function values for the Al and I'TO but the organic layer had a slightly
lower work function than the I'TO. However, not all experimental details were
described in their publications. Especially the surface roughness remained
unclear. In rare events, our measurements showed similar behavior but we
could always identify a too rough surface, or a loose contact or a contaminated
cantilever, as the main reason for the observed differences. Furthermore,
Jongjin Lee, Jaemin Kong et al. did not make any statement about the
reproducibility of their results. From our experiences, the investigation of
cleaved cross sections is very complex, time-consuming and less reproducible.
In a further publication of this group, the cross section of a P3HT:[6,6]-phenyl-
C71-butyric methyl ester (PC7BM) BHJ solar cell with a TiO,/Al top contact
was investigated. The obtained CPD profile is plotted in figure [7.3p. Note that
the y-axis is turned upside down. This time, the organic layer showed a higher
work function than the ITO. PC7BM has an ionization potential of 6.1 eV [152]
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which is higher than the ionization potential of PCsBM (5.8¢V [84]). But,
a variation of 0.3€eV in the ionization energy of one component can hardly
explain a shift in the work function of the BHJ by 0.3 eV. Therefore, it is more
likely that the accuracy of the measurement is limited by the surface roughness.
Again, the reproducibility is not commented. In principle their measurements
show same tendency as our measurements but they also show that SKPM on
a cleaved surface is much harder to perform and to interpretate.

In the following investigations of other P3BHT /PCBM solar cells SEM, AFM
and SKPM images without applied bias voltages will not be shown as they
were all similar to the measurements discussed in this section.

7.1.3. SKPM data with applied bias voltage in the dark

Normally, the procedure for measuring the potential distribution under applied
bias voltage was carried out the following way: For each bias voltage a scan field
of 1 —2 pm x 100 nm was measured. Figure|7.4|shows the SKPM measurements
of the cross section of a PSHT/PCBM bilayer solar cell (MuBiSpin3 2) under
different applied bias voltages: a) —1V, b)—0.5V,¢) 0V, d) 0.5V, e) 1.0V,
f) 0.4V, g) 0.3V, h) 0.2V,i) 0.1V, j) 0V, k)-0.1V,1)-0.2V, m) -0.3V, n)
-0.4V. Between -0.5V and 0.5V fine steps were used to get very detailed
results in the region of the open circuit voltage. The scan field size amounts to
2 um x 100 nm and the scale bar shows the value of the CPD in mV. Each image
took about one hour to capture, as one had to measure with a velocity of only
0.25 #m/s to obtain high SKPM resolution in the vacuum. The measurements
were carried out in the same order as they appear in the figure. Usually
the components in the microscope drifted such that it was often necessary
to adjust the measurement and to wait until the next day until everything
was settled. In most cases the first measurements still drifted strongly which
can be seen in figure [7.4h. Therefore, during the next measurement (figure
7.4p) the position had to be adjusted. As the system was still not completely
settled, in figure the position had to be adjusted again. In figure it
can be seen that the drift occurred not only parallel to the scan direction but
also orthogonal such that the cantilever hit the frame of the FIB milled hole.
Therefore, between scan e and f the position vertical to the scan direction
was also adjusted. The shown series of images represents a typical result out
of several similar ones. There were measurements with no drift and the best
possible resolution but there were also measurements with even more drift
such that sometimes it was not possible to extract data.

From these scan fields profiles were extracted. This was done by hand as
the drift did not allow for an automatized procedure. Figure shows the
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Figure 7.4: SKPM measurements of the cross section of a P3HT /PCBM bilayer
solar cell (MuBiSpin3_ 2) under different applied bias voltages in the dark: a) -1.0V,
b) -0.5V,¢) 0V, d) 0.5V, e) 1.0V, ) 0.4V, g) 0.3V, h) 0.2V, i) 0.1V, j) 0V, k)
-0.1V, 1) -0.2V, m) -0.3V, n) -0.4V. The scan field size amounts to 2 ym x 100 nm
and the scale bar shows the value of the CPD in mV. The Al contact was set on
ground potential and one can observe the shift in surface potential of the ITO
contact.
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Figure 7.5: CPD under different bias voltages in a bilayer P3HT /PCBM solar cell
(MuBiSpin3_2) in the dark for a) =1V — 1V in 0.5V steps and b) -0.4V — 0.4V
in 0.1V steps. ¢) and d) show the respective relative potential distributions.

respective profiles. In figure the CPD is shown for —1V — 1V in 0.5V
steps and in figure it is shown for -0.4V — 0.4V in 0.1V steps. The
position of the ITO, of the organic layers and of the Al are marked. As
already mentioned, the measured CPD represents the absolute local surface
potential which is a super position of the work function and the applied voltage.
Therefore, to gain the net voltage distribution in the device, one has to subtract
the part of the work function. If there is no bias voltage applied, only the work
function is measured. So, the measurement at 0V bias voltage corresponds to
the work function distribution.

In figure and d the 0V line is subtracted, respectively. The potential
is constant on the ITO and the Al, due to their high conductivity no voltage
drop occurs. Between the two contacts the voltage drops off steadily. The
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7.1. P3HT/PCBM bilayer solar cells

major part of the voltage drops at the contact between ITO and P3HT. A
minor part drops across the bilayer. There is no drop at the interface between
PCBM and Al. That means that the major barriers for charge transport in
this device are formed by the bottom contact and the organic material itself
whereas the LiF /Al contact does not disturb the charge transport measurably.

7.1.4. SKPM data with applied bias voltage under
illumination

Data acquisition with applied bias voltage was also performed under LED
illumination. In figure the data of the bilayer solar cell MuBiSpin3_ 2 is
shown and in figure it is shown for the bilayer solar cell MuBiSpin3_ 1.
Under the applied illumination, the solar cells exhibited an open circuit voltage
of ca. 0.4V. In figure the CPD is shown for —1V — 1V in 0.5V steps
and in figure [7.6p it is shown for -0.4V — 0.4V in 0.1V steps. Again, the 0V
line was subtracted and the respective net potential distributions are shown in
figure and d.

As a comparison the potential profiles of a second bilayer solar cell Mu-
BiSpin3_ 1 under illumination are presented. The corresponding CPD profiles
are shown in figure[7.7] Again, in figure the CPD is shown for -1V — 1V
in 0.5V steps and in figure for -0.4V — 0.4V in 0.1V steps. Figure
and d show the respective net potential distributions.

In both solar cells the main part of the applied voltage drops at the interface
between ITO and P3HT, a minor part drops across the organic layer and no
voltage drops at the interface between PCBM and Al. The profiles are similar
to the profiles measured in the dark which means that the contact properties
and the conductivity of the organic material do not change upon illumination
or do change to the same amount.

7.1.5. SKPM data in open circuit condition

Certainly one of the most important issues to investigate with our method is the
distribution of the open circuit voltage. Therefore, experiments were conducted
in which the CPD was measured in the dark and under illumination in short
circuit and open circuit condition. Figure shows such an experiment. A
scan field was captured and during the scan the conditions were changed. The
scan direction was from the bottom to the top in horizontal lines. The glass
substrate, the ITO, the organic layer (,,0”) and the Al contact are marked
in the scan field. The scan started in region A: both contacts were grounded
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Figure 7.6: CPD under different bias voltages and under illumination in a bilayer
P3HT/PCBM solar cell (MuBiSpin3_2) for a) =1V — 1V in 0.5V steps and b)

-0.4V — 0.4V in 0.1V steps. c¢) and d) show the respective relative potential
distributions.
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7.1. P3HT/PCBM bilayer solar cells
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Figure 7.7: CPD under different bias voltages and under illumination in a second
bilayer P3HT /PCBM solar cell (MuBiSpin3_1) fora) =1V — 1V in 0.5V steps
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distributions.
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7. Potential distribution within P3HT/PCBM BHJ and bilayer solar cells

(short circuit condition) and the illumination was turned off. In region B the
sample illumination was turned on but the sample was kept in short circuit
condition. The measured signal did not show any changes but the scan started
drifting to the left. This happened due to heating of the sample caused by the
illumination and the photocurrent in the solar cell. The heating of the sample
causes a slight swelling which is strong enough to disturb the accuracy of the
SKPM measurements. To avoid the drift due to heating during such time
consuming measurement shown in figure and there are two possibilities:
One could wait until the swelling stops and an equilibrium is reached or one
can use less incident light power. In this measurement we tried to use as much
light power as possible to measure a high open circuit voltage. In region C the
light was kept on and the contact on the ITO was plugged off (outside of the
microscope). The solar cell was now operated in open circuit condition and
the ITO changed its potential to a higher value. In region D the ITO contact
was reconnected again, the solar cell was in short circuit condition and the
CPD was similar to that in region A and B. In region D the contact on the Al
was plugged off and this time the potential on the Al shifted to a lower level.
In region F the illumination was turned off and the measured CPD was the
same as for region A, B, and D. This means the measured CPD is the same
without light in short and open circuit condition as with light in short circuit
condition. Only with one contact floating (open circuit condition) and the
light turned on, one can detect a difference in the CPD. Note that due to the
drifting, the scan position had to be adjusted several times. Therefore, on
a first glance the scan appears uncorrelated, but it was well suitable to take
profiles at the different conditions.

In figure profiles through region B (black) and region C (red) are shown.
B demonstrates the short circuit case and C the open circuit case. One can see
that in C the ITO potential rises about 350 mV nearly up to the Al potential.
The difference of C and B is the induced photovoltage. It is plotted as blue
line and refers to the right y-axis. Most of the open circuit voltage drops at
the contact between the I'TO and the P3HT and a very small part along the
P3HT and the PCBM. In figure the profiles for region E and F are shown.
E demonstrates the open circuit case with illumination and F demonstrates
the open circuit case without illumination. In E the Al potential falls about
350 mV nearly down to the ITO potential. Again, the blue curve shows the
difference of E and F which corresponds to the photovoltage and refers to
the right y-axis. And again, most of the open circuit voltage drops at the
contact between the I'TO and the P3HT and a very small part along the P3HT
and the PCBM. This shows that the net potential distribution in open circuit
condition is independent of which contact is on floating and which contact is
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7.1. P3HT/PCBM bilayer solar cells
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Figure 7.8: a) SKPM scan of a bilayer P3HT/PCBM solar cell (MuBiSpin3_ 2)
under different illumination and electric circuit conditions. The scan was performed
from bottom to top and the conditions were changed manually. A: Both contacts
grounded, LED off. B: Both contacts grounded, LED on. C: ITO on floating
potential, Al grounded, LED on. D: Both contacts grounded, LED on. E: ITO
grounded, Al on floating potential, LED on. F: ITO grounded, Al on floating
potential, LED off. Profiles of the potentials under the different conditions (in black
and red; refer to the left y-axis) and their respective differences (in blue; refers to
the right y-axis) are shown in b) and c).
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Figure 7.9: SKPM data of a second bilayer PSHT /PCBM solar cell (MuBiSpin3_1).
For comparison the data was taken under equal conditions as the measurement in
figure Profiles of the potentials under the different conditions (in black and
red; refer to the left y-axis) and their respective differences (in blue; refers to the
right y-axis) are shown. In a) the ITO was on floating potential and Al was kept on
ground; in b) Al was on floating potential and ITO was kept on ground.

on ground potential.

The same experiment was also conducted for the second bilayer solar cell
MuBiSpin3 1. The measurement was performed exactly in the same way
as described before. Figure [7.9n shows the potential distribution with LED
illumination in short circuit condition (black curve) and with ITO on ground
potential (red curve). The blue line shows the difference of both signals and
refers to the right y-axis. In figure the potential is shown with ITO on
ground potential and Al on floating potential with (red curve) and without
illumination (black) curve. Again, the blue line shows the difference of both
signals and refers to the right y-axis. In figure [7.9h and b the net potential
distribution shows that the open circuit voltage drops mainly on the contact
between the I'TO and the P3HT and to a small amount within the bilayer.
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7.2. Conventional PSHT:PCBM BHJ solar cells
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Figure 7.10: IV curves of two P3HT:PCBM BHJ solar cells (C216_1 and C216_3)
in the dark and under illumination within the measurement setup in a) linear and
b) logarithmic scale.

This confirms the results on the bilayer solar cell MuBiSpin3_ 2.

7.2. Conventional P3HT:PCBM BHJ solar
cells

Conventional PSHT:PCBM BHJ solar cells were the first solar cells investi-
gated within this project. Therefore, the measurement procedure was not as

elaborated as in the previous section. Nevertheless, the results were meaningful
and reproducible.

7.2.1. TV curves

As described in section LA TV curves of the conventional P3HT:PCBM BHJ
solar cells were captured in the measurement setup and the illumination of
the solar cells was performed with a fiber where we incoupled the light of a
white light source. Figure [7.10] shows the IV curves of the two P3HT:PCBM
BHJ solar cells (C216_1 and C216_3) in the dark and under illumination in
the measurement setup in a) linear and b) logarithmic scale. The measured
open circuit voltage amounts only to about 200 mV in both solar cells which
results from the weak illumination. We measured the open circuit voltage
outside of the microscope with a bright white light source and a multimeter
and obtained values around 500 mV . The reference cells which were made by
the same preparation procedure but on the InnovationLab standard layout
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7. Potential distribution within P3HT/PCBM BHJ and bilayer solar cells

exhibited open circuit voltages of 550 mV , maximum short circuit currents of
about 8 mA/cm? and maximum fill factors of about 70% (compare [88]). Typical
efficiencies of the solar cells were about 2.5%.

7.2.2. SKPM data with applied bias voltage in the dark

SKPM scans were captured for different bias voltages similar to the measure-
ments on a bilayer solar cell shown in figure [7.4 From each scan a profile
was taken. Figure shows the CPD under different bias voltages in a
P3HT:PCBM BHJ solar cell (C216_3) for a) —2V — 1.5V in 0.5V steps and
b) =0V — 0.4V in 0.1V steps. The maximum voltage which was possible
to apply was 1.5 V. For higher bias voltages the current became to high and
the sample heated up too much. ¢) and d) show the respective net potential
distributions. From the net potential distributions one can see that the voltage
drops at the interface between ITO and the BHJ and at the interface between
the BHJ and Al whereas there is almost no potential drop within the BHJ.
For small bias voltages as there are shown in figure and d the voltage
drops mainly on the contact between the BHJ and the Al.

As a comparison, in figure the CPD of a second P3HT:PCBM BHJ
solar cell (C216_1) under bias voltages between 0V — 0.4V in 0.1V steps
is shown. One can see from the net potential distribution shown in figure
[7.14p, that for very small bias voltages the voltage drops mainly on the contact
between the BHJ and the Al and for higher bias voltages it drops also on the
contact between the I'TO and the BHJ. There is almost no visible voltage drop
in the BHJ. These findings comply with the results of the first BHJ solar cell
(C216_3).

7.2.3. SKPM data in open circuit condition

A scan series for different operating modes of the solar cell as already described
in detail in subsection with different illumination and electrical contacting
was also executed for the conventional P3HT:PCBM BHJ solar cells. Figure
shows the SKPM scan under the different conditions. Again, the scan
was performed from bottom to top and the conditions were changed manually.
In region A both contacts were grounded and the illumination was switched
off. In region B both contacts were grounded and the illumination was turned
on. In region C the ITO was disconnected and the potential could float, the
Al stayed grounded and the illumination was on. In region D both contacts
again were grounded and the illumination was still on. In region E the ITO
was grounded, the Al was set on floating potential, the illumination was on.
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7.2. Conventional P3HT:PCBM BHJ solar cells
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Figure 7.11: CPD under different bias voltages in a PSHT:PCBM BHJ solar cell
(C216_3) in the dark for a) -2V — 1.5V in 0.5V steps and b) =0V — 0.4V in
0.1V steps. c¢) and d) show the respective net potential distributions.
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Figure 7.12: a) CPD under different bias voltages in a second P3HT:PCBM BHJ
solar cell (C216_1) in the dark for 0OV — 0.4V in 0.1V steps. b) shows the
respective net potential distributions.

In region F the ITO was grounded, the Al on floating potential and the
illumination was turned off. Contrary to the measurements in subsetion [7.1.5]
here drift played no role as the illumination was very weak and the sample did
not heat up measurably. Figure shows the CPD profile in region B (black
line) and C (red line). This time the ITO potential rises again in direction of
the Al potential but only for about 200 mV due to the weak illumination. The
blue line shows the difference of both CPDs which corresponds to the induced
photovoltage and refers to the right y-axis. In figure the CPD profiles
of region E and region F are shown. The Al potential under illumination
decreases towards the ITO potential but again only for 200 mV. Again, the
blue line shows the difference of the two profiles. The net voltage distribution
in figure[7.13p and ¢ appear similar such that one can state that the net voltage
distribution is independent of which contact was set on floating potential. In
all cases the net voltage drop occurs at the contact between the BHJ and the
Al

Figure shows the same measurement for the second conventional
P3HT:PCBM BHJ solar cell C216 1. In figure the CPD profiles under
illumination are shown with the Al contact on ground potential. In B (black
line) the ITO was set to ground potential, in C (red line) it was on floating
potential. The difference between the CPD profiles is drawn in blue and refers
to the right y-axis. Again, the main potential drops at the contact between
the BHJ and the Al. In figure the CPD profiles are shown for the ITO
on ground potential and the Al on floating potential. In F' (red line) the solar
cell is illuminated, in E the illumination was turned off. The blue line shows
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7.2. Conventional P3HT:PCBM BHJ solar cells
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Figure 7.13: a) SKPM scan of a PSHT:PCBM BHJ solar cell (C216_3) under
different illumination and electric circuit conditions. The scan was performed from
bottom to top and the conditions were changed manually. A: Both contacts grounded,
illumination off. B: Both contacts grounded, illumination on. C: ITO on floating
potential, Al grounded,illumination on. D: Both contacts grounded, illumination on.
E: ITO grounded, Al on floating potential, illumination on. F: ITO grounded, Al
on floating potential, illumination off. Profiles of the potentials under the different
conditions (in black and red; refer to the left y-axis) and their respective differences
(in blue; refers to the right y-axis) are shown in b) and c).
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Figure 7.14: SKPM data of a second P3HT:PCBM BHJ solar cell (C216_1) was
captured similar to the data displayed in figure Profiles of the potentials under
the different conditions (in black and red; refer to the left y-axis) and their respective
differences (in blue; refers to the right y-axis) are shown. In a) the ITO was on
floating potential and Al was kept on ground; in b) Al was on floating potential and
ITO was kept on ground.

the difference of the profiles and refers to the right y-axis. This time, the
potential drops in the BHJ and at the contact between the BHJ and the Al

7.3. Inverted P3HT:PCBM BHJ solar cells

As described in chapter [3] in the inverted solar cells the ITO contact is coated
with the work function lowering polymer PEIE. The top contact is formed
by MoOj3 which has a relatively high work function. Therefore, the bottom
contact acts as cathode and the top contact acts as anode. In a consequence,
the IV curves are inverted. The following section shows SKPM measurements
on these devices.
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Figure 7.15: a) IV curves of three different inverted P3BHT:PCBM BHJ solar cells
(Mu5_1, Mu5_ 2 and Mu3__3) under AM 1.5 illumination. b) IV curves of Mu5_ 2
under different illumination conditions in logarithmic scale. The dark current is
displayed in black, the IV curve under AM 1.5 illumination in orange, the IV curve
under maximum LED power in green and the IV curve with illumination power as
during the measurements is displayed in blue.

7.3.1. IV curves

Figure shows IV curves of three different inverted PSHT:PCBM BHJ
solar cells (Mub_ 1, Mu5_ 2 and Mu3_ 3) under AM 1.5 illumination. Note
that these cells are inverted solar cells and therefore with same contacting as
for the conventional solar cells, their workpoint lies in the second quadrant.
All the solar cells showed an open circuit voltage of -0.54 V, a short circuit
current between 3.2mA/em? and 3.6 mA/em? a fill factor of 51-54%. This results
in efficiencies of about 1%. We later found out that our solar simulator was
calibrated wrongly and that the light intensity was approximately 40% too
low. So the real efficiency should lie about 40% higher. In reference cells with
similar processing but on bigger substrates, the efficiencies were in the order
of 2.5%. The open circuit voltage was identical in all (functional) cells. In
figure IV curves of Mub_ 2 under different illumination conditions in
logarithmic scale are shown. The dark current is displayed in black, the IV
curve under AM 1.5 illumination in orange, the IV curve under maximum
LED power in green and the IV curve with illumination power as during the
measurements is displayed in blue. The curves are similar to the IV curves in
figure (which belong to MuBi5_ 1) and show again, that the open circuit
voltage in our solar cells depends on the light intensity.
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7.3.2. SKPM data with applied bias voltage in the dark

For the three inverted PSHT:PCBM BHJ solar cells, the CPD under bias
voltage was measured as described in section [7.1.3] In reverse direction, which
for inverted solar cells are positive bias voltages, it was possible to apply up
to 2V. In forward direction the sample heated up too much because of too
high currents and only 1V or rather 0.5V could be applied.

Figure shows the CPD profiles of a) Mu5_ 1, ¢) Mu5_ 2 and e) Mu3_ 3.
Figure|7.16b, d and f show the respective net potential distributions. Again,
the ITO and the Al are on constant potential and the voltage drops between
the contacts. In the inverted solar cells there is no potential drop at the
interfaces but the whole voltage drops along the BHJ. This means that the
contacts do not form significant charge transport barriers.

7.3.3. SKPM data in open circuit condition

A measurement with different illumination and electrical contacting was also
performed for the inverted P3BHT:PCBM BHJ solar cells. In figure the
CPD profiles under illumination are shown with the Al contact on ground
potential for a) Mu5_ 1 and ¢) Mub_2. In B (black line) the ITO was set
to ground potential and in C (red line) it was on floating potential. The
difference between the CPD profiles is drawn in blue and refers to the right
y-axis. To minimize the drift due to heating only weak illumination was
used. Unfortunately, this lead to low open circuit voltages as can be seen in
figure [7.I5b. In Mu5 1 the open circuit voltage under this weak illumination
amounted only to about 0.1 V. Additionally, the measurement was very noisy
such that the distribution of the open circuit voltage is undulated. In Mub_ 2
it was at least possible to measure at an open circuit voltage of about 0.2V
which resulted in a slightly better potential profile.

In figure the CPD profiles are shown for ITO on ground potential and
Al on floating potential. In E (red line) the solar cell is illuminated, in F the
illumination was turned off. The blue line shows the difference of the profiles
and refers to the right y-axis.

7.4. Discussion

First of all it can be stated that the measurements led to reproducible results.
For each type of solar cell at least three different devices were investigated
which all showed similar properties. Oftentimes, it was not possible to perform
all the different measurements (described at the example of bilayer solar
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Figure 7.16: CPD under different bias voltages in the inverted PSHT:PCBM BHJ
solar cells in the dark. a) Mu5 1, ¢) Mu5_ 2 and e) Mu3 3 for -1V -1V in 05V
steps. b), d) and f) show their respective relative potential distributions.
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Figure 7.17: SKPM data of the two inverted PSHT:PCBM BHJ solar cells Mub__ 1
and Mu5_ 2 were measured similar to the data displayed in figure [7.13] Profiles
of the potentials under the different conditions (in black and red; refer to the left
y-axis) and their respective differences (in blue; refers to the right y-axis) are shown.
In a) and c) the ITO was on floating potential and Al was kept on ground; in b)
and d) Al was on floating potential and ITO was kept on ground.
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7.4. Discussion

cell 3_2) on each solar cell. In the preceding sections, a choice of complete
measurements was presented. More measurements were executed which were
not complete but led to similar results as the above shown measurements.
The results on different kinds of solar cells were completely different, although
in the case of conventional and inverted BHJ solar cells, only the contacts
were changed and the preparation of the BHJ was identical. This indicates
that altering of the organic materials due to the FIB milling cannot have a
significant influence on the potential distribution.

For bilayer solar cells it was found that an applied bias voltage predominantly
drops at the interface between ITO/PEDOT:PSS and P3HT and partly along
the BHJ. This shows that PEDOT:PSS coated ITO does not form an ideal
contact material for PBHT. On the other hand LiF/Al seems to be a reasonably
good contact material for PCBM as no voltage drop was observed at the
interface between PCBM and LiF /Al

In conventional PSHT:PCBM BHJ solar cells for bias voltages higher than
0.5V the voltage drops on the contact between the ITO/PEDOT:PSS and the
BHJ and on the contact between the BHJ and the LiF /Al whereas there is
almost no potential drop within the BHJ. For bias voltages lower than 0.5V the
potential dropped mainly on the top contact. This shows that the influence of
the injection barriers on the charge transport is voltage dependent. In inverted
P3HT:PCBM BHJ solar cells there is no potential drop at the interfaces but
the whole voltage drops along the BHJ. So from a charge transport point of
view, a PEIE coated ITO bottom contact and a MoO3/Al top contact form
ideal conditions. In figure the potential distribution in the different solar
cells are summarized. From the measurement on the bilayer, it becomes clear
that the ITO/PEDOT:PSS contact forms a transport barrier. So it does not
surprise that the conventional BHJ also exhibits a transport barrier at the
ITO/PEDOT:PSS contact. In the conventional BHJ, there is also a transport
barrier at the top contact, but we know from the measurements on the bilayer
cells that PCBM forms a very good contact with LiF /AL. This leads to the
conclusion that there is no or only few PCBM on the top contact but that
P3HT accumulates on the top. The morphology formation in BHJ materials
is a very complex process and has been studied experimentally [153}|154] and
by theoretical simulations [155]. The accumulation of P3HT in conventional
P3HT:PCBM BHJ solar cells was already observed by other groups [74], e.g.
measured by XPS.

Furthermore, an accumulation of P3HT on the top of the BHJ is favorable
for the inverted cell layout, which explains that in the inverted solar cells
there is no potential drop at the top contact. The charge carrier injection
at the top contact of the inverted solar cells can be further improved by a
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7. Potential distribution within P3HT/PCBM BHJ and bilayer solar cells

chemical reaction of the MoOgs with the P3HT [76/-78]. Moreover, there is also
no potential drop on the bottom contact. Among other things, the morphology
formation depends on the surface energy of the bottom contact |154]. The
surface energy can be changed by an interfacial dipole layer [156,/157] which in
this case is constituted by the PEIE [94}96.|158]. So it is likely that the PEIE
substrate drives the morphology formation to an accumulation of PCBM at
the PEIE/BHJ interface, which is optimal for charge transport. Besides it
is known that PEIE in general leads to low injection barriers [94,|158)159].
In any case it can be stated, that in the inverted solar cells the resistance
of the organic layer determines the major part of the serial resistance of the
solar cell and the contacts play a minor roll. So to further improve this kind
of solar cells, the active layer has to be improved, for example by doping of
both components or by a change of the morphology to the point of crystalline
domains.

From the potential distributions one would expect the inverted BHJ solar
cells to be better than the conventional ones. The forward current at 1V bias
voltage in the inverted BHJ solar cell was one order of magnitude higher than
in the conventional solar cells, so it can also be seen from the IV curves that
the series resistance in the inverted solar cells is lower than in the conventional
solar cells. However, the preparation process was not optimized for the inverted
BHJ solar cells. Therefore, their efficiencies were comparable.

In all solar cells under short circuit conditions, no change of the potential
distribution could be attributed to the illumination.

In open circuit condition, it was possible to image the distribution of the
open circuit voltage. Open circuit condition was created by plugging off the
bottom or top contact and leaving the other contact on ground potential. The
distribution of the open circuit potential was identical for Al floating/ITO
grounded and ITO floating/Al grounded. During the measurements of the
bilayer solar cells it was tried to have a comparatively powerful illumination. As
a disadvantage, the measurement drifted very much, but on the other hand an
open circuit voltage of about 0.4V could be measured. In the measurements of
the BHJ solar cells less illumination power was used to avoid drift, but therefore
only open circuit voltages of 0.1-0.2 V were built up. As a consequence the
obtained distributions of the open circuit voltage are clearer and less noisy for
the bilayer solar cells than for the BHJ solar cells. In the bilayer solar cells
the major part of the open circuit voltage dropped at the interface between
ITO/PEDOT:PSS and P3HT and a minor part dropped along the organic
layer. This is identical with the measurements with external applied bias
voltage.

In the normal BHJ solar cells the open circuit voltage mainly dropped at
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Bilayer Conventional BHJ Inverted BHJ

P3HT accumulates
~ on the top

—)

Figure 7.18: Summary of the potential distributions measured in bilayer, conven-
tional BHJ and inverted BHJ P3HT /PCBM solar cells. From these results it can
be deduced that the BHJ in our solar cells forms a morphology with accumulation
of P3HT on the top which is disadvantageous for conventional BHJ solar cells.

the contact between BHJ and LiF. For external applied bias voltages lower
than 0.5V the potential dropped also on this contact. In the inverted BHJ
solar cells, the open circuit voltage distribution was very noisy, but it appears
that the open circuit voltage dropped along the organic layer and not on the
contacs. Overall, one can state that the distribution of the open circuit voltage
within the solar cells was similar as with an externally applied voltage.

As mentioned in chapter [2] there are basically two models to understand the
origin of the open circuit voltage in organic solar cells: In the first model, the
open circuit voltage is built up by the energy difference between the HOMO
level of the donor and the LUMO level of the acceptor components and the
contacts have minor influence . In the second model, the donor/acceptor
interface is needed to separate the exciton but the open circuit voltage is built
up by the work function difference of the contact materials [79,[161]. The
second model is becoming the more likely one. First of all, because the change
of contact materials influences the open circuit voltage dramatically. In the
case of our inverted solar cells, the open circuit voltage even changed the sign.
Moreover, the presented potential measurements show that the contacts play
an important role in organic solar cells. Even in the bilayer solar cell, it was
not measured that the open circuit voltage is built up at the organic interface.
Therefore, the presented measurements confirm that un upper limit for the
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7. Potential distribution within P3HT/PCBM BH.J and bilayer solar cells

generated photo voltage is given by the work function difference of the contact
materials. As a comparison: In silicon pn junction solar cells it is well known
that the open circuit voltage is limited by the work function difference between
the p and the n doped material, which for high doping concentrations nearly
corresponds to the band gap [17,61]. But this is only valid if the contacts of
the silicon PV device provide ohmic behaviour |17,61].
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8. S-shaped solar cells

Recurring difficulties in the processing of (organic) solar cells form so called
S-shaped IV curves [162H171]. Under illumination the IV characteristics are
not simply shifted to lower current with respect to the IV curve for dark
conditions, but exhibits an S-shaped profile. This leads to a greatly reduced
fill factor and a reduced open circuit voltage |172].

The origin of S-shaped IV curves is being extensively studied by other
scientific work groups in experiments [163-168] as well as in simulations
[169-171]. All groups come to the conclusion that transport barriers at the
interfaces lead to S-shaped IV curves. This can result from mismatched
energy levels at the contacts |[165,[166], from interface dipoles [163], from the
accumulation of space charges at the interface [164], from reduced surface
recombination [169] or imbalanced charge carrier mobilities [170]. In BHJ solar
cells S-shaped IV curves can also result from unfavorable phase segregation
[168,|169]. As far as it is published in literature, the predicted transport barrier
has not yet been directly observed with an imaging method.

During the course of bilayer solar cell investigation it was found that an
iodine contamination of the glove box system (e.g. due to Perovskite solar
cell fabrication) which was used to fabricate the cells resulted in S-shaped IV
characteristics of the solar cells. The iodine contamination was confirmed by
XPS measurements [173][]

Which on the one hand was a drawback for fabrication of well-functioning
devices, is here now used to investigate S-shaped IV curves.

It can be stated that producing solar cells with S-shaped curves is a repro-

IBatch 1 of the bilayer solar cells was prepared before the contamination at the end of May
and this batch did not show S-shaped IV-curves. At the beginning of June, a colleague
started the preparation of Perovskite solar cells for which he used material containing
iodine. On June 7th, batch 2 was prepared which showed S-shaped IV curves and we
know from the XPS measurement [173] that the reference samples were contaminated.
After an extensive cleaning procedure of the glove box at the beginning of July, batch 3
was prepared which showed no S-shaped IV curves and iodine was not found in the XPS
spectra. On July 22th the glove box was contaminated with the iodine again. Batch 4
and Mu6 (conventional BHJ solar cell) were prepared which again had S-shaped curves.
During that time of contamination the preparation of other solar cells [174[175] did not
work either.
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8. S-shaped solar cells

ducible effect when contaminating the active layer with iodine, but it would
be more sophisticated to address the investigation of S-shaped solar cells by a
controlled material or contact modification. Nevertheless it will become clear
in this chapter that there is a strong correlation between the IV curves and
the potential distribution.

8.1. S-shaped P3HT/PCBM bilayer solar cells

The correlation of certain features in the potential distribution with the
characteristics of the IV curve first arised during the investigation of bilayer
solar cells. Seven bilayer solar cells in total were investigated by SKPM and
all results complied with the results which are going to be discussed in this
section.

8.1.1. Results

Figure shows the IV curves of two bilayer solar cells N (MuBiSpin3_2) and
S (MuBiSpin2_3) in the dark and under LED illumination in a) logarithmic
and b) linear scale. As one can see from figure sample S shows an open
circuit voltage of about 0.3 V and N shows an open circuit voltage of 0.5 V. The
current in forward direction of sample N is about three orders of magnitude
higher than the current in sample S although the size of the active region was
the same in both cases (2mm x4mm). In figure a zoom into the active
region of the solar cells in linear scale is shown. Sample N shows common
diode behavior in the dark as well as under illumination. Sample S shows
diode behavior only in the dark but under illumination the curve bends. The
fill factor of sample S amounts to 13% which is smaller than the fill factor of
sample N (53%).

In figure the IV curves of altogether three S-shaped bilayer solar cells
are shown (MuBiSpin2 1, 2 3 and 4 1) in a) linear and b) logarithmic
scale. The solar cells MuBiSpin2_ 1 and 23 show similar curves with a very
pronounced anomalous IV curve under illumination. Both have a fill factor
of 13% and they were both from batch 2. MuBiSpind 1 from batch 4 shows
less pronounced S-shaped behavior but it is clearly visible (fill factor: 17%).
As can be seen from figure the current in forward direction of 4 1 is one
order of magnitude higher than that of 2 1 and 2_3. The open circuit voltage
of 2 1 and 2 3 amounts to about 0.3V and the open circuit voltage of 4 1
to about 0.4 V. From figure it can also be seen that the current under
illumination in backward direction is higher than in forward direction which is
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Figure 8.1: From [98]: “IV-curves in the dark and under non standard illumination
on a logarithmic scale of sample S (black solid line) and sample N (red dashed
line). b) Zoom into the active region of the solar cells. Sample S refers to the left
(black) y-axis, sample N to the right (red) y-axis. Sample S exhibits an S-shaped
characteristic under illumination”.

another property of solar cells with S-shaped IV curves.

In figure [8.3h, ¢ and e the CPD profiles of three different bilayer solar cells
(MuBiSpin2_3,2 2 and 4_1) are shown under different bias voltages between
—1V and 1V captured in the dark. Figure [8.3p, d and f shows the respective
relative potential distributions. In figure[8.3p the relative potential distribution
in 23 is shown and it is clearly visible that the potential drops exclusively
on the top contact between the PCBM and the Al. In figure the relative
potential distribution of 2 2 is mappedﬂ The resolution of the measurement
was not very high due to dust on the cantilever tip. Therefore, the situation is
not as clear as in 2 3. But one can definitively state that the voltage drops
on the interface between Al and PCBM and it might be that there is also a
drop across the PCBM. No potential drop can be seen at the interface between
ITO and P3HT and within P3HT. In figure the net potential distribution
of 4 1 is shown. In 4 1 the major part of the applied voltage drops at the
PCBM/ALl interface and a minor part at the ITO/P3HT interface and across
the organic layers.

Figure shows a direct comparison of the net potential distribution in the
normal solar cell (MuBiSpin3_ 2) and the S-shaped solar cells MuBiSpin2 3
and 4 1. In all cases 0.5V bias voltage was applied. The potential distribution
for sample 3 2 is shown in black, the potential distribution for sample 2 3 is
shown in red and the potential distribution for sample 4 1 is shown in blue.
As the organic layer in 23 was smaller than in 3_2 and 4 1, two different

22 2 and 2_ 1 were similar but for 2_1 no SKPM measurements were performed.
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Figure 8.2: IV curves of three different bilayer PSHT/PCBM BHJ solar cells
(MuBiSpin2_1, 2_3 and 4_1) in the dark and under LED illumination in a) linear

and b) in logarithmic scale. In a) S-shaped characteristics of the solar cells are
clearly visible.

x-axis were used to simplify comparison. The lower (black) x-axis refers to
sample 3_2 and 4_ 1, the upper (red) x-axis refers to sample 2_3. In this
direct comparison it can be clearly seen that in the normal cell the potential
drops at the contact between I'TO and P3HT and along the BHJ, but that in
sample 23 the potential drops exclusively at the contact between the BHJ
and the Al. Meanwhile sample 4_ 1 shows an intermediate state of both cases:
The voltage drops at the interface between I'TO and P3HT and at the interface
between PCBM and Al. Figure [8.4b shows a comparison of the IV curves
under LED illumination of the normal solar cell 3 2 and the S-shaped solar
cells 2 3 and 4 1. The figure zooms into the active region of the solar cells
and three different scale bars are used to display the currents, as the currents
were strongly different. The left, black y-axis refers to the black curve which
belongs to sample 3_ 2. The blue curve belongs to sample 4 1 and refers to
the right, blue y-axis. The red curve belongs to sample 2 3 and refers to the
right, red y-axis. 32 shows a standard diode solar cell behavior, 2 3 exhibits
a very pronounced S-shaped IV curve. 4 1 shows also an S-shaped IV curve
but less pronounced than 2 3.

8.1.2. Discussion

From the IV curves shown in figure 8.1}, [8.2] and [8.4] it becomes clear that some
of our solar cells exhibited S-shaped IV characteristics. This behavior can
be correlated to a temporary iodine contamination of the glove box, further
explained above. Compared to the normal bilayer solar cell, the S-shaped
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Figure 8.3: CPD under different bias voltages in bilayer P3HT /PCBM solar cells in
the dark. a) MuBiSpin2 3, ¢) MuBiSpin2 2 and e) MuBiSpind 1 for -1V — 1V
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Figure 8.4: a) Comparison of the net potential distributions within the normal
solar cell MuBiSpin3_ 2 and the S-shaped solar cells MuBiSpin2_3 and 4_1 at a
bias voltage of 0.5V in the dark. The potential distribution of 3_ 2 is displayed in
black, the potential distribution of 4 1 in blue and that of 2_3 in red. b) IV curves
of the three solar cells under LED illumination. The black curve belongs to cell 3_ 2
and refers to the left, black y-axis. The blue curve belongs to 4 1 and refers to the
right, blue y-axis and the red curve belongs to cell 2_ 3 and refers to the right, red
y-axis.

ones had much lower forward currents. Furthermore, under illumination
they showed higher backward current than forward current. The slope of
the backward current reminds of a space charge limited current |176}[177]
which only occurs in the presence of photoinduced charge carriers [178]. In
figure the profiles of the CPD under application of different bias voltages
are shown. In solar cell 2.3 and 22 the voltage dropped exclusively at
the interface between PCBM and Al. In solar cell 4 1 a major part of the
voltage drop occurred at the PCBM /Al interface and a smaller voltage drop
is observed at the ITO/P3HT interface. This is completely different from
the potential distribution in normal bilayer solar cells, discussed in chapter
7.1 There, no voltage drop occurred at the PCBM/AI interface. A direct
comparison shown in figure [8.4h spotlights the difference and in figure [3.4p

rent density (mA/cm’)

=4

Cu

the IV curves under illumination are contrasted with the potential profiles.

It can be stated that the potential distributions are correlated with the IV
curves: the stronger the S-shape behavior is, the higher the potential drop
at the PCBM/AI interface is. From the IV curves in the dark in forward
direction it can be concluded, that the S-shape solar cells have higher series
resistances than the normal solar cells. Calculating the resistances at 0.5V
for each solar cell by dividing 0.5V through the current of the solar cells at
0.5V leads to: 0.7%%em? for 3_ 2, 50.12%/em? for 2.3 and 5.1 2/cm? for 4 1. It
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8.1. S-shaped P3HT/PCBM bilayer solar cells

stands to reason that the higher resistance in the S-shape cells results from an
additional transport barrier which is not present in the normal cells. One can
think of a very simplified scheme in which the solar cell is described by three
different resistances R1, R2 and R3. R1 depicts the resistance between Al
and P3HT, R2 is the resistance of the bilayer and R3 the resistance between
PCBM and Al. In figure this simplified equivalent circuit is shown. As
in 3_ 2 the major part of the voltage drops at the ITO/P3HT interface, in
a first order approximation the series resistance of 3 2 (0.7%%cm?) can be
considered as R1 and R2 can be neglected. R3 is different in all solar cells,
in3 2itis 0,in 4 1 it is R3=5.1%cm2-0.7 5% em?=4.4%2c? and in 2_ 3 it
is R3=50.1%%/em? -0.7k/em? =49.4k2/cm2. Note that this is a very simplified
model which is only used to explain the static potential distribution for one
concrete applied bias voltage. This model does not describe the IV curves of
the solar cells! For very discrete interfaces, one would expect a potential step.
In reality interfaces are not discrete but rather result in depletion regions. So
with SKPM one would expect to measure the potential drop within the size of
the depletion zone plus about 20 — 30 nm originating from the resolution of
SKPM. In figure the potential distributions for the equivalent circuit are
shown. The steps demonstrate the potential distribution for discrete interfaces.
The potential distribution which one would expect to measure within this
model is plotted in black for 3 2, in blue for 4 1 and in red for 2 3. The
measurement results (compare figure [8.4h) are in very good agreement with
this model. However, it has to be mentioned that the height of the potential
drop can depend on the region where the profile was taken from, from the
zero volt measurement (as this measurement is subtracted from the raw data
to gain the net potential distribution) and from the relative position of the
zero volt measurement to the measurement under applied bias voltage. As
mentioned before, the relative position varies due to drift in the microscope.
Therefore, it is hard to make quantitative predictions. But, the scheme shows
that the SKPM measurements qualitatively provide results which one would
expect if the S-shaped characteristics of the solar cells result from a charge
transport barrier at the PCBM /ALl interface.

As it was already mentioned, the origin of S-shaped IV curves is being
extensively studied by other scientific work groups in experiments [163H168] as
well as in theoretical simulations [169-171]. All groups come to the conclusion
that transport barriers at the interfaces lead to S-shaped IV curves. This can
result from mismatched energy levels at the contacts [165]/166], from interface
dipoles [163], from the accumulation of space charges at the interface [164], from
reduced surface recombination [169] or imbalanced charge carrier mobilities
[170]. So far, from the SKPM measurements it can only be stated that there is
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Figure 8.5: Scheme of the potential distribution in the solar cells considering
R1=0.7k2/cm2, R2=0 and R3=0 for 3_ 2, R3=4.4k?/cm? for 4 1 and R3=49.4 k?/cm?
for 2 3.

a transport barrier, but predictions about the properties of this barrier cannot
be made. One could think of an energetic barrier in the valence or conduction
band but one could also think of reduced mobilities of charge carriers near the
interface. Further systematic measurements with and without illumination and
with higher bias voltages would be necessary to solve this question. However, it
would be wiser to repeat this experiment on systematically prepared S-shaped
solar cells as the influence of the iodine contamination may have manifold
influences on the solar cell properties [179-181].

Concluding it can be stated that the above shown SKPM measurements for
the first time provide a direct mapping of the predicted transport barriers.

8.2. S-shaped P3HT:PCBM BHJ solar cell

S-shaped IV curves were also observed in conventional PSHT:PCBM BHJ
solar cells. Similar to the bilayer solar cells, they were fabricated in an iodine
contaminated glove box.

8.2.1. Results

In figure 8.6 the IV curve of a conventional P3HT:PCBM BHJ solar cell (Mu6)
in the dark (black curve) and under LED illumination (red curve) in the

76



8.2. S-shaped P3HT:PCBM BH.J solar cell

a) b)
—_ 0.0 —_
e e
o o
2 <
g g
< 011 =
2 z
= =
() [}
© o
2 024 7 =
& e
5 —— Dark 5
. —LED ©
-0.34 .
01 00 01 02 03 04 05 1.0 05 0.0 05 10
Bias (V) Bias (V)

Figure 8.6: IV curve of a conventional P3HT:PCBM BHJ solar cell (Mu6) in the
dark and under LED illumination in the measurement setup in a) linear and b)
logarithmic scale.

measurement, setup are shown in a) linear and b) logarithmic scale. Note
that the IV curves were taken in the measurement setup and the laser for
readout of the cantilever movement was not swithced off. Therefore, the solar
cell shows an open circuit voltage although the LED illumination was turned
off. In figure a zoom into the active region is shown and the S-shaped
characteristics become visible due to the very low fill factor of only 18%. In
figure it can be seen that the backward current under illumination is
higher than the forward current. This is commonly observed in solar cells with
S-shaped IV curves.

Figure shows the CPD profiles within the solar cell Mu6 with applied
bias voltages between —1V and 1V in the dark and figure shows the
corresponding net voltage distribution. It can be seen that the whole voltage
drops at the interface between the BHJ and Al.

Figure shows a direct comparison of a normal BHJ solar cell (C126_3)
and a BHJ solar cell with S-shaped characteristics (Mu6). In figure the
net potential distribution in both cells at a bias voltage of 0.5V is shown. It
becomes clear that in the normal solar cell the voltage drops at the interface
between ITO and BHJ and at the interface between BHJ and Al. In the
S-shaped solar cell, the voltage drops exclusively at the top contact, which
means at the interface between BHJ and Al. Figure [8.8b shows a direct
comparison of the IV curves of both solar cell under illumination in their
active region. The IV curve of C126_3 is drawn in black and refers to the left,
black y-axis. The IV curve of Mu6 is plotted in red and refers to the right, red
y-axis. Note that the illumination of C216_ 3 was very weak, especially much
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Figure 8.7: a) CPD under different bias voltages in the dark in an S-shaped
conventional P3HT:PCBM BHJ solar cell (Mu6) for —1V — 1V in 0.5V steps. b)
shows the respective relative potential distributions.

weaker than the illumination of Mu6. Therefore, the current and the open
circuit voltage are smaller than they would be under the same illumination
power which was used for Mu6. However, from the shape of the curves and
from the fill factors (fill factor of C216_3: 46%, fill factor of Mu6: 18%) it
becomes clear that C216 3 shows normal diode behavior and Mu6 exhibits
S-shaped behavior.

8.2.2. Discussion

The interpretation of the results proceeds similar to the discussion of the
previous section. Again, a comparison of the IV curve of the normal solar
cell (C216_3), shown in figure [7.10] and the IV curve of the S-shaped solar
cell (Mu6), shown in figure [8.6] indicates that the series resistance in the
S-shaped solar cell is much higher than in the normal solar cell. However,
only one cell which showed S-shaped IV curves was investigated by SKPM. As
reproducibility cannot be guaranteed, this results were not published within
our paper about: “Understanding S-shaped current-voltage characteristics of
organic solar cells: direct measurement of potential distribution by scanning
Kelvin probe” [98]. In principle more investigations can be carried out by
producing other BHJ solar cell in an iodine contaminated atmosphere.
Calculating the resistances at 0.5V for each solar cell by dividing 0.5V
through the current of the solar cells at 0.5V leads to: 1.4%%/cm? for C216_3
and 51.4%%em2? for Mu6. Assuming that the additional series resistance in
Mu6 is formed at the BHJ /Al interface, it is reasonable that the whole applied

78



8.2. S-shaped P3HT:PCBM BH.J solar cell

a) 04 T T b) 0.001 r r v 0.2
I — NTE\
0.34 1 1 5 S
- : : < 0.000 0.0 E
S £ <
= 1 1 = =
o2 2 £
c 1 1 5 S
% : I S -0.0014 02 ©
T 014 Mus S 5
1 1 2 =
—— C216_3 5 —— Mub 5
1 ) —— C216_3 .

-0.0024 4-04

0.0 |
ITO 1 P3HT/PCBM 1 | ! . . !
0.0 0.1 0.2 0.3 0.4 0.5 0.6 02 0.1 0.0 0.1 0.2 0.3 0.4
X (um) Bias (V)

Figure 8.8: a) Comparison of the potential distribution of the two different
P3HT:PCBM BHJ solar cells Mu6 (red) and C216_3 (black) in the dark at a
bias voltage of 0.5V. b) IV curves of the solar cells under illumination. The IV
curve of C126_3 is drawn in black and refers to the left, black y-axis. The IV curve
of Mu6 is plotted in red and refers to the right, red y-axis. C216_ 3 shows normal
solar cell diode behaviour, Mu6 shows a strong S-shaped behaviour. Note that the
illumination of C216_ 3 was very weak, especially much weaker than the illumination
of Mu6. Therefore, the current and the open circuit voltage are smaller than they
would be under the same illumination power which was used for Mu6.

voltage drops at this interface. This time the solar cell had a BHJ morphology
and in contrast to the bilayer solar cells, the P3HT accumulated on the top
(compare chapter . Therefore, it is likely that the S-shaped IV curves
rather result from an imbalanced charge transport than from a change of
the energetic interface barrier. Again, the measurements are consistent with
literature findings [163H1664|168-171] and for the first time map the potential
barrier in a BHJ P3HT:PCBM solar cell with S-shaped IV characteristics.
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9. Potential distribution within
OLEDs

At the beginning of November 2013 measuremts on cross sections of OLEDs
were performed. OLEDs were processed by evaporation of 200 nm NN “-di-
(I-naphthyl)-N,N “-diphenyl-1,1"-biphenyl-4,4"-diamine (NPB) and 200 nm
8-tris-hydroxyquinoline aluminium (Alqs) on ITO substrates. As top contact
a LiF /Al layer was used. The OLEDs were prepared by Christian Weigel
(TU Braunschweig). Figure shows the CPD profiles in a bilayer OLED
(RS0041) at different bias voltages between —14 V and 5 V. The different layers
can be clearly distinguished and are marked in the graph. For an applied bias
voltage of 0.5V ITO and Al are approximatly on the same potential so the
built in voltage of the device amounts to ca. 0.5 V. In figure the zero volt
profile is subtracted and the relative potential distribution is obtained. For
bias voltages between —1V and 1V the potential drop occurs at the Alqs/Al
interface. For forward bias voltages higher than 1V the potential drops to a
small amount at the Alqs/Al interface and to a major part along Algs. No
potential drop occurs along the NPB and at the ITO/NPB interface. For
reverse bias voltages between —1V and ca. —5V the potential drops at the
Alqs/Al interface and along Alqs. For reverse bias voltages lower than —5V
the potential drops at the Alqs/Al interface, along Algs and along NPB.
Stefan Berleb, Wolfgang Briitting et al. performed capacitance-voltage (CV)
measurements on such bilayer OLEDs [182,|183]. They used the same bottom
contact and the same organic layers but Ca formed the top contact. They found
that the capacitance changes at a certain transition voltage which depends on
the thicknesses of the organic layers. From the results they deduced a model
for the potential distribution within the OLEDs. Interfacial charge Qi between
Algz and NPB is held responsible for the predicted potential distribution. In
figure this model is shown for a bilayer OLED with equal thickness of the
organic layers. In this representation the potential distribution is normalized to
the flat band condition where the applied bias voltage corresponds to the built
in voltage Vi, (case (d)). Therefore, the contacts are on the same energy level
and so the organic layers are free of an electric field. For an applied forward
bias (case (e)) the whole applied voltage drops along Alqs. For voltages smaller
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9. Potential distribution within OLEDs
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Figure 9.1: a) CPD profiles in a bilayer OLED (RS0041) at different bias voltages
between —14V and 5V. b) Relative potential distribution in the bilayer OLED
at different bias voltages. For bias voltages between —1V and 1V the potential
drop occurs at the Alqs/Al interface. For forward bias voltages higher than 1V the
potential drops to a small amount at the Alqs/Al interface and to a major part
along Algs. No potential drop occurs along the NPB and at the ITO/NPB interface.
For reverse bias voltages between —1V and ca. —5V the potential drops at the
Algs/Al interface and along Alqs. For reverse bias voltages lower than —5V the
potential drops at the Alqs/Al interface, along Alqs and along NPB.
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than Vy,; but higher than or equal as the transition voltage Vo (which can be
deduced from the CV measurements) the applied voltage drops along Alqs
(case (c¢) and (b)). For applied voltages higher than Vj the potential drops to
a major part along Algs and to a minor part along NPB.

In the presented type of OLED with a 200 nm NPB and a 200 nm Alqs layer,
the transition voltage amounts to ca. -5.0V [184]. Figure shows measured
potential profiles at 5.0V (>Vi;), 0.5V (= Vi), -3.0V (Vo < V < Vi), -5.0V
(~ V) and -10.0V (<Vy). The measured signal is normalized to the built
in voltage (=~ 0.5V) by subtracting the 0.5V profile from the other profiles,
and the y-axis is plotted upside down to facilitate the comparison with figure
0.2h. The obtained potential distributions comply with the model. Only the
potential drop at the Alqs/Al interface is not present in the model, but as
different contact materials were used a comparison is hardly possible.

Note that already in the raw data shown in figure the described behavior
can be observed. The representation in figure [9.2b was only used to facilitate
the comparison between the model and the measurements.

The very good agreement between the model based on CV measurements and
the SKPM results further underline the significance of the presented method
as a powerful tool for the investigation of charge transport in organic electronic
devices. In particular, these results show that it is possible to distinguish
different potential distributions within different organic layers if such is present.
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Figure 9.2: a) From [182]: “Spatial dependence of the potential (energy) inside an
ITO/NPB/Alqs/Ca device under different bias conditions for equal thickness and
dielectric constant of the two organic layers. (a) For large reverse bias the interfacial
charge Qi = Qp < 0 creates a jump of the electrical field, which is equivalent to
the change of slope of the potential at the interface. The dashed line indicates the
situation without interfacial charge. (b) At V = Vj. the flat band condition is
reached in NPB. (c¢) For Vo < V < Vy,; NPB stays in the flat band condition, the
amount of negative charge at the interface becomes smaller and concomitantly the
jump of the electric field is reduced. (d) At V = Vy; the flat band condition in both
layers is reached and the interfacial charges are fully neutralized. (e) For V > Vi,
injected positive carriers accumulate at the interface to generate an opposite jump
of the electric field”. b) Measured potential profiles at 5.0V (>Vy;), 0.5V (= Vi),
3.0V (Vg <V < Vi), -5.0V (= Vy) and -10.0V (<Vj(). The measured signal is
normalized to the built in voltage (= 0.5V) by subtracting the 0.5V profile from
the other profiles, and the y-axis is plotted upside down to facilitate the comparison
with a).
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10. Summary and outlook

In this work an investigation of the potential distribution within organic solar
cells was presented. The cross section of the solar cells was laid open by
focused ion beam (FIB) milling and afterwards the potential distribution
across the cross section was measured by scanning Kelvin probe microscopy
(SKPM). A new combined scanning electron microscope (SEM) /FIB cross
beam microscope with an implemented scanning probe microscope (SPM)
was presented. In this system, FIB milling and further investigation by SPM
methods was performed in-situ. Furthermore, the system was modified such
that the devices could be investigated under operation conditions meaning
under illumination and applied bias voltage.

It was found out that the FIB has the potential to dope organic semicon-
ductors and a detailed study on the doping of TIPS-pentacene field effect
transistors by FIB was executed. However, the IV curves of organic solar cells
were not changed by FIB milling. SKPM measurements were performed on
FIB milled, cleaved and microtome cut solar cells and all preparation methods
led to similar potential distributions. The interpretation is that the FIB has
no significant influence on the measurement results, as the organic layer lies in
the shadow of the Al contact during FIB milling.

SKPM measurements on TIPS-pentacene OFETs and silicon solar cells were
demonstrated and compared with literature results to proof that SKPM was
successfully established in InnovationLab.

Solar cells from Poly(3-hexylthiophen) (P3HT) and [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) were investigated in bilayer, conventional bulk
heterojunction (BHJ) and inverted BHJ structure. From contact potential
difference (CPD) measurements without applied bias voltage, the relative work
functions of the materials could be derived. As expected, Al always showed a
lower work function than indium tin oxide (ITO). P3HT and PCBM showed
slightly higher work functions than ITO which behaves within the limits of
literature results measured by photoelectron spectroscopy and is expected
from KP measurements on the materials in InnovationLab.

Under application of bias voltage all different solar cells exhibited different
potential distributions. In bilayer P3HT /PCBM solar cells, the applied bias
voltage dropped mainly at the Interface between ITO/PEDOT:PSS and P3HT
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10. Summary and outlook

and to a minor part within the organic layer. In the conventional BHJ solar
cells, the potential dropped at the interface between ITO/PEDOT:PSS and
the BHJ and at the interface between the BHJ and LiF/Al, whereas almost
no potential dropped within the organic layer. In the inverted BHJ solar
cells, there was no potential drop measurable at the contacts but the whole
applied voltage dropped within the BHJ. This leads to the conclusion that the
inverted BHJ structure is most favorable for PSHT:PCBM BHJ solar cells.
Furthermore, it can be concluded, that PSHT accumulates on the top of the
BHJ.

[llumination had no influence on the potential distribution of solar cells
in short circuit condition. In open circuit condition, the distribution of the
open circuit voltage could be measured. Open circuit condition was created
by plugging off the bottom or top contact and leaving the other contact on
ground potential. The distribution of the open circuit potential was identical
for Al floating/ITO grounded and ITO floating/Al grounded. In each solar
cell, it had the same distribution as if an external voltage was applied.

Furthermore, bilayer solar cells were fabricated which exhibited S-shaped IV
characteristics. SKPM measurements were performed on the cross sections
of these devices. It was found that the S-shaped behavior results from an
additional transport barrier at the interface between PCBM and LiF /Al which
was not present in bilayer solar cells with normal IV characteristics. This
finding has been discussed in literature reports, but for the first time, the
transport barrier could be directly imaged.

Recently, it was also possible to resolve the potential distribution within bi-
layer N,N “-di-(1-naphthyl)-N,N “-diphenyl-1,1 -biphenyl-4,4 "-diamine (NPB) /8-
tris-hydroxyquinoline aluminium (Algs) OLEDs. The SKPM measured po-
tential distributions were in accordance with a predictive model based on
capacitance voltage measurements from Stefan Berleb, Wolfgang Briitting et
al. [182,/183]. These results further underline the capability of the presented
measurement method.

All results have shown that the presented method provides meaningful
conclusions on the potential distribution and so approaches the understanding
of charge transport in organic solar cells. Within this dissertation project, most
time was spent to develop, evaluate and optimize the measurement method.
Now, after an upgrade and repair of the system, the method is ready to be
applied on any electronic device. As it was shown, the method is well suitable
to study any kind of interface properties. The influence on the potential
distribution by use of different contact materials is one issue which can be
explored. The method may also help to investigate the energy alignment
in organic materials. Especially the investigation of devices with thick and
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defined (evaporated) organic layers has the potential of providing new insights.

Furthermore, the measurement setup in principle offers the possibility to use
any desired SPM method. For example scanning tunelling microscopy (STM)
can be applied to investigate the cross sections. In recent STM measurements
by Shih et al. on cleaved cross sections of PSHT:PCBM solar cells, it was
possible to resolve the morphology [185]. If STM and SKPM were applied on
the same cross section, the potential distribution and the morphology could be
directly correlated. Another SPM method which could also be implemented is
the so called scanning near field optical microscopy (SNOM). This method
could be used to study the local light induced charge carrier generation [186].
It is further possible to use the SEM and investigate the electron beam induced
current which provides further information about the local electric field.

The investigation of many different samples with the mentioned methods
will significantly help to create a better insight into charge transport in organic
materials and will hopefully contribute to an improvement of organic electronic
devices.
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A. Appendix

A.1. Notes on the measurement procedure

As the experimental setup contains a completely new SPM some problems can
occur which are not described elsewhere. In this section some of the frequently
occurring difficulties will be described in order to help future operators.

A.1.1. Mounting of cantilever and sample

Dimensions and tolerances in the microscope are very small. Therefore one has
to pay attention on an accurate mode of operation. After cantilever mounting
it is important to check that the cantilever is not electrically connected with
the cantilever holder but only with the pin for the SKPM signal. To ensure a
proper electrical connection between the cantilever and the piano wire which
fixes the cantilever, silver glue has to be applied. This has not change by
the system upgrade! Furthermore it is important to control that there is no
supernatant which can touch any part of the microscope.

The sample has to be mounted with a flat angle and fixed properly. Extreme
drifting and strange behavior of approaching and scanning usually can be
attributed to mistakes in cantilever or sample mounting. Sometimes, it can be
observed with the SEM that the actual scan field is smaller than the set scan
field. Then, in most cases the sample is not properly fixed or something on
the sample (e.g. the wires which are used for the electric contacting) touches
anything in the system, most likely the cantilever holder. Furthermore, if the
sample is to thick the scanner does not extend a lot and the pressure between
the scanner and the plate at the sample holder is not very high. Therefore, it
can happen that the sample plate is not properly moved with the scanner.

If the scanning is not correctly performed and the above mentioned factors
can be excluded, one should shutdown the whole system (close software and
EM server, AURIGA to standby mode and SPM controller off). If this does
not help one should test whether the scanner is loose by carefully touching it
with tweezers.
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A.1.2. Strange behavior of SKPM signal

Strange behavior of the SKPM signal usually results from wrong electrical
contact of the cantilever. Either the cantilever is connected to ground potential
or it is not connected to the pin. In any case, the cantilever holder has to be
dismounted from the microscope and the contacting has to be checked.

A.1.3. Drift due to heating

If a high current flows through the device or it is illuminated with high LED
power, the sample heats up and therefore rises. In figure it can be seen
that the measurement drifts when the illumination is turned on. In principle,
it is possible to turn the illumination on and then to wait a few minutes until
a steady state is reached. Then, the cantilever can be approached and the
measurement can be performed.
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