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Zusammenfassung

Im Bereich der organischen Optoelektronik hat die mikro- und nanoskopische Struk-
tur der Materialien einen groflen Einfluss auf die Leistungsfahigkeit der Bauteile. In
diesem Bereich gewinnen rasterkraftmikroskopische Methoden (SFM) immer mehr
an Bedeutung. Neben topographischer Information kénnen zahlreiche andere Ober-
flicheneigenschaften wie elektrische Leitféhigkeit (Leitfahigkeits-Rasterkraftmikros-
kopie, C-SFM) oder Oberflichenpotentiale (Kelvinsondenmikroskopie, KPFM) mit
Auflésungen im Bereich von Nanometern gemessen werden.

Im Rahmen dieser Arbeit wurden die SFM basierten elektrischen Betriebsmodi ver-
wendet um den Zusammenhang zwischen Morphologie und den elektrischen Eigen-
schaften in optoelektronischen Hybridstrukturen zu erforschen. Diese Strukturen
wurden in der Gruppe von Prof. J. Gutmann (MPI-P Mainz) entwickelt. Konkret
wurde ein neuartiges Nanokomposit fiir eine integrierte Elektronen-Barriereschicht
untersucht. Eine Struktur von elektrisch leitfahigen Pfaden entlang kristalliner TiO,-
Partikeln in einer isolierenden Schicht aus einer Keramik wurde gefunden. Dariiber
hinaus konnten Defektstrukturen identifiziert werden. Um die interne Struktur einer
funktionsfahigen Hybridsolarzelle zu untersuchen, wurde eine Bruchkante mit einem
fokussierten Ionenstrahl poliert. Mittels C-SFM konnten die funktionalen Schichten
identifiziert und die Transporteigenschaften des neuartigen Kompositmaterials in
der aktiven Schicht untersucht werden.

Durch den Einsatz von C-SFM koénnen weiche Oberflichen dauerhaft zerstort wer-
den: (i) durch Kréfte, die die Spitze ausiibt, (ii) hohe elektrische Felder und (iii)
hohe Stromdichten im Bereich der Spitze. Aus diesem Grund wurde ein alternati-
ver Betriebsmodus basierend auf dem Torsion Mode in Kombination mit lokalen
Leitfahigkeitsmessungen eingefiihrt. Im Torsion Mode vibriert die Spitze lateral und
befindet sich dabei sehr nahe an der Oberfliche. Auf diese Weise kann ein elektri-
scher Kontakt zwischen Spitze und Probe hergestellt werden. In einer Reihe von
Referenzexperimenten auf Standardoberflichen wurden grundlegende Aspekte der
Leitfahigkeits-Torsionsmikroskopie (SCTMM) untersucht. Dariiber hinaus wurden
Proben mit Feldern aus freistehenden Nanosédulen aus einem halbleitenden Polymer
untersucht, die in der Gruppe von Dr. P. Theato (Universitit Mainz) entwickelt
wurden. Mittels SCTMM konnten die Strukturen zerstérungsfrei und hochauflésend
abgebildet und die Leitfdhigkeit von individuellen Nanosédulen gemessen werden.



Zusammentassung

Zur Untersuchung lichtinduzierter Effekte in Nanostrukturen wurde ein neuer Kraft-
mikroskop-Aufbau mit einer Laser-Probenbeleuchtung konstruiert. Mit diesem Pho-
toelektrischen SFM wurde die Reaktion funktionalisierter Nanostédbchen auf Be-
leuchtung untersucht. Dazu wurde in der Gruppe von Prof. R. Zentel (Universitéit
Mainz) ein neuartiges Blockcopolymer mit einem Anker- und Farbstoffblock und
einem halbleitenden Polymerblock synthetisiert und kovalent an ZnO Nanostéb-
chen gebunden. Dieses System stellt ein Elektronen Donot/Akzeptorsystem dar und
kann daher als ein Modell fiir eine Solarzelle auf der Nanoebene angesehen werden.
Mittels KPFM auf beleuchteten Proben konnte die lichtinduzierte Ladungstrennung
zwischen Stab und Polymer nicht nur visualisiert, sondern auch quantifiziert werden.

Die Ergebnisse zeigen, dass mittels elektrischer Rasterkraftmikroskopie fundamen-
tale Prozesse in optoelektronischen Nanostukturen untersucht werden kénnen. Diese
Erkenntnisse liefern wertvolle Informationen an die synthetischen Chemiker, die ihre
Materialien nach diesen Aspekten weiter optimieren kénnen.
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Abstract

In the field of organic optoelectronics, the nanoscale structure of the materials has
huge impact on the device performance. Here, scanning force microscopy (SFM)
techniques become increasingly important. In addition to topographic information,
various surface properties can be recorded on a nanometer length scale, such as
electrical conductivity (conductive scanning force microscopy, C-SFM) and surface
potential (Kelvin probe force microscopy, KPFM).

In the context of this work, the electrical SFM modes were applied to study the in-
terplay between morphology and electrical properties in hybrid optoelectronic struc-
tures, developed in the group of Prof. J. Gutmann (MPI-P Mainz). In particular, I
investigated the working principle of a novel integrated electron blocking layer sys-
tem. A structure of electrically conducting pathways along crystalline TiO, particles
in an insulating matrix of a polymer derived ceramic was found and insulating defect
structures could be identified. In order to get insights into the internal structure
of a device I investigated a working hybrid solar cell by preparing a cross cut with
focused ion beam polishing. With C-SFM, the functional layers could be identified
and the charge transport properties of the novel active layer composite material
could be studied.

In C-SFM, soft surfaces can be permanently damaged by (i) tip induced forces, (ii)
high electric fields and (iii) high current densities close to the SEM-tip. Thus, an al-
ternative operation based on torsion mode topography imaging in combination with
current mapping was introduced. In torsion mode, the SFM-tip vibrates laterally
and in close proximity to the sample surface. Thus, an electrical contact between
tip and sample can be established. In a series of reference experiments on standard
surfaces, the working mechanism of scanning conductive torsion mode microscopy
(SCTMM) was investigated. Moreover, I studied samples covered with free stand-
ing semiconducting polymer nano-pillars that were developed in the group of Dr.
P. Theato (University Mainz). The application of SCTMM allowed non-destructive
imaging of the flexible surface at high resolution while measuring the conductance
on individual pillars.

In order to study light induced electrical effects on the level of single nanostructures,
a new SFM setup was built. It is equipped with a laser sample illumination and
placed in inert atmosphere. With this photoelectric SFM, I investigated the light in-
duced response in functionalized nanorods that were developed in the group of Prof.
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Abstract

R. Zentel (University Mainz). A block-copolymer containing an anchor block and
dye moiety and a semiconducting conjugated polymer moiety was synthesized and
covalently bound to ZnO nanorods. This system forms an electron donor/acceptor
interface and can thus be seen as a model system of a solar cell on the nanoscale.
With a KPFM study on the illuminated samples, the light induced charge separation
between the nanorod and the polymeric corona could not only be visualized, but
also quantified.

The results demonstrate that electrical scanning force microscopy can study fun-
damental processes in nanostructures and give invaluable feedback to the synthetic
chemists for the optimization of functional nanomaterials.
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1 Introduction

For many years, organic electronics and scanning probe microscopy developed inde-
pendently. Whereas electric charge conduction in organic compounds was a topic for
physical chemists, the first scanning probe microscopes were developed by engineers
and physicists.

The first investigation on charge conduction in organic compounds dates back to
1906, when the Italian physical chemist Alfredo Pochettino observed photoconduc-
tivity in anthracene [Poc06]. More than twenty years later, the first scanning probe
microscope was introduced by the German engineer Gustav Schmaltz [Sch29]. For
his “physical and physiological” investigation of surface roughness, he developed a
surface stylus profilometer that already had many features of a modern scanning
force microscope. A stylus made of agate mounted at the end of a compliant bar
was scanned over a surface structure. Topographic features caused a deflection of
the stylus which was detected by a light beam reflected from a mirror on top of the
stylus head. The traces of the light beam were recorded on photographic paper and
thus, a magnification of the surface structure by a factor of almost 400 was achieved
(see figure 1.1).

The big breakthrough for both fields, however, came fifty years later. In the early
1980s Gerd Binnig, Heinrich Rohrer, Christoph Gerber and Edmund Weibel reported
on their first experiments with the scanning tunneling microscope (STM) at the IBM
Zurich Research Laboratory in Riischlikon, Switzerland [Bin82]. They used a fine
metallic tip that was scanned over an electrically conductive surface at a constant
tunneling current between tip and sample. With this method it was possible for the
first time to image surface atoms on planar surfaces, such as the 7 x 7 reconstruction
of Si(111) [Bin83]. Only four years after the first publication on STM, Gerd Binnig
and Heinrich Rohrer received the Nobel Prize in physics (1986).

In March of the same year, one of the laureates, Gerd Binnig, published a paper
together with Calvin F. Quate and Christoph Gerber in Physical Review Letters with
the simple title “Atomic Force Microscopy” [Bin86]. They described a modified stylus
profilometer with a sharp diamond tip mounted on a cantilever arm combined with
a STM as a displacement sensor for the lever. A feedback mechanism regulated the
vertical sample displacement in order to keep the force on the diamond tip constant.
During their first measurements in air they already achieved a lateral and vertical



1 Introduction

—

Figure 1.1: Side and top view of the surface stylus profilometer developed by Prof. Gus-
tav Schmaltz in 1929 (modified original drawing from [Sch29]). A sample is moved by a
motor underneath an agate stylus. Surface irregularities deflect the stylus by an angle
of a (1). The deflection is detected by a light beam (2) reflected from the mirror (3) and
projected on endless photographic paper in an “Edelmann” recorder (4). Additionally,
a scale is projected on the paper by the optics on the left (blue line).

resolution of 3nm and 0.1 nm, respectively. This development solved a number of
problems: First, it combined the wide applicability of the stylus profilometer with
the high resolution capabilities of STM. Owing to the tunneling current feedback,
STM can only be performed on electrically conductive samples. Second, the feedback
mechanism could keep the tip - sample force at a constant level which reduced the
tip wear and sample damage. Moreover, the force sensitivity of the setup was at
least 10 decades higher compared to state-of-the-art surface profilers.

The breakthrough for organic optoelectronics came almost simultaneously in Jan-
uary 1986, when Ching W. Tang at the Eastman Kodak Research Laboratories
published his results on the first two layer organic solar cell [Tan86]. The impor-
tance of this improvement can be compared to the introduction of the p-n junction
for silicon solar cells by Daryl Chapin, Calvin Fuller and Gerald Pearson at the Bell
Telephone Laboratories (New Jersey, USA) in 1954 [Chab4]. The p-n junction facil-
itated the spacial separation of electrons and the holes and thus, a power conversion
efficiency of 6% was achieved. In a similar approach, Tang used an electron donor
type organic material (copper phthalocyanine) and combined it with an electron ac-
ceptor type organic material (a perylene tetracarboxylic derivate) in a heterojuction
type solar cell. Compared to state of the art organic photovoltaic cells at that time,



the new device architecture yielded an significantly high power conversion efficiency
of 0.95%. Moreover, the device was - even for modern standards - very stable. Af-
ter five days of continuous illumination with a tungsten light source under ambient
conditions they reported less than 2% degradation in open circuit voltage and short
circuit current.

In the following years, the atomic force microscope (AFM, or scanning force micro-
scope, SFM!') matured to a standard surface characterization technique. It “learned”
to distinguish between different surface properties, such as photo voltage [Wea91],
work function [Non91] or charge injection [Mur93]. With these capabilities and
the continuing trend towards interdisciplinary research, more and more questions
coming from organic electronics were answered with scanning probe methods.

At the same time, the field of organic electronics and photovoltaics has matured
from a basic research topic into one of the most promising technologies for cheap
and flexible electronics of the near future. The material parameters of organic semi-
conductors make thin and flexible device architectures possible. Proposed produc-
tion procedures, such as roll-to-roll printing on plastic foil can easily be done with
existing technologies at speeds of some hundred meters per minute. The organic
solar cell company Konarka has recently bought a printing facility from polaroid in
New Bedford, Massachusetts, that can print organic solar cells at a speed 100 feet
per minute. Thus, the machine allegedly achieves a capacity of 1GW per year?.
So the easy scalability of the the production procedures is a big advantage for wide
spread use of organic electronics, as mass production will lead to affordable devices.
The first applications will be mainly in the field of life style products, where the
easy and flexible nature of organic solar cells is of great advantage. On the long
run, broader applications and even rooftop solutions will be available that offer a
sustainable alternative to fossil fuels.

However, there is still a lack of basic understanding on fundamental processes. Com-
pared to inorganic systems, such as the well established silicon solar cells, organic
devices still yield much lower efficiencies and limited lifetimes. The joint efforts
of theoretical and experimental physics, physical and synthetic chemistry together
with the industry have already lead to major improvements and recently to a power
conversion efficiency of 7.7% (tandem organic solar cell [Uhr10]). In spite of that,
the exact reasons for the restricted efficiency and lifetime are still not sufficiently
understood.

IThe original term “atomic force microscopy” is in my opinion misleading. The forces detected by
this method do in most cases not originate from single atomic structures but merely from the
collective interaction with thousands and millions of atoms. Gravity, for example, also originates
in the interaction of atoms, however, nobody would call it an “atomic force”.

2Konarka press release on October 7th, 2008 (www.konarka.com).
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1 Introduction

1.1 Motivation

The aim of this work was to evaluate the capabilities of electric modes in scanning
probe microscopy for contributing to the basic understanding of organic optoelec-
tronics, in particular for organic photovoltaics. In numerous collaborations within
the international research training group (IRTG) “Self Organized Materials for Op-
toelectronics” I was able to identify problems of organic electronics that can be
answered by means of SPM methods. Here, it turned out that the existing opera-
tion modes were not sufficient for the specific properties of organic optoelectronic
structures. In particular, strong tip-sample interactions due to the highly localized
character of the measurements can lead to modifications in the sample structure and
even to the complete loss of a specific functionality. Douhéret and co-workers, for
example, reported that a thin film of an organic photovoltaic blend (P3HT:PCBM)
turned into an insulator upon scanning the sample at a bias voltage of 1V (see figure
1.2, [Dou07h)).

Next to tip induced sample degradation, organic electronic structures are very sen-
sitive towards degradation when exposed to oxygen and humidity, in particular in
combination with light. Therefore, new SPM operation modes and experimental
setups that are suitable for the application on soft and sensitive electronic nanos-
tructures had to be developed and tested.

SPM based methods are very versatile tools for studying surface properties. In
organic electronics, however, specific functionalities are often found in the complex
interface regions between subsequent layers inside the device. The investigation of
the top surface of such a device yields only a small part of the working mechanism
of such systems. Therefore, new sample preparation procedures were necessary for
making these internal interface structures accessible for SPM.

Figure 1.2: Topography (a) and current map (b) on a organic photovoltaic blend system
(P3HT:PCBM, 1:1, as cast) on a transparent conductive substrate (ITO). Images from
[Dou07b].
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1.2 Outline

In chapter 2 I will explain briefly the fundamentals of charge conduction from the
very basic Drude model to the band type conduction. I will demonstrate that the
principles derived for perfect crystalline materials can in parts be applied for disor-
dered organic materials, as well. This more fundamental part will be followed by an
introduction to the principles of photovoltaics. Starting with a general description
on metal - insulator and heterojunctions (e.g. at a p-n junction), the well studied
field of inorganic solar cells will be compared with photovoltaic organic systems. Fi-
nally, the concept of the bulk heterojunction and the field of hybrid or dye sensitized
solar cells will be discussed.

In chapter 3 the principles of scanning probe microscopy are introduced. After
describing different strategies for force detection in static and dynamic scanning
force microscopy, the detectable forces and their specific length scales are discussed.
This more fundamental part is followed by an introduction to electrical operation
modes, namely conductive scanning force microscopy (C-SFM) and Electrostatic-
and Kelvin probe force microscopy (EFM and KPFM). In the context of C-SFM, a
more detailed introduction into charge injection will be given and examples for appli-
cations on organic electronic systems from the literature will be discussed. Finally,
the capabilities of KPFM and examples from the literature are introduced.

In chapter 4 my investigations on hybrid solar cell structures will be presented.
The working principle of a nano-composite for a novel blocking layer architecture
was tested by an electrical SFM study. With KPFM, the working principle of the
preparation procedure was studied and with C-SFM the nanoscale conductive struc-
ture of the composite was visualized. Furthermore, I will present my results of a
C-SFM study on the internal structure of a hybrid solar cell prepared in a novel
one-pot preparation procedure. In order to get insights into the internal structure,
a cross cut was prepared by focused ion beam polishing.

In chapter 5 the first systematic studies on the novel operation method of scanning
conductive torsion mode microscopy (SCTMM) will be presented. I will demon-
strate the working mechanism by a couple of fundamental experiments on reference
surfaces. Thereafter, the application of SCTMM on fragile nano-pillar arrays made
of a novel cross-linkable and a standard semiconducting polymer. Finally, the charge
injection mechanism and the transport properties of the material are elucidated by a
detailed analysis of a current voltage characteristic recorded on a single nano-pillar.

In chapter 6 the new Photoelectric SPM setup will presented that was specifically
modified for the study of organic optoelectronic systems. With this setup it will be
possible to study the light induced nanoscale response of organic optoelectronic nano-
structures. In particular, I will discuss the charging on a system of nanoparticles
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that were functionalized with a semiconducting polymer under laser light irradiation.
With KPFM, the charging could be visualized and quantified on the the level of

single particles.

Finally, I will give some concluding remarks and outline future projects with the
new tools introduced in this work in chapter 7.



2 Fundamentals

2.1 Charge Conduction

In this section some basic principles of charge conduction in solids will be presented.
Starting with the classical description of the free electrons given by the Drude theory,
the band model and its implications for the conduction in ideal crystalline materials
will be explained. Finally the charge conduction in organic materials and specific
similarities and differences to the ideal systems will be discussed.

2.1.1 The Drude Model

One of the most basic and straight forward theories for charge conduction is the
model proposed by Drude in 1900 [Dru00]. It is based on the assumption that the
charge carriers in an electrically conducting material can move freely, i.e. without
interaction with other charge carriers. Under the influence of an external electric
field charge carriers are accelerated. After an average time of 7 the acceleration
is stopped by a collision with a defect or the interaction with a lattice vibration
(phonon)!. The charge carrier is assumed to lose its “memory” after the collision,
i.e. the direction and the magnitude of the velocity before and after the scattering
event are uncorrelated. This assumption is taken into account by an average drift
velocity © at which a charge carrier (charge ¢, effective mass m*) travels through the
material under the influence of an electric field E. It is given by
qr

m*

V=— 17 -E:=pk; p= (2.1)
The charge carrier mobility p is a quantification of how free charge carriers can move
in a material. Most metals and semiconductors with a well ordered crystalline struc-

ture can have mobilities of 50 cm? V~!s™! (typical metals) up to 77000 cm? V—!s™!

IThe original Drude model was assuming collisions with the lattice ions as a source for charge
carrier scattering. Quantum mechanics, however, taught us that the electrons do not interact
with a perfect crystal lattice. Instead, deviations from the periodic potential (i.e. phonons or
defects) can cause scattering. Although that specific assumption was wrong, the actual scattering
mechanism is not important for the theory, as long as there is some form of scattering that is
considered in terms of the scattering time 7.
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(Indium Antimonide). In organic electronic materials the mobility is much lower,
typically ranging from 107¢ to 1072 cm? V~1s~!. The current density j is given by
the charge carrier density n, the charge g and the average velocity (¢7E/m*) of the
charge carrier:

ng*r

j= E = nquE = oF (2.2)
m*
This equation represents Ohm’s law, where 0 = ngu = ng*t/m* is the electrical
conductivity.

To this point, the exact nature of the charge carriers has been neglected. The
conduction usually takes place either by negatively charged electrons (¢ = —e =
—1.602- 1071 C), by positively charged electron vacancies (so called holes) or by a
combination of both. Whereas in pure inorganic metals and intrinsic semiconduc-
tors the electron conduction is dominant, most organic electronic materials are hole
conductors. Equation 2.2 also demonstrates that a good conductor can either have a
high charge carrier density or highly mobile charge carriers (ideally both). A mate-
rial of low intrinsic charge carrier density (for example intrinsic semiconductors) can
still have excellent transport properties in terms of a high mobility p for externally
injected or photogenerated charge carriers.

Although this model is a classical description for the electrical current that neglects
the quantum mechanical structure of the electrons and atoms involved, it can still
explain many properties of metals qualitatively, such as the just mentioned Ohm’s
law or the temperature dependence of the metallic conductivity (Wiedemann-Franz
law). More detailed theories of charge conduction involve the quantum mechani-
cal properties of the electron as well as the periodicity of a crystal lattice. This
description leads to the band structure of the electronic system.

Although most organic materials do not have the periodicity of a crystal lattice, their
behavior can - to a certain degree - also be described by the band model. However,
the complete derivation of the mathematical description is way beyond the scope of
this thesis. It can be found in any textbook on solid state physics (e.g. [Ash76]). I
will therefore restrain the description to the main conclusions of the band model.

2.1.2 Quantum Mechanic Description: Band Model

Within the Drude theory, electrons are described as localized particles that can move
freely through the crystal lattice. In quantum mechanics, the electron is described
in terms of a wave function

U(7) = CeiF ™, (2.3)
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k indicates the propagation direction of the wave and is coupled to the momentum p’
of the electron (e.g. in the free electron case by p'= hE; h: Planck constant). In an
isolated atom, the electrons occupy the discrete energy levels of the atomic orbitals.
In a solid, atoms are packed close enough together that their atomic orbitals overlap.
Thus, the outer electrons are no longer localized to their specific atom. Their wave
functions can spread over many atomic distances, depending on the degree of order
in the solid. In an ideal crystal, the potential U(7) formed by the ion cores has the
same periodicity as the crystal lattice. The Schrédinger equation for such a system
is given by

;—mvzxp(f) — U(MY(F) = BV(F) (2:4)

(E: energy eigenvalue of the wave function). According to Bloch’s theorem, solutions
to equation (2.4) have the form

U(7) = ug(P)e'® 7, (2.5)

with a periodic function u(7) having the same periodicity as U(7). This periodicity
of uy () implies that the wave function spreads over the whole periodic structure of
the crystal, i.e. the electron is delocalized. In non-ideal systems, grain boundaries
and lattice defects localize the wave function to smaller regions of the solid. As a
further consequence, solutions to (2.4) do no longer occupy discrete energy levels
E. They split up and form quasi-continuous energy bands separated by gaps of
forbidden energies. In these energy gaps there are no solutions to the Schrodinger
equation and thus no electron with this energy can exist in the solid.

The occupation of the states in the energy bands is determined by the Fermi-Dirac

statistics. The probability p to find a filled energetic state at an energy FE is given

by

B 1

- E—e
1+ exp(5_F)

p(E (2.6)

(kp: Boltzmann constant, T: absolute temperature, er: Fermi energy). One impli-
cation from this formula is that at a temperature above 0 K, the probability to find
an energetic state at the Fermi energy occupied is 1/2. For all other states above ep
there is a non-zero probability to find this state occupied. Fully filled energy bands
below er are called valence bands and partially filled or empty bands above the
Fermi energy conduction bands. If an external electric field is applied to the crystal,
transitions take place between states of the same energy and different k. Thus, a net
motion of the electron gas in the material can take place: an electrical current. In
a material with good charge transport properties, a large number of both occupied
and unoccupied states exist close to ex. Here, the position and the size of the band
gap plays an important role. There are three cases:
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EA

doping
levels

Figure 2.1: Energy diagram of a metal (a), an insulator (b) and a semiconductor (c). CB
and VB indicate the conduction and valence band, respectively and BG the band gap.
The effect of doping is illustrated in (d). Dopants can generate additional energetic
states in the bandgap. By thermal activation, mobile charge carriers are generated.

(a) In metals (Fig. 2.1) the Fermi energy is located outside of a band gap. Thus,
a large number of very mobile states exist close to e (figure 2.1 (a)).

(b) Insulators: Here, the band gap is large compared to the thermal energy (kT ~
0.025eV at room temperature). Thus, the valence band is fully occupied and
the conduction band is empty (figure 2.1 (b)).

(c) Semiconductors: The band gap is sufficiently narrow and electrons can be
thermally excited from the valence band to the conduction band, leaving an
electron vacancy or hole in the valence band (figure 2.1 (c)).

The exact distinction between insulators and semiconductors is difficult. Generally,
materials that exhibit observable conductivity at room temperature and turn into an
insulator at low temperatures are classified as a semiconductor. If the only sources
for conduction are thermally excited charge carriers, the material is classified as
an intrinsic semiconductor. However, free charge carriers in a semiconductor do
not necessarily have to originate from thermal excitations. Impurities and grain
boundaries in the crystal also influence the conduction behavior.

By deliberately doping the semiconductor, the conductive properties of the material
can be fine-tuned. For example by incorporating an arsenic atom (valence 5) in a
germanium crystal (valence 4), an additional electron is provided. In this case, the
arsenide acts as an electron donor. Analogously, an atom of valence 3 (e.g. gallium)
provides one electron less to the crystal, which makes it an electron acceptor. The
impurities provide additional electronic states that support thermal excitations into
the conduction band (donors) or from the valence band (acceptors) and thus create
mobile charge carriers. Depending on the type of charge carriers, donor type doped
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2.1 Charge Conduction

materials are called n-doped and acceptor type doped materials p-doped (see figure
2.1 (d)).

2.1.3 Charge Conduction in Organic Materials

Most of the materials used in organic electronics consist of chain-like molecules with
repeated molecular units (monomers) that are linked by covalent bonds. The number
of repeating units ranges from only a few (small molecules) over 5 - 30 (oligomers) up
to hundreds and thousands (polymers). They are linked together by covalent bonds,
predominantly formed by carbon atoms (sometimes also with nitrogen, oxygen or
sulfur atoms). The structure of the bonds forming the backbone of the molecule
has a big influence on the electronic properties of the material. In a molecule that
predominantly consists of sp® hybridized carbon atoms forming o bonds, all available
electrons are tied up and thus localized to their specific bonds. An example of such
a molecule would be polyethylene, a well known electrical insulator (figure 2.2 (a)).

Figure 2.2: (a) o bond and the chem-

R}
So<amc{ /\/\/
/ a @\
ical structure of polyethylene. (b) 7 -

bond and the chemical structure of the (®)

conjugated polyacetylene. / CWC\ W

In a sp? hybridized system, the electrons are much less localized and adjacent
bonds in the molecule overlap. Thus, the electrons can form a delocalized (conju-
gated) 7 orbital along the backbone (figure 2.2 (b)). The energetic levels in this 7
system can be described similar to the afore-mentioned band model in inorganic ma-
terials. The energetically highest occupied molecular orbital (HOMO) corresponds
to the upper edge of the valence band and the lowest unoccupied molecular orbital
(LUMO) corresponds to the lower edge of the conduction band. The energies in
between these bands are forbidden energies, comparable to the bandgap in inorgan-
ics. The electrical and optical properties of these materials are mainly governed
by the HOMO and LUMO states. The most simple example for such a conjugated
system would be polyacetylene (figure 2.2 (b)). Some examples of more complex
conjugated systems are given in figure 2.3. Important classes of conjugated poly-
mers are polythiophenes and poly triphenylamines as hole conductors and fullerene
derived materials such as [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) or poly-
2,7-(9,9’-dioctyl-9 H-fluorene)-alt-4,9-benzol|c][1,2,5]-thiadiazole (F8BT) as electron
conductors [Boe08].

Most of these compounds are intrinsic semiconductors. In order to increase con-
ductivity, mobile charge carriers have to be generated. This can be done externally

11
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CDQ Q Figure 2.3: Structures of important
" organic electronic molecules: (a)
pentacene, (b) polythiophene, (c)
polypyrrole, (d) polytriphenylamine,
(e) PCBM, (f) FSBT.

by charge injection or photo excitation or internally by doping the materials. An
example for the latter mechanism is the intrinsically conductive polymer mixture
of poly(3,4-ethylenedioxythiophene) and poly(styrenesulfonate) (PEDOT:PSS; see
figure 2.4 and [Kir05]). Part of the sulfonyl groups on PSS are deprotonated and
carry a negative charge. This leads to a partial oxidation and a rearrangement of the
double and single bonds in the thiophenes in the PEDOT. Owing to the conjugated
structure, the positive charge (in other words: the hole) can now move freely along
the backbone of the molecule.

g 0 9 o
s A I N s .
S s Figure 2.4: Structures of the conduc-
J o R 9 0
/ / /

o O

3 tive polymer composite of Poly(3,4-
ethylenedioxythiophene) (top) and

oH oH  OH oH poly(styrenesulfonate) (bottom). The
0=$=0 0=820 0=§=0 0=§=0 0=5=0 0=5=0 partial deprotonation of the sylfonyl

O O O O O O groups in the PSS (blue circles) gener-
ates positive charges in the backbone

of the polythiophene (red circles).

In inorganic materials, the electronic wave functions can be delocalized all over the
three dimensional crystalline domain. In isolated molecules this delocalization is
restricted to the one-dimensional backbone of the molecule. However, thanks to
the molecular packing in the bulk phase, the 7 orbitals of adjacent molecules can
overlap. Thus, electrons can be exchanged between these molecules. Depending on
the degree of order in the material the charge transport can be described by a band
like transport (highly purified molecular crystals) or by hopping between localized
states (amorphous polymeric materials)[Pai70, Tes09]. In the latter case, the free
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electron assumption of the Drude model no longer holds. This is, for example,
reflected in an electric field dependence of the charge carrier mobility, for example
by a Poole-Frenkel type transport, where the mobility can be described by

1(E) = po exp(\/EEO); (2.7)

o is the zero field mobility and Ey the electric field coefficient [Ham88, Blo97,
Cam99]. Furthermore, statistically defined parameters as the Fermi energy (equa-
tion (2.6)) become more and more undefined, as the energetic disorder and the
localization of the charge carrier states increase [Sco03].

The microscopic structure or morphology and thus the degree of overlap (7 — 7
stacking) of adjacent molecules is strongly influenced by the overall structure and
- in particular - by the side chains of the molecule. By exploiting the self organiz-
ing properties of tailored molecules, crystalline structures with an ideal molecular
packing can be fabricated. Compared to inorganic crystalline materials however, the
coupling of the electrons and thus their mobility is still much weaker in organic ma-
terials. Therefore, the molecular packing on the order of several tens to thousands
of molecules, i.e. the structure on the length scale of 1 — 100 nm plays an important
role for the overall performance of the material [Girl0].

2.2 Organic Photovoltaics

So far, the direct comparison of inorganic to organic electronics revealed the supe-
riority of the classical inorganic compounds in terms of material parameters such as
conductivity and charge carrier mobility. However, there are good reasons for the
use of organic materials for electronic applications that have been discussed already
in the introduction part. Material properties such as high optical absorption coeffi-
cients and the possibility to use ink jet or roll-to-roll printing techniques make thin,
flexible and - finally - cheap device architectures possible.

The field of organic electronics is very broad, from cheap logic circuits over organic
light emitting diodes (OLED) to solar cells. Here, I will restrain the discussion to
the field of organic photovoltaics. To further understand the role of all the materials
and their properties for the fabrication of an efficient organic solar cell, I will have
a closer look on the charge generation mechanism in organic and inorganic solar
cells. Both systems have in common that the charge separation is facilitated by
a junction between materials of different electronic properties. Therefore, I will
start by introducing the concept of the heterojuction before discussing the charge
separation at such an interface.

13



2 Fundamentals

2.2.1 Metal - Insulator- and Heterojunctions

An important parameter for the description of effects on surfaces is the work function
®. It is defined as the minimum energy required to remove an electron from the
solid. In metals, the work function is given by the difference between the Fermi
and the vacuum energy (i.e. the energy of an electron far away from the solid, see
figure 2.5 (a)). In semiconductors it is defined by the difference between the highest
occupied mobile state and the vacuum energy, i.e. the upper edge of the valence
band for p-type (sometimes also called ionization potential ¢;) and the lower edge
of the conductance band for n-type semiconductors (sometimes also called electron
affinity; figure 2.5 (b)).

Figure 2.5: Energy diagram of a metal (a) and a n-type semiconductor (b) separated by a
small gap. The difference in Fermi levels is called the contact potential difference eUgpp.
A metal - insulator junction is shown in (c). Fermi level alignment leads to an exchange
of charge carriers and the formation of a space charge layer. In the semiconductor this
leads to band bending. This type of junction is also called a Schottky barrier. It shows
a rectifying behavior and is thus used for diodes (Schottky diode).

When two different materials are brought to contact, charge carriers can be ex-
changed at the interface by a combination of drift and diffusion. They will diffuse
from the material with higher Fermi energy to the material with lower Fermi energy.
Thus, charges accumulate at the interface and give rise to an electrical field that
generates an opposite drift motion of charge carriers. In equilibrium both currents
cancel out each other and the electric potential ®,; generated by the excess charges
equals the difference in the Fermi energies:

Dy = e Uy = et — €3, (2.8)

This potential is also called the contact potential difference of the two materials or

the built in potential of the junction®. In the case of the metal and the insulator

2The potentials that are mentioned here are all with respect to one electron. Thus, the electric
potential or voltage of one electron is given by Uy; = @y, /e.
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in figure 2.5 a and b electrons from the conduction band of the semiconductor can
reduce their energy by diffusing into the metal. Owing to the high density of mobile
charge carriers, the inside of a metal is always field free (the principle of the Faraday
cage). Therefore, the negative charge accumulates directly at the interface, whereas
in the semiconductor an oppositely charged space charge layer is formed. In this
region, the mobile charges have moved to the metal. Thus, this region is called the
space charge or the depletion zone.

The electric field leads to a deformation of the band structure called band bend-
ing. In the case of a pure semiconductor junction (heterojunction), the depletion
zone extends to both compounds. The properties of these interface layers strongly
determine the electrical properties of the junction.

2.2.2 Photo Induced Charge Separation

The structure of an inorganic solar cell is shown in figure 2.6 (a). It consists of a
heterojunction between a p-type and a n-type semiconductor (p-n junction). The
absorption of a photon of sufficiently high energy leads to the formation of a coupled
electron-hole pair, an exciton. Owing to the high dielectric constant in inorganic ma-
terials, this excitonic coupling is relatively weak (in the order of kgT =~ 0.025eV)
and the excitation is almost directly dissociated into free charge carriers. Via a
combination of diffusion (outside the depletion zone) and drift (due to the electric
field in the depletion zone) the charges are separated and can be collected by the
electrodes. The charge carrier collection is the crucial part in inorganic semicon-
ductors, as the majority charge carriers have to be collected before they are able to
recombine.

In the case of organic semiconductors, photo generated excitons are more difficult to
separate into free charges. The low dielectric constant and the higher degree of local-
ization lead to binding energies in the order of 0.1 — 1eV, significantly higher than
the thermal energy kg7 [Cam96, Bre96]. Thus, an additional force is required to
separate the charges. By combining an electron conducting (electron acceptor type)
and a hole-conducting (electron donor type) material, the charge separation is facili-
tated (figure 2.6 (b)). Well studied systems are combinations of a polythiopene, such
as Poly(3-Hexylthiophene) (P3HT) as donor, and the fullerene derivative PCBM
([6,6]-phenyl-Cg;-butyric acid methyl ester) as acceptor.

At the interface between donor and acceptor, excitons are dissociated into an elec-
trostatically coupled charge transfer state and finally into a charge separated state
with a free electron and and a free hole (figure 2.6 (b) step 3). Owing to the strong
localization, excitons can only exist for a certain span of time, the exciton lifetime 7,
before recombination takes place. Typical values for 7 are in the order of pico- to
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gure 2.6: Energetic diagram of an inorganic (a) and an organic solar cell (b). The
charge separation mechanism starts in both systems with the absorption of a photon
(1), exciting an electron (gray circle) from the valence band (VB) to the conduction
band (CB) and leaving a hole (blue circle). The subsequent relaxation leads to the
formation of an exciton (2). In the inorganic system, typical thermal energies are
sufficient to dissociate the exciton into free charges. Finally, the electric field at the
depletion zone in the p-n junction separates electrons and holes. In the organic solar
cell (b), the exciton (2) is much more stable. In order to be separated, it has to find
a donor-acceptor junction by diffusion (3), where it can be separated (4). Owing to
the electric field generated by the work function offset of the electrodes, the separated
charges drift towards their respective electrodes. Here, the absorption takes place in
the electron donor material (D); the same mechanism would apply for absorption in the
acceptor (A). Adapted from [Kip09].
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nanoseconds (e.g. for the donor type polythiophene derivate P3HT: 400 ps [Sha08]).
Owing to the lower energy of the charge transfer state, the exciton dissociation at
the donor-acceptor heterojunction is very efficient (timescale =~ 50 fs [Bra01]). Once
separated, the charge carriers drift towards the electrodes under the influence of
the electric field generated by the work function offset of the electrodes. Thus, the
proper choice of the electrode material plays another crucial role in the development
of efficient device architectures.

2.2.3 Bulk Heterojunction

One of the the key processes in organic photovoltaics is to get the exciton close to a
heterojunction before it is able to recombine. Close in this context means within the
exciton diffusion length L = (D75)Y? (D: diffusion coefficient), which is generally
in the order of 5 —20nm. For P3HT, Shaw and co-workers have determined the
diffusion coefficient D by time resolved fluorescence measurements. They found a
value of (1.8 4+0.3)-107% cm?s™! [Sha08]. With a typical exciton lifetime of 75 =
400 ps they estimated the exciton diffusion length to be (8.5 £ 0.7) nm.

Although organic electronic materials have high absorption coefficients compared
to inorganic materials (in the order of 10° cm™" [Blo07]), a simple bilayer structure
with thicknesses in the order of the exciton diffusion length would be too thin to
absorb enough light. In the P3HT case (absorption coefficient: o = 8-10*cm™! at
a wavelength of 550 nm [Sha08]), the absorption in a 10nm thick layer would only
absorb 15% of the incident light (assuming total reflection at the substrate and thus
a double pass).

In order to maintain an efficient exciton dissociation in thicker films, additional
interface roughness between donor and acceptor material is required. This concept
is called a bulk heterojunction as the donor/acceptor heterojunction is distributed
throughout the “bulk” of the active layer. An important issue in this approach is
to have every part of the active material connected to is respective electrode (often
referred to as percolation). Isolated islands of donor material in the acceptor matrix
and vice versa lead to charge trapping and thus reduce the overall efficiency of
the device. If the percolation paths are too long, the probability of charge carrier
recombination increases and the performance is again decreased. Thus, the optimum
morphology is a compromise between high interfacial area and minimum percolation
length.

Watkins and co-workers have studied this trade-off by simulating the exciton disso-
ciation in a bulk heterojunction (see figure 2.7, [Wat05]). They generated a number
of morphologies with different degrees of phase separation between a donor- and an
acceptor-type material. Excitons were placed at a constant rate at random locations
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Figure 2.7: (a) Monte Carlo simulations of the quantum efficiency (charge that reaches
the electrode per absorbed photon) in a bulk heterojunction with different interfacial
areas (examples are shown in (b)). With increasing surface area the exciton dissociation
efficiency increases (dotted line), however, the charge collection efficiency is decreasing
(dashed line). Thus, the total quantum efficiency (solid line) has a maximum with an
optimum balance between efficient dissociation and good percolation (graphs taken from
[Wat05]).

in the sample and their diffusion was simulated. The number of excitons that were
able to reach an interface and dissociate per totally generated excitons defined the
dissociation efficiency. The dotted line in figure 2.7 shows an increasing dissociation
efficiency with higher interfacial area. The motion of the separated charges was also
simulated. The number of charges that reached the electrode per separated exciton
defined the charge extraction efficiency (dashed line in figure 2.7). It had its highest
value at the minimum interfacial area. Here, every part of the sample was well con-
nected to its respective electrode and the percolation paths were broad enough to
minimize the chance of recombination. The total internal quantum efficiency, given
by the number of charges extracted per generated exciton, is plotted as a solid line
in figure 2.7 (a). It clearly shows that there is an optimum interfacial area with a
maximum power conversion efficiency around 50%.

There are numerous ways to introduce and control the interface roughness. The
easiest approach is to utilize the self organizing properties of the compound itself.
By optimizing the molecular structure, e.g. by using block copolymers or different
side groups, and the preparation conditions, such as solvent, spin/blade coating,
annealing, etc., an optimal morphology with an interpenetrating network of the two
components can be formed.

The percolation issue can be tackled by using a predefined geometry for the bulk het-
erojunction. Watkins and co-workers have also investigated such an “ideal” checkered
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morphology and found a maximum quantum efficiency of 80% (figure 2.8), which is
much higher than the 50% of the disordered bulk heterojunction (figure 2.7).
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Figure 2.8: (a) Monte Carlo simulations of  -§ * |-
the quantum efficiency of an ideal check- o 2 il B
2 (nm) ' y (nm)

ered morphology (b). See also figure cap- o
tion to figure 2.7. Interfacial area (10°nm?’)

2.2.4 Hybrid Solar Cells

So called dye sensitized solar cells (DSSC) consist of a nanoporous oxide semicon-
ductor (e.g. ZnO or TiO,) as electron conducting part in combination with a dye
molecule. In the conventional Grétzel type DSSC, a liquid electrolyte is used as
hole-conducting part [O’'R91]. With a power conversion efficiency of more than 10%
this type of devices reaches the highest values in the field of organic solar cells so far.
However, this concept also has disadvantages as the liquid electrolyte may evaporate
fom a leaking device. As a replacement, p-type semiconducting polymers have been
used. Altough this strategy reduces the power conversion efficiency to around 5%,
it leads to more stable and reliable devices. Such systems containing both organic
and inorganic materials are called hybrid systems.

Compared to fully organic systems, hybrid systems have a better environmental sta-
bility and the inorganic electron acceptor materials have higher electron mobilities.
Furthermore, the band offsets can optimized more easily. However, the organic-
inorganic interface still generates problems. For example the polythiophene PSHT
forms a disordered phase in the direct vicinity of a ZnO interface. Disordered poly-
mer domains significantly deteriorate the optical absorption and charge transport
parameters, such as the exciton diffusion or the charge carrier mobility. One way
to reduce these effects is to add a self assembled monolayer (SAM) to the organic-
inorganic interface as for example demonstrated by Hsu and co-workers [Hsul0].
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3 Scanning Probe Microscopy

The principle of the scanning probe involves a structure sensitive to surface proper-
ties that is moved over a specific area of interest. Such a probe can be the finger of a
blind person reading the embossed printing of Braille, the needle of a record player
“reading” the periodic structure of the sound waves pressed into the surface of the
record, the stylus profiler that was mentioned in the introduction or the reading head
of a hard disk, that is sensitive to modulations in the magnetic field on the surface.
In this way, a stream of surface information is obtained, that can be reconstructed
to a two dimensional map of surface properties. A scanning probe microscope that
is able to quantify the probe-sample forces is called a scanning force microscope.

On the following pages, the fundamental aspects of scanning force microscopy,
namely the operation modes and the relevant forces, are discussed. Thereafter,
the electric operation modes used in this work are introduced. Furthermore, their
potential towards application on organic electronics is demonstrated by examples
from literature.

3.1 Scanning Force Microscopy

A very simple force sensor with high sensitivity can be designed by combining a
micro mechanical cantilever structure with a nanometer sized tip (see figure 3.1
(a)). Together with a piezoelectric positioning system for the lateral (x,y) and the
vertical (z) sample position, the system is called a scanning force microscope (SEM;
also known as atomic force microscope, AFM [Bin86]). The force acting on the
tip is determined by measuring the vertical bending of the cantilever, mostly via
the deflection of a laser beam focused on the backside of the cantilever (figure 3.1
(b)). For small deflections, a linear dependence of force F' to deflection Az can be
assumed, that is, F' = k Az, k being the spring constant of the cantilever.

3.1.1 Static and Dynamic Operation Modes

The surface topography can be obtained by scanning the surface in x and y direction
and simultaneously maintaining a constant force on the cantilever by a feedback
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Figure 3.1: Electron microscopy of a SFM cantilever with tip (a) and SFM working
principle (b).

mechanism that adjusts the z-position of the sample (constant force mode).There
are several ways to monitor the force acting on the tip. The easiest way is to use
the cantilever as a static force sensor by measuring the vertical deflection caused by
the tip-sample forces. This operation mode is called contact mode. It has two major
drawbacks: (i) due to friction the tip wears off very fast and (ii) on soft samples,
even very low forces can lead to deformations and the destruction of the surface
structure. Furthermore, lateral forces caused by the scanning of the tip are hard to
control, as they do not directly translate into a vertical bending of the cantilever.

One strategy to overcome this problem is to actively vibrate the cantilever, ideally
close to one of its resonance frequencies (dynamic operation of the SFM [Gar02]).
Most commonly, vertical resonance modes are used [Mar87]. Alternatively, a tor-
sional excitation of the cantilever can be used where the tip oscillates parallel to
the sample surface (torsion mode [Kaw02, Hua04]). Vertical modes are sensitive
to forces acting perendicularly to the surface whereas torsion mode operation is
sensitive to in-plane interactions such as friction.

Far away from the surface, the cantilever motion can be described by a harmonic
oscillator with Fy(z) = k- (2 — 20) (20: equilibrium position). Closer to the surface,
the oscillator is disturbed by the tip-sample interaction F,. For a weak force field
F;s and small vibration amplitudes we can write the effective force as

aFts
F=h@ + (5 )ZO (2 - ) (3.1)
and thus
9F OF,
e (105 o
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This modified spring constant translates to a shift of the (angular) resonance fre-
quency by

[k —oF
wy= 4| B 06l 0 it“’/az, (3.3)
eff

where m.g is the effective mass of the cantilever. Equation (3.3) shows that the
resonance frequency of a SFM cantilever is influenced by the presence of a force field
gradient.

Closer to the surface, the tip - sample interaction is no longer purely elastic and
additional dissipative damping occurs. The amplitude of the oscillation is damped
and the resonance frequency is shifted to lower frequencies:

W) = Fo/meﬁ
AW = T =72 + (w0172 (3:4)
, 1
wyp=14/1— Tk (3.5)

Q is the quality factor of the resonator and quantifies the energy dissipation per
oscillation cycle [Gar02].

There are two ways to exploit this knowledge for the force detection. One strat-
egy is to observe the effect on the amplitude (amplitude modulation). Exciting the
cantilever a fixed frequency close to wy, the tip is approached to the surface until
the target amplitude - the amplitude setpoint - is reached. Scanning the surface,
a feedback adjusts the tip height to maintain a constant amplitude. The second
strategy is to adjust the excitation frequency and the drive amplitude to have the
cantilever vibrating at its momentary resonance frequency at a fixed amplitude (fre-
quency modulation [Gar02]). For surface imaging, the feedback maintains a constant
frequency shift.

If the tip vibrates vertically in the long range forcefield domain without physical
contact with the sample during the scanning, the operation mode is called non-
contact mode. True non-contact operation is hard to achieve in air; it is mostly used
in ultrahigh vacuum conditions in combination with frequency modulation.

If the tip touches the surface during each oscillation, additional information about
the local mechanical properties of the surface can be obtained from the phase shift
between excitation and cantilever oscillation [Mag03]. This operation mode is called
tapping- or intermittent contact mode. In combination with amplitude modulation,
this is the most popular operation mode for experiments in ambient conditions.

The vertical vibration of cantilever and tip has two effects: First, the cantilever
motion can be detected with high sensitivity by means of lock-in technology. Second,
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the timescale of the tip-sample interaction becomes very short. Thus, the sample
has no time to deform significantly and sample damage on soft samples is reduced.

With most commercial SEFM systems and tips lateral and vertical resolutions in
the order of 1 — 10nm and 0.1 nm are achieved under ambient conditions. Princi-
pally, SFM is capable of resolving single atomic [Gie95] and molecular structures
[Gro09]. However, very clean surface conditions are required, as surface adsorbates
such as water and hydrocarbons disturb the measurement. Although first examples
of atomic resolution in liquid environments have been presented [Jar08, Yan10], most
high resolution experiments are still performed in ultra high vacuum conditions.

3.1.2 Relevant Forces and Length Scales

At very small tip-sample separations (d < 0.1 nm), the repulsion of the surface atoms
of tip and sample (chemical forces) and, at higher normal forces, elastic deformations
in the contact area lead to a repulsive force on the SFM tip. This regime is called
the contact regime. Under ambient conditions, adsorbed water on the surface leads
to capillary forces, if the tip touches the surface. Depending on the humidity and
the surface properties, this water layer is of the order of some monolayers up to some
nanometers thick [Sti00, Men09].

At larger tip - sample separations long ranged electric forces dominate. Assuming
an electrically conductive tip material, electrostatic forces can be described by a
potential difference AV = V,;, — Vs between tip and sample. They can originate
from work function differences, static surface charges or an externally applied bias
voltage. For a first estimation of the electrostatic force, the tip - sample system can
be simplified to a plate capacitor with capacity C' = ¢yA/z (z: tip position, z = 0:
tip touches the sample surface). Here, the plate area A = wR? is given by tip radius
R, neglecting contributions from the tip cone, and the cantilever (a more detailed
description of the tip - sample capacitance is given in [Kur98]). Starting with the
energy W of the capacitor, we obtain

2A1/2
W:lCAVZZGOWR AV
2 2z
ow eomR2AV?
F = = — . .
ES ™ 0z 222 (3.6)

The second long ranged electric interaction is the van der Waals force. It is caused
by static and fluctuating dipole interactions between the atoms and molecules of
tip and sample. In the case of a sphere of radius R at a separation z over a planar
surface, the van der Waals force is given by [But03]

AR
F’UdW = 62’2 .

(3.7)
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Ay is the Hamaker constant. It depends on the dielectric properties of the materials
involved. Similar to the electrostatic force, the van der Waals force shows a quadratic
decay with respect to the distance.

Thus, by neglecting the interaction of the tip cone and the cantilever, the interaction
of a SFM tip with the sample surface can be approximated by equation (3.7). In the
case of a quartz sphere on a glass surface separated by dry air (typical configuration
for SFM), the (non-retarded) Hamaker constant is 6-1072°J [But03]. For a sphere
with R = 10nm and a distance of 1 nm we obtain a force of F,gy = 107'9N =
100pN. The electrostatic force for this geometry calculated from equation (3.6)
with a typical contact potential difference of 300 mV yields a similar force of 130 pN.
Considering the identical decay behavior of equations (3.6) and (3.7) the forces
should still be similar far away from the surface.

However, on distances larger than 2 — 5nm, so called retardation effects come to
play for the van der Waals force and cause a decay faster than 1/z2. The reason for
the retardation is the finite time t = 2z/c (c: velocity of light) that the electric field
of a fluctuating dipole needs to cross the gap between the two solids. Thus, faster
components of the fluctuations cannot interact with the molecules on the other side
of the gap any more. This limits the bandwidth of the electrical interaction and
thus the total force [Par06].

—— Chem
———= Vaw
—-—- Electrostatic

Figure 3.2: Simulation of the dis-
tance dependent resonance frequency
shift of an oscillating SFM tip(from
[Gug00]). The authors used a
spherical tip apex and a conical tip. separation s (nm)

For distances smaller than 2 nm equation (3.7) is still valid and retardation does not
play a role. For larger distances, the decay becomes faster. Thus, after 5 — 10 nm
the van der Waals force is mostly negligible compared to the electrostatic force.
In figure 3.2 a simulation by Guggisberg and co-workers of the distance dependent
resonance frequency shift of a conical tip is shown [Gug00]. The frequency shift is
coupled to the force gradient (equation (3.3) on page 23).
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3.2 Conductive Scanning Force Microscopy
(C-SFM)

In contact mode, the tip is in permanent mechanical contact with the sample surface.
On sufficiently conductive samples, an electrical circuit can be established between a
conductive tip and the sample. By connecting the SFM tip to a current amplifier and
setting the sample on a bias voltage Ug relative to the tip, the electrical current Iy,
can be detected. Thus, variations in the local conductance G = Iy;,/Ug of the sample
can be studied by scanning the sample at a constant bias voltage. This operation
mode is called conductive scanning force microscopy (C-SFM, [Fum08, Ber09]).

The advantage of C-SFM is that it uses two independent means to detect surface
topography and electrical current. In scanning tunneling microscopy, for example,
the topographic information is obtained by adjusting the tip-sample distance to keep
a constant tunneling current. Thus, insulating domains on composite samples lead
to a tip crash, as the tunneling current breaks down on top of these structures. Even
on homogeneously conductive samples smaller variations in the tip-sample contact
(e.g. by surface contaminations or impurities) are reflected in a topographic signal.
This cross talk is hard to separate from real topographic features.

For establishing an electrical connection, both the sample and the tip have to be
electrically connected to the current amplifier. On the sample side, conductive sub-
strates, such as metal coated silicon wafers or, for optically transparent substrates,
metal oxide coatings on glass, such as indium tin oxide (ITO) or fluorine tin oxide
(FTO), are used. On the tip side, conventional SFM probes are often made from
doped silicon, where the doping prevents electrostatic charging (for example Olym-
pus OMCL-AC240TS: N-Type silicon with 4 — 6 Qcm). However this conductivity
is not sufficient to collect measurable currents from the nanometer sized tip. Thus,
metal coated tips are commonly used for C-SFM. Gold coated tips have a good sta-
bility against oxidation, however the mechanical wear resistance is poor. Owing to
its high melting point, hardness and corrosion resistance platinum-iridium is often
used as a coating material for SFM tips. Another very wear resistive alternative is
a conductive diamond coating. However, next to being expensive, such tips usually
have tip radii of curvature in the order of some hundred nanometers, decreasing the
lateral resolution.

SFM with simultaneous current measurement was first reported in 1993 for the
detection of spatially resolved tunneling currents on SiOs gate oxide films [Mur93].
It has become a standard technique for the characterization of semiconductor devices
[Ben09]. Additional to the current mapping at a fixed sample bias voltage, local
current-voltage characteristics can be recorded with a resting tip and the charge
injection mechanism can be determined. This kind of analysis can provide additional
information about the material under investigation.
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For the discussion of C-SFM experiments, it is useful to understand the physics
of charge injection. Therefore, I will introduce the most important models for the
description of current-voltage characteristics.

3.2.1 Charge Injection

In an electrical circuit the current usually passes several interfaces between different
materials. The charge conduction over interfaces is usually described by an injection
law that describes the injected current density j as a function of the applied voltage
U. In order to simplify the description we use a geometry with parallel electrodes
separated by a distance d. The injecting electrode is set to a potential U, yielding
an electric field perpendicular to the electrode of E, = U/d. The charge is injected
into the medium and is collected by the second grounded electrode, that does not
further affect the charge transport properties. We furthermore assume unipolar
charge transport, i.e. either holes or electrons are injected.

There are two main mechanisms that can limit the injection current into a medium:
(i) an energetic barrier that the charges have to pass, e.g. by tunneling or by thermal
excitation (injection limited) and (ii) the electrostatic interaction between the charge
carriers in the medium, called space charge limited conduction.

3.2.1.1 Injection Limited Conduction

In order to remove an electron from a metal surface in vacuum, an energy barrier
of @ (the work function) has to be overcome. Thus, even when a moderate electric
field is present, no charge carriers can escape the solid. However, at sufficiently
high voltages U, charge carriers start to escape from the solid by quantum mechanic
tunneling. This phenomenon is called field emission and it exhibits a characteristic
exponential increase of the current density as a function of the applied electric field.
The tunneling mechanism can be explained by a tilt of vacuum level due to the
presence of the electric field (see figure 3.3). The injected current can be derived by
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3 Scanning Probe Microscopy

using the WKB approximation (see [Ham88] page 174 for the complete derivation),
yielding

j:c:

¢ E? {4\/2771@%2}
p —

16hn2 @, 3he
E? P32
=K, ﬁ exp {—K2 E (3.8)

(K; and K, summarize the constants). In the case of injection into a crystalline
solid, the work function ®,, has to be replaced by the energy barrier of the junction
for the specific type of charge carriers and the mass m by the effective mass m*.
This injection mechanism is called Fowler-Nordheim tunneling. By plotting current
voltage characteristics in a Fowler-Nordheim plot with log(j,/E?) versus 1/E,, the
injection barrier of the tunneling contact can be derived from the slope of the plot.

Even in the absence of a strong electric field, thermally excited charge carriers can
also overcome the work function and escape the solid (thermionic emission). The
current density of thermally emitted electrons from a metal into vacuum is given by
the Richardson-Schottky equation [Ham88]:

_emkpT? {_ ®,, — (e3/dmee)/? EX/* }

Jo = T kT

P b B,/
=AT? - - :
e:vp{ kBT} exp{ T } (3.9)

(kp =8.6-107°eVK ™! is the Boltzmann constant). The factor A is the Richardson
constant and b summarizes the constants in the exponent. In the case of injection
into a solid, the work function ®,,, unit charge e and mass m have to be replaced
by the barrier height ®,;, the carrier type and the effective mass m*, respectively.
Again, by choosing an appropriate way of plotting current - voltage characteristics,
a straight line can be obtained. In this case, Richardson-Schottky plots are used,
where log(j,) is plotted versus EY?. From extrapolating the lines, the zero field
current jo and by additional variation of the temperature, the barrier height can be
extracted.

For inorganic semiconductors with band-type conduction behavior and high charge
carrier mobilities, the injection from a metal SFM-tip can mostly be explained either
a tunneling or a thermionic injection law [Mur93, O1b98]. Although the high degree
of disorder and the hopping type charge conduction in organic materials makes the
quantitative analysis difficult [Bar99, Sco03], those mechanisms have been used to
describe the charge carrier injection into macroscopic organic semiconductor devices
qualitatively [Li06, Bur08].
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3.2.1.2 Space Charge Limited Conduction

An electrode that shows no blocking behavior is called an ohmic contact. In this
idealized picture, an infinite number of charge carriers can be injected to the medium
already at very low applied voltages. The charge conduction is in this case limited
by the transport properties of the medium. Examples are purely metallic contacts,
heterojunctions with low built-in potential and photo injecting contacts, where a
large number of charge carriers is created by photo absorption.

In the case of an ohmic contact and a medium with a low intrinsic charge carrier
density, the injection law can be described in terms of a space charge limited cur-
rent [Mot50]. Examples for such a situation are the field emission in a vacuum
tube at high electric fields or the charge injection into an insulator or an intrinsic
semiconductor at low temperatures.

The main assumption is that the electrode emits such a high number of charge
carriers that at the electrode surface the electric field is completely shielded (Mott
Gurney approximation):

Ey(x=0)=0 (3.10)

In this case, the charge injection is controlled by the electrostatic repulsion of the
injected charge carriers. Therefore, the Poisson equation is required
0? _ dE(x)

E(ﬁ@U(I) = = —en(x) (3.11)

(€o: vacuum dielectric constant, e: relative dielectric constant of the medium, e:
elemental charge, n: charge carrier density) in combination with the continuity
equation (diffusive currents caused by concentration gradients are neglected):

Jz(x) = en(z) vy (x) (3.12)

(Jz: current density, v: position dependent charge carrier velocity). Here, the differ-
ent transport mechanisms in the vacuum and in a solid come to play. In vacuum,
charge carriers are continuously accelerated, yielding v,(x) = (2¢(U — U(x))/m)"/?
(m: mass of the charge carrier), whereas in a solid a Drude-like drift motion with
vz(2) = U, = puk, can be assumed (equation (2.1) on page 7). In the vacuum case,
we obtain

4 4 (2e\"PU3
J2(U) = c€o (E) : (3.13)

9 d?

This injection law is called Child-Langmuir law. In the case of a solid medium
(dielectric constant € > 1) the electrostatic repulsion of the charge carriers is reduced.
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We obtain

, 9 U?
J2(U) = gHee - (3.14)

Equation (3.14) is often referred to as the Mott Gurney law. The complete derivation
of both laws can be found in [Ham88§].

In the case of a space charge limited injection it is useful to plot the current-voltage
data in a double logartihmic plot, where it should form a straight line. By fitting a
power function of the form ax® to the graph, the exact exponent (1.5 in the vacuum
case, 2 in the insulator case) and from the prefactor a the charge carrier mobility of
the material can be calculated.

This injection mechanism is commonly used to describe the charge injection from a
SFM tip into organic electronic samples [Lin02, Dou06, Dan08b, Rei08].

3.2.2 Applications of C-SFM on Organic Electronics

In addition to the field of inorganic semiconductor devices, C-SFM has become a
standard technique for the investigation of organic electronic structures, as well
[Pin09a]. Onme of the first organic structures that was investigated by C-SFM was
an individual carbon nano-tube attached to a substrate electrode [Dai96]. From
the position dependent resistance, the authors calculated the conductivity of single
nanotubes. The field of C-SFM on organic electronic structures was pioneered by
the Frisbie group. In 1998 they investigated the charge transport in thin doped
oligomer films of sexithiophene by local current - voltage experiments [Loi98] and
were able to estimate the resistance of the grain boundaries in sexithiophene crystals

[Kel99).

In the following years, several groups started to report C-SFM experiments on
the hole conducting polymer commposite system of PEDOT:PSS [Kem04, 1Z04],
electroluminescent polymers [Lin02] and photoactive layers for organic solar cells
[Ale06, Dou06, Ale08]. Here, the multilayer device structure makes the investi-
gation of cross cuts prepared from working devices particularly interesting. The
group of Nguyen thus started to investigate focused ion beam prepared cross cuts
of PSHT:PCBM [Dan08b] and PCPDTBT:PCBM blends [Dan09]. However, their
focus was on the internal structure of the active layer. In a recent publication,
Hamadani and co-workers reported a C-SFM investigation on a PSBHT:PCBM solar
cell cut at a low angle by means of a microtome [Ham10]. On the surface of the
blend, they found a homogeneous layer that was enriched with P3HT. As this layer
acts as an electron blocking layer, it was made responsible for a decreased device
performance. Furthermore, adhesion problems between adjacent layers in the device
were reported.
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In combination with sample illumination, photoactive blends can generate suffi-
ciently high photocurrent densities for the detection with C-SFM. In 2006 Douhéret
and co-workers reported an offset of 0.65pA in the recorded tip sample current
when they illuminated the sample with 75 W tungsten lamp. The systematic study
of spacially resolved photocurrents was fostered by the Ginger group [Cof07, Pin09b,
Bul09]. They used a laser light source and a sample cell that was constantly flushed
with nitrogen to minimize photodegradation.

3.3 Electrostatic Force Microscopy

In section 3.1.2 it was shown that the relevant forces for scanning force microscopy
can be separated by their specific interaction length scales, electrostatic forces being
the most long ranged forces. In order to measure electrostatic fields on a surface
without any disturbance by capillary and van der Waals forces, the tip has to be lifted
high enough that these forces do not play a role any more. This principle is used in
the lift mode. In a first step, a topographic contour line is recorded in intermittent
contact mode. In a second step, the mechanical excitation is switched off and the tip
follows the same contour line shifted in z-direction by a defined lift height, typically
10 — 100 nm above the sample. In the presence of an electrostatic field an attractive
or repulsive force is exerted on the tip. This force can be detected either by the static
deflection or - in a dynamic mode - by its influence on the resonance frequency of
the cantilever (electrostatic force microscopy, EFM [Mar88|). The latter method has
turned out to give a much better sensitivity, as the oscillation phase indicates even
small changes in the resonance frequency.

The main drawback of this so called electrostatic field microscopy (EFM) is that it
can only provide qualitative information about charged structures on the surface.
With an additional feedback mechanism, EFM can be extended to provide quantita-
tive information about the local contact potential difference between tip and sample
(i.e. the local work function). The so called Kelvin probe force microscope (KPFM)
uses the principle of the Kelvin method that will be introduced in the following
section.

3.3.1 The Kelvin Method

If two electrically connected solids are separated by a small distance d, fermi level
alignment leads to a surface charging (see also section 2.2.1 on page 14). The
electrostatic interaction of the surface charges can be exploited to determine the
contact potential difference. The Kelvin method uses a plate-capacitor geometry
with one plate being the solid under investigation and the other plate consisting
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of a material with a known work function ®,.; [Kel98]. By periodically vibrating
the probe plate by an amplitude zy in the z-direction perpendicular to the sample
surface, the capacity of the system C' = eyA/d (A: surface area of the plates) is
modulated with the same frequency w. Thus, the current through the electrical
connection for small vibration amplitudes zj is given by

oC

I(t) = (Ucpp — Uext) 5, WA sin(wt)
e0Awzy
= (Ucpp — Uet) % sin(wt). (3.15)

U.. is an externally applied bias voltage and Ugpp is the contact potential difference
between probe and sample (see figure 2.5 on page 14). When the external voltage
equals the contact potential difference, no current can be measured. Together with
the reference work function of the probe plate, the unknown work function of the
sample can be derived. As reference electrodes, gold (®4, = (5.3) eV [Boh97]) and
highly ordered pyrolytic graphite (HOPG, ®pope = (4.475 £ 0,005) eV [Han01])
surfaces have been used. The latter has proved to give stable and reproducible
results for measurements in ambient air [Han01].

The energy diagram of a work function measurement with the Kelvin method is
shown in figure 3.4. In a first step, the probe work function ®,,q;. is obtained by
measuring the contact potential difference A®,. to a reference sample. In a second
measurement, the sample of unknown work function is investigated. The contact
potential difference A® ;. yields the sample work function by:

(bsample = q)ref+ (A(I)ref - A(DSample) (316>

3.3.2 Kelvin Probe Force Microscopy (KPFM)

The idea of the Kelvin method can be applied to a scanning force microscope with
the SEM tip as the reference electrode. However, the capacity of tip - sample system
is much too low to generate a significant electrical current. Using equation (3.15) and
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a typical SFM setup (tip radius of curvature: 10 nm, cantilever resonance frequency:
300 kHz, vibration amplitude 50 nm), a contact potential difference of 1V and a tip
scan height of 100nm, we obtain for the alternating current an amplitude of 4 fA.
This is very hard to measure precisely at this frequency range. Nevertheless, the
scanning force microscope is a very sensitive tool for measuring forces.

Given that both tip and sample are sufficiently electrically conductive (e.g. by using
highly doped or metal coated tips), the potential difference between tip and sample
can be influenced by applying an external bias voltage Up¢ to the tip. Furthermore,
the cantilever’s mechanics can be exploited by using an alternating voltage V (t) =
Uacsin(wot) at the cantilever’s resonance frequency wy. Thus, equation (3.6) (page
24) becomes

10C .
F= §E(UCPD — Upc + Uac sin(wot))”. (3.17)

Using sin?(z) = 1/2(1 — cos(2x)) and separating into the frequency components
Fpce, F,, and Fy, leads to

10C U

Fpe = 592 ((UCPD — Upc)® + _;xc) (3.18)
oC .
10C

By, = 15, Uic cos(2 wot). (3.20)

The 2w signal is influenced by the capacity gradient. It is connected to changes in
dielectric properties of the material under the tip. The force component F,, can be
compensated by bringing (Upc —Ucpp) to zero. In this case Upc equals the contact
potential difference Ucpp). If Upc is controlled by a feedback loop during scanning,
variations in Ucpp can be mapped on the surface [Ber09].

This form of Kelvin probe force microscopy was first reported in 1991 by Nonnen-
macher, O'Boyle and Wickramashinge [Non91|. Several modifications and improve-
ments have been proposed so far. Jacobs and co-workers have studied the influence
of the tip material and the drive and feedback parameters, in particular the impor-
tance of the drive phase shift [Jac99]. They found from numerical simulations that
the high surface area of the cantilever dominates the electrostatic interaction when
the tip apex size becomes too small. In addition, they reported that it would be
beneficial to use long and slender tip cones and a cantilever with minimal surface
area.
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3.3.3 Single Pass vs. Dual Pass

Another issue is the prolonged acquisition time of the lift mode, as every scan line
has to be recorded twice (dual pass). Therefore, KPFM techniques have been pro-
posed, where the potential signal is recorded simultaneously with intermittent con-
tact imaging (single pass). This also solves the problem of electrostatic crosstalk
to the topography image. One strategy is to use an excitation frequency below the
resonance frequency and detect the response by means of a lock-in amplifier. Be-
ing off resonance, however, the detected signals are weak and thus the sensitivity is
limited. Alternatively, frequency modulation techniques that monitor the frequency
spectrum of the cantilever are used [Zer05].

A principal problem of single pass operation, especially under ambient conditions,
is that the tip response during one oscillation cycle of the intermittent contact op-
eration is the integrated response over several force regimes. At the lowest point of
the oscillation, the tip is in contact with the surface and repulsive chemical forces
act on the cantilever. At sufficiently high voltage differences, an exchange of charge
carriers is also possible [Fre00]. At ambient conditions, the adsorbed water layer
and thus capillary forces can influence the cantilever motion. For stable operation
of single scan KPFM in air, a true non-contact operation would be necessary which
is hard to achieve under ambient conditions [Zie07]. Finally, the different regimes of
van der Waals forces (retarded and unretarded) are passed in the remaining part of
the oscillation cycle. All these different forces make the interpretation of single pass
KPFM signals difficult.
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Figure 3.5: Dependence of the mea-
sured contact potential difference to
the lift height. The experiments were
performed on freshly cleaved HOPG
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However, even the interpretation of dual pass experiments is not straight forward.
The adsorbed water layer can influence the electric field between tip and sample and
decrease the measured surface potential contrast [Sug02]. Thus, measuring in low
humidity environments and the use of hydrophobic surfaces is beneficial. Further-
more, the absolute value of the measured contact potential difference has a certain
dependence on the lift height (see figure 3.5). Liscio and co-workers found a similar
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distance dependence. Additionally, they studied the influence of the other opera-
tion parameters on the recorded signals: drive amplitude and the humidity. They
explained the variations by deviations from the simple plate capacitor model and a
non-zero vibration amplitude during the lift scan [Lis08]. Although high drive ampli-
tudes and low lift heights can improve the resolution, the distance dependence effects
have to be taken into account when absolute work function values are measured.

3.3.4 Applications of KPFM to Organic Electronics

KPFM is an interesting tool for the study of soft matter composite samples, in partic-
ular for organic electronic systems [Pal06, Pin09a, Lis10]. Mapping the potential on
bottom gate organic field effect transistors, for example, can give insights to injection
barriers at the electrodes and defects in the gate channel [Bur02, Pun03, Smi07]. A
big advantage of KPFM is that the topography signal is obtained in an intermittent
contact mode. Thus, the mechanical interaction of tip and sample is low.

Important contributions to the understanding of the working mechanism of organic
solar cells have been obtained by KPFM, especially in combination with sample il-
lumination. Chiesa et al. investigated the surface potential of MDMO-PPV:PCBM
blends [Chi05]. With increasing illumination intensity (473nm diode laser) they
found a logarithmically increasing surface potential on the top side of the blend.
Furthermore, they found correlations between the morphology and the light in-
duced potential changes, which they could associate to regions with more efficient
charge separation. Hoppe and co-workers investigated MDMO-PPV:PCBM blends
prepared from chlorobenzene and tolluene [Hop05]. With Kelvin probe microscopy
they demonstrated that the finer phase separation in the chlorobenzene cast films is
beneficial for the charge separation process. In a number of other publications simi-
lar correlations between surface potential and morphology were reported in organic
[Pal07a, Pal07b] and organic/inorganic (hybrid) systems [Zen09, Liu09]. Recently,
Liu and co-workers measured photoinduced charging in single carbon nanotubes
embedded in a P3HT film illuminated with a halogen lamp [Liul0].
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4 Electrical SPM on Hybrid Solar
Cell Structures

With scanning probe microscopy, the working principles of functional layers in op-
toelectronic devices can be tested and visualized. There are two types of questions
that can be answered:

(a) What are the properties on top of a film?
(b) What are the properties at specific interlayers in a multi-layer device?

For the first type of question, SPM is performed on top of the device. Surface
properties, such as variations in the work function (with KPFM), or the transport
properties through the film (with C-SFM) can be studied. The latter can be highly
important for blend systems, where one component has to form electrical intercon-
nections through the blend film (percolation). However, the surface often yields
only part of the information necessary for understanding processes originating from
deeper lying layers. Here, the analysis of cross cuts through devices can be particu-
larly interesting, as the specific properties of all layers can be studied and compared.

In this chapter, different structures for hybrid solar cells will be investigated. Having
introduced the working principle of a blocking layer, I will present experiments
on surface and transport properties of a novel integrated blocking layer structure.
Finally, T will present my experiments on a focused ion beam polished cross cut of
a hybrid solar cell device with a conventional blocking layer. The cell was prepared
by a recently developed one-pot synthesis approach.
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4.1 Blocking Layer

In both organic and hybrid solar cells an unipolar injection at the electrodes is of
utmost importance. Owing to the slow hopping transport, bipolar injection at one
of the electrodes would strongly increase recombination losses (figure 4.1 (a)). Thus,
additional layers of hole-conducting materials such as PEDOT:PSS or electron con-
ducting materials such as TiO, are added between the active layer and the respective
electrodes (figure 4.1 (b)).

In the case of TiO,, the high ionization potential of 7.4eV results in an energetic
barrier for holes, whereas the electron affinity of 4.2 eV is well matched to the energy
of electrons generated in the most common active layers of polymer- or hybrid dye
sensitized solar cells. Although these layers generate additional interfaces, the overall
performance of the device is increased [Pen04].

)

active
zone

azzt:]v: Figure 4.1: Without blocking layer,

charge recombination at the electrode
is possible (a). Materials with high
ionization potential ®;, such as TiOo,
can effectively block the holes gener-
ated in the active layer (b).

4.2 SPM Studies on an Integrated Blocking Layer

In most standard hybrid solar cells, a solid, some hundred nanometer thick layer
of TiOs is deposited on the electrode (e.g. fluorine-doped tin oxide, FTO) [Pen04],
followed by nanoporous TiO, as the n-type material for the active layer. The block-
ing layer in this form has two drawbacks: first, an additional preparation step is
necessary and second, there is one more interface between active layer and electrode
that might give rise to losses due to injection barriers. The direct deposition of
porous TiO, on the electrode, however, would enhance recombination losses (figure
4.2 (a)).

Recently, a combined concept for a nanoporous crystalline TiO, network with an
integrated blocking layer has been proposed [Che06, Mem09]. The blocking layer
consists of a nanocomposite of conducting TiOy nanoparticles embedded in an elec-
trically insulating polymer derived ceramic matrix. Whereas the TiO, is supposed
to have a good and homogeneous electrical contact to the substrate, the voids in

between should be insulating owing to the ceramics and thus prevent recombination
(figure 4.2 (b)).
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Figure 4.2: In a bulk heterojunction
without blocking layer, recombina- (@) (b)
tion would decrease the device per-
formance. With an insulating layer
around the TiO9 close to the elec- 0 0
trode, recombination is reduced.

The proposed working mechanism was tested by means of electrical SPM. The effects
of different TiO5 concentrations on the morphology and the electric properties were
studied with C-SFM, whereas the effects of the preparation procedure were investi-
gated by KPFM. The project is a collaboration with Mine Memesa (AK Gutmann,
MPI-P Mainz), who did the synthesis and the sample preparation.

4.2.1 Experimental

For the preparation of the nanocomposite, a structure defining triblock copoly-
mer poly(ethyleneglycol)methylethermethacrylate - block - poly(dimethylsiloxane) -
block - poly(ethyleneglycol)methylethermethacrylate ((PEO)MA-PDMS-MA (PEO))
was used (see figure 4.3 (a)) [Mem09]. It fulfills two tasks: first, it defines a gran-
ular morphology via self organization in a sol-gel process together with the TiO,
precursor material titanium tetraisopropoxide (TTIP). Second, it contains a PDMS
block that can be transformed into an electrically insulating silicon carboxide by
annealing it at sufficiently high temperatures.

Samples with 2% and 5% TTIP content in the stock solution (called for simplicity
2-TTIP and 5-TTIP) and a reference sample with pure polymer were spin-cast
on a 50nm thick sputtered platinum electrode on a silicon wafer. For the KPFM
experiments, the requirements for the surface conductance are lower. Thus, a second
set of samples was prepared in the same way at a TTIP content of 2% directly on
a highly doped silicon substrate (SiMat, CZ, N/Sb, resistivity 0.01 — 0.02Qcm). In
order to expose the top parts of the TiO,, all samples were treated in argon plasma
at a power of 300 W for 10 min. Afterwards, samples were annealed at 450°C in
nitrogen atmosphere. During the annealing step, the amorphous aggregates of TiOq
transform to anatase TiOs, whereas the PDMS part of the copolymer ceramizes
into an insulating silicon oxycarbide matrix (figure 4.3). The film thickness was
measured with a surface profiler (Tencor P-10). The 5-TTIP sample was found to
be approximately three times thicker ((102 & 7)nm) than the film of the 2-TTIP
sample ((30 £ 6) nm).

The surface potential was measured by KPFM (Veeco Dimension 3100; Si Can-
tilevers from Olympus (OMCL-AC240TS), nominal resonance frequency of 70 kHz)
in the dual pass mode at a low lift height (typically 10 to 20 nm below the average tip
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< Figure 4.3: (a) (PEO)MA-PDMS-

() Tio, (amorph) MA(PEO) triblock copolymer used

B Polymer for the sample preparation.  (b)

The TiOg - polymer composite is
Si Wafer Plasma spincoated on a conductive substrate.
lAnn;a"ng (¢) Plasma tratment exposes the

top parts of the TiOy particles and
annealing crystallizes the TiOg and

Pt Electrode @ 0. sy transforms the remaining polymer

Si Wafer I ceramic into a ceramic matrix.

height during non contact imaging). It was chosen to be in a good balance between
highest lateral resolution and errors due to the height dependence of the contact
potential (see figure 3.5 on page 34). For C-SFM (Veeco MultiMode, TUNA current
amplifier 1 pAV™1), Pt/Ir coated SPM tips (nominal resonance frequency of 70 kHz,
tip radii of curvature 10 — 20 nm, Nanosensors PPP-EFM) were used.

4.2.2 Kelvin Probe Force Microscopy

With KPFM, the samples were investigated to find possible material changes in
terms of mechanical properties and work function caused by the preparation pro-
cedure. For these measurements we compared pristine with plasma treated and
annealed 2-TTIP samples.

From the topographical images we found that both the structure of pristine and the
annealed 2-TTIP sample showed a granular structure with a typical grain diameter
of 20nm and a root-mean-square roughness of 0.5 nm (figure 4.4 (a) and (d)). The
absence of a phase contrast in figure 4.4 (b) and (e) indicates that the particles
were closely packed and that the amount of polymer in between the particles is not
sufficient to cause a measurable material contrast in the pristine sample.

In the surface potential maps in figure 4.4 (¢) and (f) a granular structure with the
same dimensions compared to the structures in the topographic images is observed.
The observed contrast can be attributed to the exposed top parts of the TiO, parti-
cles (darker spots) embedded in a material of lower work function (brighter network).

The calculation of the absolute work function was done according to equation (3.16)
(page 32) with a freshly cleaved HOPG sample directly before the experiment. The
contact potential difference of the silicon tip and the HOPG surface was found to
be (=192 + 13) mV. Thus, the work function of the tip is (4.3 £0.1) eV. The sam-
ple work functions reveal a clear shift from (3.7 +0.1) eV to (4.5 £ 0.1) eV from the
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Figure 4.4: KPFM of the pristine ((a) to (c)) and the plasma treated/annealed ((d) to
(f)) sample. No changes can be observed in the topography ((a), (d)) and the phase
image ((b), (e)). However, both the contrast and the absolute value of the surface
potential are changed ((c), (f)).

pristine to the plasma treated and annealed sample surface (figure 4.4 (c) and (f)).
In all pristine samples, we observed that the work function changed during scan-
ning, i.e. from top to bottom in figure 4.4 (c¢). This decrease in work function can
be attributed to the gradual contamination of the SFM-tip by the soft (PEO)MA-
PDMS-MA(PEO) during scanning [Jac99]. Such a pronounced decrease in surface
potential was not observed on the plasma treated and annealed samples, which ad-
ditionally indicated the conversion of the soft (PEO)MA-PDMS-MA(PEO) - TTIP
compound at the sample surface into a hard inorganic nanocomposite.

4.2.3 Conductive Scanning Force Microscopy

The C-SFM topography of both the 2-TTIP and the 5-TTIP sample showed an
almost identical granular structure compared to the intermittent contact KPFM
results (figure 4.5 (a) and (d)). This is important as it proves that the sample is
hard enough for a non-destructive contact mode C-SFM study. The similar structure
of the 2-TTIP and the 5-TTIP sample shows that the TiOy precursor content in the
stock solution does not have an influence on the surface structure, in particular on
the average diameter and the density of TiO, particles.

The current maps show that on both samples almost every grain on the surface was
connected with a localized current (figure 4.5 (b) and (e)). The samples carried an

41



4

Electrical SPM on Hybrid Solar Cell Structures

5 4] E
c 11 =
: g
3 2 |, 3
0 T T T T T T T -1
0 100 200 300 400

Position [nm]

(@ - ? ol (s
3 v
-

Figure 4.5: C-SFM results of the nanoporous TiOy samples: (a) and (b) on the 2-TTIP
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sample at a sample bias of 2.2V and (d) and (e) on the 5-TTIP sample recorded at
a sample bias of 24V. (c) A section view of a scan line recorded in (a) and (b)
demonstrates the correlation of current and topography; the gray shaded area shows
one of the electrically insulating defect structures (yellow arrows).



4.2 SPM Studies on an Integrated Blocking Layer

average current of 470 fA (2-TTIP, sample bias 2.2V) and 450 fA (5-TTIP, sample
bias 2.4V). In the section view of figure 4.5 (c) (left hand side) the correlation
between topography and current is demonstrated. The two elevations give rise to a
current of 6 pA and 1pA, respectively, whereas the surrounding parts remain insu-
lating. The correlation of grains and currents proves that the increased conductance
was caused by the TiO, particles which formed an interconnection to the bottom
electrode, whereas the gaps between the particles were electrically insulating.

Owing to the more than three times thicker film of the 5-TTIP sample, there have to
be more TiO, particles in an average percolation path. The interconnection between
adjacent TiO, particles, however, should be similar in both films. Thus, thicker films
should have a lower conductance owing to the increase in the average percolation
length. The average conductance on both samples, however, is similar. Therefore the
determined currents are not limited by the resistivity of the TiO5 network. Instead,
injection barriers at the platinum-TiO, and the TiOo-tip interface are more plausible
to be the limiting factor for the currents.

Furthermore, larger insulating areas, 50 — 100 nm in width, were observed on both
samples. Most of these areas could be associated with elevations in the topography,
2 —6nm in height (e.g. the two adjacent spots in figure 4.5, yellow arrows and
gray shaded part in (c)). Scanning larger areas showed that these insulating spots
occurred at a density of 2 — 3 per um?.  On the fresh samples, no comparable
structures were observed. Thus, the structures are formed during the annealing of
the samples. The high temperatures during the annealing leads to thermal stress
which might cause deformations in the film. This interpretation is supported by
the finding that in the center of larger elevations, small depressions 10 — 15 nm in
diameter and 5nm in depth occurred (e.g. yellow arrow in figure 4.5 (c)).

Finally, I investigated the sample for possible tip-induced irreversible modifications
on the surface. With intermittent contact mode images recorded with the same
tip at the same position before and after the C-SFM experiment, no changes in
the surface topography were observed (not shown here). However a “zoom out” to a
larger scan area in C-SFM mode revealed an increased current in previously scanned
areas (figure 4.6). In the outer region the sample was scanned with C-SFM for the
first time. Here, the current had an average value of 900 fA (sample bias 3.3V).
In the area that had been scanned once before the measurement (scan size 4 pm,
yellow square) this value increased to 1.4pA. In the 1 pm wide inner square (red),
where the sample had been scanned twice before, it was even 1.7 pA. This increase
in current of almost a factor of two could be explained by a “directed annealing” that
increases the conductance of the current paths and the substrate contacts along the
TiO, particles when a current flows.
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Figure 4.6: “Zoom out” to a larger scan
area on the 5-TTIP sample. The
previously scanned area of 4 um (yel-
low square) and 1um scan size (red
square) are clearly visible due to
higher currents (sample bias 3.3 V).

4.3 Cross Sectional SPM of a Hybrid Solar Cell

Compared to organic solar cells, the fabrication of a bulk heterojunction in a hybrid
solar cell is more complex. The inorganic phase (e.g. TiOy) has to be crystalline in
order to become semiconducting. At the same time, a high surface area between the
inorganic and the organic semiconductor is required for an efficient charge separation.
Thus, the preparation is commonly separated into two subsequent steps. First, the
nanostructured inorganic part is prepared on top of a solid blocking layer. Second,
a solution of the organic semiconductor is spin- or drop coated on top. Finally, an
additional blocking layer and the top electrode are added.

In an alternative approach, the preparation of a hybrid bulk heterojunction in a
single step was demonstrated [Lec09]. An amphiphilic block copolymer was syn-
thesized with an additional hole-conducting moiety. The solf organizing properties
of the polymer were used to obtain a well-defined TiO;/conducting polymer struc-
ture. Depending on the preparation conditions, different morphologies such as wires,
spheres and foam-like structures were obtained.

For the possible application as a bulk heterojunction in a solar cell the formation of
percolating morphologies is of highest importance. In this context, scanning electron

cut. Unpercolated domains (arrow) can be
identified as electrically insulating spots.

Us | Figure 4.7: Schematic of C-SFM on a cross
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(a)

Figure 4.8: A simple fracture of a solar
cell would be very rough (a). Thus, a
small part of the fracture was polished
with a focused ion beam. This area
was smooth enough to be investigated

by C-SFM (b). L

microscopy, e.g. on fractures of the sample, can give first hints towards appropriate
morphologies. However, it cannot visualize the electrical contact of parts of the
sample with the respective electrodes. Here, conductive scanning force microscopy
is the method of choice, as it can map the sample conductance with a resolution
in the order of 10nm. In order to identify possible non-percolating islands inside
the film, I prepared a cross cut of such a hybrid solar cell (figure 4.7). The project
was a collaboration within the IRTG together with Maria Lechmann (AK Gutmann,
MPI-P Mainz), who synthesized the material and prepared the solar cells.

4.3.1 Experimental

For the solar cell preparation, a 50 — 100 nm thick massive TiOs hole-blocking layer
was deposited on a fluorine-doped tin oxide (FTO) substrate. The active layer was
prepared in a one-pot preparation procedure. Therefore, a poly(ethylene oxide)-b-
poly(triphenylamine) (PEO-b-PTPA) block copolymer was combined with a TiO,
precursor material (etylene glycol modified titanate, EGMT) and a dye (Ruthenium
7907) in a sol-gel process [Lec09]. The material was then drop-casted on top of
the blocking layer. The active layer had a thickness of 1 — 2 um. Next, an electron
blocking layer of PEDOT:PSS was spin-casted. Finally, a top electrode (gold) was
evaporated on top. With 200 nm thickness, the gold layer was chosen to be higher
than necessary. Thus, the electrode acted additionally as a protection layer against
high energy ions in the following focused ion beam polishing step.

For the cross sectional analysis, a fracture of the solar cell was prepared along one
of the electrodes. However, such fractures yield very rough surfaces as the fracture
does not occur at the exact same position in all parts of a multilayered structure
(figure 4.8 (a)). Thus, I used a focused ion beam (FIB, FEI Nova 600, dual beam
setup) to polish a 30 um wide section to obtain a sufficiently smooth area. Several
steps with decreasing ion current (ion energy 30keV) were carried out to minimize
the effects of sample heating and ion implantation towards the end of the process.
Finally, the section was imaged by scanning electron microscopy (FE-SEM, Zeiss
LEO 1530).
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Figure 4.9: Energy diagram for the hybrid solar cell. Upon illumination, excitons are
generated by photo-absorption in the Ruthenium dye (Ru). The electrons are transfered
to the TiO2, whereas the holes are transfered to the triphenylamine (TPA) polymer (1).
The energies of the electrodes (FTO and PEDOT:PSS/gold) are sketched without bias
(Uezt = 0V) and at the bias voltages used in the C-SFM experiments. The work function
of a platinum/iridium coated tip (4.2€eV) is indicated as a gray line. On the TiO; side,
electrons can easily be injected at negative bias voltage (2), whereas on the TPA side,
the injection of holes should be favored (3).

Conductive scanning force microscopy (C-SFM) was performed on a MFP3D Stan-
dalone, Asylum Research, in dry Ny atmosphere (see chapter 6 for a detailed descrip-
tion of the setup). A current amplifier (ORCA, Asylum Research) was used together
with platinum /iridium coated tips (nominal resonance frequency of 70 kHz, tip radii
of curvature 10 — 20 nm, Nanosensors PPP-EFM). The sample was contacted at the
bottom FTO electrode. As the gold electrode is much larger than the contact with
the SFM-tip, I assume that the top gold electrode will be on the same potential as
the FTO electrode.

4.3.2 Results and Discussion

The proposed energy diagram for the solar cell is shown in figure 4.9. Additionally,
the work function of a platinum /iridium coated silicon tip is indicated by a vertical
line. It was determined by calibrating the tip by KPFM on an HOPG sample
according to section 3.3.1 on page 31. I found a value of (4.2 £0.1)eV, which is
within the error margin of values reported in the literature [Hop05].

The electron microscopy image of the resulting section is shown in the background
of figure 4.10. On the left hand side the active layer containing the nano-composite
of TiOq (brighter parts) and the PTPA conjugated polymer (dark) can be seen. It
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Figure 4.10: In the background a SEM
of a focused ion beam polished cross
section of a hybrid organic solar cell
is shown. The insets show the C-SFM
results with identical magnification on
a different spot of the section. The
upper part was recorded at a sam-
ple bias of —2V and the lower part

at +1V (absolute current values are ,§ FTO
displayed). EAAEVTSE blocking layer

is followed by the massive TiOs blocking layer, the FTO electrode and the glass
substrate.

The C-SFM current maps for negative (upper inset, sample bias —2 V) and positive
sample bias (lower inset, sample bias +1V) are displayed in figure 4.10. For an
easier comparison between the two current maps, the current values for the negative
sample bias have been inverted. On top of the metallic FTO electrode, a similar
conductance was observed for both polarities (10 pA at —2V and 6 pA at +1V). The
horizontal lines of higher currents can be attributed to the FIB polishing process.
They can be observed in all other layers, as well.

On top of the blocking layer structure, a high current of 330 pA was recorded at
negative sample bias. At positive bias, the blocking layer was almost insulating:
a current of 200 fA was recorded, more than a factor of 1000 less. This rectifying
behavior can be understood in terms of a Schottky barrier that forms between the
metallic FTO and the n-type semiconducting TiO [Sna06] (see also figure 2.5 on
page 14).

On the the active layer, a similar behavior would be expected. The TiO, should
yield a higher current at negative sample bias ((2) in figure 4.9), whereas on top of
the TPA polymer higher currents at positive bias would be expected ((3) in figure
4.9). However, I observed the same contrast for both polarities. The TPA polymer
rich domains carried 3 — 10 times higher currents compared to 1 pA recorded on the
TiO, rich domains.

This bipolar transport in the active layer could be caused by gallium ions implanted
during the polishing procedure. However, this would only affect a small surface
layer of the cut. Furthermore, the one pot preparation procedure might not lead
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to completely pure phases. Residual TiOs in the TPA polymer rich phase and vice
versa might enhance bipolar transport. The higher conductance and unipolar trans-
port observed on the blocking layer compared to the TiO, in the active layer is thus
most probably caused by the higher purity and crystallinity in the blocking layer.
Moreover, the drop-casting might not lead to a perfect mechanical and thus electri-
cal contact between the active layer and the substrate. This generates additional
injection barriers that deteriorate the device performance.

Finally, with C-SFM no completely insulating spots could be found on the active
layer, neither on the TPA polymer rich nor on the TiO; rich domains. This obser-
vation proves, that the TPA polymer formed a well percolating network through the
TiOs network and vice versa. Thus, the here presented morphology is well suited
for the application in hybrid solar cells.

4.4 Summary

With the electrical SPM studies, deep insights into the working mechanism of hy-
brid structures for solar cells were gained and specific problems were identified. By
local conductance and Kelvin probe measurements the working principle of a novel
nanocomposite material with integrated blocking layer could be visualized. More-
over, defect structures could be identified which might deteriorate the performance
of the structure.

The increase of the sample conductance on areas that were scanned several times
with C-SFM has demonstrated that tip-induced modifications on the sample surface
have to be taken into account. Next to the mechanical interaction, current induced
effects can cause irreversible effects, owing to the highly localized nature of the
measurement.

With C-SFM on a focused ion beam polished cross cut of a hybrid solar cell structure,
the multi-layer system inside the cell could be studied and specific functionalities,
such as the hole blocking behavior of a TiOs layer, could be visualized. Different
preparation conditions in the layers (annealed TiOs in the blocking layer, sol-gel
derived TiO, in the active layer) resulted in qualitatively and quantitatively different
charge transport properties. In contrast to unipolar charge transport in the blocking
layer, the TiO, in the active layer showed bipolar transport at much lower current
densities. Moreover, it could be proved that inside the active layer, the hole- and
electron conducting parts formed a well percolated network.
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5 Scanning Conductive Torsion
Mode Microscopy

In spite of many publications, the application of C-SFM on soft, fragile and flexible
electronic components is challenging. During the operation of the SFM in contact
mode, high lateral forces can be exerted on the sample by the scanning tip, leading
to modifications in the sample surface [Leu92, Ber07]. Such changes on soft organic
electronic materials have been reported in the context of C-SFM studies [Dou07a,
Dan08a] (see figure 1.2 on page 4).

In order to avoid lateral forces, advanced SFM techniques have been proposed.
Jumping mode scanning force microscopy [Ots03] is a force-volume based method,
where on every point of the sample a force-distance curve and, at a defined force,
a current-voltage curve is recorded. In point-contact current imaging microscopy
[Pab98] the topographic information of an oscillating cantilever is used to bring the
tip in contact with the surface, where a current voltage curve is recorded. Both meth-
ods reduce the lateral forces on the sample; however, measurement times become
very long. Freitag et al. described local conductivity measurements using a quartz
needle sensor on carbon nanotubes [Fre00]. However, the individually fabricated
probes limit the wide application of this method.

Thus, for soft and fragile organic electronic samples, there is still a need for a
more gentle method that minimizes the tip-sample interaction at constant electrical
contact with the sample. With scanning conductive torsion mode microscopy, such
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a new mode was used for the first time to characterize organic electronic structures
in the context of this work.

5.1 Working Principle
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Figure 5.1: SCTMM on a Veeco MultiMode (a). The cantilever holder (1) is electrically
connected to the current amplifier (2). Inset: the two piezos (3) under the chip of
the cantilever (4) can excite the torsional motion in the cantilever. Torsional amplitude
around the resonance frequency ((b), upper graph) and simultaneously recorded vertical
signal (lower graph), demonstrating that the torsional motion is not coupled to a vertical
motion.

In torsion mode, the base of a rectangular cantilever is vibrated by a pair of piezo-
electric actuators that are driven antiperiodically (figure 7 (a) and previous page).
Depending on the vibration frequency, a torsional resonance mode can be excited
in the cantilever (figure 5.1 (b)). When the tip gets close to the sample surface,
the vibration amplitude is reduced. This damping is caused by surface forces and
in-plane interactions with the sample [Kaw02, Hua04]. The decrease in amplitude
is used as a feedback signal for the tip-sample separation. Thus, the feedback loop
is sensitive to vertical obstacles and lateral forces can be minimized.

Before the exact tip-sample interaction was explored, a series of calibrations had
been performed to correlate the amplitude that is displayed in the SFM-software in
volts with the physical motion amplitude of the SFM tip.

5.1.1 Estimation of the Torsional Amplitude

For the calibration, several steps were necessary. First, the lateral signal of the photo
diode had to be correlated with the torsional deflection angle of the cantilever.
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It turned out that the amplitude values in the software (given in volts) do not
correspond to the values measured at the photo diode (Software version 5.31rl,
Nanoscope Illa controller, Quadrex extender, torsion mode adapter). Finally, the
typical dimensions of a PPP-EFM (NanoSensors) tip cone were used to obtain the
real amplitude of motion for the tip apex.
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Figure 5.2: Calibration procedure for the torsional motion of the SFM tip. (a) Front
view and (b) side view of the scanner with the SFM head on top. The tilt angle o can
be controlled by the motorized screw; (c¢) lateral photodiode signal as a function of the
head tilt angle.

For the correlation of the cantilever angle with the lateral photo diode signal, a Mul-
tiMode scanner with three independent height adjustment screws was used (serial
number 1601 E-z, figure 5.2 (a), (b)). These screws can adjust the tilt angle « of the
SFM head on top of the scanner. Two of these screws are manual screws; the third
is moved by a step motor that is controlled by the software (e.g. for the sample
approach). The pitch of the motorized screw was determined to be (323 £ 5) pm.
On the sample holder of the scanner, a flat piece of silicon was placed. The SFM
head without the cantilever holder was tilted with the manual screws until the SFM
laser was reflected from the silicon onto the photo diode (figure 5.2 (a)).

The motor control in the SFM software allows to control the SEFM head height in
steps as low as 26 nm (NanoScope software version 5.31R1). This step size had to
be correlated with the true position of the motorized screw. For a full revolution
of the step motor, 75 steps at a step size of 1.01 pm (software) were necessary.
However, the pitch of the screw was measured to be 323 um. Thus, the step size of
the software has to be corrected by a factor of 323 pm/(75-1.01 pum) = 4.26. The
displacement of the motor was then converted into the tilt angle o using the distance
of the motorized screw to the manual screws (16 mm, see figure 5.2 (b)).

In a series of 21 steps of 520 nm (software) / 2.21 um (real) / 1.4 mrad (tilt angle) the
lateral signal of the photo diode was measured (display on the front of the MultiMode
base). The result is displayed in figure 5.2 (c). The response was linear over the
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the whole range of the measurement. A sensitivity factor of (392 4 2) Vrad™' or
(2.552 £ 0.013) mradV—! was determined by a least squares fit.

The electrical signals were cross checked with a signal access module (Veeco) and a
digital oscilloscope (Tektronix, TDS 1012, coupling: DC 1 MQ). The static lateral
deflection values displayed on the base of the SFM were found to be identical to the
signal going to the controller. The oscillation amplitude Ay, that is displayed in
the software, e.g. during a cantilever tune, was also identical for the combination
of NanoScope V controller and software version 7.3. However, in the configuration
with NanoScope IIla controller, Quadrex extender and software version 5.31R1, the
displayed amplitude is a factor (3,92 £ 0,3) higher than the measured signal. Taking
this into account and using a tip cone height of 15 um (PPP-EFM, NanoSensors) I
calculated for the real oscillation amplitude:

1
ANS e — Ay - (2.552 4 0,013 dv—t.15
real ft (3792 + 073) ( ) ) mra pm
= Agoprw (9.6 £ 0.4) nmV ! (5.1)
ANSV = A - (37.6 £0.2) nmV ! (5.2)

5.1.2 Distance Dependence of the Torsion Amplitude

The following experiments have been performed on a Veeco Multi Mode (NanoScope
V Controller)!with a NanoSensors PPP-EFM cantilever. The vertical force constant
of the lever was determined to be 2.2 Nm™! with the thermal noise method.

Figure 5.3 shows the torsion amplitude and the vertical cantilever deflection as a
function of the vertical sample displacement on two different samples. The first
curve was recorded on highly oriented pyrolytic graphite (HOPG, figure 5.3 (a)).
The torsional amplitude in the approach (trace) direction dropped directly from its
free air value of 11nm to almost zero. Only a very small residual amplitude of
(380 + 90) pm was observed. Simultaneously, the vertical cantilever force jumped to
a value of —9nN. From the linear increase of the deflection signal after this jump I
conclude that under the influence of attractive surface forces the tip directly jumped
into a stable contact with the surface (a so called snap-in event). The mechanical
contact of the tip after the snap-in is so strong that the tip is not able to move
laterally any more. In the opposite (retrace) direction, the amplitude jumps back
to the free air amplitude simultaneously with the detachment of the tip from the
surface (snap-out). At this point it has to be mentioned that the normal force

'In contrast to the configuration with NanoScope IIla controller and Quadrex box, the NanoScope
V controller allows the simultaneous acquisition of up to three freely selectable data channels in
the spectroscopy mode.
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that is measured by the SFM is always the sum of the cantilever force and the
adhesion force when the tip is in contact with the surface. In this case, the force
that the tip exerts on the sample is the adhesion force, determined from the snap-out
(21.5nN) plus the cantilever force. Hence, the normal force at the snap-in would be
21.5nN — 9nN = 12.5nN.
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Figure 5.3: Lateral tip vibration oscillation and vertical deflection signal as a function
of the sample z-displacement on a) HOPG and b) PEDOT:PSS. The residual torsion
amplitude signal is caused by a sideway motion of the cantilever owing to the torsional
excitation.

The second sample was a drop-casted film of the conducting polymer composite
PEDOT:PSS (see also figure 2.4 on page 12) (Sigma Aldrich, high-conductivity
grade, CAS: 155090-83-8). During the approach there was a discontinuous snap-
in in the amplitude, as well (figure 5.3 (b)). However, in this case the amplitude
only dropped by a factor of one third, from 9.8 nm to 6.7nm. Simultaneously, the
normal force jumped to a value of —4.8 nN. During the further approach, the torsion
amplitude decreased monotonically whereas the vertical cantilever force remained
stable around —5.2nN. Finally, in a second snap-in the tip established a stable
contact with the surface. Now, the amplitude had a constant value of (620 4 20) pm
and the force increased linearly. In the retrace, both jump events can be observed
again with a delay of a few nanometers.

It is well known that adhesion of nanoscale objects is accompanied by a deformation
of the surface [Joh71, But03]. In the case of the HOPG sample, the tip directly forms
a stable contact with the surface. The depression that is formed in the contact
region only allows a very small lateral movement of the tip. The direct jump of
the amplitude from its free vibration amplitude to zero is in contrast to previous
reports. Huang and co-workers reported a continuously decreasing torsion amplitude
when they approached a torsionally vibrating silicon tip to a HOPG terrace [Hua04].
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As one source for the torsional vibration damping they discussed adsorbed water.
Although HOPG is hydrophobic, the presence of a thin water layer is very probable
under ambient conditions. In my experiment, however, I was not able to obtain a
torsional vibration in the contact region, not even after directly breathing on the
sample. An alternative explanation could be the metal coated tip. In contrast to
the sharper, uncoated silicon tips used by Huang they might have stronger adhesion
to the substrate.

On the the soft polymeric PEDOT:PSS, the adhesion force is weaker. Therefore,
the tip is able to move laterally over the surface without a direct snap-in to a stable
contact. The lateral amplitude is damped by in-plane friction forces. These forces
grow with increasing normal force until the lateral motion becomes too slow to
further prevent the formation of a stable contact - the second snap-in.

A stable imaging of the surface is only possible if there is a continuous and distance
dependent amplitude change that the feedback electronics can use to regulate the
z-position (gray shaded area in figure 5.3 (b)). Quite remarkably, in the case of
the PEDOT:PSS sample this stable operation range occurs at a negative cantilever
deflection. In contact mode, no stable operation would be possible at a negative
deflection setpoint. Thus, the minimum normal force acting on the sample during
contact mode imaging would be the adhesion force plus a minimum positive can-
tilever deflection. In torsion mode, stable imaging is possible even at normal forces
lower than the adhesion force.

In contrast to the intermittent contact mode introduced in section 3.1.1 (page 21),
the tip stays in close proximity to the sample surface during the whole oscillation
cycle of the torsional motion. Thus, at sufficiently high voltage differences, charge
carriers can be exchanged between the tip and a conductive sample. This was
demonstrated in an additional ramping experiment. Figure 5.4 shows the torsional
amplitude and the current amplifier signal as a function of the sample displacement
(sample bias: 3.2V). The z-approach was stopped before the second snap-in to
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5.2 Current Mapping on Reference Samples

prevent an overshoot of the current signal. On the last nanometer of the approach,
a fast increase of the current to up to 4 pA was observed.

5.2 Current Mapping on Reference Samples

The current signal that was observed in the previous experiment (figure 5.4) can
also be recorded with a scanning tip during torsion mode imaging. We call this
operation mode scanning conductive torsion mode microscopy (SCTMM). In order
to test the method, a comparative C-SFM / SCTMM study was performed on a
reference structure with defined insulating and conducting structures. In order to
elucidate the influence of the torsional amplitude setpoint during SCTMM operation,
a second reference experiment on the surface of a soft organic electronic material
(PEDOT:PSS) was performed.

5.2.1 Experimental

The first reference sample was prepared by focused ion beam (FIB) assisted chemical
vapor deposition (FEI Nova 600, dual beam setup). On a freshly cleaved surface of
HOPG, a 30 um long and 1 wm wide stripe of electrically insulating silicon dioxide
was deposited at an ion current of 50 pA and an ion energy of 30 keV. The thickness
was found to be (8.6 £ 0.4) nm (SFM topography). On top of the insulator a second
electrically conducting stripe with the same dimensions and rotated by 90° was
written by platinum deposition at the same conditions. Its thickness was found
to be (18 £ 1)nm. Films prepared by FIB assisted chemical vapor deposition are
known to have high carbon contents [Tel02]. Thus, I will refer to the structures as
SiOC in the case of the insulator and PtC in the case of the platinum stripe.

The second experiment was performed on a 100nm thick blade coated film of
PEDOT:PSS (Sigma Aldrich, high-conductivity grade, CAS: 155090-83-8) on an
ITO/glass substrate. Before the experiment, the film was annealed in a vacuum
oven at 140 °C for 90 min.

The experiments were done in ambient conditions (humidity 40 — 60%) on a Veeco
MultiMode (NanoScope I1la controller, Quadrex extender, TUNA current amplifier).
The special cantilever holder used in this study can be used for contact mode,
torsion mode and intermittent contact mode imaging. Thus, I used a cantilever
whose properties allow for an operation in all three modes (Nanosensors PPP-EFM,
nominal vertical resonance frequency of 70 kHz).

95



5

Scanning Conductive Torsion Mode Microscopy

(b) Torsion Mode
Topography

Current

B o 2o

(d) Contact Mode
Topography

Current

B 5o

(f) Torsion (g) Contact

1.0 160+
0.5 80

M 1 ] M 1
0.0 0

+0123456 01 2 3 4 5 6
Current [pA] Position [um] Current [nA] Position [um]

Figure 5.5: SCTMM on a reference crossbar structure (scale bar in (a) valid for all im-
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ages). The topography before the experiment was measured in intermittent contact
mode (a). The results of SCTMM are shown in (b). In the subsequently recorded
intermittent contact image (c) no modifications to the surface structure were observed
in the previously scanned region (yellow square). After that, the sample was measured
in contact mode C-SFM (d). Finally, an intermittent contact mode image shows the
damage caused by the last C-SFM measurement (e). (f) and (g): Line plots from the
locations marked in the current images of (b) and (d).



5.2 Current Mapping on Reference Samples

5.2.2 Results and Discussion

In a first step, an intermittent contact mode image was recorded in order to have a
reference for the topographic structure (figure 5.5 (a)). After that, the PtC/SiOC
cross on HOPG was imaged by SCTMM at a sample bias of 50 mV (figure 5.5 (b)).
In contrast to the HOPG surface that was investigated in figure 5.3 (page 53), the
FIB treated surface yielded enough friction for a stable torsion mode imaging. The
comparison of the topography in a and b (left) confirmed that the imaging in a
different operation mode did not influence the resulting topographic image.

In the current map of (b) and the three averaged cross sections (f) the basic structure
of the predefined insulator/conductor pattern was reproduced. An average current
of 0.9pA was found on top of the PtC stripe. The underlying SiOC stripe had
no influence on the structure of the current. Only a slight decrease in the average
current to 0.8 pA directly on top of the insulator could be observed. This observation
confirms that the platinum stripe formed a homogeneously conductive bridge over
the SiOC bar. Next to the PtC, no significant current could be observed on the
whole SiOC structure. At the crossing point with the PtC structure, there is a
sharp increase in the signal (cross section 1 in (f)). In between the stripes on top
of the HOPG an average current of 0.12pA was measured, which was higher closer
to the PtC stripe (see also cross section 2 in (f)). This current increase towards the
FIB structures can be explained by overspray during the structuring process with
the focused ion beam [Utk08]. Deflected and secondary ions can induce material
deposition next to the predefined structure, generating a halo of 1 — 3 um radius
around the structure, which can be seen in the current map around the PtC stripe
(b). It demonstrates that the platinum overspray enhanced the charge injection
from the tip to HOPG. However, on top of the SiOC stripe, the halo in the current
map disappeared, proving that the thickness of the overspray film is not sufficient
to form a homogeneously conductive film. A final intermittent contact mode scan
of the investigated area proved that no structural modifications or damage occurred
during the SCTMM measurements (figure 5.4 (c)).

In a second experiment, the same structure was investigated by conventional C-SFM
in contact mode with the same cantilever at a sample bias of 38 mV (figure 5.5 (d)).
The current map shows a qualitatively similar structure compared to the SCTMM
result. However, the observed currents were much higher. On top of the PtC, the
average current was 100nA, which is 10° times higher compared to SCTMM. In
between the stripes, the current dropped to 2nA and no current could be found
directly on the SiOC. In the topographic image, many blurred out horizontal lines
can be found indicating a strong cross talk from the currents to the topographic
signal. Intermittent contact mode imaging after the experiment revealed severe
damage on the sample surface, especially on the blank HOPG surface (figure 5.5

(e))-
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Figure 5.6: Average current (red triangles) and the surface area fraction that carries a
current higher than 10pA (blue triangles) measured on a PEDOT:PSS sample as a
function of the normalized amplitude setpoint (free air amplitude = 1). The insets
show the recorded SCTMM current maps on an area of 1 um x 1 um at two relative
setpoints. The gray scale covers a data range of 100 pA.

The influence of adsorbed water on the in-plane damping of the torsional vibration
has already been discussed in the previous section 5.1.2 (on page 53). Such a layer
would also influence the properties of the injection barrier between tip and substrate.
It has furthermore been discussed that the tip-sample forces in contact mode are
higher compared to torsion mode. These higher forces will also lead to an increased
contact area by the formation of a small indent at the contact point. Depending
on the thickness of the water layer, the local topography and capillary forces, the
injection barrier height can be subject to huge variations. In the case of torsion mode,
the penetration of the adsorption layer on the surface is also possible. However, this
will lead to an increased damping of the oscillation of the tip which, in turn, will
force the feedback controller to withdraw the tip. In fact, in order to observe a
significant current, the amplitude setpoint had to be set to a high damping (60% of
the free amplitude).

On the FIB reference structure, stable torsion mode imaging was only possible in a
narrow range of amplitude setpoints. Thus, the influence of the torsion amplitude on
the current mapping had to be studied on a different sample. Annealed PEDOT:PSS
was found to be an appropriate system, as it allows stable imaging over a wide range
of amplitude setpoints. At the same time, currents could be recorded at a moderate
sample voltage of 20mV over the whole range of stable amplitude values. Prior to
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the experiment, the free torsional amplitude was set to a value of 20 nm at a distance
of 1 um above the sample. This value corresponds to a relative setpoint of 1.

For the plot in figure 5.6, the PEDOT:PSS film was imaged on an area of 1 um x 1 pm
and the average current of the entire scanned area was calculated (red triangles). In
order to avoid irreversible modifications to the PEDOT:PSS sample (comparable for
example to those in figure 4.6 on page 44 or in [Dan08a] and [Pin08]), the sample
had been moved prior to every scan. Thus, each measurement was performed on a
pristine sample region.

The structure of the current map showed conductive spots in a mostly insulat-
ing matrix (insets in figure 5.6). This fits well with the PEDOT:PSS structure of
conducting PEDOT domains in an insulating PSS matrix that was reported in the
literature [IZ04]. With decreasing amplitude setpoint, the average current was found
to increase. This effect was composed of two factors: (i) The average current per
conducting spot and (ii) the overall number of conducting spots was increasing with
decreasing setpoint. In order to separate those effects, the fraction of the surface
area carrying a current larger than 10 pA was calculated (blue triangles in figure
5.6). This number roughly correlates with the number of conducting spots on the
surface. For higher setpoints, the surface fraction grows faster than the average
current, whereas at lower setpoints, the current shows a faster increase.

Qualitatively, this effect can be understood by considering the tip-sample force. In
figure 5.3 (b) on page 53 it was found that the deflection of the cantilever is constant
in the vertical sample displacement range that is relevant for torsion mode imaging.
Thus, the effective tip-sample force (the sum of adhesion force and cantilever force)
is increasing with decreasing deflection setpoint. In context of the Hertz model, the
geometry of the tip-sample contact can be estimated [Her82]. In the case of a planar
surface and a tip with radius R, the contact area Ac (radius a) as a function of the
normal force F' is given by

9 3R

= 1(——F)*? (5.3)

AC:WCL 1

(E* is the effective Young’s modulus of tip and sample; see [But03] for details).
Assuming a homogeneous charge injection on the conductive PEDOT:PSS domains,
the tip-sample current is proportional to the contact area. This model works well as
long as the conducting domains are larger than the tip-sample contact. However, it
does not explain the increase in conducting spots.

It has been reported that on PEDOT:PSS surfaces a thin PSS rich surface layer of
some nanometers thickness can be found [Cri03, Hig03]. The charges collected by
the tip have to pass this insulating surface layer. In the context of the Hertz model,
an elastic deformation of tip and sample is predicted in the contact area. For the
given configuration of a hard metallic tip and a soft polymeric sample, most of the
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deformation will take place in the polymer. The depth d of the indentation is given
by

a® _ 3R

For the mechanical tip-sample interactions such effects have been shown already. In
block copolymer blends, the topographic structure was strongly influenced by the
amplitude setpoint [Hua04, Yur08|. This effect was ascribed to a penetration of
the tip through the first surface layers of the polymeric sample at lower amplitude
setpoints. Thus, deeper regions of the sample can interact with the tip at higher
normal forces or, in the case of torsion mode operation, at lower amplitude setpoints.
In the PEDOT:PSS system, more conductive domains can interact with the tip and
the density of conductive spots increases.

5.3 Current Mapping on Nano Pillar Arrays

Free standing nano-pillars with a defined aspect ratio and pitch can be easily pre-
pared by template assisted preparation techniques, e.g. block copolymer templates
or anodized aluminum oxide (AAO) [Hab09]. Such structures have been proposed
as an ideal morphology for the donor/acceptor bulk heterojunction in an organic
solar cell (see [Yan07, Gun07] and section 2.2.3 on page 17). Here, the knowledge
of the interplay between morphology and conductivity of individual nano-pillars is
crucial for the functionality of the device.

The analysis of free standing organic nano-pillars by C-SFM is often complicated by
the deformation and destruction of the sample caused by the forces induced by the
scanning tip (see also section 3.2.2 on page 30). One way to stabilize the nano-pillar
structure is to remove only the top parts of the aluminum oxide template [Ert06,
Wan09b]. First C-SFM studies on freestanding rod architectures made of polypyrrole
[Lee08] and core-shell PBHT:PCBM [Wan09a| using soft cantilevers (k = 0.2Nm™1)
have been presented. However, no simultaneous measurement of topography and
current was possible on the setup used in this study. Thus, a direct correlation
between nano-pillar morphology and conductivity was impossible.

I will show that the reduced tip-sample forces in SCTMM make a non destructive
investigation of such a fragile three dimensional structure possible. This project is a
collaboration within the IRTG together with Niko Haberkorn (AK Patrick Theato,
University Mainz), who synthesized a novel semiconducting triphenylamine derivate
and prepared the nano-pillar arrays used in this study.
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Figure 5.7: Preparation procedure for freestanding nano-pillar arrays. The AAO tem-
plate is filled with the polymer solution by spin coating (a). After thermal cross linking
and the attachment of the substrate (b) the template is removed. A SEM image on a
fracture of the resulting TPD nano pillar array is shown in (¢) (FE-SEM, Zeiss LEO
1530, scale bar: 100 nm).

5.3.1 Experimental

For the preparation of the nano-pillar arrays an AAO template in analogy to the
procedure described in figure 5.7 and [Hab09] was used. This approach allows the
fabrication of free-standing nano-pillars on large areas. The length and diameter
can easily be varied by the pore dimensions of the template. For this study, arrays
of a novel thermally cross-linkable N N’-bis(4-methoxyphenyl)- N,N’-bisphenyl-(1,1’-
biphenyl)-4,4’-diamine (TPD) derivative were investigated. The cross-linking of the
semi-conducting TPD polymer provides an enhanced mechanical stability and sol-
vent resistance [Hab10]. It prevents adjacent pillars from collapsing to aggregates.
The solvent resistance is important for subsequent deposition steps, where the array
is in contact with the solvent of the n-type material. As a comparison, the stan-
dard organic donor material poly(3-hexylthiophene) (regioregular P3HT, molecular
weight: 25k, BASF) was used to prepare a nano-pillar array with comparable mor-
phology. The samples were attached to a silicon wafer with a 30 nm thick sputtered
platinum layer. This electrode geometry has the advantage of a very low surface
roughness.

The experiments were done in ambient conditions (humidity 40 — 60%) on a Veeco
MultiMode (NanoScope I11a controller, Quadrex extender, TUNA current amplifier)
with Pt/Ir coated cantilevers (Nanosensors PPP-EFM, nominal vertical resonance
frequency of 70kHz).

5.3.2 TPD Nano-Pillar Array

With scanning electron microscopy, a fracture of the TPD nano-pillar array was
investigated (figure 5.7 (c)). The length and diameter of the TPD nano-pillars
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was measured to be (165 + 5)nm and (64 4+ 2) nm, respectively. Between the nano-
pillar array and the Pt-electrode a layer of TPD-polymer of 300 nm in thickness was
observed.

Initial attempts to image the sample were done in the conventional contact mode
using a soft cantilever (umash CSC17/Ti-Pt, force constant 0.05 — 0.3Nm™!). How-
ever, no structure could be resolved, neither in topography, nor in the current map
(figure 5.8). Although a very low deflection setpoint was used, the scanning tip bent
and destroyed the structures. On some parts of the sample the tip even scratched
deeper lying structures of higher conductance (bright parts in 5.8 (b)).
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Figure 5.8: Topography (a) and tip-sample current (b) measured on the TPD nano-pillar
array in contact mode (sample bias 5.2'V)

Thus, the operation mode was switched to scanning conductive torsion mode mi-
croscopy (cantilever: Nanosensors PPP-EFM, measured vertical and torsional fre-
quency of 70.8 kHz and 873 kHz, respectively). The setpoint for the torsional am-
plitude was set to 2.6 nm. In contrast to the contact mode results, the topography
obtained in torsion mode clearly resolved the single nano-pillars (figure 5.9 (a)).

For a comparison of the imaging modes, a interleaved intermittent contact/torsion
mode experiment was performed (comparable to dual pass KPFM experiments). The
resulting topographic maps were then subtracted in order to visualize the differences
(figure 5.9). No larger deviations could be found: on most parts of the sample, the
differences were less than 2nm. This observation proves that the topographic signal
obtained in torsion mode is not subject to imaging artifacts, e.g. generated by the
lateral movement of the tip. On the topographic map in (a), smaller artifacts are
visible on the upper and lower edges of the topography that might be caused by the
use of a lower amplitude setpoint, which can induce a minimal bending of the pillars
(arrows in figure 5.9 (c)).

The statistical analysis of the relative height differences between the 180 nano-pillars
in figure 5.9 (a) gave a standard deviation of 4 nm, demonstrating the uniform pillar
height. The topographic image shows that the tip penetrates the gaps between the
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Figure 5.9: SCTMM results on the freestanding TPD nano-pillar array: topography mea-
sured in torsion mode (a); difference of the intermittent contact mode height and the
torsion mode height data measured in interleaved scan lines on a different sample po-
sition (b) (inset: histogram of the data); enlarged detail of the topography showing
smaller imaging artifacts (c); tip-sample current map recorded simultaneously with (a)
at a sample bias of 12V (d) and line profile on the same position in topography (red)
and current (blue), demonstrating the good correlation between topography and current

().

rods to a depth of 30 — 40 nm. This behavior can be expected from the tip geometry
(radius of curvature 20 nm), the diameter and pitch of the nano-pillar structures.

The current map revealed distinct current domains of up to 340 fA (figure 5.9 (d)).
Since the topography and the current map were recorded simultaneously, each of
the current domains can be associated with a single nano-pillar. The current is
uniform on top of one specific nano-pillar (root-mean square value 60fA). Clear
transitions between adjacent nano-pillars were resolved, which correspond to the
minima in the topographic image. Exemplarily, the topography and the current
signal of three adjacent nano-pillars along the line indicated in figure 5.9 (a) and (d)
were plotted. In between two neighboring nano-pillars I measured a sharp transition
in the current, typically within 10 — 30 nm (figure 5.9 (e)). Thus, the currents can be
clearly associated to the conduction through one specific nano-pillar. Qualitatively,
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Figure 5.10: Current
map recorded on the
same sample at a neg-
ative sample bias of
—12V.

the same results with slightly higher and less homogeneous currents were obtained
at a negative sample bias of —12'V (figure 5.10).

For a statistical evaluation of the images, all areas of the individual nano-pillars
were defined as a mask in the topographic image (“watershed” algorithm in the free
SPM data analysis software gwyddion). This mask was then used to determine the
mean current of each rod (red bars in figure 5.11 (a). For this analysis we used a
conductivity map which was obtained on a larger scan area of (5x5) um? covering
2660 rods (figure 5.11 (b) and (c)). The histogram of the current distribution shows
a maximum for pillars corresponding to a current value of 160 fA. An average current
for all measured pillars of (240 £ 140) fA was determined. Only a minority of nano-
pillars (below 2%) exhibit a current lower than 60 fA (the noise level of the current
measurement).

A possible explanation for the conductance variations would be differences in the
height of the nano-pillars. However, a correlation between the heights of the nano-
pillars with their current could not be found. Another source for variations in the
current could be differences in the contact of the triarylamine polymer layer with
the Pt-electrode. However, the thickness of the underlying uniform polymer layer
was found to be almost twice compared to the length of the nano-pillars (Figure 5.7
(c)). This layer smears out the current that flows between the platinum electrode
and the tip. Thus, contact variations with the bottom electrode can only explain
conductance variations on larger scales. The huge differences in the conductivity
that is visible even on adjacent nano-pillars (e.g. in the section view in figure 5.9
(e)) can thus not be attributed to the substrate contact. As the tip only touches
one nano-pillar at a given time, the measured differences in the electrical current
must be attributed to the individual structure and/or material properties of that
particular nano-pillar. Effects that may be considered are different densities of
defects, variations in the alignment of the TPD moieties and surface impurities.

Finally, in order to rule out that the recorded current maps were influenced by
parasitic electrical currents between the SFM-tip and the substrate, a further refer-
ence experiment was performed with a deliberately aged sample. Organic electronic
materials are known to be sensitive to degradation induced by light, oxygen or hu-
midity [Jer08], which results in a dramatic decrease in conductivity. On a sample
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Figure 5.11: Statistical evaluation of the pillar currents (a) obtained from a larger scan
(current (b) and topography (c)) and from a degraded sample (current (d) and topog-

raphy (e)).

stored in ambient lab air for two weeks, a significantly lower current (factor of 10)
was observed at an identical bias voltage of 12 V (figure 5.11 (d)). However, the
topography of the nano pillar array remained unchanged (figure 5.11 (e)). Here,
the statistical analysis of 514 rods gave a mean current of (24 &+ 11)fA (blue bars
in figure 5.11 (a)). Thus, the current that was measured in the fresh sample was
caused by the intrinsic conductivity of the polymer material.

5.3.3 P3HT Nano Pillar Array

In order to compare the results on the novel nanostructured TPA polymer system
with a standard polymer in a similar geometry, a second set of samples was prepared
from the semiconducting polymer of poly(3-hexylthiophene) (P3HT).

The topography of the PSHT nano-pillar sample shows a homogeneous coverage
with mostly free standing nano-rods (figure 5.12). Here, no artifacts comparable
to those observed in figure 5.9 (¢) occurred, which can be attributed to a reduced
aspect ratio and thus higher mechanical stability of the PSHT pillars (pillar length:
(110 £ 5)nm). The rods were uniform in height, the standard deviation of the
maximum rod height among the 1079 nano-rods in figure 5.12 (a)) is 5nm (the
image was flattened only with a first order fit routine). With 120 nano-pillars per
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Figure 5.12: (a) Topography and (b) current map on a P3HT nano-pillar array. The
black arrow in the magnification of a points towards a cluster of three aggregated nano-
pillars. (c) section view of the topography (red) and the current (blue) from the lines
indicated in the insets in (a) and (b).
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Figure 5.13: If the tip can (1) (2)
penetrate the gaps between
the nano-pillars, the effec-
tive contact area is smaller
on the top (1) compared to
the contact area on the side
(2) of the nano-pillar.

um? the density comparable to the TPD nano-pillar sample. At some places, two
to three adjacent rods seem to have fused (arrow in the inset of figure 5.12 (a)).
This effect can be attributed to agglomeration of the nano-rods. Furthermore, the
topography shows that the tip penetrated some of the gaps between adjacent nano-
rods to a depth of up to 100nm. The reason could be a wider distance between
adjacent nano-pillars, in particular next to agglomerated pillar clusters.

In the current image, no large insulating areas were found on the nano-rod array at
a sample bias of 2V (see 5.12 (b)). The correlation with the height data in a profile
view reveals that in large parts of the gaps between adjacent nano-rods an increased
current was recorded (gray shaded areas in figure 5.9 (c)). Especially in larger gaps,
higher currents are recorded (for example in the gap between B and C in figure 5.9
(c)). There are two plausible explanations for this behavior: (i) The tip penetrates
the gap deep enough to interact with the substrate and (ii) the effective contact area
increases as the shaft of the tip also interacts with the pillars (see figure 5.13).

In contrast to the TPD nano-pillar array, the current on top of the P3HT nano-
rods was not homogeneous. Conductive patches of 10 — 20 nm in size were found
on almost every nano-rod (e.g. the peaks in particle A and C in figure 5.12). They
carry a current of typically 300 fA up to some pA, which is significantly higher than
the average current of (200 £ 100) fA. Such patches have been observed on planar
films of P3HT by scanning tunneling microscopy [Gre03]. The authors ascribed
these structures to crystalline domains embedded in a less conductive, amorphous
polythiophene matrix.

So far, the operation of SCTMM was found to be more gentle compared to the
standard C-SFM operation. However, when the SCTMM parameters are not chosen
carefully, irreversible sample damage can occur in SCTMM, as well. In particular,
if the sample voltage is set too high, the tip-sample current can cause irreversible
modifications [Lin02] or even the destruction of the surface [Pin08, Dan08a]. In figure
5.14, the results of a second P3HT nano-pillar sample is shown. The topography (a)
shows a less homogeneous distribution of nano-pillars compared to figure 5.12. A
higher fraction of pillars were aggregated and larger gaps between particle clusters
could be observed. In these gaps, the highest currents of up to 80 pA were recorded
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Figure 5.14: P3HT nano-pillar array before ((a) and (b)) and after ((c¢) and (d)) the
central region was imaged at a sample voltage of 10 V. In addition to a tip modification
(upper cut-out in (a) and (c)) the sample in the central region was modified as well
(lower cut-out). The latter region became completely insulating (d).

(sample voltage 2V, figure 5.14 (b)). On top of the pillar structures, an average
current of 300 fA was measured, which is consistent with the previous P3HT sample.

After this first imaging at a moderate voltage, the scan size was decreased to 500 nm
and the sample voltage was set to 10V (dashed square indicated in figure 5.14 (a)).
The subsequent full size SCTMM image revealed a slightly altered topography. In
the first SCTMM topographic image, single nano-pillars were clearly resolved, even
on the aggregate structures (see magnification in figure 5.14 (a)). After the high
voltage scan, the nano-pillar clusters appeared less defined and more cloud-like,
even outside of the high voltage scan. This can be ascribed to a modification of
the tip during the high voltage scan, either by a destruction of the tip apex or by
sample material that attached to the tip. Owing to this altered tip geometry, the
aggregates appeared broader and thus, the gaps in between the clusters narrowed. In
the central region, however, the gaps have become broader, indicating an additional
modification in the sample structure.

Most remarkably, however, is the complete loss of sample conductance in the high
voltage scan region (figure 5.14 (d)). The rest of the sample exhibits an only slightly
decreased conductance. At a sample voltage of 2.5V, an average current of 250 fA
was measured on top of the nano-pillars and clusters. The decreased penetration
into the gaps was also reflected in a reduced number of high current spots in those
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regions. The center of the sample, however, remained completely insulating. A
possible explanation for this behavior could be a heating effect caused by the presence
of high current densities. This heating could lead to rearrangements in the polymer
structure that leave the sample in an amorphous and thus less conductive state. It
could furthermore lead to an oxidation of the P3HT, which also deteriorates the
conductivity.

5.4 Charge Injection Mechanism

Further insights into the charge injection mechanism of individual nano-pillars can
be obtained by recording local current-voltage characteristics (see also section 3.2.1
on page 27). In SCTMM, this kind of measurement can be performed by positioning
the tip on the sample with active feedback. Figure 5.15 shows a current-voltage plot
recorded on the TPD nano-pillar array with several plot types.

In figure 5.15 (a) the current voltage data recorded on a single TPD nano-pillar is
plotted in a linear plot. For a better visibility, the data was split into positive current
(blue squares) and negative current (red circles). In the Fowler-Nordheim plot (b) no
linear behavior can be observed. Thus, quantum mechanic tunneling can be ruled
out as the limiting charge injection mechanism. In the Richardson-Schottky plot
(c) the approximation by a line fit works much better. Here, the fit for the positive
current data generates a slightly better result compared to the negative current (sum
of error squares 81 (neg) compared to 131 (pos)). Finally, to test the space charge
limited conduction model, the data was displayed in a double logarithmic plot (d).
The fitting of a power law (ax®) yields a power of b = 1,94 4= 0,01 for the negative
current. This is very close the the value of b = 2 that would be expected from a
space charge limited injection current in a solid. For the positive current, the best
fit yields an exponent of b = 1,27 4+ 0,01. This value is even below the exponent of
space charge limited injection into vacuum (b = 3/2).

In literature, several modifications to the space charge limited injection model have
been proposed in order to explain exponents in the current voltage characteristics
that differ from the solid or vacuum case. Owing to the strong hopping transport in
disordered organic electronic materials, Poole-Frenkel type conduction with a field
dependent mobility could be considered. At higher electric fields, it is easier for
charge carriers to escape from trap states, which makes them more mobile. This
model was often successfully used to fit current-voltage data [Boz99, Cam99, Lin02].
In the case of the positive bias current in my experiments, however, the current
increase is lower at higher electric fields - the opposite effect.

Chandra and co-workers assumed a combination of vacuum- and solid space charge
limited conduction. They simulated the effective exponent of the current voltage
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Figure 5.15: Current voltage data recorded with SCTMM. The current values at positive
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sample bias are plotted in blue squares and the negative bias values in red circles. Plot
(a) is the data in a linear plot, (b) Fowler-Nordheim plot, (c¢) Richardson-Schottky plot
(the data points corresponding to negative bias have been shifted for better visibility)
and (d) a double logarithmic plot.



5.4 Charge Injection Mechanism

Figure 5.16: (a) In homogeneous
films, the current paths from the
tip to the substrate do not follow
straight lines; directly under the
tip there is a volume of high cur-
rent density. (b) In the case of
the nano-pillars, the current di-
rection is given by the geometry
of the tip.

characteristics as a function of the fraction of free space (vacuum) to solid in the
gap between the electrodes and found that the exponent tends continuously from
the pure solid case (b = 2) to the vacuum case (b = 3/2). However, during torsion
mode operation it is very unlikely that there is a significant fraction of free space
between the tip and the sample (see data in figure 5.3 on page 53 and [Yur08]).

In the given geometry of an organic semiconductor in between two metal contacts,
the formation of a Schottky barrier at one of the contacts is the most feasible ex-
planation for the asymmetric current voltage behavior.

For a quantitative analysis of current-voltage experiments, Reid and co-workers have
studied space charge limited currents measured with C-SFM on planar films of con-
jugated polymers [Rei08]. They found that C-SFM experiments overestimate the
charge carrier mobility by up to 3 orders of magnitude. In most experiments, a pla-
nar electrode geometry is assumed, where every current path runs on a straight line
perpendicular to the electrodes. They used finite element simulations to account
for the proper tip-sample geometry and found a modified Mott-Gurney law that
yielded mobilities close to those measured in a planar device geometry. The simu-
lation demonstrated that the current spreads out under the tip forming a volume
of high current density in a radius five to ten times larger than the tip apex (figure
5.16 (a)).

This model, however, does not apply for the system studied here, as the current path
is determined by the nano-pillar geometry. Thus, a planar electrode geometry can
be assumed for the further calculations (figure 5.16 (b)). I calculated the mobility
under the assumption of pure Mott-Gurney type conduction at negative sample bias
(i.e. hole injection from the tip to the sample). Furthermore I assumed that the
compact polymer layer under the nano-pillars and the contact to the substrate does
not further influence the charge conduction. Thus, the conduction is limited by
the nano-pillar geometry, namely by the height Ay, = (165 £ 5) nm and the cross
sectional area A = 7((64 +2)nm/2)?. Fitting the data in figure 5.15 with a
quadratic function y = ax? yields a prefactor of a = 0.014pA/V2. Using equation
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(3.14) (page 30) and setting € = 3 (typical value for polymers [Lin02]) we get:
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This value is in the range of typical charge hole mobilities for polymeric organic
semiconductors [Barl0]. However, the current mapping demonstrated huge varia-
tions in the pillar currents. As the charge carrier mobility is strongly influenced by
the local packing of the polymer chains, this value has to be seen as the individual
value for one specific nano-pillar.

For a final decision on which injection type is dominant, additional experiments at
different temperatures should be performed. If the injection current is temperature
dependent, thermionic emission might play an additional role. Furthermore, the
electrode structure could be optimized to ensure unipolar injection at the bottom
electrode and the tip coating could be varied to optimize energy level alignment and
thus to minimize the injection barrier. Finally, the experiments could be performed
at higher voltages to increase the data range.

5.5 Summary

It was demonstrated that the combination of current measurements with scanning
torsion mode microscopy is a useful extension to standard conductive scanning force
microscopy. The normal force that the tip exerts on the sample during scanning
can be kept below the adhesion force of the tip-sample system. The reduced normal
force has two consequences: First, the contact area between tip and sample becomes
smaller and thus, the recorded currents are some orders of magnitude lower compared
to the conventional imaging contact mode. Second, the imaging becomes much more
gentle. The reduced normal force also reduces the friction with the sample during
scanning. Thus, scanning conductive torsion mode microscopy allows studies on soft
and fragile samples that could not be investigated by the standard technique.

In particular, the described mode can be applied to vertical nano-rods, wires or
pillar array structures without bending or destroying the surface structure. The
same analysis performed by conventional conductive SFM operated in contact mode
lead to the removal of the nano-pillars from the surface. Thus, the here presented
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mode allows a more detailed study of topography and current at one position since
the topography and current data are recorded simultaneously.

However, a careless choice of operation parameters can cause sample damage in
SCTMM, as well. In particular, parts of a P3HT nano-pillar sample were trans-
formed into an electrically insulating state. Although modifications in the sample
structure were observed, the principle surface structure of the pillars survived. This
implies that information can be actively written into the sample. The possibility to
address individual nano-pillars allows to set one particular nano-pillar into a defined
state of conducting or insulating. With the given type of arrays, data densities of
80 Gigabit per square inch would already be possible. By optimizing the material
and the structure, repeated writing and higher data densities would be possible.

Finally, a current-voltage experiment performed on a single TPD nano-pillar was an-
alyzed. It yielded further insights to the charge injection mechanism in the SCTMM
experiments. Quantum mechanic tunneling could be ruled out as the limiting pro-
cess. By assuming space charge limited conduction, the charge carrier mobility of a
single nano-pillar could be calculated. With this type of analysis, charge conduction
phenomena in nanostructured matter can be measured directly. The comparison
with planar geometries for example in thin films could give insights into the influ-
ence of the templating process on the molecular packing.
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6 Photoelectric Scanning Force
Microscopy

So far, the electric SFM studies have been performed on passive structures. Conduc-
tive SFM could visualize nanoscale variations in the conductance of functional nano
structures under the influence of an externally applied electric field. With Kelvin
probe force microscopy, changes in the work function were studied on equilibrium
structures. The investigated materials, however, all have possible applications in
photovoltaic devices and thus the potential to become active nanostructures when
interacting with light. The previous studies have demonstrated that electric SFM
modes would be the ideal tool to investigate the photoinduced electrical response of
such structures.

A SFM setup that allows to study light induced effects on organic electronic nanos-
tructures should fulfill the following requirements:

e The sample holder should have an optical access from the substrate side. Sam-
ple illumination from the top would generate a shadow under the cantilever
that makes it difficult to estimate the illumination intensity.

e The light source for the sample illumination should be stable in terms of out-
put power and spectral stability. For studying dynamic effects, an external
modulation of the light source, for example for generating light pulses, would
also be beneficial. Finally, the illumination spot should have a homogeneous
intensity profile. All these requirements are best met by a laser source. The
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wavelength should be in the main absorption bands of the photoactive layer
and long enough not to cause photo bleaching or other UV-induced degrada-
tion processes. Ideally, the wavelength is in the range of 450 — 550 nm.

e The laser that monitors the cantilever deflection should have a long wavelength.
The energy of the photons should not be sufficient to generate excitations
across the band gap of typical organic semiconductors. Ideally, the SFM laser
is controlled by the software and can be switched off during local current-
voltage experiments.

e The software control of the SFM should be flexible enough to enable the user to
generate custom measurement procedures, such as the afore mentioned current
measurement with deactivated SFM laser.

e Organic electronic materials are very sensitive towards oxygen or water, in
particular in combination with light irradiation [Jor08, See09]. The SFM ex-
periments should thus be performed in an inert atmosphere with low oxygen
and water content. This can be achieved by performing the experiments in a
sealed sample cell under a constant gas flow [Cof07]. Such cells are used for
example for experiments performed in liquid environments. However, chang-
ing the samples is difficult as the whole sample cell has to be transferred into
a glove box. An easier approach is to put the whole SFM into a glove box
under inert atmosphere.

None of the existing SFM setups at the Max Planck Institute for Polymer Research
met all these requirements. Therefore, one of my goals was to built an additional
setup for photoelectric SEFM experiments in inert atmosphere.

6.1 MFP3D Setup

With the Standalone version of the Molecular Force Probe 3D (MFP3D) from Asy-
lum Research we found a scanning force microscope that met most of the require-
ments stated above. Nevertheless, some additional modifications were necessary.
First, the instrument was placed in an acrylic glass glove box (type P10R180T2,
GS Glovebox Systemtechnik GmbH) that can be constantly flushed with dry nitro-
gen. Under these conditions, the sensors in the box display an atmosphere with
less than 0,1 % humidity and less than 0,01 % oxygen. An acrylic box of this size
is very susceptible to accoustic noise. Thus, the whole setup was placed in an ac-
coustic chamber. To protect the experiments from vibrations in the building, the
setup was placed on a massive marble plate supported by foam concrete blocks (fig-
ure 6.1 (a)). Additionally, the microscope was placed on an active vibration table
(Halcyonics Nano 30, figure 6.1 (b)).
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6.1 MFP3D Setup

Figure 6.1: Setup of the Photoelectric SFM. The SFM is placed in an acrylic glove box
inside an acoustic chamber (black box) to shield the experiment from noise, humidity
and oxygen (a). Samples and additional equipment can be passed into the glove box via
an air lock (1). Additionally, the SFM (b) is placed on an active vibration isolation (2).
The SFM head with activated sample illumination (c). The inset shows a magnification
of the cantilever holder with the cantilever (arrow).

The base of the microscope was modified with additional optics for the sample
illumination. A fiber coupled diode laser (Point Source, iFLEX2000) with a nominal
output power of 15mV and a wavelength of 488 nm was installed for the sample
illumination (figure 6.1 (c) and (d)). Owing to the fiber, the actual laser unit could be
placed outside the glovebox. The output power of the laser beam can be modulated
via an analog coaxial connector at a frequency of up to 5 MHz (manufacturer data
sheet). For the positioning of the laser spot on the sample, a motorized mirror with
an in-house made motor control electronics was developed.

6.1.1 Characterization of the Illumination Laser

For reproducible experiments, exact knowledge of the laser beam characteristics,
such as power density or the modulation behavior is of extreme importance. The
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Figure 6.2: (a) MFP 3D scanner with sample holder. The electrical connection to the
sample is made via a magnetic pad at the side of the sample holder. On the sample,
the laser spot can be seen. (b) Beam profile measured with a beam profiler. (c) Laser
output power as a function of the voltage at the analog modulation input.

power of the laser at the sample position was measured to be 13.3mW (Newport
Optical Power Meter, model no. 835 with a detector model no. 818-SL). The beam
profile was recorded with a Coherent BeamView-USB Analyzer (figure 6.2 (b)).
The beam was found to have a symmetric Gaussian profile with an average 1/¢?
diameter of 640 um at a peak-to-average power ratio of 2.39. Thus, the average
and peak intensity of the beam are 4.1 Wem™2 and 9.9 Wem ™2, respectively. For
photoelectric SEFM experiments, the tip is positioned in the center of the laser spot.
Here, the laser beam has its highest power and the intensity profile is homogeneous
on the typical length scales of SFM scans.

The dependence of the laser output power to the applied voltage at the modulation
input is plotted in figure 6.2 (c). The power decreases linearly with the modulation
voltage (at 3.72mW per volt) from zero (full laser power) to 3.63V (power below
100 uW). From 3.63V to 5V the laser still emits light at an intensity in the mi-
cro to nano watt range. At 5V modulation voltage the laser is completely dark.
This dependence has to be taken into account when experiments at lower or time
dependent intensities are carried out.
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6.2 Charge Separation in Functionalized
Nanostructures

In hybrid solar cells, the proper design of the interface between the inorganic and
the organic material is of supreme importance. Here, the excitons are split into
individual charges, facilitated by the energetic offset between the electron donor
and acceptor material. However, numerous processes close to the interface can
deteriorate the device performance:

e Excitons generated far away from the donor-acceptor interface will recombine
before they can be split into separated charges.

e If the separated charge carriers are not collected efficiently, they may recom-
bine, as well.

e Insufficient contact between the donor and the acceptor material over the whole
interface area can additionally decrease the light harvesting efficiency.

In order to tackle all these problems, a model system for a solar cell with optimized
interface structure was developed in the Zentel group at the University of Mainz. It
is based on ZnO nano-rods as the electron conducting part. In addition to a high
specific surface area, the elongated structure of the nano-rods can provide conduction
pathways for efficient charge collection. For the hole-conducting part, a modified
conjugated triphenylamine (tetraphenylbiphenyldiamin, TPD) was combined with
a perylene dye and an anchor group in a single block copolymer. The anchoring
dopamine group can covalently bind to the ZnO [Zor(08|. By combining the anchoring
group and the dye in one block, the light absorption close to the interface should be
enhanced.

A first indication towards a charge transfer from the polymer to the ZnO was found
by photoluminescence spectroscopy. Here, the sample is illuminated with a strong
light source in the near-UV region and the emission at longer wavelengths is recorded.
One source for this emission is the recombination of excitons generated by the near-
UV light. If some of the excitons are dissociated by a donor acceptor interface,
the emission is reduced or - in other words - the photoluminescence is quenched.
This effect was observed for the previously described block copolymers following the
attachment to the ZnO nano-rods (figure 6.3 (a)).

If the light absorption causes a charge transfer from the dye/TPD system to the
ZnO nano-rod, the internal potentials in the particle-polymer system should change
(figure 6.3 (b)). I will demonstrate that these potentials can be visualized on a single
particle level by means of Kelvin probe force microscopy in combination with light
irradiation. This work was done in an IRTG collaboration together with Matthias
Zorn (AK Zentel, University Mainz), who carried out the synthesis of the block-
copolymer and the sample preparation.
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Figure 6.3: (a) Photoluminescence spectra of the pure polymer (filled symbols) and the
polymer attached to the ZnO nano-rods (open symbols) for two different triphenylamine
derivates (data provided by Matthias Zorn [Zorl0]). (b) The photo-induced charge
separation should lead to a change in the internal potential of the particle-polymer
system that can be detected by KPFM

6.2.1 Kelvin Probe Force Microscopy

The functionalized nano-rods were spin-cast from a toluene solution on a transpar-
ent and conductive substrate (indium tin oxide, ITO). Surface potential maps of
the functionalized particles were recorded in the dark (figure 6.4 (a)) and under
laser illumination (figure 6.4 (b)) at a scan height of 10 — 20 nm above the surface.
The potential maps showed several elongated structures of 200 — 400 nm length and
60 — 80 nm width, which can be associated to particles on the surface (see also to-
pography in figure 6.5 (a)). The contrast that is visible in the unilluminated sample
is caused by the work function difference between the ZnO, the polymer and the
ITO substrate. In order to separate this static contrast from the dynamic, light in-
duced potential, both images were subtracted (figure 6.4 (c)). This map of potential
difference shows both bright areas corresponding to a potential increase (positive
charging) and dark areas corresponding to a potential decrease (negative charging).
Those areas are localized around the nano-rods. Areas more than 200 nm away from
the particles do not show a significant potential change. On larger particle agglom-
erates, the charging of many nano-rods sums up and the resulting signals are more
pronounced than on smaller piles and single particles (e.g. yellow circles in figure

6.4 (c)).

On top of the isolated particles, the charge separation can be studied exemplarily
(upper yellow circle in figure 6.4 (c)). The 200 nm long and 60 nm wide particle has a
20 — 40 nm wide bright corona corresponding to a positive charging of up to 50mV.
In the center of the particle, the potential difference is negative; down to —20mV.
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Figure 6.4: Background subtracted potential map in the dark (a) and (b) under laser
illumination. (c) Difference calculated from (a) and (b). On isolated particles, the
charge separation between the corona (bright) and the particles (dark) can be seen
(yellow circles).

The KPFM tip cannot measure the full potential change inside the particle, because
the polymer layer on top will shield parts of the signal (see figure 6.3 (b)). Thus,
the —20mV are only an upper estimate for the true ZnO potential.

Assuming a symmetric charge distribution, the particle/polymer system can be ap-
proximated by a cylindrical capacitor with capacity

l
In(R+d)/R)

C = 27ege (6.1)
where [ is the length, R the radius of the nano-rod and d the thickness of the polymer
layer or the mean distance of the positive charges. As an example, I chose an isolated
particle in figure 6.4 (c¢) (upper yellow circle, [ = 200nm, R = 30 nm) and estimated
the average distance of the charges to be d = 20nm. The dielectric constant is
approximated by a typical value for polymers (¢ = 3 [Lin08]). Using these values,
the capacity of a single functionalized ZnO particle is estimated to be 65 aF. In such
a capacitor, a potential difference of 70mV corresponds to a charging of 4,6 - 10718C
or 29 electrons.

©

Figure 6.5: Topography of the TPD
(a) and PS (b) functionalized ZnO
nano-rods.

Finally, we tried to prove that the visualized potential change is caused by a charge
separation between TPD and ZnO nano-rod. Light absorption and exciton gener-
ation in the dye could also lead to an electron transfer to the particle, only. In
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Figure 6.6: Reference measurement on PS/dye/anchor functionalized ZnO nano-rods.
Surface potential on the (a) dark and (b) illuminated sample and (c) potential difference
of (a) and (b).

this scenario, the positive charge would accumulate in the dye. Thus, Matthias
Zorn synthesized a reference polymer containing the same dye/anchor moiety with
a polystyrene block attached to it. Polystyrene has very poor charge transport
properties and can be regarded as an insulator.

Figure 6.6 shows the potential maps recorded on the reference system. The map of
the light induced potential difference (c) shows no larger areas of higher or lower
potential. Only in the lower half of the image, circular areas of increased potential,
20 — 40nm in diameter, show up around some of the particles. This is consistent
with the previously stated scenario of localized positive charging in the dye.

Although qualitative differences between figure 6.4 (c) and figure 6.6 (c) are visible,
a final statement on which system generates a more efficient charge separation is
difficult. Thus, I compared the histograms of both images (figure 6.7). It revealed
that on the reference sample, a much higher fraction of pixels was recorded with a
potential difference of less than 10mV (gray shaded area in figure 6.7). On the PS
sample 90% of the pixels were in that region, whereas on the TPD sample it was
68%. This effect cannot be explained by the different particle densities on the two
samples. The analysis of the topographic images (figure 6.5) showed the opposite:
on the PS reference sample, 25% of the surface is covered with particles, compared
to 16% surface coverage on the TPD sample. That is, although more particles are
present on the reference sample, the electrical response of the TPD sample is stonger
and more delocalized around the particles.

Furthermore, the analysis of the histogram for the TPD functionalized nano-rod
sample revealed an asymmetry in the potential distribution. Whereas on 23% of
the pixels a potential difference higher than 10mV was recorded, only 8.5% have
a difference lower than —10mV. This asymmetry can be explained by the lower
surface fraction that is occupied by the particles compared to the polymer and the
previously proposed shielding of the particle potential by the polymer corona.
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Figure 6.7: Histogram comparing the potential difference values from figure 6.4 (TPD
system, blue) and 6.6 (PS system, red).

6.3 Summary

The KPFM experiments demonstrated that the new photoelectric SFM setup can
study photo-induced charging on the level of single nanostructures. It was possible
to differentiate between two possible charging scenarios: Simple charge transfer from
the light absorbing dye to the ZnO nano-rod and additional charge transfer to the
polymer corona. It could be demonstrated that the presence of a hole-conducting
polymer corona facilitates the charge transfer to the corona and thus a more efficient
charge separation. On the reference system, such a positive charging of the polymer
corona could not be observed.
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7 Concluding Remarks and
Outlook

In my work, I demonstrated that the additional information about local surface prop-
erties provided by the electrical modes in scanning probe microscopy are a valuable
extension to pure topographic imaging. In particular, the working mechanism of
newly developed structures for organic solar cells were tested. Specific functionali-
ties and problems (defects) that originate from the nanoscale sample structure could
be identified. This kind of information gives important feedback to the synthetic
chemists for the optimization of their materials.

7.1 Cross Sectional Analysis

On a focused ion beam polished cross cut, the function of a blocking layer and
the electrical properties of the active layer could be studied by conductive scanning
force microscopy. In particular, issues concerning the electrical contact between the
layers and the conducting properties of different domains can be studied with a
lateral resolution in the order of 10nm. By additional investigations with Kelvin
Probe force microscopy the internal potential distribution in a solar cell device can
be studied. Possible effects on the device performance caused by interface dipoles
or space charges have been discussed [Blo07]. In particular the existence of space
charges would change the internal potentials in a bulk heterojunction. In combi-
nation with illumination experiments, the rearrangement of the internal potentials
could be visualized on the working working device.

In this context, the impact of the high energy ion exposure during the polishing
procedure on the electronic structure of the device should be investigated further.
It is well known that implantation of impurity atoms can have a huge impact on
the electronic structure of a solid. Moreover, the high energy of the ions and the
heat generated during the polishing can damage the molecular structure of the or-
ganic electronic compounds in a device. This damage can be minimized by using
lower energy ions towards the end of the process, however, it cannot be ruled out
completely.
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Thus, alternative preparation procedures have to be considered. Microtome cutting,
for example, is a well established technique for the preparation of thin cuts for
transmission electron microscopy (TEM). Here, a sharp diamond blade cuts the
sample in 10 — 100 nm thick slices. That way, both the sample and the slices become
very smooth after a certain number of cutting steps. The remaining sample can now
be used for SPM investigations. The main drawback of this method is the high
force that acts on the sample during the cutting. Most organic electronic devices do
not have a strong adhesion between their functional layers and thus, delamination
is a major problem. Here, new sample preparation procedures have to be found
that either increase the internal adhesion in the device or externally stabilize the
structure.

In spite of the sample preparation issues, the cross sectional analysis on combination
with electrical SPM is in my opinion one of the most promising fields for future
projects.

7.2 SCTMM on Organic Structures

I have demonstrated, that scanning conductive torsion mode microscopy provides a
valuable extension to the well established conductive scanning force microscopy. It
allows non-destructive imaging on fragile three dimensional nano structures. Thus,
the influence of the nanoscale structure of a material on the molecular packing and
thus, on the transport properties of the material can be studied and compared to
values obtained from bulk measurements.

Local spectroscopy in torsion mode, e.g. by current-voltage measurements, has ad-
vantages compared to experiments performed in contact mode. Applying a voltage
to the tip gives rise to an electrical field between tip and sample. Thus, the at-
tractive tip-sample force increases (see calculation in section 3.1.2 on page 24). In
contact mode, this increase is not reflected in a stronger deflection in the cantilever.
Thus, the feedback cannot compensate it and the contact area and interaction depth
increases (see equation (5.3) on page 59). In torsion mode, an increased normal force
leads to a stronger friction and thus, to a stronger damping of the torsion amplitude.
The feedback will retract the tip to keep the amplitude constant. Thus, the contact
area stays more defined during the voltage ramp.

For the nano-pillar arrays it would be interesting to perform spatially resolved
current-voltage ramp experiments in order to look for variations in the charge car-
rier mobility. Furthermore, conductance measurements on the sidewall on a pillar
could be performed. Therefore, a fracture or cross cut of a sample can be investi-
gated. From the position dependent conductance, the nanoscale conductivity of the
material can be derived.
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7.3 Photoelectric SFM

With the new Photoelectric SFM setup, photo-induced processes can be studied on
a nanometer scale. In particular, the charging of functionalized nanoparticles upon
laser irradiation could be studied on the level of single nano-rods. The calculation of
the nano-rod capacity revealed that under the experimental conditions (10 Wem™2),
each nano-rod carries a charge of at least 20- 50 electrons. Thus, we can also
estimate the limits of the method. Assuming a single, spherical nanoparticle with a
radius of 20 nm and an additional 20 nm of polymer corona, we obtain a capacity of
13aF (spherical capacitor). The detection limit of KPFM is in the order of 10mV.
A charging of 20mV in such a structure would correspond to roughly one to two
elementary charges - or the dissociation of a single exciton. So in principle, the setup
is capable of detecting single exciton dissociation events. By placing the tip on top
of such a nanostructure, the dynamics of particle charging depending on different
experimental conditions could be studied. In previous studies a temporal resolutions
in the 100 us range have been reported [Cof06]. By optimizing the mechanical and
electrical properties of the cantilever and incorporating external lock-in amplifiers,
an even faster response of the feedback will be possible.

Dynamic experiments are not only interesting for isolated nano-structures. Tech-
niques like transient photovoltage [Foe09] or Photo-CELIV (current extraction by
linearly increasing voltage) [Jus00, Dei08] can measure charge carrier concentrations
and recombination rates by investigating the decay characteristics of the photovolt-
age after a light pulse. With a similar approach, Coffey and co-workers were able to
measure variations in local charge carrier generation dynamics (time-resolved EFM,
[Cof06]). However, their technique uses a very elaborate and lengthy measurement
procedure, where on every spot of the sample, a decay characteristics is recorded.

A much easier approach would be to induce a response in the sample by a periodi-
cally modulated illumination intensity. If the timescales fit together, a mechanical
vibration in the cantilever can be induced. This way, variations in the charge carrier
generation and recombination dynamics can be studied with the lateral resolution
of a scanning force microscope.

Finally, the charge carriers generated in a solar cell can be detected by the C-
SFM current amplifier [Cof07]. Thus, the local performance of the structure can be
correlated with the morphology. Thus, the underlying processes of charge separation
can be better understood and the most efficient structures can be identified.
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