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Abstract

The use of single molecules as active components in electronic devices is
presently considered a potential alternative to semiconductor-based nano-
scale electronics since it directly provides precisely-defined nano-scale com-
ponents for electronic devices which eventually allows for simple processing
and device fabrication.

In the present thesis the self-assembly and electron transport properties
of conjugated molecules are investigated by means of scanning tunneling
microscopy (STM) and spectroscopy (STS) at a solid-liquid interface as well
as under ultrahigh vacuum conditions and low temperatures. The use of the
molecules in hybrid-molecular electronic devices and potential approaches to
a mono-molecular electronics are explored.

In particular, electron-donor-acceptor-multiads are shown to exhibit a
nano-phase-segregation at the solid-liquid interface which allows for the inte-
gration of different electronic functions, i.e. opposite rectification of tunneling
currents, at the nano-scale. Furthermore, the dependence of the electronic
coupling of stacked disk-like molecules on the lateral off-set in the stack is
demonstrated experimentally which offers new possibilities for the control of
the electronic properties of these three-dimensional architectures. In addition
the first STM/STS experiments on single organic donor-acceptor complexes
are presented which provide evidence for charge transfer processes at the
single molecule level. Finally, charge transfer complexes are combined with
the approach of nano-phase-segregation to realize the first single-molecule
transistor with integrated nanometer-sized gates. In this prototypical de-
vice the current through a hybrid-molecular diode made from a hexa-peri -
hexabenzocoronene (HBC) in the junction of the STM is modified by charge
transfer complexes covalently attached to the HBC in the gap. Since the
donor which complexes the covalently attached acceptor comes from the am-
bient fluid the set-up represents a single-molecule chemical field-effect tran-
sistor with nanometer-sized gates. This is considered a major step towards
mono-molecular electronics.

Keywords:
molecular electronics, scanning tunneling microscopy and spectroscopy,
conjugated molecules, self-assembly



Zusammenfassung

Die Verwendung einzelner Moleküle als aktive Elemente elektronischer
Bauteile wird derzeit als potentielle Alternative zur halbleiterbasierten Na-
noelektronik angesehen, da einzelne Moleküle a priori nur einige Nanometer
groß sind. Außerdem kann dabei eventuell eine vereinfachte Verarbeitung und
Herstellung der Bauteile erreicht werden.

In der vorliegenden Dissertation werden das Selbstaggregationsverhalten
und die Elektrontransporteigenschaften konjugierter Moleküle mit Raster-
tunnelmikroskopie (RTM) und -spektroskopie (RTS) an einer Fest-Flüssig-
Grenzfläche sowie unter Ultrahochvakuumbedingungen bei tiefen Tempera-
turen untersucht. Ihre mögliche Verwendung in hybrid-molekularen Bauteilen
als auch Ansätze für eine mono-molekulare Elektronik werden erkundet.

Insbesondere wird die Nano-Phasenseparation von Elektron-Donor-Ak-
zeptor-Multiaden an der Fest-Flüssig-Grenzfläche demonstriert, die zur Inte-
gration verschiedener elektronischer Funktionen (z.B. entgegengesetzte Gleich-
richtung von Tunnelströmen) auf der Nanoskala benutzt werden kann. Des-
weiteren wird die Abhängigkeit der elektronischen Kopplung scheibenförmi-
ger gestapelter Moleküle vom lateralen Versatz innerhalb des Stapels expe-
rimentell nachgewiesen. Dies eröffnet neue Möglichkeiten die elektronischen
Eigenschaften solcher dreidimensionaler Architekturen gezielt zu beeinflus-
sen. Außerdem werden die ersten RTM/RTS-Untersuchungen einzelner orga-
nischer Donor-Akzeptor-Komplexe präsentiert, die Ladungstransferprozesse
auf dem Niveau einzelner Moleküle belegen. Schließlich werden die Ladungs-
transferkomplexe mit dem Ansatz der Nano-Phasenseparation kombiniert,
um den ersten Einzelmolekültransistor mit intergrierten Nanogates zu reali-
sieren. In diesem prototypischen Bauteil wird die Strom-Spannungs-Kennlinie
einer hybrid-molekularen Diode, die aus einem Hexa-peri -hexabenzocoronen
(HBC) im Tunnelspalt eines RTMs besteht, durch einen kovalent an das
HBC gebundenen Ladungstransferkomplex modifiziert. Da der Donor, der
den Komplex mit dem kovalent gebundenen Akzeptor bildet, aus der umge-
benden Flüssigkeit kommt, realisiert der experimentelle Aufbau einen chemi-
schen Einzelmolekül-Feldeffekttransistor mit Nanogates. Dies wird als wich-
tiger Schritt in Richtung einer mono-molekularen Elektronik angesehen.

Schlagwörter:
molekulare Elektronik, Rastertunnelmikroskopie und -spektroskopie,
konjugierte Moleküle, Selbstaggregation
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Chapter 1

Introduction

During the last decades semiconductor-based computational power doubled
every eighteen months as predicted by Intel co-founder G. Moore [Moo65,
Moo75]. This rapid growth is mainly based on an increase of the number
of transistors per unit area and an increase of clock speed. If this trend in
miniaturization was to be continued, the size of electronic components would
reach the molecular scale within twenty years. Since state-of-the-art fabri-
cation techniques for integrated circuits, following a top-down approach, use
photolithographic processes the minimal feature size that can be manufac-
tured is fundamentally limited by roughly half of the wavelength employed.
Consequently, the use of shorter wavelengths in the ultraviolet and x-ray
spectral range are explored to attain critical dimensions of down to 70 nm
[DH00, CHG+99]. At these wavelengths a number of problems arise includ-
ing the focusing of the exposing radiation as well as the development of
suitable mask materials and photoresists. Further limitations of reducing
component size are related to electromigration [CC00] and inter-component
electron tunneling. Even if these problems might be overcome a strong in-
crease of processing and fabrication costs appears inevitable.

Since the size of semiconductor-based electronic circuits shrinks it is nat-
ural to suggest to build up electronic components with a bottom-up approach
by using single molecules or small ensembles thereof, and this is molecular
electronics . The idea of a nano-scale electronic circuitry was first brought
forward, still very vaguely at the time, by R. Feynman in 1959 [Fey59]. The
first suggestion of an electronic single-molecule device was made by A. Avi-
ram and M.A. Ratner in 1974 [AR74] which is commonly considered the birth
of molecular electronics. They proposed a rectifier based on an intrinsically
asymmetric molecule consisting of an electron donor covalently linked to an
electron acceptor.

A number of techniques has been developed to study molecular scale elec-
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Introduction 2

tron transport in two-terminal geometries which will be discussed in more
detail in chapter 2. In short, very early and also more recent electron trans-
port measurements through organic molecules have used Langmuir-Blodgett
monolayers [MK71, GSD+90, ASM+90, MCH+97]. Controlled two-terminal
measurements on single molecules became possible after the invention of the
scanning tunneling microscope (STM) in 1982 [BR82, BRGW82] and were
first reported in 1987 [GSS87]. Later a number of other techniques based
on nanopores [ZDR+97, RZD+98], mechanically controlled break junctions
[RZM+97, YYvR99, KBP+99], electrodeposition [BDS97] and nanolithogra-
phy [RJRF95, DFGG+97] have been used to investigate molecular electron
transport properties. Three-terminal devices, i.e. field-effect transistors, have
been made from carbon nanotubes [TVD98, MMA+03] and single molecules
[PPL+00, LSB+02].

Most research on suitable molecules for molecular electronic devices fo-
cussed on conjugated molecules since they, due to their extended π-electron
systems, exhibit rather small gaps between their occupied and unoccupied
states. Additionally they can become good conductors upon oxidation or
reduction [CFP+77].

Clear advantages in fabrication costs of molecular electronic devices may
be expected in comparison to conventional semi-conductor based electronics
since organic molecules allow for processing from solution using self-assembly
and supramolecular approaches [JGA00, CG02, MCR04, Leh88, Leh95].

Major challenges in the making and use of single-molecule electronic de-
vices comprise the quest for functional molecules, their addressability and
their integration into a nano-scale circuitry. In fact, all embodiments of
prototypical two- and three-terminal devices reported so far must be con-
sidered as hybrid-molecular electronic devices, that is the use of macro- or
mesoscopic electrodes. A mono-molecular approach in which all functions for
advanced processing are integrated in the same molecule appears necessary
for an ultimate shrinking of devices [JGA00].

The aim of the present thesis is to study the self-assembly behavior
and electron transport properties of conjugated molecules at surfaces by
means of scanning tunneling microscopy (STM) and spectroscopy (STS).
The molecules shall be investigated with respect to possible functionality in
hybrid-molecular electronic devices. Furthermore, possibilities of integrating
different electronic functions at the nano-scale as well as different functional
parts within one molecule shall be explored which might lead to progress
towards mono-molecular electronic devices.

The present thesis is organized as follows: after this short general in-
troduction chapter 2 discusses important concepts, experimental results and
theoretical approaches reported in the literature which are important for the
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understanding of the work presented here and which have been only shortly
mentioned in this introduction. In chapter 3 the experimental set-ups and
methods are described. The experimental results and their discussion is pre-
sented in chapter 4. Finally concluding remarks and an outlook are given in
chapter 5.



Chapter 2

Basics

This chapter is intended to review briefly the basic concepts, the most im-
portant experimental results and theoretical approaches reported in the lit-
erature which are related to the work in the present thesis. Due to the large
number of contributions to the field this chapter can by no means cover all
aspects. Therefore I explicitly point to the original papers discussed here and
references therein for further reading. I will start out with an overview of
molecular electronics and subsequently address properties and applications
of conjugated materials, concepts of molecular self-assembly as well as basics
of scanning tunneling techniques.

2.1 Molecular electronics

In this section an overview of molecular electronics will be given. Starting
from a description of A. Aviram’s and M.A. Ratner’s proposal of a molecu-
lar rectifier [AR74] implementations of prototypical two- and three-terminal
single molecule devices are discussed. Subsequently important theoretical
aspects are presented followed by a summary of open problems in this field.

2.1.1 The vision

The first device, a rectifier, based on a single organic molecule was proposed
by A. Aviram and M.A. Ratner in 1974 [AR74]. This proposal is commonly
considered the birth of molecular electronics. Aviram and Ratner suggested
to place a molecule consisting of an electron donor connected to an electron
acceptor via an ‘insulating’ σ-electron bridge, i.e. an alkyl chain, between
two metal electrodes. Fig. 2.1 displays a schematic of such a device along
with its electronic structure.

4
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Figure 2.1: Aviram’s and Ratner’s molecular rectifier: (a) A donor-spacer-
acceptor molecule is sandwiched between two electrodes. (b) Schematic of
the electronic struture at zero bias. The Fermi-levels EF of the electrodes
and the highest occupied and lowest unoccupied molecular orbital of the
donor and acceptor, HOMO and LUMO respectively, are depicted. (c) At
sufficiently large negative bias at the acceptor electrode electrons can tunnel
from the donor’s HOMO to the electrode while the HOMO is refilled by
electrons tunneling through the LUMO of the acceptor. (d) At the same
opposite bias no major tunneling contributions can be expected due to the
intrinsic asymmetry of the arrangement.
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The rectification in this proposal arises from the built-in electronic asym-
metry of the molecule. Since the electron donor compared to the electron
acceptor exhibits a smaller ionization potential and a smaller electron affin-
ity the corresponding molecular orbitals (HOMO, highest occupied molec-
ular orbital and LUMO, lowest unoccupied molecular orbital) are closer in
energy to the vacuum level. Thus Aviram and Ratner suggested that at suffi-
ciently large negative bias at the acceptor electrode electrons from the donor’s
HOMO can tunnel to the adjacent electrode. The HOMO is then refilled by
a two-step tunneling of an electron from the other electrode via the accep-
tors LUMO. On the other hand, at the same opposite bias this three-step
tunneling process is blocked due to the asymmetry of the electronic structure
which should result in a lower current. Consequently, rectification should be
observed.

Simple calculations included in the proposal also showed rectifying be-
havior. Contributions like direct tunneling from one electrode to the other,
resonant tunneling through only one of the molecular orbitals as well as pos-
sible effects from molecule-metal-interactions have been neglected. However
this idea motivated a large number of investigation that led to great exper-
imental and theoretical progress and which are discussed in the following
sections.

2.1.2 Prototypical two-terminal devices

Starting from Aviram’s and Ratner’s proposal as outlined in the previous
subsection 2.1.1 much attention was paid to the study of prototypical two-
terminal devices. This included not only the search for molecular rectifiers
but also lead to the demonstration of molecular wires and memory elements
which can also be studied in two-terminal geometries.

Techniques

Different techniques have been used so far in the study of electron transport
properties of organic molecules in two terminal geometries.

Langmuir-Blodgett techniques [Lan20, Blo34, Blo35] can be used to trans-
fer amphiphilic molecules from a water surface onto a solid substrate by
slowly raising the substrate out of the water on which the film is spread.
The resulting monolayers may be studied either by scanning tunneling mi-
croscopy or by evaporating a second electrode on top. In the latter ap-
proach defects and nano-scale short-cuts may cause significant problems
[ASM+90, BZ95, MCH+97]. Additionally in this case, the electrodes are
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too large to address single molecules so that only molecular ensembles can
be studied.

The first technique allowing for controlled electrical addressing of single
molecules was scanning tunneling microscopy (STM) [BR82, BR82]. The
basic concepts of STM-techniques are outlined in section 2.5. The imag-
ing abilities of STM are advantageous since they assure that indeed single
molecules are investigated [SHMR95, MCH+97]. However the presence of
Schottky contacts, i.e. tunneling from and to the electrodes, allows to drive
only low currents through the molecules as compared to other techniques
such as mechanically controlled break junctions. In addition these contacts
are very often asymmetric with respect to the materials and shapes of the
electrodes which complicates the interpretation of results.

A variant of atomic force microscopy (AFM), another member of the scan-
ning probe family, the so-called conducting probe atomic force microscopy,
was also suggested for the study of electron transport on the nano-scale
[KGF99]. In this approach either heavily doped Si probes or metal coated
probes are used. Using an AFM allows to obtain an independent topograph-
ical image of the sample. However, spatial resolution in non-contact modes
is limited to about 10 nm and the exertion of forces on the molecules under
study might influence their electronic properties [JG97].

The group of M.A. Reed introduced the so called nano-pores [ZDR+97,
RZD+98]. By means of electron beam lithography and plasma etching a pore
with a diameter of 30 nm is fabricated in a SiN membrane. The pore is filled
with a gold electrode on which a self-assembled monolayer of the molecules
under study is deposited. The second gold electrode is evaporated on top.
With this technique rather stable, reproducible metallic contacts were made.
However, single molecules can not be studied with this method.

Mechanically controlled break junctions (MCBs) originally developed in
1992 [MvRdJ92] were used in molecular electronics studies since 1997 [RZM+97,
YYvR99, KBP+99]. These junctions involve the gentle fracture of a micro-
fabricated electrode in its center by mechanical deformation while measur-
ing the resistance of the metallic wire junction. Molecules are deposited by
putting a drop of a solution of the molecule on the junction after its for-
mation and letting the solvent evaporate. Consequently, the exact number
and conformation of interconnected molecules remain essentially unknown.
Additionally the contacts are very sensitive to the electrode distance and
can (be) switch(ed) during the experiment. Nevertheless, recently the repro-
ducible measurement of current voltage characteristics through single (or a
few) molecules in an MCB was reported [ROB+02]. However, evidence for
the reproducibility of the measurements was only provided on the level of
subsequently recorded curves of the same molecule in the same MCB but not
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for different subsequently investigated molecules.
Electro-deposition techniques [BDS97] use electrodes in a planar config-

uration fabricated by electron beam lithography and reactive ion etching.
Molecules are trapped electrostatically in the gap of a few nanometers be-
tween the electrodes by putting a drop of a solution onto the junction and
applying an electrical field across it. Again the precise number of molecules
trapped and their conformation can not be verified.

Devices

Starting from Aviram’s and Ratner’s proposal first studies of electron trans-
port through organic molecules concentrated on the search for rectifiers.
Later the possibility to realize wires, switches and memory devices with single
molecules was demonstrated. Figure 2.2 displays a few examples of molecules
that have been suggested to serve as active components in two-terminal de-
vices.

Following the Aviram-Ratner-proposal first observations of rectification
effects in metal/Langmuir-Blodgett-film/metal sytems of the donor-acceptor-
molecule 1 were reported by Geddes and coworkers in 1990 [GSD+90]. How-
ever, there was not sufficient evidence that the rectification was indeed of
molecular origin since for instance the formation of a rectifying interfacial re-
gion through metal molecule interactions could not be excluded. This prob-
lem has been avoided in studies of a similar device structure made from 2 by
introducing insulating layers of fatty acids [MSA93].

In contrast to the original proposal also for symmetric molecules asym-
metric current-voltage-characteristics (I-Vs) were reported and attributed
to other asymmetries in these systems. Rectifying behavior observed with
STS in highly ordered monolayers of hexa-peri-hexabenzocoronenes 3 was
explained by off-center spatial and energetic positions of molecular orbitals
with respect to the electrodes [SHMR95]. This case is conceptually different
from the Aviram-Ratner-proposal since here the rectification arises from the
complete system, i.e. molecule and electrodes, and not from the molecule
itself.

Most research on the characteristics of molecular wires concentrated on
linear conjugated oligomers (see also section 2.2), since they can become
good conductors upon oxidation or reduction. The resistance of (probably)
single benzenedithiols 4 was estimated to be about 150 MΩ at low volt-
ages in MCBs [RZM+97]. Later larger oligomers were investigated. For a
series of para-phenylenevinylenes 5 good conduction properties were demon-
strated by the weak distance dependence of photoinduced electron transfer
between electron donors and acceptors attached to the opposite ends of the
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Figure 2.2: Selection of molecules that have been suggested as active com-
ponents in two-terminal devices. For details see text.
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oligomers [DSRW98]. Phenyleneethynelenes 6 have been shown with STM to
exhibit larger conductivity than non-conjugated alkanethiols [CDA+98]. The
conductance of terthiophenes 7 was studied in a MCB geometry [KBP+99].
Also carbon nanotubes have been considered as molecular wires [ELH+96]
and indeed, for certain helicity, be found to transport electrons ballistically
over large distance [TDD+97]. However, their large size and the difficulties in
controlling their synthesis with respect to helicity hamper their use as active
components in devices in the sub-10-nm scale.

There are only few examples for switches based on single molecules. A
suggestion by S. Fraysse et al. [FCL00] for a molecular switch is relying
on reversible photoisomerization in dithienylethenes 8. Grafting ruthenium
complexes on both ends of 8 allowed for reversible switching of the cou-
pling between the two metal centers since the bridge is conjugated only in
one state. However an implementation in a two-terminal geometry in which
the current might be switched was not yet demonstrated. Also more com-
plex (supra)molecules like rotaxanes and catenanes have been suggested to
serve as molecular switches based on ‘molecular shuttles’ [BCKS94, CBLS97,
CMW+00].

For molecule 9 negative differential resistance, i.e. a negative slope in
the I-V-characteristic, was observed in monolayers in a nano-pore [CRRT99].
This behavior was explained by charging of the molecule with increasing bias
[SZT00]. Now the different charge states with their specific conductivity can
be envisioned to encode information and to be used for data storage.

2.1.3 Prototypical three-terminal devices

Three-terminal devices, i.e. transistors, are the key elements in modern elec-
tronic architectures. They allow for switching and performing logic opera-
tions. Therefore much attention was paid on how to use single molecules as
active components in three-terminal devices.

Fig. 2.3 displays the typical setup used in studies for single molecules in
a three-terminal geometry. It consists of two nanolithographically produced
electrodes serving as source and drain of the transistor respectively. Although
the inter-electrode distance can be controlled to be in the nm-range [RJRF95,
ELH+96, TDD+97] their overall size is still mesoscopic extending over a few
100 nm making the whole device mesoscopic. The substrate is used as the
gate electrode.

Using structures similar to the one depicted in Fig. 2.3 transistors with
single carbon nanotubes [TVD98, MMA+03] and single molecules [PPL+00,
LSB+02] as the transistor channel have been made.

A conceptionally different three-terminal device is the electromechanical
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Figure 2.3: The typical setup for single-molecule measurements in three-
terminal geometry uses nanolithographically prepared electrodes which them-
selves are mesoscopic. The substrate usually acts as gate electrode.

amplifier based on a single C60 fullerene [JG97]. Here amplification was
achieved by pressing with an STM tip onto the buckyball which shifts and
broadens its HOMO and LUMO and increases its conductance.

2.1.4 Theory of electron transport through single mo-
lecules

Theoretical understanding of electron transport phenomena through single
molecules is of great importance for the design of future devices and mate-
rials in molecular electronics. Here I only want to give a rough idea of the
theoretical approaches and explicitly point to the original articles cited and
the references therein for further reading. A more extended discussion of the
theory is outside the scope of this thesis.

In most experiments a current I between two electrodes due to an applied
voltage V is measured. The conductance g is then defined as

g(V ) =
∂I

∂V
. (2.1)

In the simplest model one only needs to sum up the contributions of the
electronic states of the electrodes which leads in the linear regime to the
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Landau formula [NR03]

g(V, E) =
2e2

h

∑
ij

Tij(E, V ), (2.2)

where Tij(E, V ) is the probability of an electron with energy E to be trans-
mitted from state i in one electrode to state j in the other electrode if a bias
V is applied.

Actual calculations of molecular scale transport, i.e. of the Tij, need to in-
clude the molecular electronic structure which may be obtained from density
functional theory calculations [HK64, KS65]. In the case of strong coupling
of the molecule with at least one of the electrodes these results must be com-
bined with models for the interface and a treatment of the electrode molecule
coupling. Recent approaches use non-equilibrium Green’s function [Dat95]
or Lippmann-Schwinger [DVPL00] formulations for calculating the transport
properties. However, the understanding of molecular scale transport in this
strong coupling regime is still very poor which is documented by the fact
that these calculations do often not agree either with one another or with
the experiment [NR03].

In systems with weak electronic coupling between molecule and electrodes
the current is usually evaluated in the framework of perturbation theory
based on the Tersoff-Hamann approach. Since such situation applies to the
case of a molecule in an STM junction physisorbed on a substrate this ap-
proach will be discussed in more detail in section 2.5 where the theoretical
treatment of the STM is presented.

2.1.5 Challenges

Despite the results discussed in the previous sections a broad understanding
of molecular conductance is still lacking. Therefore, further characterization
suitable to deduce the molecular origin of the behaviors observed is needed.
This includes the quest for new functions that may be performed by single-
molecule devices.

Devices demonstrated so far all use macro- or mesoscopic electrodes that
are not readily scalable to nano-scale dimensions. If a future molecular elec-
tronics shall be superior to conventional electronics different functions have
to be integrated on the nano-scale in order to actually make use of their
small size. Ideally, all components needed for advanced computation should
be included within the same molecule (mono-molecular electronics [JGA00]).

Integration of different functionalities on the nano-scale, and moving the
control over the electronic properties of single molecules to these molecules
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themselves or their immediate environment will be the two major topics of
this thesis. For this purpose STM and STS are the methods of choice since
they allow for imaging and determination of electronic properties of single
molecules with a sub-molecular resolution.

2.2 Conjugated molecular materials

In this section the basic properties of conjugated molecular materials are in-
troduced, followed by a short review of their application in organic electron-
ics. Special attention will be paid to hexa-peri -hexabenzocoronenes (HBCs),
the central building block of the molecules investigated in this thesis.

2.2.1 Introduction

Conjugated polymers form a class of materials that is characterized by ex-
tended π-electron systems with the electrons being delocalized along the poly-
mer backbone which typically contains alternating double and single carbon
bonds. If the delocalization covers several monomers π-electron conduction
and valence band will occur with a comparably small band gap on the order
of 2 to 4 eV. A number of such conjugated polymers is depicted in Fig. 2.4.

n n

S
S

n n

poly(acetylene) poly(para-phenylenevinylene)

poly(thiophene) poly(fluorene)

n

poly(para-phenylene)

N

H

N

H

n

poly(pyrrole)

Figure 2.4: Chemical structures of a number of conjugated polymers.

In 1977 Heeger, MacDiarmid and Shirakawa discovered that trans-poly(ace-
tylene) turns out to be conductive upon doping with 1% of halogens and that
depending on the dopant concentration its conductivity can be varied over
eleven orders of magnitude [CFP+77].

Later on, a large number of derivatives of different conjugated polymers
has been made with the aim of tuning the electronic properties and enhancing
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their solubility in order to allow for processing in different environments
[Nal97].

More recently, conjugated oligomers, being well-defined model compounds
of the respective polymers, have received increasing attention [MW98]. Often
small monodisperse oligomeric compounds are available and are processable
with methods that previously were used for inorganic materials only, like
deposition under UHV conditions, also known as organic molecular beam
deposition (OMBD) [For97].

2.2.2 Applications in organic electronics

The semiconducting and conducting properties of conjugated materials promp-
ted a great deal of research towards their application in organic electronic and
opto-electronic devices. In section 2.1 prototypical single-molecule devices
were already discussed which exclusively used conjugated molecules. There-
fore I will concentrate here on devices using larger numbers of molecules
which may be called organic rather than molecular electronics. This sub-
section is intended to emphasize the importance of conjugated materials in
applications although the focus of this thesis’ work is on the use of conjugated
materials in single-molecule devices.

metal
active
material

ITO

glass

Φme

ΦITO

ITO active 
material

metal

∆Ee

∆Eh
HOMO

LUMO

vacuum

a) b)

Figure 2.5: (a) Schematic of a single-layer organic light emitting diode along
with, (b), the corresponding energy level diagram under applied forward bias.

The most prominent application of conjugated polymers are organic light
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emitting diodes (OLEDs) [FGH+99, MB00] of which the first one prepared
by a simple spin coating procedure was reported in 1990 [BBB+90]. Indeed,
by now the first products, i.e. displays, have been introduced to the market
[Ele00]. Fig. 2.5 displays a schematic of a simple single-layer OLED along
with its corresponding energy level diagram upon applied forward bias. On
top of a glass substrate the active material, i.e. the organic polymer/oligomer,
is sandwiched between a transparent ITO layer and a metal electrode serving
as anode and cathode, respectively. Upon applying a bias in forward direc-
tion electrons and holes are injected into the material from the respective
electrodes and may form excitons which then can decay radiatively. The
hole and electron injection barriers ∆Eh and ∆Ee depend on the differences
in the work functions of the electrodes (ΦITO and Φme) and the LUMO and
HOMO energies of the active material respectively.

More sophisticated device structures [FGH+99, MB00] introduce addi-
tional layers of organic materials between the electroluminescent layer and
the electrodes. With appropriately chosen electron affinities or ionization po-
tentials these materials serve as electron or hole transport layer respectively.
They allow for a fine tuning of the injection barriers and a balancing of the
ratio of the injected charge carriers.

Apparently, the energy level alignment at the interfaces of organic and
inorganic as well as between organic materials is a very critical issue which
determines the injection barriers and therefore the device performance. This
fact motivated a number of studies of such interfaces with photoelectron
spectroscopies [SSKP02, PKZ+03, KYY+04].

Further applications of conjugated materials which have not yet reached
the stage of being exploited commercially include organic transistors [Hor99,
KBG01] and organic solar cells [HS04, PYF03, GHS03]. Major research
activities currently focus on improvements of the charge carrier mobility in
organic transistors and of the efficiency of solar cells.

More recently light-emission has also been observed from OFETs [HHW+03].
Such light-emitting OFET (LEOFET) opens up new perspectives for further
integration of the transistors, needed to drive the pixels of a display, into the
display structure itself.

2.2.3 Hexa-peri-hexabenzocoronenes

A very interesting class of monodisperse conjugated molecular materials are
polycyclic aromatic hydrocarbons (PAHs) which have been synthesized in
various sizes and shapes in the group of Prof. K. Müllen at the Max-Planck-
Institute for Polymer Research in Mainz (Germany) [SWWM04].
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a) b)

Figure 2.6: (a) Chemical structure of hexa-peri -hexabenzocoronene and (b)
a cartoon representation of the columnar mesophase of discotic molecules.

In particular, derivatives of hexa-peri -hexabenzocoronene (HBC), dis-
played in Fig. 2.6, have been proven as versatile building blocks in organic
electronics.

Due to their disk-like shape and a pronounced intermolecular π-π-interac-
tion of their valence electrons HBCs form columnar mesophases in which the
disks stack on top of each other as illustrated in Fig. 2.6. The transition tem-
perature of the liquid crystalline phases can be controlled by the substituents
attached to the HBC’s periphery [HKMS96, FSMS99]. The overlapping π-
orbitals in the stacks provide efficient pathways for charge carriers which is
manifested in the high charge carrier mobility of about 1 cm 2/ Vs observed
in the liquid crystalline phases [vdCWM+98, vdCWF+99]. Thus the stacks
can be considered as self-assembling graphitic nano-wires which makes them
attractive candidates for applications in organic electronic devices.

Following the approach of interpenetrating networks of electron donat-
ing and electron accepting materials [HWG+95, YGH+95] an organic solar
cell from an HBC-derivative and a perylenediimide was fabricated which ex-
hibited an external quantum efficiency exceeding 34% at 490 nm irradiation
[SMFM+01].

In photovoltaic devices the disks are desired to lie flat on one electrode
such that the columns can span the gap to the other electrode. In contrast,
in an OFET geometry an ‘edge-on’ arrangement is more favorable which
allows the columns to be arranged parallel to the gate electrode. Indeed,
it was shown that such an ‘edge-on’ packing can be achieved by using pre-
patterned substrates [vdCSB+03] or by a temperature controlled zone-casting
process [TJW+03]. In the former case an OFET with moderate charge carrier
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mobilities has been produced [vdCSB+03].
Studies of thin films of HBCs also revealed its potential as material for

energy storage, and especially its ability to store large amounts of alkali-
metal which makes it a good candidate for electrode materials in lithium ion
batteries [KSdS+02]. Furthermore the structure of self-assembled monolayers
at the solid-liquid interface has been investigated for a large number of HBC
derivatives [B0̈2, Yin02].

In the field of molecular electronics it was found that single HBCs in the
junction of an STM behave as single-molecular rectifiers [SHMR95]. In the
present thesis HBC-derivatives will be used to further explore their use in
molecular electronics.

2.3 Self-assembly of molecules at surfaces

In this section I will discuss the concepts of physisorption and chemisorption
which are the basis of molecular self-assembly processes at surfaces. Ad-
ditionally, the thermodynamics of molecules at a solid-liquid interface are
presented.

2.3.1 Physisorption

Physisorption, an abbreviation for physical adsorption, is characterized by
a weak interaction between the adsorbing molecules and the substrate. The
gain of enthalpy upon physisorption is in the order of 20 kJ/mol [Atk00, and
references therein] which is insufficient to lead to bond breaking. Thus the
molecule stays chemically intact and might only be distorted by the presence
of the surface. If one considers neutral, polar or polarizable molecules and
neglects special interactions like hydrogen bonding then there are only two
major contributions to the interaction forces in physisorption: long ranged
attractive van der Waals forces, and short ranged repulsive forces.

Van der Waals forces originate from the interaction of partial charges of
polar or polarizable molecules. Usually a sufficiently accurate description is
obtained taking into account dipole-dipole, ‘induced-dipole’-dipole interac-
tions and interactions between induced dipoles.

Dipole-dipole-interaction

The potential energy V between two permanent dipoles µ1 and µ2 separated
by the distance r is

V =
µ1µ2

4πε0r3
(sin Θ1 sin Θ2 cos Φ− 2 cos Θ1 cos Θ2) (2.3)
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where Θ1,2 are the angles between the dipole axes and the line connecting
their centers and Φ is the azimuthal angle between the dipoles [Tre94].

For rotating dipoles at temperature T the potential energy has to be
averaged. Taking into account that due to the interaction different orienta-
tions have different probabilities to be adopted, according to the Boltzmann-
distribution, one finds [Atk00]

V = − 2µ2
1µ

2
2

3(4πε0)2kT
· 1

r6
. (2.4)

Dipole-‘induced-dipole’-interaction

A permanent dipole µ can induce a dipole moment µ′ in a polarizable molecule.
These dipoles interact according to equ. 2.3. However the induced dipole de-
pends on the electrical field E of the inducing dipole via µ′ = αE. Since the
induced dipole follows the direction of the inducing dipole instantaneously
thermal motion can be neglected. Only the distance dependence of E needs
to be considered which results in [Atk00]

V = − 4µ2α

(4πε0)2
· 1

r6
. (2.5)

‘Induced-dipole’-‘induced-dipole’-interaction

Non-polar molecules attract one another even though neither has a perma-
nent dipole moment. This interaction is also known as dispersion or London
interaction. Here, transient dipoles are generated by fluctuation in the in-
stantaneous positions of the electrons. These dipoles themselves can again
induce dipoles in neighboring molecules as described in the previous para-
graph. The resulting potential energy is given by the London formula

V = − 2α1α2

3(4πε0)2

I1I2

I1 + I2

· 1

r6
(2.6)

where α1,2 are the polarizabilities of the molecules involved and I1,2 their
ionization energies [Atk00].

Repulsive forces

At intermolecular distances smaller than the equilibrium distances the molec-
ular orbitals start to overlap which leads to repulsion due to the Pauli prin-
ciple as well as increased Coulomb repulsion due to less sufficient screening
of the nuclei. These repulsive forces can either be modelled by power laws
V ∝ 1/rn with n > 9 or by exponential functions.
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Lennard-Jones-Potential

A very common potential which includes the above discussed van der Waals
forces (equs. 2.4 to 2.6) as well as the short ranged repulsive forces is the so
called Lennard-Jones-Potential which is given by

V = −4V0

[(
σ

r

)6

−
(

σ

r

)12
]

(2.7)

where V0 is the minimal potential energy and σ an effective molecular diam-
eter. A qualitative sketch of the potential as well as the corresponding force
(negative gradient of the potential) are depicted in Fig. 2.7.
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Figure 2.7: Qualitative sketch of the Lennard-Jones-Potential (solid line)
along with the corresponding force (dashed line).

Indeed such potentials are applied successfully in the modelling of physi-
sorption processes of organic molecules on surfaces [HSR92].

2.3.2 Chemisorption

Chemisorption, the abbreviation for chemical adsorption, is characterized by
the formation of a chemical, usually covalent, bond between the adsorbate
and the surface. The gain in enthalpy is on the order of 200 kJ/mol [Atk00]
and thus significantly larger than for physisorption. Chemisorption is widely
used for the preparation of self-assembled monolayers in which a covalent
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connection to the substrate is desired. Typical chemistry exploited to this
extend includes organosilicon on oxidized surfaces such as SiO2 and Al2O3,
thiol-functionalized molecules on Au, Ag, Cu and Pt-substrates, sulfides and
disulfides on Au, alcohols and amines on Pt as well as carboxylic acids on
Al2O3 and Ag [Ulm91].

2.3.3 Thermodynamics at solid-liquid interfaces

As discussed in the previous subsection on physisorption there is an attractive
potential for molecules with its minimum close to the surface. Let us now
consider a solid-liquid interface between some substrate suitable for physi-
sorption and a solution of large rigid organic molecules in a solvent of smaller
molecules. This is the experimental situation of STM at the solid-liquid
interface [RB91a, RB91b].

In order to establish a thermodynamic equilibrium at the temperature T
the system will minimize within time its total free energy G. The change of
free energy is related to the changes in enthalpy H and entropy S via

∆G = ∆H − T∆S. (2.8)

Two important conclusions can be drawn

1. in order to minimize the enthalpy H by physisorption the adsorbate
density will be maximized and

2. maximizing the entropy S favors the adsorption of large rigid molecules
on expense of smaller or more flexible molecules since less translational
and conformational entropy is lost.

Consequently, one expects densely packed two-dimensional arrangements of
large rigid solute molecules adsorbed to the surface of the substrate.

These general considerations are verified on the one hand by the large
number of molecules for which STM at the solid-liquid interface revealed
highly ordered 2D-crystals [DFDS03]. On the other hand there was more
direct evidence for these phenomena from STM investigations of poly(para-
phenyleneethynelenes) at the solid-liquid interface [SSMR00]. In this study
a fractional adsorption of the polymers was observed. Comparing the length
distributions of the polymers as determined from the STM images with
the one obtained from H NMR and GPC analysis revealed that preferably
medium sized polymers adsorbed. Taking into account that the longest poly-
mers visualized with the STM already exhibited considerable flexibility, as
evidenced by their bent conformations, and thus considerably contribute to
the conformational entropy, this is qualitatively perfectly in line with the
above considerations.
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2.4 Charge transfer complexes

In this section I will discuss basic properties of charge transfer complexes and
their application in different fields.

2.4.1 Introduction

The first theoretical consideration of molecular complexes involving an inter-
molecular charge transfer (CT) was reported by Mulliken in the early 50s of
the 20th century [Mul50, Mul52]. These considerations were motivated by
recent reports at that time of iodine solutions in organic solvents in which
absorption bands were observed which did neither belong to iodine nor to
the solvent [BH48, BH49]. Together with other experimental evidence such
as correlation between the spectral position of the new absorption bands and
the ionization potential of the solvent molecules [Pri47] as well as appar-
ent dipoles of iodine in these solution [Fai47] Mulliken suggested that the
groundstate of these complexes can be described by a wavefunction such as

Ψcomplex = aΨ1(D − A) + bΨ2(D
+ − A−) (2.9)

where Ψ1 is the wavefunction of non-complexed electron donor D and electron
acceptor A and Ψ2 represents a wavefunction where an electron from the
donor has been transferred to the acceptor. The ratio a2/b2 is usually much
smaller than 1. The new absorption band corresponds then to a transition
from the ground state to the charge separated state and is usually referred
to as charge transfer band.

Also for purely organic systems charge transfer complexes (CTCs) have
been reported at that time [LM52a, LM52b]. In general the complex is formed
between an electron-rich donor, having a small ionization potential compared
to the acceptor, and an electron-deficient acceptor, which oppositely exhibits
a large electron affinity. In terms of molecular orbitals the ionization potential
correlates with the HOMO energy and the electron affinity with the LUMO
energy of a molecule. In Fig. 2.8 the chemical formulae of a number of widely
used electron donors and acceptors are depicted.

2.4.2 Applications of CTCs

The above described charge transfer between two organic molecules or be-
tween a halogen atom and an organic molecule in a complex is exploited in
several fields which shall be briefly introduced here.
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molecules.
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Charge transfer salts

CTCs can be grown into single crystals so-called charge transfer salts (CTS)
which exhibit conductivity and even superconductivity. The first observation
of conductivity in an organic system not containing any metals was reported
in 1954 [AIM54] on an unstable bromine salt of pyrene. The first stable CTS
was derived from tetracyanoquinodimethane (TCNQ) which forms highly
conducting solids with many monovalent cations [MHH+62]. The archetypal
organic metal was prepared from TCNQ and tetrathiafulvalene [FCWP73]
which exhibits metallic behavior between 54 K and room temperature. Super-
conductivity in CTS was established as experimental fact in 1980 [JMRB80].

During the last decades a large number of CTS has been made and char-
acterized structurally and with respect to its electrical properties [Nal97, and
references therein]. In general two structural prototypes in which donor and
acceptor molecules either form mixed stacks or separated stacks can be dis-
tinguished. In the former case generally low conductivity is observed due to
a localization of the transferred charge on the acceptor while for the latter
CTS the conductivity depends on the extent of charge transfer. Large con-
ductivities may only be expected in so-called mixed-valence CTS, i.e. CTS
in which only partial charge transfer is occurring [Tor79].

Molecular magnets

Purely organic ferromagnets can be made from neutral radicals which posses
an unpaired electron. These unpaired electrons can couple under certain con-
ditions, minimizing the overlap of the respective orbitals, ferromagnetically
[BP04, and references therein]. Ferromagnetism for purely organic systems
was reported for a CTS made from fullerenes and tetrakis(dimethylamino)-
ethylene [AKK+91, NOK+01]. However, more common are organic magnets
based on charge transfer salts containing an organic molecule and a metal
[BP04].

Organic electronics and energy storage

As outlined in section 2.2.2 balancing the number of electron and holes as
well as their mobility is of crucial importance in organic electronic devices.
To this extent electron donors or acceptors, either organic or metallic, can
be introduced into the active oligomeric or polymeric material which is then
doped upon the formation of CTCs [KRG+00, GK01, PKZ+03, XF04]. Also
in the field of energy storage charge transfer is of particular importance as,
for instance, in the case of lithium ion batteries where electron transfer from
the lithium to the carbon based electrode occurs [KSdS+02, FCS04].
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In the present thesis we will investigate the properties of single charge
transfer complexes and explore their use as component of prototypical single-
molecule devices.

2.5 Scanning tunneling techniques

In section 2.1 it was shown that STM is actually the only technique to date
which allows to explore the electron transport properties of single molecules
and, at the same time, with its imaging capabilities, to assure that indeed
single molecules are investigated. Moreover, it allows to investigate molecules
with submolecular resolution. In this chapter I give a brief introduction
to scanning probe microscopies and discuss in more detail the underlying
principle of STM, its operation modes as well as its theoretical description
and the technique of scanning tunneling spectroscopy (STS).

2.5.1 Introduction

STM which was invented in 1982 [BR82, BRGW82] is the oldest member of
the family of scanning probe microscopies (SPM).

feedback control
x

yz

sample

probe

piezo scanner

Figure 2.9: Schematic of an SPM.

As illustrated in Fig. 2.9 there are some common principles in the design
of all SPMs. A usually nanoscopic probe or tip scans the sample surface and
interacts with it, thereby characterizing the physical properties which cause
the interaction. The tip-sample-interaction used in an SPM is specific for the
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corresponding microscopy and determines the information which is obtained
from the sample. Since the physical quantity which describes the interaction
is in general strongly dependent on the probe sample separation it can be
used to control this distance by means of a feedback controller combined
with a piezoelectric scanner. The use of a piezoelectric scanner also allows
in general to achieve a vertical and lateral resolution in the nanometer and
sub-nanometer range.

Although not employed in this thesis’ work, the most important SPMs
beside STM shall be mentioned here briefly. The nowadays most widely used
SPM is the atomic force microscopy (AFM) which was also introduced by
Binnig in 1986 [BQG86]. AFM uses forces, which in the case of van der
Waals forces have already been discussed in section 2.3, occurring between
the probe and the sample surface.1 A conical sharp tip (end-radii of 10 nm)
at the end of a 100 µm long cantilever is scanned across the surface. The
bending of the cantilever due to the interaction is detected with a laser which
is reflected from the cantilever onto a segmented photodiode. Depending on
the operation mode different information on the properties of the sample can
be obtained [CEF+97].

The conceptually oldest SPM is the scanning near field optical microscopy
for which first considerations date back to the late 20ies of the last century
[Syn28, Syn31, Syn32]. It was first realized with visible light by Pohl et al.
in 1984 [PDL84]. Here a light source with a very small aperture (diameter
50-150nm) is brought close to the sample (distance of a few nm) so that
the sample is located in the optical near field of the source. Consequently,
the resolution is not determined by diffraction, which only occurs in the far
field, but by the actual size of the aperture. This allows to achieve optical
resolution far beyond the diffraction limit.

Other SPM techniques which shall not be discussed in detail here use
magnetic forces [MW87], photoemission of electrons in an STM [CGR+88]
and ion transfer [LFLB86] as basic mechanisms for image formation.

2.5.2 Principle of scanning tunneling microscopy

A schematic of an STM is shown in Fig. 2.10. A small bias (between a few mV
and a few V) is applied between a metallic tip and a conducting substrate. At
tip substrate separations on the order of one nanometer a current of typically
some pA to about one nA between the tip and the sample can be detected.
This current is due to the quantum mechanical tunneling effect. As will be
shown below the tunneling current depends exponentially on the tip sample

1Other forces include electrostatic forces and capillary forces.
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feedback control
Isetpoint

x

yz

sample

probe

piezo scanner

It recording It 
and z-position

Figure 2.10: Schematic of an STM.

distance and can therefore be used in the feedback control of the STM where
it is compared to a user defined setpoint. The difference between setpoint and
actual current is then used to adjust the tip sample separation. For image
formation the actual tunneling current as well as the z-position of the piezo
scanner can be recorded which yields so called current and height images,
respectively.

2.5.3 Operation modes

Depending on the time constants of the feedback control’s response different
operation modes of an STM can be distinguished. For infinitely fast feedback
control and piezoelectric scanner response the actual tunneling current will
meet the current setpoint at any time during the scan. Consequently no
contrast is observed in the current image, and all information is contained
in the height image. This operation mode is usually referred to as constant
current mode. On the other hand, with the feedback control switched off
the tip will be scanned across the sample at constant z -position which leads
to a maximum contrast in the current image and no contrast in the height
image. This operation mode is usually referred to as constant height mode.
Fig. 2.11 illustrates the two different modes.

In practice none of the two modes can be realized in its pure form since
the feedback control has finite response times and can not be switched off
completely due to corrugations or tilts of the sample surface. Thus usually
contrast is observed in height and current images. However, for atomically
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I, z I, z

a) b)
x x

Figure 2.11: Imaging of a curved surface with inhomogeneous electronic prop-
erties in (a) constant current mode and (b) constant height mode. In the two
modes both topography and electronic properties of the sample are reflected
in the height and current traces respectively.
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flat samples a quasi-constant height mode with a slow feedback is advanta-
geous since it allows for high scan speeds in combination with high spatial
resolution.

It should be noted, as illustrated in Fig. 2.11, that the information content
in height and current images in the two modes is in principle the same since
in both cases tunneling probabilities are mapped. These tunneling probabil-
ities always reflect a convolution of the sample topography and its electronic
properties as will be discussed below. In particular, height images may in
general not be interpreted as topographical images of the sample.

2.5.4 Theoretical description

Tunneling through a rectangular barrier

In the simplest theoretical approach the tunneling of an electron from the
tip to the sample or vice versa is modelled by the scattering of a plane wave
with energy E at a potential barrier of width d and height Φ as illustrated
in Fig. 2.12 [Wie94].

e-, E

d
φ

tip sample

Figure 2.12: In the simplest model electron tunneling is described by scatter-
ing of a plane wave of energy E at a potential barrier of width d and height
Φ.

With the ansatz for the superposition of the incoming with the reflected
wave left of the barrier Ψl, the wavefunction inside the barrier Ψm and for
the transmitted wave Ψr

Ψl = eikz + Ae−ikz (2.10)

Ψm = Be−κz + Ceκz (2.11)

Ψr = Deikz (2.12)

with

k2 =
2meE

h̄2 (2.13)

κ2 =
2m(Φ− E)

h̄2 (2.14)
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one can determine the coefficients A, B, C and D by matching the wave func-
tions and their first derivatives at the discontinuities of the potential2. The
transmission coefficient T which describes the tunneling probability equals
|D|2. For strongly attenuating barriers (κd � 1) one finds

T =
16k2κ2

(k2 + κ2)2 e−2κd. (2.15)

It should be noted here that T , and consequently the tunneling current,
depends exponentially on the tip sample separation. With an effective barrier
height of 4 or 5 eV (typical metal work functions) one finds that variation of
d by 1 Å changes the tunneling current by one order of magnitude. Given the
fact that interatomic distances in metals are on the order of few Å the major
part of the tunneling current will flow over the very last atom at the tip’s
apex. Thus in this very simple picture one can already explain the atomic
resolution that can be achieved with STM.

Bardeen and Tersoff-Hamann approaches

Obviously a more realistic description has to take into account explicitly
the electronic structure of tip and surface as well as the applied bias. A
qualitative sketch of a tunneling junction with a bias applied is depicted in
Fig. 2.13. The applied bias leads to a relative shift of the Fermi levels of tip
and sample (EF,t and EF,s) by eU . This new alignment of the energy levels
allows now for tunneling of electrons from occupied states in the tip into
unoccupied states of the sample if the tip is negatively biased with respect
to the sample. Correspondingly, the roles of occupied and unoccupied states
have to be interchanged if the bias is inverted.

The total tunneling current I can be written as sum of the contributions
of all states involved in the tunneling

I =
2πe

h̄

∑
µ,ν

f(Eµ) [1− f(Eν + eU)] · |Mµν |2δ(Eµ − Eν) (2.16)

where f(E) is the Fermi function, U the applied bias, Mµν the tunneling
matrix element between states Ψµ of the probe and Ψν of the surface and
Eµ,ν the corresponding energies of the states in the absence of tunneling.

The essential problem is to calculate the matrix elements Mµν which have
been shown by Bardeen [Bar61] to be related to the electronic structure of

2The matching assures that Ψ and Ψ′ are both continuos functions which is necessary
to fullfill the Schrödinger equation.
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sample tip

eU
EF,t

EF,s

vacuum

Figure 2.13: Energy level diagram of a tunneling junction with a bias U
applied and electrons tunneling from occupied states in the tip to unoccupied
states in the sample.

tip and surface via

Mµν =
h̄2

2m

∫
d~S

(
Ψ∗

µ∇Ψν −Ψν∇Ψ∗
µ

)
(2.17)

where the integral is over any surface lying entirely within the barrier region
separating tip and sample. Obviously the accuracy of this approach depends
on the quality of the set of wavefunctions used to evaluate Mµν .

Tersoff and Hamann used this expression [TH83, TH85] and approximated
the tip as locally spherical. The surface states were modelled by Bloch waves
and for the tip states only spherical wave functions were applied. In the
limits of small voltages (a few 10 meV) and at room temperature or below
the current becomes proportional to the local density of states at the position
of the tip ~r0

I ∝
∑
ν

|Ψν(~r0)|2δ(Eν − EF ) (2.18)

More sophisticated treatments of tunneling currents in an STM take into
account multiple pathways for the tunneling electrons [BILP85] or inelastic
effects such as electron-electron or electron-phonon scattering [MW92].
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Tunneling through molecular adsorbates

STM is not only able to visualize solid surfaces but also molecules adsorbed
to them. Spong et al. suggested that the contrast formation is due to a local
modulation of the density of states due to molecule substrate interactions
which then can be observed in the tunneling current [SML+89].

sample tip

LUMO

HOMO

Us < 0 Us > 0

EF

a) b) c)

Figure 2.14: Energy level diagram of a molecule in a tunneling junction with
its HOMO and LUMO aligned to the Fermi level EF of the substrate (a)
with no bias applied, (b) with some negative sample bias Us and (c) with the
same positive sample bias.

Alternatively the model of resonant tunneling may be used [MSKO92] for
explaining the ability of STM to visualize adsorbed molecules. Qualitatively,
as illustrated in Fig. 2.14 a), the molecular orbitals which are aligned with
respect to the Fermi level of the substrate introduce new states in the formerly
empty gap. At sufficiently large tunneling voltages these states will be in
the energetic window in which tunneling is allowed (Fig. 2.14 b)) and an
incresease in tunneling current compared to the empty gap is observed. This
phenomenon is referred to as resonant tunneling. It should be noted that
in general the alignment of the molecular orbitals, in particular HOMO and
LUMO, will not be symmetric with respect to the Fermi level. Also the
spatial position of the molecule in the gap will be in general asymmetric
which makes the tunneling situations in which only the bias is reversed non-
equivalent as illustrated in Figs. 2.14 b) and c).
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2.5.5 Scanning tunneling spectroscopy

As outlined in the previous paragraphs the tunneling current depends on the
electronic states from or into which tunneling is allowed. The corresponding
energetic window is defined by the voltage applied to the junction. Thus it
is clear that variation of the tunneling voltage should yield information on
the electronic structure of the sample.

The most direct way to obtain information on the electronic sample
structure, next to imaging at different tunneling biases, is the measurement
of current-voltage-characteristics (I-Vs) or differential conductance curves
dI/dV s which means scanning tunneling spectroscopy (STS). The former
ones can simply be obtained from measuring the current as function of the
applied voltage after positioning the tip above the region of interest while
for the latter ones a lock-in technique modulating the applied bias has to be
used.

Differential conductance curves as function of the applied bias are found
to be proportional to the local density of states at the energy eU [SCTC85]
using similar approximations as in the Tersoff-Hamann approach [TH83].
Frequently also normalized conductance curves such as (dI/dV )/(I/V ) are
used since they are generally less distance dependent than dI/dV s and also
give a good account for the surface density of states [Lan86].

The intriguing feature of combined STM/STS study is the high spatial
and energetic resolution that can be obtained simultaneously which is an
exceptional property among techniques for surface characterization.



Chapter 3

Methods and Materials

In the following chapter the investigated molecules are introduced and the
experimental setups and procedures employed for this thesis are described.

3.1 Overview of the molecules investigated

An overview of the investigated molecules is given in Figs. 3.1 and 3.2. Ex-
cept for the electron donors 9,10-dimethoxyanthracene (DMA), α-sexithio-
phene (6T) and the electron acceptor tetrafluoro-tetracyanoquinodimethane
(F4TCNQ), which were bought from Sigma-Aldrich, all molecules were syn-
thesized in the group of Prof. Klaus Müllen at the Max-Planck-Institute for
Polymer Research in Mainz (Germany). Table 3.1 gives an overview of the
acronyms used for the molecules in the present thesis, their chemical name
and references for their synthesis.

Most of the compounds synthesized in the group of Prof. Müllen are
derivatives of hexa-peri -hexabenzocoronene (HBC, see section 2.2.3) bearing
a variety of functional substituents like alkyl chains or other polycyclic aro-
matic molecules such as electron donors (pyrene, dimethoxyanthracene) or
electron acceptors (anthraquinone) in the periphery. A special case are the
HBC-cyclophanes which represent stacks of two covalently linked HBCs. Ad-
ditionally, derivatives of small PAHs such as anthraquinone and coronenedi-
imide were made as model compounds. All molecules were investigated with
scanning tunneling techniques either as model compounds or as functional
parts in hybrid-molecular electronic devices.

33



Methods and Materials, Molecules 34

R1

R2

R2

R2

R2

R2

HBC-Derivatives

donor functionalized acceptor functionalized

others

HBC-DMA

R1 =

R2 =

(CH2)3 O

O

OCH3

OCH3

HBC-PY

R1 =

R2 =

O

O

R1 = R2 =

HBC-PY6

O

O

HBC-AQ

R1 =

R2 =

(CH2)10 O

O

O

O

HBC-AQ6 

R1 = 
R2 =

O

O
(CH2)4 O

O

uHBC

R1 = 
R2 = 

HBC-C12

R1 = 
R2 = 

HBC-C8,2*

R1 = 
R2 =

HBC-NH2

R1 = NH2

R2 =

(CH2)11CH3H

(CH2)8(CH2)8

RR

R
R
R

R

RR

(CH2)3(CH2)3

(CH2)3(CH2)3

R

R

R

R
R R

RR

HBC-C3-COOH

R1 = (CH2)3COOH

R2 =

HBC-C11-COOH

R1 = (CH2)11COOH

R2 =

sHBC 2 dHBC 2

R = R =

Figure 3.1: Chemical structures of the investigated HBC-derivatives.
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Figure 3.2: Chemical structures of the investigated donor and acceptor
molecules.
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3.2 Scanning tunneling microscopy

In this section a description of the used apparatuses for STM at the solid-
liquid interface as well as under UHV conditions and low temperatures is
given. Furthermore experimental procedures and methods of data analysis
are described.

3.2.1 STM at the solid-liquid interface

Apparatus

STM investigations at the solid-liquid interface were performed employing a
home-built STM-head in combination with a commercially available control
unit and software (Omicron Vakuumphysik GmbH, Taunusstein, Germany).
The head was built by Dr. P.E. Hillner in the group of Prof. J.P. Rabe at
the Department of Physics, Humboldt University Berlin, according to the
beetle-type design of Besocke [Bes87, FWBT89].

a)

screw

piezo

magnetic
foot

glass
plate

tip substrate
b)

glass
plate

substrate

piezosilver
paint

Figure 3.3: (a) Schematic of the STM apparatus used for investigations at
the solid-liquid interface in side view and (b) top view from a plane crossing
all four piezoelectric legs.

As displayed in Fig. 3.3 four identical piezoelectric legs are used. The
central one functions as static tip-holder only while the three outer ones are
employed for holding and scanning the sample. The use of four identical
legs minimizes effects from temperature gradients since all four expand and
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contract with temperature at the same rate. The sample holder, also depicted
in Fig. 3.3, is an equilateral triangular glass plate to which the substrate is
glued. Silver paint was used to establish electrical contacts between three
steel disks glued to the corners of the triangular plate. The glass plate is
held via these disks by means of magnetic feet at the end of the piezoelectric
legs. The tunneling bias is applied between the tip and one of the disks.
The tip is approached manually at the beginning of the experiment and
only after establishing the tunneling contact the distance is controlled by the
feedback system. Furthermore, a function generator is available which allows
tip shaping by adding voltage pulses to the tunneling bias during the course
of the experiment.

For vibration isolation the STM was placed on a large stone plate which
itself was anchored at the laboratory ceiling by four bungee-cords. The reso-
nance frequency of this setup was estimated to be about 0.5 Hz consequently
representing a low-pass filter [Sam00].

The apparatus in its present from allows to detect tunneling currents
down to a few ten pA and to acquire images with scan-speeds of about
50 lines/second. Both of these features are advantageous in the investigation
of organic adsorbates at the solid-liquid interface which usually exhibit large
resistivity and high mobility at the interface.

Sample preparation

STM tips were mechanically cut from a 0.25 mm thick Pt/Ir (80%/20%)
wire, a material being sufficiently stiff and chemically stable in air and organic
solvents. Electrochemical etching of tunneling tips as used previously [Sam00]
was not found to result in higher quality of the tips in terms of reproducibility
and resolution achieved.

As substrate highly oriented pyrolytic graphite (HOPG) was employed
exclusively. HOPG is a layered material in which covalent bonds only exist
between carbon atoms within the same plane while the graphene sheets are
held together by mainly van der Waals forces. Thus fresh substrate surfaces
can be prepared by simply cleaving the HOPG surface with adhesive tape.
The high conductivity of HOPG originates from the overlap of the extended
π-electron systems of the graphene sheets.

The molecules under investigation were dissolved in either 1,2,4-trichloro-
benzene (or rarely 1-phenyloctane)3. A drop of an almost saturated solution
was then applied to the freshly cleaved substrate and the tip was immersed
in the solution. Due to the high boiling point of the chosen solvents of about

3If not mentioned otherwise all investigations at the solid-liquid interface employed
1,2,4-trichlorobenzene as solvent.
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260◦C and 215◦C, respectively, it was possible to measure for several hours
before the solvent was evaporated.

Measurements

Before starting an experimental session HOPG was scanned and visualized
for about one hour to allow for a thermal stabilization of the instrument.
Depending on the settings of the feedback loop (bias and current setpoint)
it is possible to either visualize the substrate or the adsorbed molecules.
The substrate is usually visualized at low tunneling junction impedances
(Ut ∼ 100 mV and It ∼ 1 nA) while molecular adsorbates usually require
larger impedances of the tunneling junction in order to be imaged (Ut ∼ 1.2 V
and It ∼ 100 pA).

3.2.2 STM under UHV conditions

Apparatus

STM investigations under UHV conditions at low temperatures were per-
formed employing a home-built STM which was built by V. Iancu and A. De-
sphande in the group of Prof. S.-W. Hla at the Physics-Department of the
Ohio University in Athens OH, USA. The machine is similar to others de-
scribed in the literature [Mey96].

In short, the STM head follows the design of Besocke [Bes87, FWBT89]
which was already described in subsection 3.2.1. The whole STM is sur-
rounded by two concentric radiation shields (see Fig. 3.4): the inner one at
4 K directly connected to the liquid helium bath and the outer one connected
to the liquid nitrogen reservoir of the cryostat. In tunneling position the mi-
croscope hangs from stainless-steel springs and has no direct contact with
the helium bath. Thus the STM is almost thermally isolated. Cooling of the
STM is achieved by simply pulling the STM down with a hook until mechan-
ical contact with the inner radiation shield (4 K) is established. Usually, if a
room temperature sample is introduced, also the inner cryostat is filled with
liquid nitrogen first, and only after STM and sample have reached liquid ni-
trogen temperature, nitrogen is replaced by liquid helium. Experiments are
usually conducted at sample temperatures between 10 and 15 K where the
thermal drift between sample and tip is less than 1 nm/h. Refilling cycles
of the setup in the present form are between 20 and 30 hours. The STM
is controlled by a commercial controller and software (SPS-CreaTec GmbH,
Erligheim, Germany).

Vibration isolation is achieved by the stainless steel springs and by placing
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Figure 3.4: Schematic of the UHV-STM operating at low temperatures. The
STM is shown in cooling and sample transfer position.

the whole UHV chamber onto pneumatic isolators (Newport) which actively
damp vibrations.

In addition to the analysis chamber in which the STM is placed the UHV
system comprises a preparation chamber for preparing samples and cleaning
substrates as well as a load-lock chamber for fast sample exchange. The
pressure in the analysis chamber during STM measurements is better than
10−10mbar and in the preparation chamber the pressure is usually in the
10−9mbar range.

Sample preparation

The STM tip was an electrochemically etched tungsten tip which was never
replaced during the course of the experiment. For tip forming the tip could
either be moved towards the sample while simultaneously applying a voltage
pulse or more drastically by bringing the tip into contact with the substrate,
applying a bias of 30 V between tip and substrate which led to partial melting
of the tip and then slowly retracting the tip until no current was detected
anymore.

As substrate a Au(111) single-crystal was used which was carefully cleaned
in the preparation chamber by several cycles of Ne+-ion sputtering and an-
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nealing before deposition of the molecules.
The molecules to be deposited were placed in a resistively heated tantalum

crucible which was introduced into the load lock chamber. The temperature
of the crucible could be monitored via a thermocouple. After careful out-
gassing of the source the crucible was heated such that the pressure in the
load lock raised to the 10−7mbar range. Then the valve to the preparation
chamber, before which the substrate was placed, was opened for a few sec-
onds. This resulted in an increase of the pressure in the preparation chamber
to maximum values in the 10−8mbar range and a sub-monolayer coverage of
the substrate with the molecules. Afterwards the sample was immediately
introduced into the analysis chamber and cooled down.

Measurements

For the visualization of molecular adsorbates and substrate respectively the
same comments as made earlier in subsection 3.2.1 apply.

3.3 Scanning tunneling spectroscopy

3.3.1 STS at the solid-liquid interface

Scanning tunneling spectroscopy at the solid-liquid interface was performed
by using the STS-feature of the commercial software. The tip was positioned
over the region of interest as close as possible to the most recently scanned
line in order to minimize drift-effects. After a few ms, which allowed the
system to adjust the tip-sample separation such that the actual current met
the setpoint value, the feedback loop was switched off and I-Vs were measured
by running a voltage ramp with 100 equidistant values between -1.5 and 1.5 V.
Spectroscopic data were only accepted if

1. a typical contrast was observed in the STM images before and after
measuring I-Vs,

2. no lateral shifts were observed between the images of forward and back-
ward scan direction,

3. the curves met the settings of the feedback loop used before switching
off the feedback loop (correct current at the tunneling bias within 10%)

4. no singular, unreproducible peaks were present in the I-V.

Finally, I-Vs for a number of molecules were averaged.
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STS at the solid-liquid interface however suffers from major limitations.
The accessible bias range is limited by the energies of the molecular orbitals of
the molecules studied. Resonant situations between Fermi level of the tip and
molecular orbitals lead frequently to chemical or electrochemical reactions in
the solution or at the interface which make the imaging instable. Thus the
direct determination of the precise energetic positions of molecular states
with respect to the Fermi level of the HOPG is not possible since the limited
bias range does not allow to ‘access’ the molecular orbitals.

3.3.2 STS under UHV conditions

Scanning tunneling spectroscopy under UHV conditions was performed using
the STS feature of the commercial software. The tip was positioned over the
region of interest and spectroscopy data were measured at 300 equidistant
values of the tunneling bias in a (variable) predefined range.

In contrast to STS at the solid-liquid interface the above mentioned lim-
itations do not apply. Thus the resonances can be ‘accessed’ and the precise
energetic positions of the molecular orbitals can be directly determined. In
addition to I-Vs differential conductance curves (dI/dV ), reflecting the den-
sity of states, can be measured. The most direct access to dI/dV data is pro-
vided by means of a lock-in-amplifier which directly modulates the applied
tunneling bias. Typically, modulation amplitudes of a few 10 mV and modu-
lation frequencies of some 100 Hz are used. Detecting the resulting variation
of the tunneling current ∆I allows to determine a ‘difference conductance’
∆I/∆U which tends towards dI/dV for small ∆U . Here, the accessible bias
range is limited by the strength of the interaction leading to the adsorption
of the molecule. In the case of ‘medium-sized’ organic molecules physisorbed
on gold desorption or conformational transitions are frequently observed at
biases between 2 and 3 V.

3.4 Image processing and data analysis

All STM images shown in the present thesis were analyzed using a com-
mercial software SPIP (Scanning Probe Image Processor, Image Metrology
ApS). All images shown are raw data except for, firstly, the substraction of
a plane from the whole image which corrects for tilts of the sample plane
with respect to the scanning plane and, secondly, a correction for thermal
drift and imperfections of the piezoelectric scanner calibration. For the latter
correction SPIP allows with a two-dimensional Fourier-transformation to de-
termine correction parameters from atomic resolution images of the substrate
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if its lattice constants are known independently, i.e. from x-ray data for ex-
ample. These parameters can then be used to correct images of molecular
adsorbates. The lattices of HOPG and Au(111) surfaces as visualized with
STM appear hexagonal with a lateral spacing of 0.246 nm and 0.288 nm
respectively. The unit cell describing the order in self-assembled domains
of adsorbed molecules can also be determined by means of two-dimensional
Fourier transformation. Additionally, the relative orientation of adsorbate
and substrate lattice may be determined from atomically resolved images of
the substrate and images of the adsorbate. If further image processing was
applied this will be mentioned explicitly in the corresponding figure caption.

STS data were available as ASCII-files and therefore easily analyzed with
Origin 6.0 (Microcal Software Inc.).



Chapter 4

Results and Discussion

In this chapter the results of the experimental work of the thesis are pre-
sented and discussed. Starting from relatively simple model compounds,
which will serve as electronic and structural reference systems, I will discuss
systems of increasing complexity. Dyads and multiads of electronically differ-
ent molecules will be used to demonstrate nano-scale integration of different
functional modules. Subsequently the extension from quasi-two-dimensional
structures to three-dimensional architectures, i.e. arrays of molecular stacks,
will be discussed, followed by the investigation of organic charge transfer com-
plexes. Finally, the first prototypical single-molecule transistor with molecu-
lar gates will be presented.

4.1 Model compounds

In the following section the investigation of the HOPG substrate and two
model compounds at the solid-liquid interface is discussed which will serve
as electronic and structural reference systems in the subsequent sections of
the chapter. At the same time the characterization of the compounds is
used to illustrate the possibilities and limitations of STS at the solid-liquid
interface.

4.1.1 Introduction

The two reference compounds, two symmetrically substituted HBC-derivatives
only carrying alkyl chains, discussed here are depicted in Fig. 4.1. The
self-assembly and the electronic properties of HBC-C12 at a solid-liquid in-
terface have been characterized before. Two different arrangements in two-
dimensional crystals have been described [IWB+00, B0̈2] and a rectification

44
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Figure 4.1: Chemical formulae of the model compounds HBC-C12 and HBC-
C8,2*.

behavior was found in I-Vs through the conjugated core of the molecule
which has been attributed to an asymmetric spatial position of the molecule
in the tunneling gap and resonantly enhanced tunneling through the HOMO
of the HBC [SHMR95, B0̈2]. Here, HBC-C12 will mainly be used as reference
system to which the I-Vs of other HBC derivatives will be compared and
for illustration of the possibilities and limitations of STS at the solid-liquid
interface.

HBC-C8,2* will be used as structural reference system since the motif of
branched alkyl chain substituents appears in other investigated HBC deriva-
tives too and turns out to determine the two-dimensional arrangement in
self-assembled monolayers to a large extent.

As substrate for the STM investigations performed at the solid-liquid
interface highly oriented pyrolytic graphite (HOPG) was used. Thus we start
out with a characterization of the substrate in the subsequent subsection.

4.1.2 HOPG

Fig. 4.2 a) displays an STM current image of HOPG with atomic scale res-
olution. A periodic hexagonal pattern with a lateral spacing of 0.246 nm
is visualized. The lateral spacing between carbon atoms in the hexagonally
structured graphene sheet however amounts to 0.142 nm only. Thus in the
STM images only every second carbon atom or the center of the hexagons
in the graphene sheets are effectively visualized. This has been explained by
the inequivalence of the carbon atoms in a graphene layer with respect to
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Figure 4.2: (a) STM current image of a highly ordered pyrolytic graphite
(HOPG) with atomic scale resolution and (b) current-voltage characteris-
tics recorded over HOPG covered with 1,2,4-trichlorobenzene at a tunneling
junction impedance of 1.75× 109Ω at -1.4 V (average over 13 single curves).
Tunneling parameters were sample bias Us = −0.1 V and average tunneling
current It = 1 nA.

their spatial position above the underlying graphene sheet due to the A-B-
type stacking in graphite [BFG+86]. Alternatively it was suggested that the
tunneling probability in the center of the hexagons of the graphene sheets is
largest and therefore giving rise to a larger current [ASS99]. More recent work
indicates that contributions to the tunneling of at least the two uppermost
graphene sheets of the graphite have to be taken into account [TSRZ].

In Fig. 4.2 b) the current-voltage-characteristics obtained from HOPG
only covered with 1,2,4-trichlorobenzene, the solvent which was used through-
out the work presented here, are displayed. The curve appears rather sym-
metric with a slightly larger tunneling probability at negative sample bias.
This asymmetry is attributed to the different electrode materials, i.e. graphite
and Pt/Ir-wire as well as the different electrode shapes, thereby reflecting the
intrinsic asymmetry of the tunneling junction.

4.1.3 HBC-C12

Self-assembly at the solid-liquid interface

An STM current image of a highly ordered monolayer from HBC-C12 at the
solid-liquid interface between HOPG and an almost saturated solution of the
molecules in 1,2,4-trichlorobenzene is displayed in Fig. 4.3. Clearly visible
are the HBC-cores as bright circular features corresponding to high tunnel-
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5 nm

Figure 4.3: STM current image of a highly ordered monolayer of HBC-C12.
A boundary between domains with dimer arrangement and oblique arrange-
ment respectively can be recognized. The unit cells are indicated. Tunneling
parameters were sample bias Us = −1.0 V and average tunneling current
It = 100 pA.

ing probability. This attribution is based on, firstly, the round shape of
which the size corresponds well to the size of the conjugated HBC-core, and,
secondly, the fact that the energetic difference between molecular orbitals
of the conjugated core and the Fermi level is rather small compared to the
alkyl chains which exhibit much larger HOMO-LUMO-gaps. Therefore, con-
jugated materials are expected to give larger contributions to the tunneling
current than non-conjugated ones [LCBR97]. Consequently the dark areas
corresponding to low tunneling probability are believed to be occupied by the
alkyl substituents and/or solvent molecules. Since they are not visualized in
the STM images this occupation is believed to be dynamic with movements
of the alkyl chains and/or solvent molecules on a time scale faster than the
STM imaging.

Two different arrangements of the molecules are observed. Firstly, a dimer
structure in which dimers of HBCs form a two-dimensional crystal with lattice
constants of a = (4.55± 0.15) nm and b = (2.94± 0.08) nm and an angle of
α = (71 ± 2)◦ between the unit cell vectors, and secondly, an arrangement
which is oblique with only one molecule per unit cell and parameters a =
(1.87 ± 0.07) nm, b = (2.68 ± 0.10) nm and α = (78 ± 4)◦. The orientation
between the short unit cell vector of the arrangement and the underlying
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HOPG lattice was determined to be (32 ± 3)◦ and (24 ± 2)◦ respectively.
The experimental values for the dimer structure are in perfect agreement
with previous investigations [B0̈2, the oblique structure was not observed in
this work]. The agreement is somewhat poorer with earlier investigations
[IWB+00] but in this study there was no correction for thermal drift and
imperfections of the piezo calibration applied.

STS

The highly ordered self-assembled monolayers which can be imaged with
(sub)-nanometer resolution now allow for the recording of I-Vs with similar
spatial resolution. Fig. 4.4 a) displays I-Vs recorded through HBC-cores
and areas occupied by alkyl chains respectively in monolayers of HBC-C12.
The tip-sample separation is determined by the tunneling impedance defined
through the feedback settings before switching off the feedback loop which
was 4× 109 Ω at -1.4 V sample bias in the present case.

The I-Vs through alkyl chains appear rather symmetric while those through
the HBC-core exhibit markedly larger tunneling probability at negative sam-
ple bias, in agreement with previous investigations [SHMR95, B0̈2]. The I-
Vs through alkyl chains are indistinguishable from those measured on HOPG
covered by solvent only, as depicted in Fig. 4.4 b)1. Thus the remaining asym-
metry in these curves is believed to reflect the asymmetry of the tunneling
junction such as different electrode materials and shapes. In particular no
resonant contributions from the alkyl chains can be detected. In the frame-
work of the resonant tunneling model, introduced in section 2.5.3, this can
be explained by the large HOMO-LUMO-gap [HMZ91] of saturated hydro-
carbons which assures a good separation of the molecular orbitals from the
Fermi level of the substrate.

The asymmetry of the HBC-I-Vs originates from the asymmetric align-
ment of its molecular orbitals with respect to the Fermi-level of HOPG. The
larger tunneling probability is due to resonant contributions of the HOMO
of HBC which will be discussed in detail in section 4.2. Here it is only stated
that, obviously, the asymmetry of the I-Vs is caused by the presence of the
molecule in the tunneling junction.

The I-Vs shown in Fig. 4.4 are the result of averages over a number of
single curves. In order to illustrate the scattering of the single curves Fig. 4.5
displays 40 single curves taken over HBC-cores in monolayers of HBC-C12

1The HOPG-I-Vs have been measured at a tunneling impedance of 1.75×109Ω at -1.4 V
sample bias which was taken into account by normalization of the curve with a constant
factor of 2.1495. This will be justified below.
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Figure 4.4: (a) I-Vs recorded through HBC-cores (open symbols, average
over 74 single I-Vs) and alkyl chains (solid symbols, 88 I-Vs) in monolayers
of HBC-C12 and (b) through alkyl chains (solid symbols) in monolayers of
HBC-C12 and on HOPG (open symbols) covered with 1,2,4-trichlorobenzene
only. Error bars are shown too which usually have approximately the symbol
size.



Results and Discussion, Model compounds 50

I/nA

U/V

-0.4

-0.2

0.8

0.6

0.4

0.2

-1.0-1.5 -0.5

1.51.00.50.0

 

 

Figure 4.5: I-Vs recorded through HBC-cores within one experimental ses-
sion.

within the same experimental session, i.e. the same tip and no replacement
of the solution.

As already mentioned the actual tip sample separation upon measuring
I-Vs is determined by the settings of the feedback loop before switching it off.
Consequently, if different molecules exhibit different tunneling probabilities
for a given sample bias, the tip sample separations will be different for these
molecules when measuring I-Vs.

In order to verify the influence of the tip sample separation on the ob-
served characteristics a number of I-Vs through HBC-cores of HBC-C12 were
measured at different tunneling junction impedances in the range between
2× 109 Ω and 1× 1010 Ω at a sample bias of -1.4 V. The resulting averaged
curves are displayed in Fig. 4.6 a). As expected from the distance dependence
of the tunneling effect the measured currents vary over about one order of
magnitude and the curves do not superimpose. However, superposition of
the curves can be achieved by multiplying them with appropriately chosen
constant factors, i.e. normalizing them, as depicted in Fig. 4.6 b). Thus in
the investigated range of tunneling junction impedances differences in the tip
sample separations can be accounted for by simply normalizing the curves
with constant factors. In order to determine the normalization factors addi-
tional assumptions may be necessary which will be discussed in more detail
in section 4.2. In the present case the factors were simply chosen such that
the mean of the squared difference between normalized and reference curve
was minimized.
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Figure 4.6: (a) I-Vs recorded through HBC-cores at tunneling impedances
of 1.9 × 109 Ω (solid diamond, average over 47 single curves), 2.3 × 109 Ω
(open triangle, 27 curves), 3.6× 109 Ω. (solid square, 74 curves), 6.1× 109 Ω
(open circle, 64 curves) and 1.1×1010 Ω (solid triangles, 39 curves) at -1.4 V
sample bias. (b) The same curves after normalization (multiplication with
constant factors) to the curve with an impedance of 3.6× 109 Ω.
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In fact the range of tunneling impedances covered here reflects the whole
range of impedances suitable for recording I-Vs with the present experimental
setup. At the lower end this range is limited by the stability of the inves-
tigated monolayer under intrusive tunneling conditions while at the upper
end the range is limited by the decrease in the signal to noise ratio of the
detected currents.

4.1.4 HBC-C8,2*

5 nma 2 nmb)

Figure 4.7: (a) STM current image of a highly ordered monolayer from HBC-
C8,2* (Us = −1.0 V and It = 40 pA) and (b) the chemical structure of
HBC-C8,2* along with the molecular dimensions.

Fig. 4.7a) displays an STM current image of a highly ordered monolayer
of HBC-C8,2* at the solid-liquid interface. The two-dimensional crystal is
characterized by a unit cell with parameters a = (1.86 ± 0.1) nm and b =
(2.03±0.1) nm and α = (58±2)◦ which is, within the experimental accuracy,
hexagonal. The orientation of the molecular lattice with respect to the one
of the underlying HOPG was determined to be (15± 3)◦.

The area of the unit cell which contains one molecule amounts to ∼
3.2 nm2. This area does not allow the molecules to lie completely flat on
the substrate. Indeed, the distance between two methyl branches at the
γ-positions of two alkyl substituents in para-position amounts to 2 nm as
illustrated in Fig. 4.7 b). The area of a circle with this diameter is ∼ 3.1 nm2

which is very close to the observed value of 3.2 nm2. Thus it is suggested
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that the sterically demanding methyl branches in the γ-positions prevent a
packing of the alkyl chains and force them to be solubilized in the supernatant
solution. As will be shown later, this structural motif will be frequently
observed for HBC-derivatives carrying branched alkyl chains.

In summary, in this section the electronic and structural properties of the
HOPG substrate and two alkylated HBCs have been presented and discussed.
The I-Vs obtained from the bare substrate are almost symmetric and indistin-
guishable from those of alkyl chains which exhibit no resonant contributions
to the tunneling current. I-Vs through HBC-cores exhibit a marked asymme-
try with larger tunneling probability at negative sample bias. Furthermore,
branching of alkyl chains hinders their packing on HOPG and forces them to
be partially solubilized in the supernatant solution.

4.2 Integration of different functions at the

nano-scale

4.2.1 Introduction

In the introductory section 2.1 on molecular electronics a number of pro-
totypical two- and three-terminal devices have been reviewed. At the same
time major challenges which need to be met for a competitive molecular elec-
tronics have been identified. In particular the integration of several functions
on the nano-scale, in the best case within a single molecule, is of paramount
importance. On the other hand, phase-segregation on the molecular scale has
been demonstrated to be a fruitful approach in the design of organic solar
cells [HWG+95, YGH+95, SMFM+01]. However, in these demonstrations the
phase-segregation, which was used, appeared ‘by chance’ on the molecular
scale but could not be controlled.

In this section it is demonstrated that nano-phase-segregation can be used
to integrate different functional molecules at a surface on the nano-scale. It
is stressed here, that nano-phase-segregation should not be confused with
phase-segregation. It is used here to describe the phenomenon that differ-
ent covalently linked molecules may form ordered arrays in which the two
components are well separated and can be individually addressed. This sep-
aration into an ordered array occurs, due to the covalent connection, on the
molecular scale and will be referred to as nano-phase-segregation hereafter.
For the demonstration of nano-phase-segregation dyads and multiads based
on HBC and electron donating or accepting molecules are used. Their self-
assembly and electronic properties at the solid-liquid interface are character-
ized. In particular, HBC-derivatives carrying either one or six anthraquinone
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Figure 4.8: Chemical structures of the HBC-based dyads and multiads dis-
cussed in this section. The reference compound C11-AQ is also displayed.

molecules (HBC-AQ and HBC-AQ6) and one or six pyrene molecules (HBC-
PY and HBC-PY6) were employed. The chemical structures of the molecules
are depicted in Fig. 4.8. The self-assembly of HBC-AQ, HBC-AQ6 and HBC-
PY at the solid-liquid interface has been (partially preliminarily) described
before [Yin02, TYW+03] so that I will concentrate mainly on the electronic
characterization.

4.2.2 HBC-AQ, HBC-AQ6 and C11-AQ

Self-assembly

Fig. 4.9 a) displays an STM current image of a highly oriented monolayer of
HBC-AQ at the solid-liquid interface between HOPG and a solution of the
molecules in 1,2,4-trichlorobenzene.

The bright circular features again correspond to the aromatic cores of the
HBCs. The molecular arrangement is characterized by unit cell parameters
of a = (1.82±0.12) nm, b = (1.80±0.9) nm and α = (61±3)◦. Thus, within
the experimental accuracy, the arrangement is indistinguishable from the one
of HBC-C8,2* including the relative orientation with respect to the HOPG
lattice. However, the AQ moieties can not be visualized. Thus a single AQ
moiety attached is not able to overcome the influence of the branched side
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Figure 4.9: STM current images of a highly ordered monolayer of (a) HBC-
AQ (Us = −1.2 V and It = 100 pA) and (b) HBC-AQ6 (Us = +1.4 V and
It = 300 pA). Molecular structures of the conjugated parts of the molecules
are superimposed for illustration.

chains and to lead to nano-phase-segregation at the surface. The presence
of this substituent causes large voids in the crystalline domains which leave
∼ 30% of the surface unoccupied, a phenomenon that has not been observed
for HBC-C8,2*. It was shown that in solution AQ and HBC can form a
CTC if the AQ is covalently attached to the HBC like in HBC-AQ . Thus
for the ‘invisible’ AQ in the monolayer it was suggested that it is either (i)
solubilized in the supernatant solution, (ii) forming inter- or intramolecular
stacks with HBC-cores or (iii) dynamically occupying the voids observed in
the STM images [Yin02]. These scenarios will be discussed later again with
the electronic properties of HBC-AQ at the solid-liquid interface.

The molecular arrangement observed in the STM experiment for HBC-
AQ6 is depicted in Fig. 4.9 b). In between the HBC-cores at the corners
of the unit cell additional small bright spots can be recognized which are
attributed to AQ molecules. The unit cell can be described with lattice
constants of a = (2.44± 0.05) nm, b = (3.59± 0.08) nm and α = (90± 2)◦.
The corresponding area of ∼ 8.8 nm 2 is too small for a single molecule to
lie completely flat on the surface [Yin02]. Indeed Fig. 4.9 b) reveals four
equally sized objects in addition to the HBC-core within one unit cell. Thus
these features are attributed to four of the six AQs while the remaining
two are believed to either be solubilized in the supernatant solution or to
form CTC with HBC-cores as suggested for HBC-AQ. It should be noted,
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that the four AQ-moieties observed in the STM image do not necessarily
lie flat on the substrate but might exhibit an oscillation between different
orientations with respect to the surface, i.e. coplanar and perpendicular, as
reported for 2-hexadecyl-anthraquinones [SHR+95]. Therefore the molecular
structures of the AQs, superimposed on the STM image in Fig. 4.9 b), should
only be considered an illustration. Further, from symmetry considerations,
i.e. the two-fold symmetry of the arrangement, it is suggested that the two
AQs which are not visualized are attached in para-position to the HBC-core.
Hence it may be concluded at this point, that in the absence of the branched
side chains the desired nano-phase-segregation at the surface can, at least
partially, be achieved.

5 nm

Figure 4.10: STM current images of a highly ordered monolayer of C11-AQ
(Us = −1.4 V and It = 300 pA).

Notably, also the reference compound C11-AQ, dissolved in 1-phenyloctane,
forms highly ordered monolayers, as evidenced by the image in Fig. 4.10, sim-
ilar to earlier reports for another alkylated AQ [SHR+95]. The unit cell span-
ning two lamellae can be described with parameters a = (5.72 ± 0.09) nm,
b = (0.81± 05) nm and α = (90± 3)◦.

Electronic properties

Fig. 4.11 displays the current voltage characteristics measured through HBC-
cores in self-assembled monolayers of HBC-AQ in comparison to those of the
model HBC-C12. Within the experimental accuracy no difference can be
detected. Concerning the scenarios for the fate of the AQ moieties in these
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Figure 4.11: I-Vs recorded through HBC-cores of HBC-AQ (solid square,
average over 32 single curves) in comparison to I-Vs through HBC-cores
(open circle) in monolayers of HBC-C12. Curves were recorded at a tunneling
impedance of 4× 109 Ω at a sample bias of -1.4 V.

monolayers, as introduced in the previous subsection, this result suggests that
the formation of inter- or intramolecular HBC-AQ-stacks is to be regarded
unlikely. In a molecular stack of electronically different molecules one would
not expect a current voltage characteristic which originates from one of the
two stacking molecules only. Thus a solubilization in the supernatant solu-
tion or dynamic occupation of the void areas appear to be more reasonable.
However it can not be excluded here that potential stacks may be disrupted
upon scanning or measuring I-Vs.

First evidence for the electronically different behavior of the nano-phase-
segregated parts of of HBC-AQ6 is obtained from simultaneously recorded
STM current images in quasi-constant height mode with different param-
eters for the two scan directions. This approach allows for a direct com-
parison of relative contrasts within images for different sets of parameters.
When comparing images with different parameters recorded subsequently it
is more difficult to assure that the tip quality did not change. Also thermal
drift may cause problems in the latter approach. Fig. 4.12 displays simul-
taneously recorded STM current images of a highly ordered monolayer of
HBC-AQ6 with opposite sample bias in forward and backward scan direc-
tion. The comparison of the relative contrast between AQs and HBC-cores
indicates that the tunneling current through the HBC is larger than through
the AQ, but the difference is bias dependent. At positive sample bias the
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10 nm 10 nma b

Figure 4.12: Simultaneously recorded STM current images of a highly ordered
monolayer from HBC-AQ6 with (a) Us = +1.4 V and It = 300 pA in forward
scan direction and (b) Us = −1.4 V and It = 300 pA in backward scan
direction. Unit cells and a domain boundary between adjacent crystalline
domains are indicated.

difference in tunneling current is much smaller than at negative sample bias.
A very similar observation of bias dependent relative contrast in electron-
donor-acceptor–donor-triads made from two oligo-para-phenylene-vinylenes
and one perylenediimide has been reported recently [MCUi+03]. Also there
the donor moieties appeared brightest at negative sample bias while the ac-
ceptors showed increased tunneling probability at positive sample bias as was
evidenced by subsequently (not simultaneously) recorded STM images with
different biases. Tunneling spectroscopy data has not been reported for this
system.

Indeed the difference in relative contrast between HBC-cores and AQs
also shows up in height images simultaneously recorded with current images
at opposite biases for the two scan directions. Since the measurement is car-
ried out in quasi-constant height mode only, differences in the up-and-down
movement of the tip can be observed as evidenced by z-value histograms of
such images like the ones depicted in Fig. 4.13. The width of the distribu-
tion in these histograms is a measure for the up-and-down movement of the
tip in an image. At positive sample bias the tip stays more or less at the
same height while at negative bias strong movements can be observed (two
preferred height values in the histograms). Statistical analysis for a number
of images yields values of (0.08±0.02) nm and (0.16±0.04) nm for the mean
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Figure 4.13: Typical height value histograms of simultaneously recorded STM
height images of a highly ordered monolayer from HBC-AQ6 in quasi-constant
height mode with (a) Us = +1.4 V and It = 300 pA in forward scan direction
and (b) Us = −1.4 V and It = 300 pA in backward scan direction. z = 0
was set at the average height value of the image.

displacement of the tip within an image recorded at positive and negative
sample bias respectively. These observations show that in a hypothetically
ideal constant height mode the observed bias dependence should be even
larger.

I-Vs were recorded above the different regions of monolayers of HBC-AQ6

and C11-AQ ascribed to the HBC-cores, AQs and alkyl chains respectively.
The resulting I-Vs are displayed in Fig. 4.14 along with, for comparison, the
data of HBC-C12.

Three markedly different I-V-groups can be recognized representing the
HBC, AQ and alkyl chain areas of the sample respectively, which differ in
their behavior at positive sample bias. The characteristics within each group
are virtually identical . The AQ-I-Vs exhibit an inverse asymmetry with
respect to the alkyl chain I-Vs when compared to the characteristics of HBC-
core, i.e. larger tunneling probability at positive sample bias, in contrast to
HBC-cores where the tunneling probability is larger at negative sample bias.
This is in agreement with the above-discussed contrast changes for opposite
biases.

The following conclusions may be drawn: since the respective I-Vs for
HBC-AQ6 are indistinguishable from the models HBC-C12 and C11-AQ the
formation of donor-acceptor-stacks between HBC-cores and AQs may be re-
garded as unlikely also in this case. Furthermore, from the strong change of
the asymmetry of I-Vs through HBCs and AQs compared to those of alkyl



Results and Discussion, Integration 60

-0.6

-0.2

0.2

0.6

1.50.5

-0.5-1.5

AQs

alkyl cha ins

HBCs

0.0

U/V

I/nA

-0.8

-0.4

0.4

0.8

1.0

-1.0

a)

-0.4

0.4

1.2

1.50.50.0

-0.5-1.5 alkyl cha ins

AQ

H BC

U/V

I/nA

1.0

-1.0

-0.8

0.8

1.6

b)

Figure 4.14: (a) I-Vs of HBC-cores (open triangle up for HBC-AQ6, aver-
age over 66 single curves, open square for HBC-C12, 74 curves), AQs (open
triangle down for HBC-AQ6, 60 curves, open circle for C11-AQ, 32 curves)
and alkyl chains (full symbols, 107, 88, 37 curves) in HBC-AQ6, HBC-C12

and C11-AQ and (b) normalized I-Vs of HBC-AQ6 for HBC-, AQ- and alkyl
regions of the monolayer.
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chains the presence of an additional symmetry break of the tunneling junc-
tion HOPG-molecule-tip can be concluded. This break of symmetry can be
due to different distances between molecule and tip or substrate and/or due
to different energetic gaps between the molecules’ HOMO and LUMO and
the Fermi-level of HOPG as discussed below.

The actual tip-sample-separation upon measuring I-Vs will depend on
the molecular species in the junction, since the feedback-loop is switched off
only after the tip-sample-separation has been adapted such that the set-point
tunneling current is met at the given bias. As a consequence of the differ-
ent contrasts discussed above, the distance will be largest for HBC regions
and smallest for alkyl chain regions. Since the alkyl-chain-region I-Vs do
not contain any resonantly enhanced contributions (see section 4.1), the I-Vs
of Fig. 4.14 a) suggest that for HBC and AQ regions major resonant con-
tributions appear at negative and positive sample bias, respectively. Thus,
neglecting minor resonant contributions for HBC at positive - and for AQ
at negative sample bias - the I-Vs were normalized to the tunneling junction
impedance of the alkyl chain I-Vs. In practice, the I-Vs through HBCs and
AQs were multiplied by constant factors, such that the deviation of HBC
I-Vs from alkyl chain I-Vs was minimal at the whole positive sample bias
range, and similarly the deviation for the AQ I-Vs from the alkyl chain I-Vs
was minimized in the whole negative sample bias range. It has already been
shown in section 4.1 that such normalization is suited for the correction of
differences in tip sample separation. The result, displayed in Fig. 4.14 b),
shows more clearly the different asymmetries for HBC and AQ regions.

Upon assuming resonantly enhanced tunneling through molecular states
as the dominant mechanism for contrast formation in STM/STS experiments,
one can explain the main aforementioned observations, namely the different
asymmetry of the I-Vs for HBC and AQ regions. In the simple model of
resonant tunneling, as introduced in section 2.5, the probability for electrons
to tunnel from occupied states in the substrate into empty states of the tip
(or vice versa) strongly increases if there are molecular states of the adsorbate
energetically close to the states involved in the tunneling process.

For a molecule in the tunneling junction, the relative energetic separation
of its HOMO and LUMO from the Fermi level of the tip is changed when
a bias is applied. A symmetric I-V, upon assuming identical electrodes, can
only be expected if the molecule is positioned in the middle of the junction
or if the molecule’s HOMO and LUMO are positioned energetically sym-
metrically with respect to the Fermi level of the substrate. Therefore it is
concluded, that the investigated molecules are closer to one of the electrodes
(substrate or tip) and one of the frontier orbitals is energetically closer to
the Fermi level of the substrate than the other. In the following we assume
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Figure 4.15: Schematics illustrating the origin of asymmetries in I-Vs and
energy levels of HBC-AQ6 in the tunneling junction. At positive sample
bias, (a), resonantly enhanced tunneling due to the AQ’s LUMO is observed
while at negative sample bias, (b), resonantly enhanced tunneling through
the HBC’s HOMO occurs.

the molecules to be spatially closer to the substrate than to the tip since
a tip-molecule distance smaller than the quasi-equilibrium distance between
molecule and substrate seems very unlikely without destroying the molec-
ular arrangement. Further, the Fermi levels of the substrate and the tip
are assumed to be positioned energetically (asymmetric) within the HOMO-
LUMO-gap of the molecules at zero bias. Consequently, the different asym-
metries of the I-Vs of HBC and AQ, respectively, can be explained by resonant
tunneling through the HOMO of HBC and the LUMO of AQ respectively.
In the geometry suggested (Fig. 4.15), the LUMO of a molecule shifts down
with respect to the Fermi level of the tip and increases the tunneling proba-
bility there, when a positive sample bias is applied, while at the same time
the energetic distance between the HOMO of the molecule and Fermi level
of the tip increases. Similarly, in the case of a negative sample bias, reso-
nantly enhanced tunneling through the HOMO can be expected. Since the
major contribution of resonant tunneling occurs at negative sample bias for
the HBC regions and at positive sample bias for the AQ regions this enhance-
ment is attributed to resonant tunneling through the HOMO of the HBC and
the LUMO of the AQ at opposite bias, rendering this molecular arrangement
an array of inversely biased molecular rectifiers. Further, it is concluded that
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the HOMO of HBC is closer to the Fermi level of HOPG than its LUMO
while the AQ molecules shows the opposite behavior. Also the AQ’s LUMO
should be closer to the Fermi level of HOPG than the LUMO of HBC which
is opposite for the HOMOs.

HOPG HBC AQ

vacuum

4.7

0.97

6.63

2.28

8.56

Figure 4.16: Schematic of the Fermi level of HOPG and the ionization po-
tentials and electron affinities of HBC and AQ. All values in eV.

Support for this attribution comes from results of recent calculations
on electron affinities and ionization potentials of HBC and AQ which have
been performed by A. Venturini and of which the results are reproduced in
Fig. 4.16. The theoretical results, based on an ab initio approach using the
Gaussian software package, are in good agreement with experimental values
for the electron affinity of AQ [HCSK88] and the ionization potentials re-
ported for HBC [CS78] and AQ [GDV+87] . To the best of my knowledge,
no determination of the electron affinity of HBC in the gas phase has been
reported so far. The larger ionization potential and electron affinity of AQ
compared to HBC support the above given relative positions of the HOMO
and LUMO of the molecules at the interface. In fact, these values do not in-
clude solid state and interface effects. Furthermore, the electron affinity does
not reflect the LUMO energy. However, relative comparisons may be made
if assuming a linear correlation between electron affinity and LUMO energy
in conjugated systems [BSBC83]. A similar result is obtained when consider-
ing the above mentioned ionization potentials together with the optical gaps
from spectroscopic data [Yin02] of HBC and AQ.

With the opposite asymmetry of I-Vs through HBC-cores and AQs, con-
sidered molecular rectification, it was thus shown that different electronic
functionalities can be integrated at the nano-scale. Monolayers of HBC-AQ6

can thus be regarded as nano-scale arrays of inversely biased molecular rec-
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tifiers.
In section 4.1 it was shown that there is considerable scattering of single

I-Vs measured at the solid-liquid interface. Therefore it is stressed here that
the I-Vs of HBCs and AQs form disjunctive groups which can be clearly
distinguished even with the inherent scattering. This fact is illustrated in
Fig. 4.17 in which the I-Vs averaged over single experimental sessions only
(one day with one or two tips) are compared and in which also the scattering
of single I-Vs within one experimental session is illustrated.

4.2.3 HBC-PY and HBC-PY6

Self-assembly

The nano-phase-segregation described in the previous subsection must not
be considered an isolated case. Even HBC-derivatives with branched alkyl-
chains, which hindered nano-phase-segregation for HBC-AQ, can form nano-
phase-segregated arrangements. One example for this, namely HBC-PY, will
be discussed here together with HBC-PY6.

Fig. 4.18 a) displays an STM current image of a highly ordered monolayer
of HBC-PY. The molecules arrange in a dimer structure which is character-
ized by a unit cell with parameters a = (1.86±0.02) nm, b = (5.69±0.11) nm
and α = (73 ± 2)◦. The inset in Fig. 4.18 a) evidences that in between the
HBC-cores additional bright spots can be observed which are attributed to
the PY molecules [Yin02]. Thus the PY moiety, in contrast to the AQ, is able
to overcome the influence of the branched side chains which would favor a
closer packing. This might be due to a larger enthalpic gain of the adsorption
of PY compared to AQ. However, the internal structure of the dimer is still
reminiscent of the hexagonal structure favored by the C8,2-chains.

HBC-PY6 is also able to form highly ordered monolayers at the solid-
liquid interface as evidenced by Fig. 4.18 b). Two different structures coexist
with unit cells of a = (1.64 ± 0.15) nm, b = (2.81 ± 0.15) nm and α =
(88± 2)◦ and a = (3.10± 0.15) nm, b = (3.98± 0.15) nm and α = (53± 3)◦

respectively. The smaller unit cell does not offer enough space for a single
HBC-PY6 molecule to lie completely flat on the substrate while the larger
unit cell does. And indeed, the inset in Fig. 4.18 b) provides evidence for six
additional bright spots per (large) unit cell in between the HBC-cores which
are attributed to PY molecules.
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Figure 4.17: (a) Scattering of averaged I-Vs for HBC-cores, AQs and alkyl
chains in HBC-AQ6 from different experimental sessions (different days/tips)
and (b) scattering of single I-Vs of HBCs and AQs in HBC-AQ6 within a
single experimental session.
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5 nm 10 nma b

Figure 4.18: STM current images of highly ordered monolayers of (a) HBC-
PY and (b) HBC-PY6. The insets show small bright features in between
the HBC-cores which are attributed to the pyrene moieties marked in red.
The inset in (b) has a size of 8.4 × 7.1 nm 2 and does not originate from
the overview image in (b), which displays both arrangements, since the res-
olution is not high enough to visualize the pyrenes on that scale. Tunneling
parameters were Us = −1.4 V and It = 300 pA for (a) and Us = −1.0 V and
It = 50 pA for (b).
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STS

STS investigations were focused on monolayers of HBC-PY since, due to
the more regular arrangements of the PYs, it turned out to be less difficult
to assure that indeed the PY molecules were measured than in the case of
HBC-PY6.
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Figure 4.19: I-Vs recorded at HBC-cores (solid circles, average over 28 single
curves) and PY-moieties (open triangles, 8 curves) in monolayers from HBC-
PY in comparison with HBC-cores (solid squares) and alkyl chains (solid
triangles) in monolayers of HBC-C12.

Fig. 4.19 displays the resulting I-Vs in comparison with the model HBC-
C12. The I-Vs through the HBC-cores again are indistinguishable from the
one of the reference. The characteristics through the PY-units are, at first
glance surprisingly, similar to the ‘resonant-free’ alkyl chains.

Fig. 4.20 displays the results of calculations of the EA and IP of PY
which have been obtained by A. Venturini again along with the corresponding
data for HBC and AQ that have been presented already in Fig. 4.16. The
calculated values agree well with experimental data in the gas phase for
the IP [HW88] and the EA [LMW68] of PY. Notably, PY exhibits a larger
energetic difference between its IP and EA than HBC and AQ, which is line
with its comparably weak contrast in the STM image. In particular, one
may expect the HOMO of PY to be energetically further away from the
Fermi level of HOPG than the HOMO of HBC and its LUMO energetically
further away from the Fermi level of HOPG than both the LUMOs of HBC
and AQ. Consequently the very symmetric I-Vs found for PY are interpreted
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Figure 4.20: Schematic of the Fermi level of HOPG and the ionization po-
tentials and electron affinities of HBC, PY and AQ. All values in eV.

such that the resonant contributions of HOMO and LUMO are very weak.
In summary, in this section we demonstrated the use of a nano-phase-

segregation for the integration of different electronic functions at the molec-
ular scale. In particular, a nano-scale array of inversely biased molecular
rectifiers made from electron donors and acceptors was realized. The oppo-
site asymmetry in the I-Vs of donor and acceptor molecules was attributed
to resonant contributions to the tunneling current from the donor’s HOMO
and the acceptor’s LUMO.

4.3 Tunneling through molecular stacks

4.3.1 Introduction

Next to the integration of different electronic functionalities on the nano-scale
the tuning of the electronic properties of single molecules appears desirable
in molecular electronic devices. However, three-terminal single molecule de-
vices so far used macro- and mesoscopic electrodes which prohibit mono-
molecular devices as outlined in section 2.1. In this section the coupling
of single molecules to its immediate environment and the resulting changes
in electronic properties are investigated. To this extent HBC molecules are
embedded in different complex three-dimensional architectures and charac-
terized electronically.

Fig. 4.21 displays the chemical structures of the molecules used to build
up the three-dimensional architectures which were investigated, namely two
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Figure 4.21: Chemical formulae of molecules which were used to construct
three-dimensional architectures.
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HBC-cyclophanes sHBC2 and dHBC2, an unsubstituted HBC (uHBC) and
a coronenediimide derivative CDI which is an electron acceptor. The two
cyclophanes only differ in their linker group which in the case of sHBC2 is
a C8 alkyl chain and for dHBC2 contains an additional carbon double bond
reducing the conformational freedom of the linker. The structures of the
three-dimensional architectures made from uHBC have been already reported
earlier [SSS+02].

4.3.2 HBC-Cyclophanes

Self-assembly

Fig. 4.22 displays STM current images of the HBC-cyclophanes dHBC2 and
sHBC2 providing evidence that indeed molecular stacks of at least two disk-
like molecules on top of each other can be visualized successfully by STM.

3 nm 5 nm 20 nma b c

Figure 4.22: STM current images of highly ordered monolayers of dHBC2

exhibiting (a) a hexagonal and (b) a dimer arrangement, respectively, and
(c) sHBC2 exhibiting a dimer arrangement. Tunneling parameters were Us =
−1.4 V and It = 300 pA (a), It = 270 pA (b) and It = 50 pA (c).

dHBC2 packs in two different arrangements at the solid-liquid interface: a
hexagonal one with a lateral spacing of a = (1.95±0.15) nm as illustrated in
Fig. 4.22 a) and more rarely in a dimer arrangement with lattice parameters
of a = (1.8± 0.2) nm, b = (3.7± 0.2) nm and α = (77± 3)◦. sHBC2 is found
exclusively in a dimer structure which can be described by the parameters
a = (1.8± 0.1) nm, b = (4.1± 0.15) nm and α = (73± 2)◦.

The hexagonal arrangement of dHBC2 is indistinguishable from the model
HBC-C8,2* discussed in section 4.1. Therefore it is suggested also in this case
that it is induced by the branched substituents. Noteworthy, the domains for
dHBC2 are found to be less stable and less extended than the ones observed
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for sHBC2. The reason for this is believed to be that due to the double
bond in the linker, which leads to a cis-trans-isomerism, dHBC2 is not an
isomerically pure compound, which might hinder a defect-free or close to
defect-free packing.

The successful imaging of the HBC-cyclophanes now allows to investigate
the electronic properties of the HBC molecules in such a stacked geometry.
Due to the larger and more stable domains these STS investigations were
focused on sHBC2.

STS

In Fig. 4.23 the current-voltage-characteristics measured through aromatic
cores of sHBC2 are displayed together with the one of the model HBC-C12.
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Figure 4.23: I-Vs recorded at aromatic cores of sHBC2 (solid symbols, av-
erage over 39 single curves) and HBC-C12 (open symbols) in the respective
monolayers.

Within the experimental accuracy the I-Vs of sHBC2 and HBC-C12 are
indistinguishable. This fact raises the question whether HBC-C12 indeed
forms monolayers as assumed so far or double layers instead. This question
will be discussed in more detail in subsection 4.3.5 after the results of two
more double layer architectures have been presented and discussed in the
following subsections.

It should be noted here, that for the HBC-cyclophanes it was concluded
from comparing solution NMR data of the cyclophanes with solid state NMR
data of HBC-C12 that the lateral displacement between two disks in the
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cyclophane is not larger than in the bulk [WJS+04]. For uHBC single crystals
this displacement has been reported to be 0.38 nm from X-ray diffraction
measurements [GHH+95] which is about a third of the disk’s diameter.

4.3.3 uHBC

Self-assembly

The unsubstituted uHBC was believed to be virtually insoluble due to the
lack of alkyl side-chains. However, it turned out to be sufficiently soluble
in hot trichlorobenzene (100◦ C). Since it only re-precipitated after several
weeks it could be visualized at the solid-liquid interface at room temperature.
Fig. 4.24 displays STM current images obtained from such a solution.

At small tunneling junction impedances (below 109Ω) a periodic hexag-
onal pattern can be visualized (or at least detected in the two-dimensional
Fourier transformation) with a lattice constant of 1.4±0.1 nm (see Fig. 4.24 a)).
The unit cell vectors of this lattice are rotated by (9±3)◦ with respect to the
zig-zag-direction of the underlying HOPG. Due to a strong interaction be-
tween molecules and substrate it is hard to recognize single uHBC molecules
in this pattern. However, the periodic pattern is indistinguishable from the
one found for the same molecule on HOPG under UHV-conditions [SHSS+00].
It is therefore attributed to a hexagonally closed packed layer of uHBC.

At larger tunneling junction impedances (above 109 Ω), i.e. at larger
tip-sample-separations, a different structure is observed which is displayed in
Fig. 4.24 b). This arrangement can be described by a unit cell containing two
molecules and exhibiting parameters of a = (3.3±0.2) nm, b = (1.8±0.2) nm
and α = (86 ± 5)◦. Noteworthy, the electronic structure of the molecules in
this arrangement appears much less disturbed than in the hexagonal packing
observed at low tunneling impedances which indicates a weaker electronic
coupling to the substrate. Since changing the tunneling parameters and
thereby adapting the tip-sample-separation allows to switch between the two
arrangements the dimer arrangement is attributed to a second layer on top
of the hexagonally packed closed layer.

However, the precise positions of the molecules in the second layer with
respect to the underlying closed packed arrangement can not be directly
determined from the STM images since the two layers could only be imaged
subsequently. This fact hampered the suggestion of a convincing packing
model so far [SSS+02]. After the discussion of the electronic properties of
this architecture in the next subsection a modified version of the previously
suggested packing model of the two layers is presented which also explains
the electronic properties.
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a 3 nm

b 5 nm

Figure 4.24: STM current images of highly ordered monolayers from uHBC
exhibiting (a) a hexagonally closed packed arrangement in the first layer and
(b) a dimer arrangement in the second layer. Tunneling parameters were
Us = −0.25 V and It = 600 pA for (a) and Us = −1.2 V and It = 100 pA for
(b). The two-dimensional Fourier transformation of (a) is shown as inset to
illustrate the hexagonal periodicity of the layer.
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Electronic Properties

Fig. 4.25 displays simultaneously recorded STM current images of the dou-
ble layers from uHBC described in the previous subsection with different
parameters for the two scan directions.

5 nm 5 nm a  b

Figure 4.25: Simultaneously recorded STM current image of a highly ordered
double layer from uHBC with (a) Us = −1.4 V and It = 300 pA in forward
scan direction and (b) Us = +1.4 V and It = 300 pA in backward scan
direction.

At negative sample bias (Fig.4.25 a)) the two uHBC molecules form-
ing a dimer appear approximately equally bright while at opposite bias
(Fig.4.25 b)) one of the two, and always the same within the dimer, appears
very bright while the other one is almost invisible.

The differences in the electronic properties of the uHBCs forming a dimer
also show up in the STS curves as evidenced in Fig. 4.26. While the I-Vs
through the uHBCs which are dim at positive sample bias are indistinguish-
able from the model HBC-C12 an opposite asymmetry is observed in the I-Vs
through the uHBCs which appear bright at positive sample bias.

Model

As already pointed out the exact positions of the molecules in the second
layer with respect to the first layer could not be determined from the STM
images. However, from the lattice constants alone the uHBCs in the second
layer must already be expected to occupy different positions with respect to
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Figure 4.26: I-Vs recorded at aromatic cores of uHBC (solid symbols, average
over 20 and 12 single curves respectively) in the dimer arrangement of the
second layer grouped according to the position in the dimer and HBC-C12

(open symbols) in the respective monolayers.

the first layer which was already expressed in previously suggested packing
models [SSS+02].

The interaction between identical conjugated molecules leads to energy
shifts of their molecular orbitals since due to the Pauli principle their elec-
trons are not allowed to occupy the same state. The energy differences be-
tween the electronic states in the interacting system derived from the HOMO
and LUMO of the isolated molecules are called HOMO- and LUMO-splitting,
respectively. This phenomenon is also the basis for band formation in or-
ganic semiconductors. It has been shown by theoretical approaches in the
literature [BCdSFC02] that the HOMO- and LUMO-splittings of interacting
conjugated molecules strongly depend on the orientation of the molecules
relative to each other, i.e. on the intermolecular distance and the lateral dis-
placement. In the case of uHBC it has been reported that the HOMO- and
LUMO-splitting of perfectly cofacially stacked dimers (inter-disk distance of
3.5Å) amounts to about 1.0 and 0.6 eV respectively. These values are reduced
to 0.5 and 0.3 eV when allowing for a lateral displacement between the disks
as found in single crystals [GHH+95]. Therefore, it is suggested that the
observed differences in the electronic properties of the uHBCs in the second
layer are due to different positions with respect to the underlying hexagonally
closed packed first layer, which leads to differences in the electronic coupling
between the molecules in the two layers. These differences finally result in
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distinct differences in the HOMO-LUMO-splittings which then give rise to
the current-voltage-characteristics observed.

The fact that the I-Vs through uHBCs which appear dim at positive
sample bias are indistinguishable from the one of HBC-C12 (and thus from
sHBC2) suggests that these molecules occupy positions on the first layer
which provide a similar electronic coupling as found between the disks of
sHBC2. However, that does not mean necessarily that these ‘dim’ uHBC oc-
cupy equivalent positions with respect to the first layer in a crystallographic
sense. Only the overlap with the underlying disk is expected to be similar to
sHBC2. For the HBC-cyclophanes it was stated previously that the stacking
geometry is similar to the one of HBC-disks in a single crystals [WJS+04],
i.e. a lateral off-set not larger than a third of the disk’s diameter. Since
the π-π-interactions become more repulsive for more cofacially stacked disks
[HLPU01] it is suggested that the remaining uHBCs in the second layer oc-
cupy positions that provide less overlap with the underlying disks. A packing
model reflecting the structure of the two layers as well as the above consid-
erations on the electronic coupling is depicted in Fig. 4.27.

The first layer is modelled by a A-B-type adsorption of the uHBC on the
HOPG, i.e. uHBCs adsorb like the next graphene sheet would do. The unit
cell and relative orientation to HOPG of the lattice are reproduced within the
experimental accuracy (1.4 nm and 60 ◦ for the lattice and 9 ◦ with respect
to HOPG in the model).

The second layer was constructed such that the lateral spacing of the
molecules within each layer were reproduced within the experimental accu-
racy (1.9 nm, 3.2 nm and 82 ◦). The exact positions of the molecules in the
second layer with respect to the first layer were determined such that for one
row of molecules in the dimers (indicated with A) the lateral off-set with re-
spect to the underlying uHBC molecule matched the off-set of 3.8 Å reported
for HBC single crystals [GHH+95]. Noteworthy, this could only be achieved
by applying a different stacking patterns of the uHBCs on the HOPG, namely
alternating A-B-A and A-B-C stacks along this row. Taking this into account
a larger unit cell has to be used to describe the packing appropriately. This
unit cell (see Fig. 4.27) can be described by lattice parameters of 3.6 nm,
3.9 nm and 66 ◦. The resulting lateral off-set for the uHBCs in the other
row (indicated with B) is 6.2 Å and thus substantially larger than the bulk
value. As discussed above, the rows with the smaller off-set are believed to
appear dim while the rows with the larger off-set between the stacked uHBC
are likely to appear more bright.
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A

A
B

Figure 4.27: Packing model for the uHBC double layer. The first and second
layer are depicted in red and blue respectively. The new unit cell, taking into
account inequivalent positions with respect to the first layer, is indicated as
well as the rows which appear dim (A) and bright (B) at positive sample
bias.
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4.3.4 Mixtures of uHBC and CDI

Self-assembly

In the previous subsection uHBC was solubilized in hot trichlorobenzene. An
alternative approach is to mix uHBC with an electron acceptor such as CDI
in an equimolar amount which increases solubility. This increase in solubility
is believed to be due to intermolecular interactions which break up stacks of
uHBCs which then are more easily soluble. Additionally the alkyl chains of
the CDI molecules further increase solubility.

3 nm

Figure 4.28: STM current image of the second layer obtained from an equimo-
lar mixture of uHBC and CDI in trichlorobenzene. Tunneling parameters
were Us = −1.2 V and It = 100 pA.

As in the case of pure uHBC a double layer architecture is observed.
The first layer again is the hexagonally closed packed layer of uHBC. The
second layer which is depicted in Fig. 4.28 can be described by an oblique
unit cell containing four uHBC molecules with parameters a = (3.7±0.3) nm,
b = (3.6 ± 0.3) nm and α = (86 ± 5)◦. Closer inspection reveals additional
small bright spots in every second diagonal in between the uHBC cores.
These spots, since they are only observed if the acceptor is present, are
attributed to CDI molecules. As in the case of pure uHBC not all molecules
in the second layer can occupy crystallographically equivalent positions with
respect to the first layer. A modified version of a previously suggested packing
model [SSS+02] will be presented after the discussion of the STS results.
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STS

The three-dimensional architecture obtained from an equimolar mixture of
uHBC and CDI as described above allows to investigate the electronic prop-
erties of the uHBC and the CDI molecules in this arrangement.

Fig. 4.29 a) displays the current-voltage-characteristics through the uHBC-
cores in the second layer. In contrast to the case of pure uHBC all uHBC
molecules appear now to be electronically equivalent within the experimental
accuracy. A slightly increased tunneling probability at positive sample bias
is observed in comparison to the model HBC-C12. Considering the discussion
of the pure uHBC case this points towards a lateral off-set of the disks in the
second layer with respect to the first which is in between the two extremes
suggested for the architecture obtained from pure uHBC.

In Fig. 4.29 b) the I-Vs obtained from the diagonal sites in the oblique
arrangement are depicted. The I-Vs at the non-occupied diagonal sites are
indistinguishable from the ones obtained in the alkyl chain regions of lay-
ers of the model HBC-C12 which suggests that the underlying uHBCs are
not centered at the intersection of the diagonals of the oblique arrangement.
The STS curves measured at the sites occupied by CDI molecules exhibit
the typical asymmetry expected for an electron acceptor (compare discus-
sion in section 4.2) with larger tunneling probability at positive sample bias.
However it should be kept in mind that here the acceptor is embedded in
a three-dimensional architecture. Unfortunately, the pure electron accep-
tor CDI could not be visualized in this thesis’ work, which prohibits further
discussion of these I-Vs since the model compound for comparison is missing.

Model

The first hexagonally closed packed layer of uHBC directly on the substrate
can be modelled as in the case of neat uHBC (see previous subsection).

The current-voltage-characteristics through uHBC-cores in the architec-
tures obtained from the mixed solutions exhibit a slightly larger tunneling
probability at positive sample bias compared to the models HBC-C12 and
sHBC2. This increase is in between the two extremes observed for neat
uHBC. Since in that case a larger lateral off-set of the stacking disks was
suggested to be the reason for the increasing tunneling probability this im-
plies now an intermediate off-set. Indeed, it is possible to arrange the uHBC
molecules in the second layer such that all of them have a lateral off-set of
5.1 Å with respect to the uHBC on which they stack, as depicted in Fig. 4.30.
The unit cell in this model with parameters of 3.7 nm, 3.8 nm and 88 ◦ repro-
duces the experimental values within experimental accuracy. As expected,
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Figure 4.29: (a) I-Vs recorded through aromatic cores of uHBC (solid sym-
bols, average over 39 single curves) in the oblique arrangement of the second
layer obtained from equimolar mixtures of uHBC and CDI and I-Vs through
aromatic cores of HBC-C12 (open symbols) in the respective monolayers and
(b) I-Vs recorded at the diagonal sites in the oblique arrangement occupied
by CDI molecules (open circles, 32 single curves), empty diagonal sites (open
triangles, 46 single curves) and through alkyl chains in monolayers of HBC-
C12 (solid symbols).
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Figure 4.30: Packing model for the double layer architecture obtained from
equimolar mixtures of uHBC and CDI. The first and second layer are depicted
in red and blue respectively. The unit cell, taking into account inequivalent
positions with respect to the first layer, is indicated.
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the uHBCs do not occupy equivalent positions on the lattice of the first layer
but the electronic coupling is the same for all of them. The model also ex-
plains the adsorption of the electron acceptor in every second diagonal only:
obviously the intersection points of the diagonals are not equivalent since
the possible couplings to the underlying uHBCs are different. Therefore it
is suggested that the CDI molecules only adsorb at the sites where they can
optimize the coupling to the first layer.

In the model as depicted in Fig. 4.30 the space for each CDI seems rather
small. Taking into account that the acceptors are only visualized as single
dots it is further suggested that the acceptor molecules may be tilted and
not lying flat.

A further possibility, which might at first glance explain the increase in
tunneling probability through the uHBC in the second layer with respect to
the case of the HBC-cyclophane, would be the formation of charge transfer
complexes between the uHBCs in the first layer and the CDIs. But for reasons
that will be detailed in section 4.5 this would lead to a decrease in tunneling
probability. Therefore this possible explanation is excluded here.

4.3.5 On double layer formation

The striking result that I-Vs through the conjugated cores of HBC-C12 and
sHBC2 are identical as presented in subsection 4.3.2 raises the question
whether HBC-C12 forms mono- or double layers. Consequently, the two possi-
ble scenarios that shall be discussed here are: (i) HBC-C12 forms monolayers
and the difference between the electronic properties of two HBC-disks in
a cyclophane physisorbed to the HOPG surface and a single HBC-disk ph-
ysisorbed to HOPG are too small to be detected with our experimental set-up
or (ii) HBC-C12 does actually not form mono- but instead double layers too,
and therefore exhibits similar electronic properties.

The formation of double layers of large disk-like polycyclic aromatic hy-
drocarbons at the solid-liquid interface has already been discussed in previous
investigations [B0̈2, SFJ+01]. Evidence for double layer formation has been
found there from the occasional occurrence of high tunneling probabilities
through some disks in a highly ordered layer [B0̈2]. These high tunneling
probabilities have been attributed to two disks stacked on top of each other.
Although this discussion is convincing it does not provide evidence for the
formation of extended double layers but only for singular events of a double
adsorption. For larger disks containing 114 carbon atoms in the conjugated
part the assumption of a double layer was necessary to explain the observed
contrast [B0̈2]. However, its existence could not be rigourously proven, i.e.
the postulated first layer could not be visualized. In a series of alkylated
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HBC-derivatives the periodic modulation of tunneling probabilities across
the highly ordered layer was regarded unlikely to be caused by the stacking
of several disks [SFJ+01].

In the case of HBC-C12, as in most cases of alkylated HBC-derivatives2,
it was neither possible to find a structurally different arrangement of the
molecules by varying the tunnelling junction impedance over one order of
magnitude, nor by varying the concentration of the applied solution by a
factor of 5. Thus, a potential double layer of HBC-C12 should exhibit the
same structure in the first and second layer. From the dependence of the
electronic properties on the lateral off-set in the stack as demonstrated in
the previous subsections it can be concluded that, if a double layer is formed,
the HBC-C12 disks should stack as the ones in the related cyclophane.

On the one hand, a consequence of the double layer scenario is that all
HBC-derivatives exhibiting an I-V identical to HBC-C12 must be assumed to
form double layers. This would be true for all HBC-derivatives3 investigated
in this thesis. In particular for HBC-AQ this appears very unlikely since
the branched side chains including the AQ moiety have to be assumed to
be solubilized in the supernatant solution (see section 4.2). For a potential
double layer this would mean that twelve alkyl chains including two AQs per
unit cell are solubilized without hindering the imaging.

On the other hand, the monolayer scenario predicts that an HBC in a
monolayer gives rise to the same I-V as two disks stacked like in the cyclo-
phane. Given the fact that the electronic properties depend sensitively on the
lateral off-set in the stack the observed similarity would be only coincidental
in this scenario.

Obviously, both scenarios raise a number of questions and problems and
none of them can be rigourously excluded at this point. However, I do not
consider the evidence for double layer formation convincing enough at this
point. Therefore it is assumed throughout this thesis that the investigated
HBC derivatives form monolayers if not explicitly mentioned otherwise.

More light could be cast onto the question by measuring I-Vs through
HBCs in the first layer. Unfortunately, such measurements could not be
performed at the solid-liquid interface with the present set-up. In order
to measure I-Vs the layer has to be visualized. However, the parameters to
image the first layer are not suited for spectroscopic measurements since they
only allow a small bias range (∼ ±0.3 V) in which current detection is not
saturated. Retracting the tip first might allow for double formation before
the I-V is measured due to the dynamic nature of the solid-liquid interface.

2Only in one case double layer formation could be demonstrated [JA].
3Considering only neat solutions without admixtures.



Results and Discussion, CTCs 84

Therefore it might be possible to perform these experiments under UHV
conditions with sub-monolayer coverages of HBC on HOPG and compare it
with double layers. Possibly such experiments could be combined with UPS
investigations.

In summary, in this section it was demonstrated experimentally that in
three dimensional architectures the electronic properties of single molecules
embedded therein depend sensitively on the immediate environment. In par-
ticular, the coupling to neighboring molecules was shown to depend on the
relative positions of the molecules on the sub-nanometer scale. Implications
for the possible existence of double layers from alkylated HBCs have been
discussed.

4.4 Charge transfer complexes

4.4.1 Introduction

In the foregoing section 4.3 the sensitivity of the electronic properties of
stacked molecules to the degree of intermolecular coupling defined by the lat-
eral off-set in face-to-face stacked geometries was demonstrated. The molec-
ular stacks investigated there were made from the same molecular species.
In this section we turn to the interaction of electronically very different
molecules that are able to form strong charge transfer complexes. Such com-
plexes appear promising for further use in mono-molecular electronic devices
or architectures since strong electrical dipoles can be associated with them.

S S S
SSS CN

CN CN

CN
F F

F F

F4TCNQ6T

Figure 4.31: Chemical formulae of molecules which were used to investigate
charge transfer complexes.

As electron-donor-acceptor-pair α-sexithiophene (6T) and tetrafluoro-te-
tracyano-quinodimethane (F4TCNQ) was chosen. A similar pair namely
quarterthiophene (4T) and F4TCNQ has been studied as single crystal charge
transfer salt both theoretically and experimentally [HK94, Bro97]. For this
system, a charge transfer of about 0.5 e from the donor 4T to the acceptor
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F4TCNQ was found. In the system chosen here effects of similar magnitude
may be expected [Koc].

The results presented in this section were obtained under ultrahigh vac-
uum conditions and low temperatures (10 to 20 K) in the laboratory of
Prof. S.-W. Hla at the Ohio University (USA).

4.4.2 Au(111)

STM

As in subsection 4.1 we start with the characterization of the substrate which
was used for the investigations under UHV-conditions namely the (111) sur-
face of a gold single crystal.

0.5 nm 10 nma b

Figure 4.32: (a) Atomic resolution STM height image of the Au(111) sur-
face and (b) large scale image showing the herringbone reconstruction of the
Au(111) surface. A low pass Fourier filtering has been applied to both im-
ages. Tunneling parameters were Us = 0.3 V and It = 380 pA and Us = 0.7 V
and It = 300 pA respectively.

Fig. 4.32 a) displays an STM height image of the Au(111) surface with
atomic resolution. It reveals the hexagonal arrangement of the gold atoms at
the surface with a lateral spacing of 0.288 nm. The planar Au(111) surface
does not represent the energetic minimum for the gold atoms leading to
the well-known herringbone reconstruction of this surface which has been
visualized and depicted in Fig. 4.32 b). The reconstruction pattern reflects
the relaxed positions of the atoms which differ from the lattice positions in
the bulk by fractions of an Ångström [WCWL89, TCH91].
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Figure 4.33: (a) Current voltage characteristics measured on the bare
Au(111) surface and (b) corresponding differential conductance curves
(dI/dV ). Averages over 182 single curves are shown. Data were taken at
least a few nm away from step edges or impurities.

Figs. 4.33 a) and b) display the current voltage characteristics and dif-
ferential conductance curves measured on the bare Au(111) surface. The
differential conductance curves, reflecting the local density of states (com-
pare subsection 2.5.5), exhibit two characteristic peaks at sample biases of
-430 mV and
-1230 mV respectively. The peak at -430 mV originates from the surface
state of the Au(111) surface [EDJ91, KBC+00, RNS+01]. The feature at -
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1230 mV has previously been attributed to the bulk L2 band gap edge about
1 eV below the Fermi level [EDJ91].

4.4.3 F4TCNQ

Self-assembly

5 nm 10 nm 2 nma b c

Figure 4.34: STM height images of F4TCNQ on Au(111). Different situations
are observed: (a) small ordered domains, (b) large ordered domains and (c)
small disordered clusters at step edges. A low pass Fourier filtering has been
applied to all images. Tunneling parameters were Us = 0.3 V and It = 300 pA
for (a), Us = 0.866 V and It = 230 pA for (b) and Us = 0.3 V and It = 300 pA
for (c).

Figs. 4.34 a), b) and c) display STM height images measured after the
deposition of F4TCNQ unto the Au(111) surface held at room temperature
during deposition. Different situations can be observed: ordered domains
of different sizes in which the F4TCNQ molecules arrange according to a
regular pattern which can be described by a unit cell of a = (0.87±0.07) nm,
b = (1.22± 0.08) nm and α = (73± 8)◦ and small disordered clusters at step
edges of the substrate.

STS

Fig. 4.35 displays the STS data obtained from ordered self-assembled domains
of F4TCNQ on the Au(111) surface. The differential conductance curves
exhibit two distinctive peaks at sample biases of 880 mV and -1010 mV
respectively. A very weak shoulder may be recognized in the bias range
from -400 mV to -500 mV. By comparing with the spectroscopic data of the
bare Au(111) surface, as depicted in Fig. 4.33, the attribution of the peak at
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Figure 4.35: (a) Current voltage characteristics measured through F4TCNQ
molecules inside self-assembled domains on the Au(111) surface and (b) cor-
responding differential conductance curves (dI/dV ). Averages over 48 single
curves are shown.
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880 mV to the LUMO of F4TCNQ becomes obvious. In UPS and IPES stud-
ies of 10 nm thick F4TCNQ films on polycrystalline Au substrates molecular
levels attributed to the F4TCNQ’s HOMO and LUMO were observed at -3.2
and +1.1 eV with respect to the Fermi level of the substrate [GK01, GK02].
Taking further into account that the features observed in the negative sam-
ple bias range are energetically close to the features observed for the bare
substrate, they are believed to mainly originate from the substrate and not
from the F4TCNQ’s HOMO. The small energetic shifts compared to the bare
Au(111) may result from molecule substrate interactions. The mismatch for
the LUMO positions of ∼0.2 eV as determined from STS and IPES respec-
tively is attributed to bulk effects which have been shown (see section 4.3)
to be of paramount importance for the energy level alignment measurement
at interfaces. The HOMO of the F4TCNQ molecules could not be observed
with STS since at sample biases below -2.5 V desorption of the molecules in
the tunneling gap from the surface was occurring rather frequently.

4.4.4 6T

Self-assembly

Fig. 4.36 displays an STM image of 6T after its deposition onto the Au(111)
substrate held at room temperature during deposition.

10 nm

a

a

a

a

a
b

b b

Figure 4.36: STM height images of 6T on Au(111). Single 6T molecules in
straight and bent conformations (label a) as well as shorter fragments can
be recognized (label b) . A low pass Fourier filtering has been applied to the
image. Tunneling parameters were Us = −1.56 V and It = 380 pA.

For 6T only isolated molecules have been observed on the surface which
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either adopt straight rod-like or bent conformations. The latter ones may
occur if the sulphur atoms in the molecule do not point alternatingly into
opposite directions but if two neighboring sulphur atoms point into the same
direction. Additionally shorter fragments (penta- or quarterthiophenes) are
observed which may be the result of decomposition processes during the
deposition or impurities in the starting material used for evaporation.

STS

The STS data obtained from isolated 6T molecules on Au(111) are depicted
in Fig. 4.37.

The comparison of the 6T differential conductance curves with the ones
of the substrate recorded in the same bias range and with the same tunneling
impedance at -2 V allows to identify the features which originate from the
presence of the 6T molecule in the tunneling junction. A very pronounced
peak at +1980 mV and a small shoulder at -2200 mV are observed. Addi-
tionally, the onset of the rise in the dI/dV -signal at negative sample bias
shifts by 300 mV from -2000 mV to -1700 mV if 6T is present in the gap.
Consequently, the peak at +1980 mV is attributed to the LUMO of 6T, while
the feature at -2200 mV is believed to originate from the 6T HOMO. The
resulting transport gap of 4.18 eV is in perfect agreement with the value
of 4.2 eV reported for 10 nm thick 6T films on polycrystalline gold as de-
termined by UPS and IPES [HKSP00]. However, the agreement with the
absolute positions (∼ −1 eV and ∼ 3 eV) is rather poor and the difference
amounts to ∼ 1 eV.

4.4.5 Complexes

Self-assembly

In order to study complexes between F4TCNQ and 6T the two molecular
species were deposited subsequently onto the Au(111) surface. Since first one
of the two molecules was deposited and characterized by STM/STS at low
temperatures the second molecular species was then deposited at a substrate
temperature below 100 K. However, the mobility of the molecules was large
enough so that the results presented in this subsection were reproduced also
in the opposite order of deposition.

Fig. 4.38 displays STM images obtained from mixed samples of subse-
quently deposited F4TCNQ and 6T. Two different situations are observed,
namely domains in which F4TCNQ molecules and 6T form a mixed domain
being physisorbed next to each other and domains in which the F4TCNQs ap-
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Figure 4.37: (a) Current voltage characteristics measured through isolated 6T
molecules on Au(111) and (b) corresponding differential conductance curves
(dI/dV ) (solid symbols average over 19 single curves) compared to the ones
of the bare substrate (open symbols average over 2 curves) in the same bias
range and at the same tunneling impedance at -2 V sample bias.
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Figure 4.38: STM height images of subsequently deposited F4TCNQ and
6T on Au(111). Mixed domains, (a) Mixed domains in which F4TCNQ
and 6T are physisorbed next to each other, (b) cartoon representation of the
arrangement in (a) where 6T and F4TCNQ molecules are depicted in blue and
red, respectively, and (c) domains in which F4TCNQ molecules are adsorbed
on top of 6T molecules. For F4TCNQ molecules on top of 6T a pronounced
tunneling bias dependency of the F4TCNQ contrast is present (c,d). A low
pass Fourier filtering has been applied to all images. Tunneling parameters
were Us = 1.5 V and It = 240 pA (a), Us = −1.56 V and It = 430 pA (b)
and Us = 1.5 V and It = 430 pA (c).
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pear to be adsorbed on top of 6T molecules. In the former case (Fig. 4.38 a))
a kind of short range order is observed, i.e. single 6T molecules are in most
cases direct neighbors of F4TCNQ molecules only and vice versa. In the
latter case a pronounced dependency of the contrast on the tunneling bias
is observed (Figs. 4.38 b) and c)). At sufficiently negative sample bias the
F4TCNQs appear much brighter than at the inverse bias. Rarely, pure do-
mains of F4TCNQ molecules or isolated 6Ts are observed (no images shown).

The large tunneling probability through the acceptors at negative sam-
ple bias in the second type of domains is considered an indication for CTC
formation since for an acceptor not being subject to a charge transfer pro-
cess larger tunneling probabilities at positive sample bias would be expected
(compare to HBC-AQ6 in section 4.2). Therefore STS investigations focused
on this kind of clusters.

STS

Fig. 4.39 displays the tunneling spectroscopy data obtained from F4TCNQ
molecules on top of 6T molecules. A pronounced peak in the dI/dV s is ob-
served at -1100 mV and a weak shoulder appears at approximately 2000 mV
sample bias. Taking into account that no features reminiscent of the F4TCNQ’s
LUMO are detected the new peak is interpreted as clear signature of an elec-
tron transfer from the 6T to the F4TCNQ. As frequently observed in UPS
experiments on organic thin films, doping, with for instance alkali metals,
leads to the appearance of a new density of states below the Fermi level
originating from the former LUMO of the organic material that has taken
up electrons from the dopant [KRG+00, KSdS+02]. Thus the new peak is
interpreted as the new HOMO of the complex which is the former LUMO
of the acceptor. The shoulder around +2000 mV sample bias may either be
interpreted as the new LUMO of the complex or still as contribution from
the LUMO of 6T if the charge transfer is incomplete. However, it should
be noted that this feature was present in only half of the dI/dV s and may
therefore not be considered reliable.

As evidenced by Fig. 4.38 b) the clusters of F4TCNQ and 6T also allow
to study the electronic properties of 6T molecules in close proximity to the
charge transfer complexes.

Fig. 4.40 displays the comparison of dI/dV s from 6T in the close proxim-
ity of CTCs and those from isolated 6T. Clearly a shift of the LUMO peak
away from the Fermi level of approximately 100 mV can be recognized for the
6T near the complex. This result will be discussed later again in section 4.5.
However, due to the facts that the 6T itself can be part of the CTCs to which
it is close and that a small shoulder around 700 mV is present in Fig. 4.40 it
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Figure 4.39: (a) Current voltage characteristics measured through F4TCNQ
molecules on top of 6T molecules on Au(111) and (b) corresponding differen-
tial conductance curves (dI/dV ). Averages over 24 single curves are shown.
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Figure 4.40: Differential conductance curves measured through 6T molecules
in close proximity to charge transfer complexes of F4TCNQ and 6T (open
symbols, average over 4 single curves) compared to those of isolated 6Ts
(solid symbols).

can not be rigorously excluded that the 6Ts, assumed here to be only close
to CTCs, actually give a minor contribution to the charge transfer complex.
At this point, the observed shift of the 6T’s LUMO can be considered an
indication only that the proximity of charge transfer complexes is ‘detected’
by the neighboring 6T.

Very recently density functional theory based theoretical investigations
of the system 6T and F4TCNQ have been started by Prof. Kai-Felix Braun
at the Ohio University (USA) in order to cast more light onto the results
presented here. Fig. 4.41 displays first preliminary results concerning the
charge transfer between the two molecules. In the geometry of the complex
as depicted in Fig. 4.41 where the F4TCNQ sits at one half of the 6T molecule
an electron transfer of 0.56 e from the donor to the acceptor is found.

In summary, in this section the results of the investigations of single
organic charge transfer complexes made from 6T and F4TCNQ have been
presented and discussed. A clear signature of an electron transfer from the
donor to the acceptor has been observed, namely the occurrence of a new
occupied state in the complex. Furthermore, indication was found that the
electronic properties of a single molecule at an interface are sensitive to the
close proximity of a charge transfer complex.
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Figure 4.41: Spatial charge redistribution in the CTC of F4TCNQ and 6T
obtained by subtracting the electron densities of the isolated molecules from
the molecules in the optimized complex. Electron density increase is visu-
alized in blue, decrease in red. The inset shows the charge contour of the
optimized complex.



Results and Discussion, Chem-FET 97

4.5 Prototypical single-molecule chemical field-

effect transistor

4.5.1 Introduction

In section 4.2, the integration of different functions at the nano-scale by mak-
ing use of nano-phase-segregation has been achieved. In the previous section
4.4, the electronic properties of charge transfer complexes have been explored.
In this section, the approach of nano-phase-segregation is brought together
with the charge transfer complexes in order to construct a prototypical single
molecule device which for the first time integrates a gating element into the
molecule itself.

The key molecule in this section is the HBC-AQ6, which was already intro-
duced in section 4.2, where it was shown to exhibit a nano-phase-segregation
of the HBC-cores and the electron acceptor AQ. Here it will be studied in
mixtures with the electron donor DMA. The monofunctionalized HBC deriva-
tives HBC-AQ, HBC-DMA as well as the models AQ and HBC-C12 were
used for control experiments. The compounds HBC-C3-COOH, HBC-C11-
COOH and HBC-NH2 carrying carboxylic acid or amine groups respectively
were used for experiments testing predictions of the model developed for the
Chem-FET.

4.5.2 Mixtures of HBC-AQ6 and DMA

Self-assembly

DMA and AQ are known to form charge transfer complexes in the solid
state where AQ acts as an electron acceptor and DMA as an electron donor
[OW99]. Therefore, a mixture of HBC-AQ6 and DMA with a ten-fold molar
excess of DMA was studied by STM at the solid-liquid interface with the
hope that the nano-phase-segregation between HBC and AQ described in
section 4.2 stays intact and that additionally CTCs are formed.

Fig. 4.43 displays STM current images obtained from such mixed solu-
tions. Two different arrangements are observed as evidenced by Fig. 4.43 a).
One arrangement can be described by a large unit cell with parameters
a = (4.2 ± 0.2) nm, b = (5.1 ± 0.2) nm and α = (66 ± 3)◦ and another
one exhibiting a smaller unit cell with a = (2.6± 0.1) nm, b = (3.5± 0.2) nm
and α = (89±4)◦. The smaller size arrangement is indistinguishable from the
one of neat HBC-AQ6 and is consequently attributed to domains consisting
of HBC-AQ6 only. Fig. 4.43 b) displays a zoom-in image of the new large-
size arrangement. It clearly reveals six additional bright spots per unit cell
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Figure 4.42: Chemical structures of the molecules which were used to realize
and investigate the concept of a prototypical single-molecule Chem-FET.
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Figure 4.43: STM current images of highly ordered monolayers obtained from
mixed solutions of HBC-AQ6 and DMA with a tenfold molar excess of DMA.
(a) Overview image showing the two arrangements observed and (b) zoom-in
of the arrangement in which the DMA is coadsorbed. Tunneling parameters
were Us = −1.4 V and It = 108 pA (a) and Us = −1.2 V and It = 270 pA
(b).

in-between the HBC-cores as indicated in the image. Since this arrangement
is only observed in the presence of the electron donor DMA the additional
bright spots are attributed to charge transfer complexes between DMA and
AQ. Noteworthy, the presence of the donor even increased the degree of nano-
phase-segregation at the interface since now all six and not only four AQs
are adsorbed to the substrate.

STS

The two domains in which DMA is either present or absent allow now to
address the influence of the charge transfer complexes on the current through
the HBC-core.

The I-Vs measured in the respective domains are depicted in Fig. 4.44 a)
along with the ones through HBC-cores in monolayers of neat HBC-AQ6.
The I-Vs through HBC-cores in domains where no DMA is present are virtu-
ally identical to the ones obtained from neat HBC-AQ6 which supports the
previous attribution of these domains to a pure HBC-AQ6 phase. In con-
trast, the I-Vs through the HBCs in domains where DMA is co-adsorbed are
significantly different. In particular, an increased tunneling probability at
positive sample bias is observed. It is stressed here that both types of I-Vs
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Figure 4.44: (a) I-Vs through HBC-cores recorded in monolayers obtained
from a mixed solution of HBC-AQ6 and DMA in domains in which DMA
is co-adsorbed (solid circles, average over 71 single curves) and in domains
where no DMA is co-adsorbed (open symbols, 33 single curves) as well as
through HBC-cores in monolayers of neat HBC-AQ6 (solid squares) and (b)
the data from the mixed solution after a normalization procedure that is
described in the text.
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could be reproducibly measured in different domains during the same exper-
iment, i.e. without changing tip or solution. Interestingly, the two different
STS curves can be superimposed by shifting the I-V of domains in which
DMA is coadsorbed by 0.12 V towards positive sample bias and subsequent
normalization with a constant factor. The result of this normalization, which
will be reconsidered later, is depicted in Fig. 4.44 b).

The fact that the I-Vs of HBC-cores in monolayers of neat HBC-AQ6 are
indistinguishable from those obtained in the domains of the mixed sample in
which DMA is absent provides evidence that the change in the I-Vs observed
in the other domains can not be caused by the DMA being present in the
supernatant solution. However, to be sure that the observed change in elec-
tronic properties of the HBC-cores is indeed caused by the charge transfer
complexes a number of control experiments have been performed that will
be discussed in the subsequent subsection.

4.5.3 Control experiments

Mixtures of HBC-C12 and DMA

The first control experiment addresses the question whether there might be
complexes between the HBC-core itself and the DMA which would mean that
actually not HBC-cores next to charge transfer complexes but stacks of HBC
and DMA were investigated. To answer this question, mixtures of HBC-C12

and DMA with a tenfold molar excess of DMA were investigated.
The highly ordered monolayers obtained from such a mixed solution are

depicted in Fig. 4.45 a). Two different arrangements are observed: a dimer
structure with unit cell parameters of a = (4.6± 0.2) nm, b = (2.9± 0.1) nm
and α = (71± 2)◦ as well as an oblique structure which can be described by
a = (1.8±0.2) nm, b = (2.7±0.2) nm and α = (80±3)◦. These structures are
in perfect agreement with the ones observed for the neat model HBC-C12 as
described in section 4.1. Thus no impact of the DMA added to the solution
on the structure can be detected.

Additionally Fig. 4.45 b) displays the I-Vs measured through HBC-cores
in monolayers obtained from the mixed solutions in comparison with the ones
of the pure model system. Within the experimental accuracy, no significant
difference of the two curves can be detected. Consequently, the possibility of
a stack formation between HBC-cores and DMA giving rise to a change in
the I-Vs can be ruled out.



Results and Discussion, Chem-FET 102

10 nma b)

U/V

I/nA 0.8

0.6

0.4

0.2

-0.4

-0.2

-1.0-1.5 -0.5

1.51.00.50.0

Figure 4.45: (a) STM current image of a highly ordered monolayer obtained
from a mixed solution of HBC-C12 and DMA with an tenfold molar excess
of DMA (Us = −1.4 V and It = 86 pA) and (b) corresponding I-Vs obtained
in that arrangement (solid symbols, average over 41 single curves) compared
to those of neat HBC-C12 (open symbols).

Mixtures of HBC-AQ and DMA

In section 4.2 it was discussed for the mono-functionalized HBC-AQ that the
electron acceptor moiety is likely to be solvated in the supernatant solution.
Thus, HBC-AQ mixed with DMA can here be used to evaluate the possible
effect of charge transfer complexes being present in the supernatant solution
but not being adsorbed at the surface. For this purpose similar mixtures as
discussed above now of HBC-AQ and DMA were investigated.

Fig. 4.46 a) displays an STM current image of a highly ordered monolayer
which is observed upon applying such a mixed solution of HBC-AQ and DMA
to the basal plane of graphite. The two-dimensional crystal can be character-
ized by a unit cell with parameters a = (1.87±0.12) nm, b = (1.96±0.14) nm
and α = (59± 5)◦. Thus, within the experimental accuracy, the structure is
indistinguishable from the one of neat HBC-AQ as described in section 4.2.
Notably, also the voids in the ordered arrangement are preserved. As evi-
denced by Fig. 4.46 b) the electronic properties do not change significantly
either, since the I-Vs through the HBC-cores in these monolayers are vir-
tually identical to the ones obtained from the model compound HBC-C12.
Consequently, it can be concluded that charge transfer complexes which are
possibly present in the supernatant solution do not have a quantifiable impact
on the electronic properties of the HBCs adsorbed to the substrate surface.
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Figure 4.46: (a) STM current image of a highly ordered monolayer obtained
from a mixed solution of HBC-AQ and DMA with an tenfold molar excess of
DMA (Us = −1.4 V and It = 60 pA) and (b) corresponding I-Vs obtained in
that arrangement (solid symbols, average over 64 single curves, after correc-
tion for different tip sample separations) compared to those of neat HBC-C12

(open symbols).

Mixtures of HBC-DMA and AQ

A similar control experiment can be done in which the electron donor is
covalently attached to the HBC and the acceptor is added to the solution.
This experiment was performed by using the HBC-DMA dyad and adding a
tenfold molar excess of AQ to the solution in trichlorobenzene.

The two-dimensional crystals formed from solutions of pure HBC-DMA
in trichlorobenzene are depicted in the STM current image of Fig. 4.47 a).
Again the hexagonal arrangement with a lateral spacing of (1.83± 0.06) nm
induced by the branched side-chains is observed. Similar to the case of HBC-
AQ the DMA unit is expected to be very likely solubilized in the supernatant
solution. The absence of HBC-DMA stacks is supported by the fact the
current-voltage-characteristics through the HBC-core in monolayers of HBC-
DMA are indistinguishable from those of the model HBC-C12 as evidenced
by Fig. 4.47 b).

Upon addition of a tenfold molar excess of AQ no changes in struc-
ture nor electronic properties of the HBC-cores are detected as illustrated
in Figs. 4.47 c) and d). The arrangement stays hexagonal with a lateral
spacing of (1.82 ± 0.07) nm and the I-Vs are still virtually identical to the
ones of HBC-C12.

In summary, it can be concluded that the observed changes in the STS
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Figure 4.47: (a) STM current image of a highly ordered monolayer obtained
from neat HBC-DMA (Us = −1.2 V and It = 86 pA) along with, (b), the
corresponding I-Vs measured in that layer (solid symbols, average over 32
single curves after correction for different tip-sample-separations) compared
with the ones of the model HBC-C12 (open symbols) and (c) STM current
image of a monolayer obtained from a mixed solution of HBC-DMA and AQ
with an tenfold molar excess of AQ (Us = −1.2 V and It = 84 pA) and
(d) corresponding I-Vs obtained in that arrangement (solid symbols, average
over 35 single curves, after correction for different tip sample separations)
compared to those of neat HBC-C12 (open symbols).
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curves through HBC-cores in the domains were DMA is coadsorbed are nei-
ther due to the DMA present in the supernatant solution nor to a formation
of HBC-DMA stacks and neither to potentially solvated charge transfer com-
plexes. Consequently the changes in the electronic properties must be due to
the presence of oriented charge transfer complexes at the interface.

4.5.4 Modelling

As concluded in the previous subsection the change of the electronic proper-
ties of the HBC-cores in monolayers from mixed solutions of HBC-AQ6 and
DMA, as observed in the corresponding I-Vs in domains with coadsorbed
DMA, is attributed to the presence of oriented charge transfer complexes,
i.e. permanent electrical dipoles, at the interface.

Two possible effects shall be considered here, first a molecular Stark effect
due to the electric field of the dipoles associated with the CTCs and secondly
a potential step at the interface due to an interface dipole formed by the
CTCs.

For the first scenario we estimate the strength of the electrical field of a
single dipole. The components of the electrical field of two opposite charges
q at a distance a in spherical coordinates is given by4 [Nol90]

4πε0εrEr = − q

r2
+

q(r − a cos θ)

(r2 + a2 − 2ra cos θ)3/2
(4.1)

4πε0εrEθ =
qa sin θ

(r2 + a2 − 2ra cos θ)3/2
(4.2)

4πε0εrEφ = 0 (4.3)

Assuming a distance of 0.35 nm between AQ and DMA in the stack, which
is a typical distance for stacked conjugated molecules, and charge transfer of
a complete electron from the donor to the acceptor, one may evaluate the
field strength at a point 2 nm apart from the dipole’s center perpendicular
to its axis in a medium with an dielectric constant of 3, i.e. organic material.
One finds a field strength on the order of ∼ 107 V/m. This field strength
is about two orders of magnitude smaller than the fields originating from
the sample bias of 1 V applied across the tunneling junction (1 nm typical
tip-sample separation). Consequently, I rule out that the Starck effect plays
a major role here.

When crossing a layer of dipoles with strength µ and density N , which
are oriented perpendicularly to the layer, the change in potential energy of

4These equations do not contain a point dipole approximation, but are the exact result
for a finite distance of the two charges.
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an electron is given by the Helmholtz-equation [Nol90]

∆φ =
eNµ

ε0εr

(4.4)

If the dipoles are associated with an interface it is called interface dipole. For
a rough discussion the strength of the dipole moment µ of a single CTC can
be estimated from

µ = fCT · d · e, (4.5)

where fCT is the extent of charge transfer, d the donor-acceptor-distance in
the complex and e the elementary charge. With a distance d of 0.35 nm and
a dipole density N determined from the STM images, i.e. six dipoles per
unit cell area, one finds a change of the substrate work function of

∆φ =
fCT

εr

2eV (4.6)

With a dielectric constant of ∼ 3 and only partial charge transfer changes in
work function in the range of 10 to some 100 meV are possible.

vacuum
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+-

Figure 4.48: Schematic illustrating the relative energetic shift between Fermi
level of the substrate and molecular orbitals of a substrate due to an interface
dipole.

In the case of molecules adsorbed to a surface the presence of an inter-
face dipole leads to a relative energetic shift between the substrate’s Fermi
level and the molecular orbitals of the adsorbate as illustrated in Fig. 4.48
[KKG03]. In the framework of the model of resonant tunneling, this shift
will change the tunneling probabilities at given sample bias. From the I-V
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normalization discussed in section 4.5.2 (compare Fig. 4.44) we can conclude
a change in work function of about 120 meV. Furthermore we can conclude
from the need of shifting towards positive sample bias, or alternatively from
the increase in tunneling probability at positive sample bias, that the HOMO
of the HBC must have shifted away from and the LUMO has shifted towards
the Fermi level of graphite. This means that the interface dipole points away
from the surface, which implies that that the donor (DMA) is positioned
above the acceptor (AQ). This appears reasonable since due to the strong
affinity of the alkyl chains to the HOPG [RB91a] the covalently attached
moiety, i.e. the acceptor in this case, can be expected to directly pack on the
graphite. Indeed in section 4.4 an opposite shift of the LUMO of 6T has been
observed close to charge transfer complexes where the acceptor was adsorbed
on top of the donor.

More sophisticated estimations of the dipole strength associated with the
CTC between DMA and AQ can be obtained from ab initio calculations
employing the computer program Gaussian 98.

Figure 4.49: Geometry of the calculated complex between DMA and AQ. The
dipole is indicated and was determined from the calculation to be 3.435 De-
bye.

Fig. 4.49 visualizes the optimized geometry of the complex between DMA
and AQ which was obtained by Dr. Giorgia Brancolini from the University
of Bologna using Gaussian 98. The strength of the dipole moment, evaluated
from the charge distribution across the complex, amounts to 3.445 Debye.
However, the dipole is not perpendicular to the molecular plane of the conju-
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gated molecules which makes its component normal to the substrate slightly
smaller. Evaluating the change in work function from equ. 4.4 with a dipole
strength of 3 Debye yields about 130 meV which again is in excellent agree-
ment with the experimental observation.

Source

AQ

DMA

HBC

U

I

Drain

Gate

Figure 4.50: Schematic illustration of the concept of a single-molecule Chem-
FET with nanometer-sized gates.

At this point we may summarize, that it is possible to modify the current-
voltage-characteristics through a single molecule in an STM junction by
nanometer-sized charge transfer complexes covalently linked to this molecule.
The change of the I-Vs can be explained by a relative shift between the Fermi
level of the substrate and the molecular orbitals of the adsorbate, due to an
interface dipole originating form the complexes. This set-up can be viewed as
a Chem-FET based on a single molecule with an integrated nanometer-sized
gate, since the complexes are formed between an acceptor covalently attached
to the molecule in the junction and a donor coming from the surrounding
fluid. The concept of a single-molecule Chem-FET with nanometer-sized
gates as outlined here is illustrated in Fig. 4.50.

The interface dipole model developed here makes several predictions that
can be tested. In particular, the change in I-Vs should depend on

1. the orientation of the dipoles, since only the normal component con-
tributes to the interface dipole

2. the extent of charge transfer between donor and acceptor

3. the density of the complexes at the interface

The first test will be partially discussed in the following subsection by
applying dipoles parallel instead of perpendicular to the surface.
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4.5.5 Variation of dipole orientation

The first test of the interface dipole model concerns the orientation of the
dipole. Since only the normal component of the electrical dipole moments
contributes to the interface dipole the observed change in the I-Vs should
depend on the orientation of the dipole moments. In particular, no changes
in tunneling probability should be observed for the dipoles being parallel to
the substrate surface. Therefore this test of the model was performed by
using compounds HBC-C3-COOH, HBC-C11-COOH and HBC-NH2. These
HBC derivatives decorated with carboxylic acid or amino functions, should
be able to form complexes involving a proton transfer from the acid to the
amino group thereby creating an electrical dipole. For HBC-C11-COOH the
formation of stoichometric complexes with the amino groups in poly(ethylene
oxide)-block -poly(L-lysine) has already been demonstrated [TKB+03]. Due
to the tendency of alkyl chains to physisorb with their long axis parallel to
the basal plane of graphite [RB91a] the major component of the dipole is
expected to be oriented parallel to the substrate. Consequently, no effects
should be observed.

Self-assembly of the pure systems

5 nm 5 nm10 nma b c

Figure 4.51: STM current images of highly ordered monolayers obtained from
solutions of (a) HBC-NH2 exhibiting a hexagonal arrangement, (b) HBC-C3-
COOH packing in a hexagonal arrangement and a dimer structure and (c)
HBC-C11-COOH ordering in a hexagonal arrangement. Tunneling parame-
ters were Us = −1.0 V and It = 100 pA (a), Us = −1.2 V and It = 100 pA
(b) and Us = −0.8 V and It = 100 pA (c).

STM current images of the two-dimensional arrangements obtained from
solutions of HBC-C3-COOH, HBC-C11-COOH and HBC- NH2 in trichloroben-
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zene are displayed in Fig. 4.51. The amino functionalized HBC derivative
arranges in the by now well-known hexagonal arrangement with a lateral
spacing of (1.85± 0.07) nm induced by the branched side-chains. For HBC-
C3-COOH, additional to the hexagonal arrangement, a dimer structure is
observed with the length of the unit cell vectors being a = (4.26± 0.18) nm,
b = (1.81± 0.09) nm and an angle of (64± 2)◦ between them. The distance
between the two molecules in the dimer is (2.13± 0.09) nm and the line con-
necting them forms an angle of (64± 2)◦ with the short lattice vector of the
dimer arrangement. The dimer arrangement has been shown by comparison
with different methods such as NMR and WAXS to be induced by the forma-
tion of intermolecular hydrogen bonds between the acid groups [WFC+04].
HBC-C11-COOH again only arranges in the hexagonal arrangement. Here
the spacer being eight carbon atoms longer is believed to be too flexible in
order to allow for the efficient formation of intermolecular hydrogen bonds
between the adsorbed molecules. Therefore the electronic characterization
focused on the derivatives with short spacers, namely HBC-C3-COOH and
HBC-NH2, since they seem more likely to indeed form the desired complexes.

STS of the pure systems
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Figure 4.52: I-Vs through HBC-cores recorded in monolayers obtained from
solutions of HBC-C3-COOH (solid squares, average over 28 single curves) and
HBC-NH2 (solid triangles, 30 single curves) as well as through HBC-cores in
layers of neat HBC-C12 (open circles).

In Fig. 4.52 the I-Vs measured through HBC-cores in layers of neat HBC-
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C3-COOH and HBC-NH2 respectively are depicted in comparison to those
of the model HBC-C12. Within the experimental accuracy no difference in
the electronic properties between the HBC-derivatives and the model can be
detected.

Self-assembly and STS of mixture of HBC-C3-COOH and HBC-
NH2

In order to evaluate the impact of electrical dipoles, being parallel instead of
perpendicular to the substrate, on the current through single HBCs, equimo-
lar mixtures of HBC-C3-COOH and HBC-NH2 in trichlorobenzene have been
investigated.

5 nm
a b)

I/nA

U/V

-1.0-1.5 -0.5

-0.2

0.6

0.4

0.2

1.51.00.50.0

Figure 4.53: (a) STM current image of a highly ordered layer obtained from
mixed solutions of equimolar amounts of HBC-NH2 and HBC-C3-COOH ex-
hibiting a hexagonal and a dimer arrangement (Us = −0.8 V and It = 50 pA)
along with, (b), the I-Vs through HBC-cores measured in these arrangements
(solid symbols average over 37 single curves) in comparison to the STS curves
of the model HBC-C12.

Fig. 4.53 a) displays an STM current image obtained from such a solution.
Two different arrangements namely the hexagonal one ((1.86 ± 0.07) nm)
and a dimer structure with unit cell parameters of a = (4.3 ± 0.1) nm,
b = (1.8 ± 0.1) nm and α = (64 ± 3)◦ are observed. These structures are
indistinguishable from the ones found for pure HBC-C3-COOH within the
accuracy of the experiment. In particular also the ‘internal’ structure of the
dimer is reproduced ((2.2± 0.1) nm, (60± 3)◦).

The current voltage characteristics through HBC-cores measured in these
arrangements are depicted in Fig. 4.53 b). Also here, within the experi-
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mental accuracy, no difference from the neat systems can be detected. This
latter observation would confirm the prediction of the interface dipole model
if the complexes between the acid and the amine groups have indeed been
formed. It is stressed here explicitly that also no sub-group of current volt-
age characteristics was observed which differed in its behavior from the model
compound. However, from the STM and STS data alone no evidence is found
that the desired NH+

3 -COOH−-complexes providing an electrical dipole have
indeed been formed. To verify the existence of the complexes IR spectroscopic
measurements have been performed which are discussed in the following sub-
section.

IR spectroscopy of mixture of HBC-C3-COOH and HBC-NH2

To verify the formation of the desired complexes three different samples have
been prepared by drop casting of solutions of HBC-C3-COOH, HBC-NH2

and an equimolar mixtures of both in chloroform (always ∼ 10−4mol/l)
onto a KBr-window. The resulting thin films have been investigated in a
Bruker IFS 66v FTIR spectrometer in transmission geometry. The IR spec-
tra obtained are displayed in Fig. 4.54.
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Figure 4.54: Smoothed (adjacent averaging over 10 points) IR spectra of drop
casted thin films of HBC-C3-COOH, HBC-NH2 and an equimolar mixture of
both in chloroform.

Three (groups of) peaks can be distinguished: a COOH stretching vibra-
tion ( 1710 cm −1), C=C-vibrations of the aromatic rings in the HBC-cores
( 1610 cm −1 and 1580 cm −1) and CH2 and CH3 vibrations ( 1470 cm −1)
originating from the alkyl chains [TKB+03]. As expected, the COOH vibra-
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tion band is absent in the spectrum of HBC-NH2. For HBC-C3-COOH, in
which the molar ratio of COOH groups to HBC-cores is 1:1, the peak height
ratio of the peaks associated with COOH vibration to C=C vibrations re-
spectively is ∼ 2. Thus in an equimolar mixture of HBC-C3-COOH and
HBC-NH2, where the molar ratio of COOH groups and HBC-cores is 1:2 one
would expect the corresponding peak height ratio to be ∼ 1 if no complexes
were formed. However, from the spectra of the mixture a ratio of ∼ 0.4
is determined, which corresponds to only 0.4 ‘free’ COOH groups per two
HBC-cores. Consequently it can be concluded that about 60% of the COOH
groups have indeed formed complexes with NH2 groups.

For the STS results presented in the previous subsection it can be con-
cluded now that at least for a number of HBC-cores different I-Vs should have
been found if there was an impact of dipoles being parallel to the surface on
the electronic properties of the interface. Consequently, the prediction of the
interface dipole model can be considered confirmed within the experimental
accuracy.

In conclusion, in this section the realization and investigation of the con-
cept of a single-molecule chemical-field-effect transistor with nanometer-sized
gates has been described. In this prototypical three-terminal device the cur-
rent through a hybrid-molecular diode, made from an HBC in the junction
of an STM, is modified by the presence of charge transfer complexes cova-
lently attached to the molecule in the gap. The effect was explained in the
framework of an interface dipole model where the dipole originates from the
charge transfer complexes oriented at the interface. First tests of the model
have been presented and found to be consistent with the predictions.



Chapter 5

Conclusions and Outlook

The aim of this thesis was the study of the self-assembly behavior and elec-
tron transport properties of conjugated molecules at surfaces with respect to
possible functionality in hybrid-molecular electronic devices. In this context,
challenges in molecular electronics such as integration of different electronic
functions at the nano-scale as well as different functional parts within one
molecule should be addressed.

Firstly, in electron-donor-acceptor-multiads made from hexa-peri -hexa-
benzocoronene (HBC) and anthraquinone (AQ) nano-phase-segregation was
observed at the solid-liquid interface which lead to the formation of a nano-
scaled array of electronically different molecules. STS revealed an inverse
rectifying behavior of the two moieties in the tunneling junction which was
explained by resonant tunneling contributions from the HBC’s HOMO and
the AQ’s LUMO respectively. This behavior reflects the electron donor and
acceptor character of the two species. Thus a nano-scale array of inversely
biased molecular rectifiers has been realized.

Secondly, the effect of the electronic coupling between HBC disks with
respect to the lateral off-set in their stacking geometry has been measured
with STS. It was found that in molecular stacks of HBCs in the gap of
an STM the tunneling probability at positive sample bias increases with an
increasing lateral off-set of the stacked molecules. This result is consistent
with considerations which revealed a strong dependence of the HOMO- and
LUMO-splitting of stacked HBCs on their lateral off-set in the stack. Thus
the change in the tunneling probabilities is interpreted as a local variation
in the energy level alignment due to differences in the HOMO- and LUMO-
splitting of different stacks. This demonstration may open new possibilities
in the design of novel functional architectures in three dimensions both with
covalently bound molecules and in a supramolecular approach.

Thirdly, first STM/STS studies of single organic charge transfer com-
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plexes have been presented. The spectroscopic data obtained from complexes
between tetrafluoro-tetracyanoquinodimethane (F4TCNQ) and α-sexithio-
phene (6T) provide clear evidence for an electron transfer from the donor
to the acceptor. From these experiments indications were found for the sen-
sitivity of the current through single molecules at an interface to the pres-
ence of permanent electrical dipoles in their close proximity. Charge transfer
complexes may play an important role in a future monomolecular electronics
since they can provide a nano-scale dipole with which an electrical field is
associated.

Fourthly, the first prototypical single-molecule transistor with integrated
nanometer-sized gates was realized. These experiments combined the pre-
viously achieved nano-phase-segregation observed in donor-acceptor multi-
ads with the formation of charge transfer complexes. The acceptor (AQ) in
the nano-phase-segregated arrangement was complexed by a suitable donor
(dimethoxyanthracene, DMA) coming from the ambient fluid. The resulting
charge transfer complexes gave rise to an interface dipole, which lead to a shift
between the molecular orbitals of the adsorbed HBC and the Fermi level of
the substrate, thereby changing the current-voltage characteristic of the HBC
in the tunneling junction. Since the charge transfer complexes between AQ
and DMA are of true molecular size this set-up represents a single-molecule
chemical field-effect transistor with nanometer-sized gates. This is consid-
ered a major step towards a monomolecular electronics in which all necessary
functions for advanced processing are integrated in the same molecule.

The interface dipole model suggested here makes several predictions which
can be tested. In particular, the inversion of the dipole direction, the vari-
ation of the dipole density and the variation of the charge transfer complex
strength may be investigated. For such studies new molecules need to be
synthesized. For the inversion of the dipole direction an HBC with suffi-
ciently strong donors, i.e. DMA or stronger, should be made. The extent
of charge transfer may be varied by changing the donor-acceptor-pair em-
ployed. Finally, the density of the complexes at the interface may be varied
by a variation of the spacer length between AQ and HBC.

For the future, a controlled switching of the single-molecule Chem-FET
appears desirable, which might be achieved by properly designed molecules
containing azo-benzene units. The light-induced isomerization of these units
might be able to trigger the formation or disruption of the charge transfer
complexes responsible for the gating effect. In order to be able to perform
a more complex processing the coupling of several single-molecule devices
is essential. Thus new concepts need to be developed in order to gate one
single-molecule transistor by another one without introducing new meso- or
macroscopic components in such a circuit.
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[JWW+04b] Jäckel, F.; Wang, Z.; Watson, M.D.; Müllen, K.; Rabe, J.P.:
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[KSdS+02] Keil, M.; Samoŕı, P.; dos Santos, D.A.; Birgerson, J.; Friedlein,
R.; Dkhissi, A.; Watson, M.D.; Mülllen, K.; Brédas, J.L.;
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‘force microscopy’ with 1000 Å resolution . In: Appl. Phys.
Lett., volume 50:pp. 1455–1457, 1987.



Bibliography 129

[MW92] Meir, Y.; Wingreen, N.S.: Landauer Formula for the Current
through an Interacting Electron Region. In: Phys. Rev. Lett.,
volume 68:pp. 2512–2515, 1992.
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[SHSS+00] Schmitz-Hübsch, T.; Sellam, F.; Staub, R.; M., Törker; Fritz,
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graphite molecules to columnar superstructures - an exercise
in nanoscience. In: J. Mater. Chem., volume 14:pp. 494–504,
2004.

[Syn28] Synge, E.H.: A suggested method for extending the micro-
scopic resolution into the ultramicroscopic region. In: Philos.
Mag., volume 6:pp. 356–362, 1928.

[Syn31] Synge, E.H.: A Microscopic Method. In: Philos. Mag., vol-
ume 11:pp. 65–80, 1931.

[Syn32] Synge, E.H.: An Application of Piezo-electricity to Mi-
croscopy. In: Philos. Mag., volume 13:pp. 297–300, 1932.
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Appendix A

List of Abbreviations

This list does not contain the acronyms for the investigated molecules which
are given in Figs. 3.1 and 3.2 and Table 3.1.

AFM Atomic force microscopy or microscope

Chem-FET Chemical field-effect transistor

CT Charge transfer

CTC Charge transfer complex

D-A Donor-acceptor

dI/dV Differential conductance curve

EA Electron affinity

EF Fermi-energy, Fermi-level

FT-IR Fourier transformed infrared

GPC Gel permeation chromatography

HBC Hexa-peri -hexabenzocoronene

HOMO Highest occupied molecular orbital

IP Ionization potential

IPES Inverse photoelectron spectroscopy

ITO Indium-tin-oxide
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I-V Current-voltage-characteristic

LUMO Lowest unoccupied molecular orbital

MBE Molecular beam epitaxy

MCB Mechanically controlled break junction

NMR Nuclear magnetic resonance

OFET Organic field-effect transistor

OLED Organic light emitting diode

SPM Scanning probe microscopy or microscope

STM Scanning tunneling microscopy or microscope

STS Scanning tunneling spectroscopy

UHV Ultrahigh vacuum

UPS Ultraviolet photoelectron spectroscopy

WAXS Wide angle x-ray scattering
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Resources

This list contains the main materials, apparatuses and programs employed
in the work presented in this thesis in alphabetical order.

1,2,4-trichlorobenzene 99+% Aldrich Chemical Co., Inc., Milwau-
kee (USA)

1-phenyloctane 99%, Aldrich

6T α-sexithiophene, Aldrich

9,10-dimethoxyanthracene The Sigma-Aldrich Library of Rare Chem-
icals, part of Aldrich

Acteon technical grade

Adobe Acrobat Distiller Version 5.0, Adobe Systems Inc.

Au(111) Au single crystal with (111)-surface, Sur-
face Preparation Laboratory, Zaandam (The
Netherlands)

ChemWindow Version 6.0, software for drawing chemical
structures, Bio-Rad Laboratories, Philadel-
phia PA (USA)

Chloroform >99%, Mallinckrodt Baker B.V., Deventer
(The Netherlands)

CorelDraw Version 8.232, graphics software, Corel Cor-
poration

Ethanol technical grade
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F4TCNQ tetrafluoro-tetracyanoquinodimethane
>97%, Fluka Riedel-de Haën, part of Aldrich

FTIR-spectrometer Fourier transformed infrared spectrometer,
Bruker, model IFS 66v

GSview Version 2.7, ghostscript graphical interface,
Ghostgum Software Pty Ltd.

HBC-derivatives synthesized in the group of Prof. Klaus Mül-
len at the Max-Planck-Institute for Poly-
merresearch in Mainz (Germany), along with
three acceptor compounds as described in
chapter 3

HOPG pyrolytic graphite monochromator, grade
ZYH, GE Advanced Ceramics, Strongsville
OH (USA)

KBr window potassium bromide window for infrared in-
vestigations, accessories of the FTIR-spec-
trometer

Microcal Origin Version 6.0, data analysis software, Micro-
cal Software, Inc., Northampton MA (USA)

Microsoft Office Office software package, Microsoft Corpo-
ration

pdfLATEX pdfeTEXVersion 3.141592-1.20a-rc1-2.1
MiKTEX2.4, typesetting software

Pt/Ir wire Pt80%/Ir20%, Goodfellow Cambridge Ltd.,
Huntington (Great Britain)

Scala Pro Versions 4.1 and 5.0, controller and data
analysis software for scanning probe micro-
scopes, Omicron NanoTechnology GmbH,
Taunusstein (Germany)

SPIP Version 1.911, Scanning Probe Image Pro-
cessor (software), Image Metrology ApS (Den-
mark)
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STMs homebuilt (Dr. P.E. Hillner, group of
Prof. J.P. Rabe at the Humboldt University
Berlin, Germany) STM operating at the
solid-liquid interface and homebuilt (V. Iancu
and A. Desphande, group of Prof. S.-W. Hla
at the Ohio University, USA) STM operat-
ing under UHV conditions at low tempera-
tures
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Publications, Contributions to
Conferences and Awards

Publications in peer reviewed journals1

1. Ordered Nanostructures of a [2]Catenane Through Self-Assembly at
Surfaces - An STM Study With Sub-Molecular Resolution
P. Samoŕı, F. Jäckel, Ö. Ünsal, A. Godt, J.P. Rabe
ChemPhysChem 2 (7), 2001, 461-464

2. Supramolecular staircase via self-assembly of disc-like molecules at the
solid-liquid interface
P. Samoŕı, A. Fechtenkötter, F. Jäckel, T. Böhme, K. Müllen, J.P. Rabe
J. Am. Chem. Soc. 123, 2001, 11462-11467

3. Conformational characterization from modulated single molecule fluo-
rescence intensity traces
F. Jäckel, S. De Feyter, J. Hofkens, F. Köhn, F.C. De Schryver, C. Ego,
A. Grimsdale, K. Müllen
Chem. Phys. Lett. 362, 2002, 534-540

4. Electronic structure of highly-ordered films of self-assembled graphitic
nano-columns
R. Friedlein, X. Crispin, C.D. Simpson, M.D. Watson, F. Jäckel, W. Osikow-
icz, S. Marciniak, M.P. De Jong, P. Samoŕı, S.K.M. Jönsson, M. Fahlmann,
K. Müllen, J.P. Rabe, W.R. Salaneck
Phys. Rev. B 68, 2003, 195414

1Publications of which parts belong to this thesis’ work and which have been discussed
in chapter 4 are marked on the left margin.
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5. Hexa-peri -hexabenzocoronene Cyclophane: an Addition to the Toolbox
for Molecular Electronics
M.D. Watson, F. Jäckel, N. Severin, J.P. Rabe, K. Müllen
J. Am. Chem. Soc. 126(5), 2004, 1402 - 1407

6. Nanoscale array of inversely biased molecular rectifiers
F. Jäckel, Z. Wang, M.D. Watson, K. Müllen, J.P. Rabe
Chem. Phys. Lett. 387(4-6), 2004, 372-376

7. Self-assembly of electron donor-acceptors dyads into ordered architec-
tures in 2 and 3 dimensions: surface patterning and columnar ‘double
cables’
P. Samoŕı, X. Yin, N. Tchebotareva, Z. Wang, T. Pakula, F. Jäckel,
M.D. Watson, A. Venturini, K. Müllen, J.P. Rabe
J. Am. Chem. Soc. 126, 2004, 3567-3575

8. Prototypical single-molecule chemical-field-effect transistor with nanometer-
sized gates
F. Jäckel, M.D. Watson, K. Müllen, J.P. Rabe
Phys. Rev. Lett. 92, 2004, 188303

9. Synthesis and Self-Assembly of a Rigid Exotopic Bisphenanthroline
Macrocycle: Surface Patterning and a Supramolecular Nanobasket
V. Kalsani, H. Ammon, F. Jäckel, J.P. Rabe, M. Schmittel
Chem. Eur. J. 10, 2004, 5481-5492

10. Nanophase segregation and rectification in monolayers of functionalized
hexa-peri -hexabenzocoronenes
F. Jäckel, X. Yin, P. Samoŕı, N. Tchebotareva, M.D. Watson, A. Ven-
turini, K. Müllen, J.P. Rabe
Synthetic Metals 147, 2004, 5-9

11. Prototypical single-molecule transistors with supramolecular gates: vary-
ing dipole orientation
F. Jäckel, Z. Wang, M.D. Watson, K. Müllen, J.P. Rabe
Synthetic Metals 146(3), 2004, 269-272

12. Observation of Filled States At the Fermi-Level in Alkali-Metal Inter-
calated Organic Films: Dependence on Substrate Work Function
N. Koch, F. Jäckel, J. Ghijsen, M. C. Rojas, M. Grioni, J.P. Rabe, R.
L. Johnson, A. Kahn, J.-J. Pireaux
J. Electron Spectrosc. Relat. Phenom., in press
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13. Surface-induced vertical alignment of self-assembled supramolecular columns
of large polycyclic aromatic hydrocarbons and porphyrins
R. Friedlein, X. Crispin, W. Osikowicz, S. Braun, M. P. de Jong, C.
D. Simpson, M. D. Watson, F. von Kieseritzky, P. Samoŕı, S. K. M.
Jönsson, M. Fahlman, F. Jäckel, J.P. Rabe, J. Hellberg, K. Müllen, W.
R. Salaneck
Synthetic Metals, 147, 2004, 79-83

14. Influence of Hydrogen-Bonds on the Supramolecular Order of Hexa-
peri -hexabenzocoronene Derivatives
D. Wasserfallen, I. Fischbach, N. Chebotareva, M. Kastler, W. Pisula,
F. Jäckel, M.D. Watson, I. Schnell, J.P. Rabe, H.W. Spiess, K. Müllen
submitted

15. Tunneling through molecular stacks
F. Jäckel, M.D. Watson, K. Müllen, J.P. Rabe
in preparation

16. Electronic properties of single organic charge transfer complexes
F. Jäckel, V. Iancu, K.-F. Braun, N. Koch, J.P. Rabe, S.-W. Hla
in preparation

Other publications

1. Test Structures for SHIPTRAP
F. Jäckel
GSI International Summer Students Program ’99 Reports, 7-10, Gesellschaft
für Schwerionenforschung, Darmstadt 1999

2. Photophysikalische und strukturelle Eigenschaften von Polyfluorenderivaten
F. Jäckel
Diploma thesis, Humboldt-Universität zu Berlin, December 2001

3. From molecular diodes towards mono-molecular transistors
F. Jäckel, Z. Wang, M.D. Watson, K. Müllen, J.P. Rabe
Proceedings of the Mini-Conference on Information Electronics Sys-
tems, 4-6 November 2003, Sendai (Japan), 5-8

4. Self- assembly and electronic properties of large aromatic molecules on
surfaces studied with STM and STS
F. Jäckel and J.P. Rabe
in Interactions between aromatic molecules and inorganic surfaces edited
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preparation
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As first author

1. Exploration of layered Donor-Acceptor-Architectures from polycyclic
Aromatic Hydrocarbons with STM (talk)
F. Jäckel, P. Samoŕı, X. Yin, N. Severin, C. Simpson, N. Tchebotareva,
K. Müllen, J.P. Rabe
Scanning-Probe-Microscopy and Organic Materials XI, Workshop, 22nd-
24th September 2002, Kassel (Germany)

2. Characterizing molecular conformations of multichromophoric systems
at the single molecule level (poster)
F. Jäckel, S. De Feyter, J. Hofkens, F. Köhn, F.C. De Schryver, C. Ego,
A. Grimsdale, K. Müllen
Polydays 2002, 30th September - 2nd October 2002, Berlin (Germany)

3. Covalently Linked Donors and Acceptors at the Solid-Liquid-Interface
- Structural and Electronic Properties (poster)
F. Jäckel, X. Yin, P. Samoŕı, N. Tchebotareva, K. Müllen, J.P. Rabe
Smarton 6 workshop, 20th-23rd October 2002, Leuven (Belgium)

4. Rectification with single molecules in an STM junction (poster)
F. Jäckel, X. Yin, P. Samoŕı, N. Tchebotareva, K. Müllen, J.P. Rabe
XVIIth International Winterschool on Electronic Properties of Novel
Materials, 8th-15th March 2003, Kirchberg (Austria)

5. Arrays of Electron Donors and Acceptors as Model Systems for Molec-
ular Electronics (talk)
F. Jäckel, N. Tchebotareva, M.D. Watson, K. Müllen, J.P. Rabe
Smarton 7 Spring School on ”Organic Functional Nanostructures”, 14th-
18th June 2003, Spa (Belgium)

6. A single molecule chemical field effect transistor (poster)
F. Jäckel, M. Watson, K. Müllen, J.P. Rabe
International DPG School of Physics ”Molecular Electronics”, 14th-19th
September 2003, Bad Honnef (Germany)

7. Prototypical devices for molecular electronics from polycyclic aromatic
electron donors and acceptors (talk)
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