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Abstract

The formation of ordered one- and two-dimensional molecular structures
on insulating surfaces has been investigated by means of a room temper-
ature scanning force microscope (SFM). In particular, one dimensional
row structures along step edges of alkali halide crystals were obtained as
well as two dimensional chain structures on the terraces.

Various molecules have been deposited on different substrates. While
most of the combinations didn’t show any ordered structures at all, some
combinations led to ordered growth.

Porphyrin based molecules have proven to be promising candidates
to form self-assembled structures on insulating surfaces. Their close
affinity to hemoglobine and chlorophyll makes them also interesting as
functional building parts. Porphyrin molecules tend to π − π stack in
crystals, allowing them to work as optical or electrical antennae. While
the adsorption on metallic surfaces showed that this particular stacking
was prevented by the flat alignment on the substrate, molecules were
adsorbed standing upright on alkali-halide(100) surfaces maintaining the
intermolecular π − π-stacking.

Alkali-halide surfaces have been structured in different ways to study
the molecular arrangements under various conditions. Micrometer long,
one dimensional wires along step edges have been observed as well as
large two-dimensional assemblies of parallel running wire structures across
flat terraces. The orientation of those chains is guided by the underlying
substrate and the equilibrium distance between the molecules.

In order to check the feasibilty to contact the wires, experiments on
gold cluster decorated insulating surfaces have been performed. Under
certain premises of the cluster arrangement it proved to be successful to
grow molecular wires between two gold clusters.

At last, molecular assemblies on ultrathin salt films on Cu(111) were
studied by means of Kelvin Probe Force Microscopy (KPFM) to obtain
details about possible exciton or electron transport in the π − π stacks.
The KPFM did not yet show conclusive results, but the dynamic com-
pensation of the contact potential difference allowed ultrahigh resolution
images, which revealed differences in the adsorption structures on layers
of different heights.

In summary, the adsorption of cyanoporphyrin molecules on various
insulation surfaces has been studied and carefully analyzed.
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Motivation and Outline

When looking at the progress semi-conductor industries made the past
decades and the pace technology is approaching the limits of miniaturiza-
tion [1], new ways in electronics have to be found. Molecular electronic
is currently a field of immense interest and research groups all over the
world are working in this field. The thought of creating a molecular sys-
tem performing operations has been the dream of mankind for several
decades, as for instance already R. Feynman mentioned it in his famous
lecture ’There is plenty of room at the bottom’ [2].

The research field dealing with molecular assemblies, properties and
new materials is called nanotechnology, since the structural length scales
of such systems are in the range of 0.1− 100 nm. A requirement for ap-
plications in nanotechnology is the possibility to build large arrays of
nanostructured materials with sub-nanometer positioning accuracy of
the individual functional units. Only this allows reaching the same scal-
ability known from the classical semiconductor microelectronics [3]. The
most promising approach is to use self-assembly [4] or even self organi-
zation [5]. This so called bottom-up approach is fundamentally different
from established top-down methods such as in lithography used for de-
vice fabrication until now. Bottom-up approaches aim to build up struc-
tures by choosing appropriate individual elements which should build up
the new material, while top-down approaches rely on an externally im-
posed structure. By choosing the right environmental conditions such as
temperature, deposition rates, deposition amounts and designing appro-
priate linker and spacer groups on the substituents finally leads to the
desired structures. Furthermore, bottom-up approaches do not require
the most often time consuming step of actively building the structure.
A key point in potential mono molecular electronic devices is to assure
an electrically decoupling from the surface [6]. One way to achieve this
is the usage of insulating surfaces as substrates which on the other hand
requires the use of force microscopy techniques. With this idea in mind,
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the goal of this work was the study of molecular assemblies on insulating
surfaces.

Insulating surfaces provide a very low diffusion barrier, allowing most
of the molecules to diffuse freely over surface terraces thus forming un-
ordered agglomerates at the step edges and impurities. The first part
of this study therefore was dedicated to find appropriate surface treat-
ments and molecules which form ordered structures. A second task then
was to find possible ways to imply contacting of the structures.

Chapter 1 and chapter 2 of this research give an introduction on
the instrumentation used for the study. The results on bulk insulators
are presented in chapter 3. Chapter 4 then deals with experiments on
molecular assemblies on ultrathin salt films.







1 Introduction to Scanning

Probe Microscopy

This chapter describes the historical development of the Scanning
Force Microscopy, gives a short overview of the theoretical background
and introduces the different imaging modes.

1.1 Historical Introduction

The development of the Scanning Force Microscope (SFM)∗, was initi-
ated in 1982 when Binnig and Rohrer invented the Scanning Tunneling

∗In the following referred to as AFM, Atomic Force Microscope

2



1.1. HISTORICAL INTRODUCTION 3

Microscope (STM) [7]. With this device it was possible for the first time
to observe single atoms on a flat metallic surface in direct space. Only
one year later Binnig et al. [8] managed to resolve the atomic structure
of the Si(111) reconstruction. With this event the STM was widely ac-
cepted and during the following years many spectacular high resolution
images of metallic and semi-conducting surfaces were published. Binnig
and Rohrer were awarded for their pioneering invention with the Nobel
Price in 1986.

Despite all euphoria there are also some restrictions of the STM tech-
nique. Since the measurement is dependent on a small tunneling current
flowing between a metallic tip and a sample, the application was lim-
ited to electrically conductive species. Most of the conductors, except
HOPG† and few others are not suitable to examine in ambient conditions
since they change frequently in time due to adsorption and oxidation.
Therefore, the measurements have to be taken in UHV‡ conditions where
the sample-surfaces can be cleaned and kept in a defined state for several
hours.

It was also found that in tunneling distance atomic forces started to
act [9, 10], which motivated Binnig to think about developing a micro-
scope that uses those forces as detection signal. Together with Quate
and Gerber, a functional prototype of a scanning force microscope was
built and presented in 1986 [11]. In contrast to the STM, which requires
coercively a conductive sample, the AFM allowed for the first time to
image insulating samples.

The heart of the AFM is composed of a tip attached to a cantilever
which gets slightly bent by the atomic forces appearing at small tip
sample separation. In the beginning the bending of the cantilever was
measured by a STM tip mounted above the lever. With this procedure
the atomic peridocities of graphite were measured for the first time [12]
in the so called contact mode. Because of the quite strong load forces
caused by the capillarity effect, it was not possible for a long time to
measure atomic defects. It took over five years until so called true atomic
resolution§ on inert structures was achieved [13, 14]. So the prediction
that the AFM is capable of atomic resolution was finally confirmed.

Around one decade after the invention of the AFM the imaging of
reactive surfaces with atomic resolution was finally achieved. By using
the dynamic mode, developed in 1991 [15], Giessibl [16] succeeded in
1995 to resolve the Si(111)− (7×7) reconstruction. In the present work

†Highly Oriented Pyrolytic Graphite
‡Ultra High Vacuum
§’True atomic resolution’ describes the imaging of atomic structures without

tip-sample convolution caused by multiple tips or contacts
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this so called non-contact mode is used by default.

1.2 The Scanning Tunneling Microscope (STM)

The principle of the STM is based on the overlap of wavefunctions.
Electrons can tunnel from filled to empty states of a metallic tip and a
sample. An applied voltage between those two enables the flow of an
electrical tunneling current at small enough distances (5− 15 Å).

In quantum mechanics the state of an electron is given by a wavefunc-
tion fulfilling the Schrödinger Equation. Assuming a piece-wise constant
barrier the solution of this problem for the classically forbidden area
looks as follows:

Ψz = Ψ0 exp−kz, (1.1)

with k =

√
2m(Φ−E)

~ . Choosing the applied voltage VBias small
enough compared to the work function Φ of the electron, results in a tun-
neling barrier of an almost rectangular shape with height Φ and width
z. E can therefore be neglected and the tunneling current becomes

It � VBiasρs(EF )e−2kz (1.2)

with ρs(EF ) being the density of states at the Fermilevel EF . Equation
1.2 is leading us to two things. First there is a non-zero probability for
an electron to tunnel through the barrier and second this probability is
exponentionally dependent of the distance z. Metals usually have work
functions of 4 − 6 eV and therefore the change of the distance by 1 Å
affects the tunneling current by one order of magnitude.

Typically an electrochemically edged wire, made of platinum-iridium
or tungsten is used as STM tip. As in all scanning probe microscopes
the tip or the sample is attached to a xyz- scanner which is capable of
performing reproducible positioning of the tip with subatomic accuracy.
Those scanners are usually made of piezoelectric ceramics that deform
when applying a voltage. Furthermore an excellent decoupling from
the environment and a good damping is mandatory to operate such an
instrument.

The STM can be operated in two different ways. In the so called
constant height mode the distance controller can be switched off and the
tip is scanned at a constant height across the sample. For this mode a
very flat surface, a negligible drift rate and an almost perfect damping of
the system in order to prevent the tip from crashing is mandatory. Since
this method doesn’t require a controller following the atomic corrugation
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the measurement velocity is only determined by the bandwidth of the
current detector.

The more common mode is the so called constant current mode where
the distance z is kept constant by means of a P-I-controller. The signal
which is used to control this distance is the tunneling current.

1.3 The Scanning Force Microscope (SFM)

In contrast to the STM in SFM/AFM forces, instead of currents are de-
tected. The force sensor is commonly a sharp tip attached to a filigran
cantilever. The forces between tip and sample are measured through the
bending they induce to the lever. Those measurement probes are nowa-
days mostly microfabricated and commercially available. More details
about cantilevers will be described in chapter 2. Scanning force micro-
scopes reach resolutions in the sub-nanometer regime and allow under
certain circumstances even atomic resolution. They are able to image
conductive and non-conductive samples and are sensitive to forces down
to the piconewton regime.

Contact Mode

In the static mode (contact mode) the tip is brought into mechanical
contact with the sample. Forces cause a bending of the cantilever which
is used as feedback signal to keep those forces constant during the scan.
The change of the z-signal ( = the position of the tip) results in a
topographical map of the surface.

This operation mode leads to different images of quasi atomic resolu-
tion [17, 18] that show atomic periodicity but no defects of the surface.
This effect is caused by a multiple contact of the tip with the sample lead-
ing to an averaging effect. After some scan-time the tip apex becomes
commensurate with the surface. On layered samples, such as HOPG, it
can also pick up a flake from the sample which leads to the same effect.
Such tips always show perfect atomic periodicities, but never a single
defect. Recently [19], atomic defects on heterostructures using contact
mode have been observed.

Dynamic Mode

Applying the dynamic mode (nc-AFM, DFM¶), the cantilever is excited
perpendicular to the surface and then approached to the sample. The

¶DFM: Dynamic Force Microscopy
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amplitude and frequency response yields to a feedback including infor-
mation about the force between tip and surface. Typically, cantilevers
with spring constants from several 10 N/m up to several 100 N/m are
used in dynamic mode. Those high values are desired to avoid the ’jump
into contact’ effect [10]. The minimum detectable force gradient [20, 21]
is given by

∂

∂z
Fmin =

1

Aosc

√
2kkbTB

2πf0Q
, (1.3)

where B is the bandwitdh of the detector, f0 the resonance frequency
of the lever, Aosc its oscillation amplitude and k its spring constant. Q
is the quality factor of the lever, kb the Boltzmann constant and T the
temperature. Hence sensitivity can be improved by going to higher Q-
values or frequencies.
In UHV conditions, the Q-factor is in the range of several 105 and there-
fore much higher than in air, where the system is damped to Q-values
of around 100. In DFM, there are the following main operation modes:
In the amplitude modulation mode‖ developed by Martin et al. [21]
the cantiliver is driven at a constant frequency fexc with a fixed driving
amplitude Aexc. Usually, fexc is chosen to be slightly higher than the
resonance frequency f0 of the cantilever. A change in the force gradient
∂F/∂z gives rise to a shift ∆f = f0 − fexc in the resonance, and a cor-
responding shift ∆A in the amplitude of the cantilever vibration. The
signal in AM-mode is derived by measuring the change of the amplitude.
Increasing the Q-value leads to a restriction in the bandwidth of the sys-
tem. The system needs a certain amount of time to reach a new steady
state after a change in the force. This response can be expressed by terms
of a time constant τ = 2Q/f0, which limits the available bandwidth.

In the frequency modulation mode∗∗, developed by Albrecht et al.
[15], the cantilever is driven at its resonance frequency (fexc = f0). The
phase ϕ between driving amplitude and oscillation amplitude is kept
constant at the optimum value and the excitation Aexc is controlled in a
way to keep the oscillation amplitude A constant. Changes in the force
gradient ∂F/∂z cause almost instantaneous changes in the oscillator
frequency which are detected by a FM demodulator. This resulting
frequency shift ∆f = fosc − f0 is used as the feedback signal to control
the distance. Since the Eigenfrequency reacts with the time constant of
τ = 1

f0
this method is much faster than the AM- detection and offers

higher bandwidths. Additionally, this mode let to the first true atomic
resolution [16] in UHV.

‖short: AM-mode
∗∗short: FM-mode
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1.3.1 Interaction Forces

The interacting forces between tip and sample are the base of every Scan-
ning Force Microscope. The sum of all those forces bends the cantilever.
The potential energy between probe and sample Vts is causing a force
perpendicular to the sample, given by Fts = −∂Vts/∂z. We also can
define a spring constant kts = −∂Fts/∂z describing the interaction force
gradient. Depending on the operation mode of the microscope, either
Fts or one of the derived variables is used as a feedback signal.

The forces between tip and sample can be divided into long (Van der
Waals, electrostatic) and short (chemical) range forces.

Van der Waals forces

Van der Waals forces are dipole-dipole forces. They act between dipoles
that arise from fluctuations and dipoles induced in their electric field.
The vdW forces between two macroscopic bodies can be calculated by
integration over the tip and the sample geometry while assuming that
the forces are additive and non-retarded [22]. For a spheric tip with
radius R and a plane with distance z the interaction force becomes

FvdW = −HR
6z2

(1.4)

with H being the Hamaker constant. However, the assumption of the ad-
ditivity denies the occurance of reflection where the mutual polarisation
of two atoms is influenced by the presence of third atoms. The Lifshits
theory proclaims a more rigorous approach which treats the bodies as
continuum. Nevertheless, the distance dependance has the same form as
in equation 1.4. A more detailed analysis of this theory however is not
the goal of this work. The vdW force can also be determined by assum-
ing more complex tip geometries as for example a half sphere at the end
of a truncated cone. But again the dominant term of the result is the one
given above. For a tip radius of R = 30 nm and a tip-sample distance
of of 5 Å the vdW force in vacuum is in the order of FvdW = 2 nN .

Electrostatic forces

Electrostatic forces act between conductive tips and conductive samples
when they are at a different potential. The tip sample system can be
considered as a capacitor with a distance dependent capacitance C. The
Force is given by

Fes = −1

2

∂C

∂z
(Vbias − Vcpd)2 (1.5)
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where Vbias is the voltage applied between tip and sample and Vcpd is the
contact potential difference. A minimum electrostatic force at the non-
zero bias voltage has also been found for insulating surfaces. For such
materials, the electrostatic force follows changes in in the bias voltage
with a delay proportional to the resistivity of the sample [23]. The term
∂C/∂z depends on the tip geometry which can be modelled as a half
sphere on a truncated cone as suggested by Hudlet et al. [24]. This
model was experimentally tested later by Law et al. [25] and found to
be in good agreement with the obtained results. For small distances the
dominating term is

Fes = πε0
R

z
(Vbias − Vcpd)2. (1.6)

Assuming a tip radius of R = 30 nm, a tip- sample distance of z = 5 Å
and a potential difference of Vbias − Vcpd = 1 V the electrostatic force is
about Fes = 0.5 nN . It is worth to notice that electrostatic forces not
only contain a long range term. In ionic crystals where the neighbouring
atoms have alternating charge signs, the electrostatic field has a short-
range exponential dependency [26].

Short range forces
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(b) Force-Distance-Curves

Figure 1.1: Energy- Distance curve of a Morse potential(1.1a). Pa-
rameters used in equation 1.11 to plot the curve see below. Force ver-
sus distance curve including the long range Van der Waals force and
the short range Lennard-Jones interaction (1.1b). Parameter used to
plot the curves according to the equations 1.4 and 1.9: Ebond = 1 eV ,
rm = 0.2 nm, R = 30 nm, H = 260 · 10−19 J

Short range chemical forces arise from the overlap of electron wave
functions and from the repulsion of the ion cores. The range of these
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forces is comparable to the extension of the electron wave function, which
means less than one nanometer. Chemical forces can be attractive or
repulsive. The chemical forces can be approximated by model potentials
like the Lennard-Jones[27] or the Morse potential.

The Lennard Jones potential is given by [28]

VLJ(z) = −4ε

[(σ
z

)6

−
(σ
z

)12
]

(1.7)

with σ being the collision distance between two atoms and ε the depth
of the potential well. The equilibrium distance where the potential has

a minumum, is given by rm = 2
1
6 σ and the potential has the form [29]

VLJ(z) = −Ebond
[
2
(rm
z

)6

−
(rm
z

)12
]
, (1.8)

With Ebond being the binding energy of the two atoms. The exponent
of the attractive term is chosen to be 6 in order to fit the vdW force[27].
The exponent for the repulsive term is set to 12 for analytic simplicity.
The exponent for the force is increased by 1 and results in

FLJ(z) = −12
Ebond
σ

[(rm
z

)7

−
(rm
z

)13
]
. (1.9)

The Morse potential is another empiric model for short range forces
and is based on a 2-atomic molecule potential. Solving the Schrödinger
equation exactly for a H+

2 ion is quantum-mechanically possible. By
choosing the parameters rm, EBond and the decay length κ correctly, the
Morse potential is a good fit for the H+

2 problem [30]. The morse poten-
tial describes a chemical bond with the energy EBond, the equilibrium-
distance rm and κ.

VMorse(z) = −EBond
(

2e−κ(z−rm) − e−2κ(z−rm)
)

(1.10)

The force is defined as F = −∂V/∂z:

FMorse(z) = −2κEBond
(
e−κ(z−rm) − e−2κ(z−rm)

)
(1.11)

Both, the Lennard-Jones and the Morse potential are suitable models
to approximate the real surface potential acting on the tip.

1.3.2 Energy Dissipation in nc-AFM

The loss of energy in nc-AFM is a complex phenomena and this work
does not focus on dissipation problems. Nevertheless, dissipation can



10 CHAPTER 1. INTRODUCTION TO SPM

also used to determine the quality factor (described in chapter 2) of the
cantilever and it can be used as additional information for qualitative
analysis.

The amplitude excitation signal Aexc in our setup is controlled to
keep the amplitude A of the cantilever at a constant value. Any energy
dissipation, intrinsic or caused by tip sample interaction, is damping
the cantilever oscillation and requires an increase of Aexc. Therefore,
the excitation signal is often referred to the apparent damping signal.
One reason for apparent damping is that the cantilever motion can be
slightly non harmonic due to tip-sample interactions. In this case a
part of the oscillation energy is stored in overtones of the cantilever
frequency, requiring a more increased value of Aexc than caused only by
damping. This effect is negligibly small for larger amplitudes. Another
reason for apparent damping occurs if the phase shift between cantilever
oscillation and driving signal is not constantly kept at -90◦. Again, a
larger signal Aexc is needed to keep the amplitude constant. Therefore,
a simultaneous recording of the phase-shift has to be done in order to
get true dissipation information.

Damping in nc-AFM can be classified into two categories. The veloc-
ity dependent and the hysteresis related phenomenas. The latter arises
if the tip sample interaction is bistable and has two minima [31]. Then,
the cantilever force can be different while approaching and retracting.
This hysteresis is caused by a repeated position change of tip apex or
surface atoms.

Velocity dependent interactions can be caused by different reasons.
First, it can occur if the contact potential is not compensated [32]. The
difference then turns the tip-sample system into a capacitor which gets
charged and decharged every oscillation cycle. This effect is referred to as
Joule dissipation [33]. Brownian dissipation occurs because of coupling
of atomic vibrations caused by their short-range interactions as proposed
by Gauthier and Tsukada [34, 35, 36].

Controlling the distance by constant frequency shift normally used
to record surface images is complicated by the fact that the frequency
shift versus distance dependency is not monotoneous. Whenever a ∆fset
is chosen below the minumum of the force-distance curve (fig. 1.1b),
the controller jumps into the wrong branch, immediately leading to a
tip crash. It has been suggested [37] to use the dissipation signal as
a feedback for distance control due to the monotoneous nature of this
signal. However, tThis operation mode leads usually to poorer results
on the atomic scale. An extensive comparison between the two modes
can be found in [38]
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1.3.3 The Kelvin Principle

The Kelvin probe force microscope has its origin in the method devel-
oped by Lord Kelvin [39] in 1898 to measure work functions. Both
methods are based on measurements with a probe and a sample. The
contact potential Vcpd

†† between two materials is given by

Vcpd =
1

e
(Φ1 − Φ2) =

∆Φ

e
, (1.12)

where Φ1 and Φ2 are the workfunctions of the two materials.

Figure 1.2: Schematic view of two materials with different workfunc-
tions. In (a) the materials are not connected and have the same vacuum
energy EV . In (b) the materials are electrically connected and the Fermi
energy levels EF are equalizing, resulting in the contact potential Vcpd.
Applying a dc-voltage Vdc in (c) compensates this contact potential.

A common method to measure the contact potential is the macro-
scopic Kelvin probe, where the workfunction relative to a known probe is
measured. Fig. 1.2 shows the priciple of the measurement. In fig. 1.2(a)
the band diagrams of the two conductive materials are shown. They
have different Fermi levels (EF ) but the same vacuum energy (EV ). By
electrically connecting those two materials (fig. 1.2(b)), the Fermi en-
ergy equalizes by charge transfer from one material to the other, thus
inducing a potential difference Vcpd in the local vacuum level. In the
gap between the two materials an E-field is built up corresponding to
a charged capacitor. By applying a voltage Vdc = Vcpd the potential
difference can be compensated and the elctrostatic fields between the
materials are nullified fig. 1.2(c).

The original Kelvin method is based on the modulation of a plate ca-
pacitor between probe and sample [39]. The two materials were brought

††Contact Potential Difference
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close together, leaving only a very thin gap in between them. With a
periodic oscillation at the frequency ωp the distance d between the two
plates is now modulated. This modulation leads to a current given by

I(t) = (Vdc − Vcpd)∆C cosωpt. (1.13)

∆C is hereby the variation of the capacitance caused by the oscillation.
To determine the contact potential the additional voltage Vdc is applied
to the system. This voltage is adjusted to a value at which the field
in the gap becomes zero and therefore also the current. This method
has a high accuracy in the determination of potentials but no spatial
resolution. Therefore, it is not possible to record local variations in the
work functions of materials.

1.3.4 Kelvin Probe Force Microscopy

In Kelvin probe force microscopy (KPFM), the principle of the Kelvin
probe is slightly modified and integrated in a scanning force microscope.
Instead of a current KPFM measures the electrostatic force between the
tip and a sample.

The first approach of atomic force potentiometry goes back to Weaver
and Abraham [40] in 1991. The electrostatic force between tip and sam-
ple is given by equation 1.5. To separate electrostatic and vdW forces,
an additional ac-voltage Vac with the frequency ω is applied between tip
and sample. The resulting potential difference

Vbias = V0 + Vacsin(ωt) (1.14)

with V0 = Vdc − Vcpd can be inserted into equation 1.5 which results in
three additive components of the electrostatic force [41]:

Fes = −V
2
bias

2

∂C

∂z
= Fdc + Fω + F2ω (1.15)

Fdc = −∂C
∂z

[
1

2
(Vdc − Vcpd)2 +

V 2
ac

4

]
(1.16)

Fω = −∂C
∂z

[
1

2
(Vdc − Vcpd)Vac sin(ωt)

]
(1.17)

F2ω = +
∂C

∂z

V 2
ac

4
cos(2ωt) (1.18)

with ∂C
∂z

being the capcitance gradient between tip and sample.
Compensating the contact potential by setting Vdc = Vcpd leads to

a nullified first harmonic Fω of the electrostatic force (equation 1.17).
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Then, the dc part of the force Fdc becomes proportional to V 2
ac (equa-

tion 1.16) causing a minimal static force and a constant bending of the
cantilever. The second harmonic equation (1.18) contains the capaci-
tance gradient and can therefore be used to perform capacitance spec-
troscopy at 2ω.

Calibration

Since Kelvin probe force microscopy (KPFM) only allows to measure
contact potential differences, one has to know the absolute work function
of either the tip or the sample. In order to get this value, the tip has
to be calibrated by measuring the CPD of a well known material (e.g.
HOPG) before and after the sample of interest is investigated. Applying
this method, one can obtain the absolute work function of the tip and
the work function of the sample can be calculated [42].

KPFM AM-Mode

In 1995 Kikukawa et al. [43] showed a way to image topography and
contact potential difference independently. While doing standard scan-
ning, FM-controlled microscopy on the first resonance, they determined
the electrostatic interaction by tuning ω of Vac to the second resonance
of the cantilever. Separating the two siganls from each other allows
reasonable time constants of the lock-in amplifier and the compensation
circuit. Detecting the force on the second resonance is very sensitive and
allows the application of very small ac-voltages (≈ 100 mV ). Such small
voltages are important when imaging semiconducting samples, where
voltages exceeding 100 mV may lead to asymmetric bias-induced band
bending [44].

This method is mainly limited by the bandwidth of the photodetector.
Therefore, it is often not possible to choose high Q cantilevers with
resonance frequencies larger than 100 kHz. Another disadvantage of the
AM-Mode is the fact that long range forces contribute to Fω and thus the
whole cantilever influences the measurement. Several measurements [45,
42] on semi conductors and junctions (solar cells) have been performed.

KPFM FM-Mode

External long range forces with the gradient ∂F/∂z changes the reso-
nance frequency f0 of a cantilever with the effective mass m? as follows:

f ′0 =
1

2π

√
k − ∂F/∂z

m?
≈ f0

(
1− 1

2k

∂F

∂z

)
. (1.19)
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This shift is approximately proportional to the force gradient in contrast
to the AM-Mode, where the force itself is detected. Kitamura et al. [46]
presented a method employing FM-technique for topography and KPFM
in 1998. The force gradient of Fes is given by

∂Fes
∂z

= −1

2
V 2
bias

∂2C

∂z2
(1.20)

on the first resonance of the cantilever. The resonance frequency will be
changed by the electrostatic force Fes according eq. 1.19. The applied
ac-voltage modulates Fes and with it ∂Fes/∂z according to eqs 1.17-
1.18. Following from eq. 1.19, the mechanical resonance frequency of
the cantilever is modulated with frequencies fω and f2ω

‡‡. A frequency
demodulator (PLL) is used to detect the signal at f0 ± fω which then
can be nullified by applying an appropriate dc-voltage Vdc. When this
output is zero, the electrostatic force becomes minimum and Vdc equals
the contact potential difference between tip and sample. In this way the
distribution of the CPD and the topography is obtained simultaneously
and the bandwidth of the photodetector does not limit the use of high
Q cantilevers.
Detecting the force gradient, which decays fast when increasing probe-
sample distance, allows very high spacial resolution and accurate mea-
surements of CDP values. There are, however, also drawbacks in FM-
mode. FM-KPFM does not operate on detecting an oscillation ampli-
tude and therefore the resonant enhancement of the first overtone is
absent. Therefore, large ac-voltages (1 − 5 V ) have to be applied in
order to get a reasonable signal and the CPD is not separated from the
topography.

1.3.5 Comparison between AFM and STM

As mentioned above STM and AFM use different physical values for the
measurements. While STM is limited to electrically conductive samples,
AFM has basically no limits in its application as long as the sample
is flat enough. On the other hand, the quality of AFM images is of-
ten dissapointing compared to STM measurements. While STM reveals
intermolecular details, AFM has already troubles to achieve molecular
resolution. The reason for this is the nature of the detected signals.
Since the tunneling current decays exponentially, its main contribution
comes from the very last atom on the tip apex. Atoms only one Å far-
ther away from the surface contribute one order of magnitude less to the

‡‡ω has to be larger than the scan speed but lower than the bandwidth of the
PLL. Typically frequencies of ≈ 1 kHz are used.
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(a) Forces in AFM (b) Tunneling current in STM

Figure 1.3: Schematic visualization of the signals contributing to the
contrast formation in AFM (1.3a) and STM (1.3b). In STM, only the
exponentially decaying tunneling current is detected. Therefore no long
range interactions contribute to the image. In AFM short range chemical
and long range vdW and electrostatical forces are detected. While the
latter can be compensated by applying an appropriate voltage to the
system, the two others contribute to the image contrast in any case.

resulting current. In AFM, a mixture of long and short range forces is
detected. While it is possible to minimize the contribution of the electro-
static forces, the vdW contribution cannot be reduced. This short and
long range contributions put the tip in a much more crucial position. A
rather blunt tip will inevitably average the long range forces over a large
scale which results in a more blurry image. In order to achieve inter-
molecular resolution the tip has to be very sharp with a small opening
angle.



2 Experimental Setup

2.1 The Ultrahigh Vacuum System

Figure 2.1: UHV system: Located on the left part is the analysis
chamber (a) with the AFM/STM(b), the LEED/AES system (c) and
the XPS (d). The preparation chamber (e) is located on the right. Visi-
ble on the picture are the sputter gun (f), the three cell evaporator (g),
the atom source gun (h) and the quartz micro-balance (i).

The home-built AFM is based on a prototype built in 1993 [47]. It is

16
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located in an UHV system [48] divided into three different chambers
partly shown in figure 2.1.

The lock contains a quick release fastener flange for fast tip and
sample introduction. It also contains an oxygen heating stage and is
connected to a small turbo pump and individually pumpable/evacuable
down to a pressure of < 8× 10−8 mbar.

The preparation chamber(P-chamber) is the part where the main tur-
bomolecular pump is connected to. There are several devices installed to
enable advanced sample preparation. A three-cell molecular evaporator
is used for molecule and salt (KBr, NaCl) deposition and the home-built
transferable evaporator is used for gold deposition. The manipulator has
an e-beam heater included for high temperature treatment. Additionally
a quartz micro balance is installed to calibrate evaporation rates.

For surface preparation a sputter gun is installed as well as an atom
source gun for gas treatment. To obtain clean ionic crystal surfaces the
in- situ cleaving knife is used. The preparation chamber is additionally
evacuated by a ion- getter and a titanium sublimation pump.

In addition to the AFM/STM, the analysis chamber(A-chamber) con-
tains analysis method instruments such as LEED∗, AES† and XPS‡. This
chamber is evacuated by a ion-getter and a titanium sublimation pump.

To evacuate the system, first the prevacuum and turbomolecular
pumps are engaged. The turbopumps alone can reach a pressure of
around 10−9 mbar after a certain time. The residual gas is mainly wa-
ter sticking to the chamber walls. After a 12 hour bakeout most of the
water is evaporated and pumped out of the system. Engaging ion-getter
and titanium sublimation pumps allows a final A-chamber pressure in
the low 10−11 mbar regime. The pressure in the P-chamber is usually
one order of magnitude higher.
Inside the chamber, tips and samples are moved by a system of manip-
ulators and a wobble stick.

2.2 The Atomic Force Microscope

The AFM inside the chamber is mounted on a stage which is suspended
by four springs and damped by an eddy current damping system. The
parts of this damping system are visible in image 2.2a.
The deflection of the cantilever is measured by a four-quadrant photode-
tector using the beam deflection method [49] shown in image 2.2b. The
light of a superluminescent diode [50] is coupled into a gold coated glass

∗Low Energy Electron Diffraction
†Auger Electron Spectroscopy
‡X-ray Photoelectron Spectroscopy
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fiber and introduced into UHV via a swage-lock teflon feedthrough [51].
The light beam is then focussed by a lens system at controllable distance
and deflected by a motorized mirror to the backside of the cantilever.
Reflected by the cantilever, the beam is led to a second mirror and from
there to the four-quadrant photodetector. The signal of the detector is
directly preamplified in UHV which guarantees a better signal to noise
ratio with a bandwitdh of 3 MHz [52].

(a) UHV AFM (b) Scheme of beam deflection

Figure 2.2: 2.2a: Image of the AFM system during maintenance work.
2.2b: Model of the beam-deflection method. The light reflected by the
cantilever is detected by a four-quadrant photodetector which is able to
record normal, lateral and torsional displacement of the cantilever.

The sample holder is mounted on a tube piezo which allows x,y move-
ment as well as adjusting the tip-sample distance. This assembly is at-
tached to a sledge which can be moved in two dimensions by three piezo
stacks for coarse approach. While imaging the sample is moved and
therefore the beam-lever system remains fixed. The cantilever itself is
mounted on a piezo crystal in order to allow operation in dynamic AFM
mode.

Additionally to AFM operating modes the instrument is designed
to be operated as STM. The small tunneling current is pre-amplified in
UHV with a switchable resistor of 100MΩ or 10GΩ. The system further
is offers the possibility to apply a bias voltage to either the sample or
the tip.
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2.3 Electronic Detection Circuit

The electronic setup has changed several times during this work. How-
ever, the composition of the different controllers has not changed. A
schematic view of the circuit is shown in figure 2.3. For the majority of
the measurements, the Nanonis [53] electronics and scan software were
used. Previously, the electronic setup was composed by home-built elec-
tronic parts [54] and software. For a short time, a Nanosurf easy PLL
[55] was employed.

Figure 2.3: Schematic sketch of the feedback loop circuit for dynamic
force microscopy. The control circuit is described in the text.

The cantilever with the Eigenfrequency f0 is located in a feedback
loop. As already mentioned, the frequency fexc = f0 and the amplitude
A are kept at a constant value. The detected oscillation signal is pream-
plified in UHV. Afterwards the signal is separated. One line is going into
a RMS-to-DC converter in order to obtain the amplitude. This value
is fed in the amplitude controller which controls Aexc to keep A at a
constant level.
The other line is fed into a PLL which is measuring the difference be-
tween the frequency f and the frequency setpoint fset. This difference
is the error signal of the frequency shift. It is also fed into the distance
controller (usually containing a P-I controller) which is adjusting the tip
sample separation to minimize the error signal. The reference oscillation
of the PLL is shifted by a previously adjusted phase ϕ and multiplied
by the output Aexc of the amplitude controller. This signal is driving
the piezo which is exiting the cantilever at its resonance frequency, at
the optimal phase and with the the adjusted amplitude. The Nanonis
system is integrated after the four-quadrant detector and fed by the nor-
mal (A − B) and lateral (C − D) oscillation signal, as well as the sum
(image 2.2b).
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2.4 KPFM Specialities

In order to obtain more accurate height informations on heterogenous
surfaces. The electrostatic forces have to be compensated, so that they
no longer contribute to the topography [56, 57]. This compensation is
either done statically by applying a bias voltage or dynamically by using
KPFM.

When operating the microscope in AM-KPFM-mode, a second lock-
in is needed as shown in figure 2.4. The normal oscillation signal (A−B)
is high-pass-filtered in order to separate f0 from f1 and then fed into the
lock-in which uses an oscillation, generated by a frequency generator, on
the 2nd resonance of the cantilever as reference. The output then is fed
into our home built Kelvin controller.

Figure 2.4: Same sketch as in fig.2.3 with the circuit for the KPFM
Am-Mode cf. section 1.3.4.

On bulk insulating crystals it is often not easy to run the microscope
in KPFM mode because a dynamic compensation of the CPD is not
always possible. In those experiments the contact potential difference
was compensated by sweeping the bias voltage while keeping the tip
at a close distance to the surface. The resulting Vbias − ∆f curve has
a parabolic shape with its minimum Vbias,0 equals Vcpd [58]. On het-
erogenous surfaces it is suggested by Sadewasser [59] to determine Vcpd
on both materials and then choose Vbias = (Vcpd,1 + Vcpd,2)/2. Sade-
wasser also claims that on surfaces with more than two different Vcpd
this solution is no longer valid and height measurements are flawed.
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2.4.1 Compensating Capacitive Coupling

Capacitive cross-coupling between the instruments wiring hampers high
resolution KPFM imaging [44]. The compensation of the effective con-
tact potential is often shifted by several mV . Therefore, an additional
signal input which allows an almost perfect compensation of this cou-
pling signal was developed. To achieve that, a phase stable ac-signal of
the same frequency is fed into the system. The phase and the ampli-
tude of this compensation signal is set in a way that the lock-in signal
becomes minimal (< 100 mV ), when the contact potential is compen-
sated by applying a dc-bias voltage. In order to adjust the phase, the
bias voltage afterwards is increased by 500 mV allowing a more accurate
adjustment. After this procedure the Kelvin controller can be engaged.

2.5 Calibrations

In order to obtain quantitative, accurate results several things have to be
calibrated. The most important parts are the scan-piezo, the oscillation
amplitude of the cantilever and its Q-factor. Therefore, a brief overview
over the calibration methods is given here.

2.5.1 Calibration of the Piezo

Calibration of the z-piezo

The z-piezo is responsible for the topography measurements. Usually,
it is calibrated by measuring step heights on well known materials (e.g.
Si(111), NaCl, KBr(001)). Sometimes, it is not easy to determine wether
a step is one or more layers high. Accumulating enough data overcomes
this problem, as with more steps measured, a quantization of the step
heights becomes visible, allowing an exact determination of single-steps.
Measuring the height of the single steps and comparing it with theoret-
ical values yields to a calibration factor which allows a readjustment of
the z-piezo calibration.

Calibration of the x-y-piezo

To calibrate the x-y-piezo usually an image with atomic resolution is
used. Processing a FFT§ on such an image leads immediately to the
atomic periodicity. Comparing this value with literature leads again to
a calibration factor which is used for the x-y-calibration. It is important
to mention that such a calibration is only accurate for the fast scan

§Fast Fourier Transformation
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Figure 2.5: Topography 2.5a of a NaCl(001) surface with a few steps
and the linesection 2.5b along the line. The NaCl step height is 2.825 Å,
while we measure an averaged value of 2.85 Å. Atomic resolution on
KBr. Topography 2.5c and corresponding FFT 2.5d. The FFT gives
a periodicity of 6.69 Å in y and 6.59 Å in x-direction. The y-direction
is much more drift affected and in order to obtain accurate values the
FFT image has to be taken from a scan under 90◦where the fast scan
direction is equal to the y-axis.

direction. The slow scan direction is too much drift affected to provide
exact information. To calibrate the other axis, one usually repeats the
scan with a 90◦ tilted scan direction.

2.5.2 Calibration of the Amplitude

The oscillation amplitude A can be determined with help of the cal-
ibrated¶ z-piezo. The principle idea is to measure the z-extension for
different amplitude values [60] at constant minimum tip sample distance.
On insulation surfaces the distance is usually controlled by keeping the
frequency shift constant. Because the frequency shift is dependent on
the oscillation amplitude f ∝ A−3/2 [29, 61], it has to be readjusted
after every change in the oscillation amplitude.

The procedure is the following: The controller is set to an amplitude
A0. A ∆f0 setpoint is chosen and the tip approached to the sample.
After reaching an equilibrium state, the z-signal z0 is recorded. A change
in the amplitude to A1 = c × A0 leads to an adjusted frequency shift
of f1 = f0c

−3/2. Again after letting the tip position become stable the
signal z1 is obtained. The difference z1 − z0 divided by the difference
of the oscillation amplitudes Aosc,1 −Aosc,2 leads to a conversion factor
nm/V which then can be used to calibrate the absolute amplitude.

¶Such calibrations are usually done by measuring the step heights on well known
materials.
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The new Nanonis SPM control system [53] offers the possibility to
remote control certain functions via ethernet. To perform the calibra-
tion automatically, a LabView [62] application was programmed. The
automated procedure now allows to average over several hundred am-
plitude changes rather than only two to three with the manual method.
However, even the automated procedure leads to quite large errors of
around 10% A more detailed description of the application can be found
in appendix B.

2.5.3 Calibration of the Q- Value
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Figure 2.6: Amplitude (2.6a) and phase (2.6b) vs. freuqency shift
curves. f0 = 150 kHz, Q = 31000

The Q-factor is a measure for the dissipation in nc-AFM. This in-
trinsic cantilever dissipation is can not be avoided. Since the Q-factor
is inverse proportional to the force sensitivity it is desirable to have
cantilevers with high Q-values [15]. Operating in air the Q-factor is
limited to values of a few hundred because of viscous damping of the
environment. In UHV, only internal and surface effects are responsible
for the damping and hence much higher Q-factors up to several 106 are
obtained. There are different ways to determine the Q-factor. One is to
sweep the frequency and simultaneously record the amplitude A or the
phase φ of the cantilever oscillation. The relations between frequency
shift and amplitude or phase respectively, are derived from the equations
of motion for a free cantilever [63]:
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A(f) =
A0√(

1 (f/f0)2)2 + (f/f0 ×Q)2
(2.1)

φ(f) = arctan

(
1− (f/f0)2

f/f0
Q

)
+ φ0, (2.2)

where f0 is the resonance frequency of the free cantilever, A0 the ampli-
tude at f0 and Q the quality factor.

The quality factor can also be derived without any excitation from
the thermal noise spectrum. The analytical curve below is fitted to the
resonance peak [64, 65]

S(ω) =
2kBTω

3
n

DnQ
(

(ω2 − ω2
n)2 + ω2nω2

Q2

) , (2.3)

where Q is the quality factor, kB the Boltzmann constant, Dn the spring
constant and ωn the eigenfrequency of the n-th eigenmode.

High enough Q-factors can also be accurately determined by measur-
ing the decay behaviour of the lever after switching off the excitation.
The ring-down follows an exponential decay and can be fitted with the
following formula [65]

A(t) = A0 exp

(
−π f

Q
(t− t0)

)
, (2.4)

where A0 is the excitation amplitude and t0 the switch-off time of the
external oscillation.

2.6 Sample and Tip Preparation

2.6.1 Properties and Treatment of the Cantilevers

We used commercial [66], microfabricated, rectangular cantilevers with
integrated tips (fig. 2.7). They are fabricated from highly n-doped silicon
to allow combined AFM-STM measurements and to prevent charging.
The tips have a pyramidal shape formed by etching processes. In order
to obtain atomic resolution the tip apex has to be as sharp as possible.
Ideally, only the front atom interacts with the surface. The typical tip-
radius of the used levers is below 10 nm. For non-contact measurements
stiff cantilevers with spring constants around 60 N/m help to increase
stability and reduce noise effects. In order to improve the optical signal,
levers with aluminum reflective coating of approximately 30 nm on the
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(a) Microfabricated cantilever
with. . .

(b) . . . an integrated tip

Figure 2.7: SEM images of a microfabricated cantilever with integrated
tip.

thickness t 7.0± 1 µm
width w 38± 8 µm
length l 225± 10 µm
force constant k 21− 98 N/m
tip height h 10− 15 µm
resonance frequency f0 146− 236 kHz

Table 2.1: Properties of a reflective coated cantilever

detector side‖ were used. This enhances the signal by a factor of roughly
2.5 but decreases the Q-factor from around 30k to around 15k. Table
2.1 shows a list of typical cantilever properties.

The microfabricated cantilevers are glued on a tip holder and adjusted
with the help of an adjustment stage, guaranteeing an optimal lightpath
in the microscope. After introduction into the vacuum, the holders were
heated to 120◦C in order to get rid of water and other contaminants∗∗.
Afterwards, we removed the thin coating layer of silicon oxide by Ar+

sputtering the tip for about 2 minutes at a beam energy of E = 1 kV .
Other possible removal treatments are in-situ annealing at 900◦C [67] or
HF-etching [68] before introducing into UHV.

‖other side than the tip
∗∗In the past few months we skipped the annealing process to presumably avoid

diffusion from the glue to the tip
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sputtering annealing

Cu(111) 1 keV , 20 µA, 25 min 790 K, 20 min

Table 2.2: Parameters for Ar+-sputtering- annealing cycles.

2.6.2 Sample Preparation

Under atmospheric conditions all kinds of particles and adsorbates are
covering a sample forming an adlayer. The chemical composition and
structure of this layer is generally not well defined. Thus, samples ex-
posed to atmospheric pressure are complex structures, with the adlayers
preventing a clear analysis of the underlying surface strucure. In ultra-
high vacuum several techniques exist to prepare clean and well defined
surfaces.

Brittle materials, such as alkali halides, are prepared by cleaving.
Cleaving only works along certain crystallographic directions. For metal-
lic surfaces usually sputter-annealing cycles are used. By bombarding
the surface with noble gas ions the residuals in the topmost atomic layer
are sputtered away. Subsequent annealing is necessary to remove noble
gas adsorbates and heal out the crystallographic structure of the metal.
Since this process also segregates bulk impurities to the surface those
cycles have to be repeated several times [69]. Typical parameters for
copper preparation are listed in table 2.2.

A further possible treatment for alkali halides is electron bombard-
ment. In order to obtain rectangular monoatomic deep pits in the sur-
face, it is held into a electron beam generated by the LEED gun [70].
The electrons form excited color centers inside the top layers of the crys-
tal which diffuse to the surface and leave the sample there [71], forming
stochiometric pits. This kind of sample preparation is used to lower the
mobility of adsorbates on the surface and has lead to the first molecular
resolved images of molecules on an insulating surface [72]. The irra-
diation process induced by the LEED gun is a more intuitive process
(parameters: E = 1 kV , Ifil ≈ 1 A, Iemission = 65 µA, texposure = 5 s
and Tsample = 150◦C).





3 Porphyrin Molecules on

Alkali Halide Crystals

The focus of this work was the investigation of organic molecules on
insulating surfaces. Generally, the diffusion barrier of molecules is very
low compared to the intermolecular forces which generally leads to rather
big clusters (diameter ? 5 nm) on the substrate surface rather than
ordered layer structures.

3.1 Motivation

In order to selectively address monoatomic molecular devices, they have
to be electrically decoupled from the substrate. One way to achieve this
is to use bulk insulating crystals. Alkali halides offer some distinctive
advantages compared to other surfaces. Flat surfaces with monoatomic
steps and large terraces are easily prepared and the electron bombard-
ment described in chapter 2 leads to a well structured surface. Addition-
ally, those materials have rather large unit cells, which allow to obtain
atomic resolution fairly easy [73, 74]. The restriction of those materials
are mainly their susceptibility to water and other solvents. In order to
keep the surface at a well defined state, those materials have to be kept
in UHV.

The adsorption and self assembly of functional organic molecules on
surfaces offers fascinating perspectives for nanometer sized electronic and
optoelectronic devices. For the construction of such devices, nanowires
are essential components to provide an efficient transport of electrons
and/or excitons along specific directions. Self-assembled structures pro-
vide some distinct advantages compared to engineered devices, such as
self healing and a decreased number of defects [4, 75, 76].

For a long time molecular growth studies were limited to metal sur-

28
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faces, which were then studied by STM experiments (for a few selected
examples see [77, 78, 79, 80, 81]). On metals, porphyrin based molecules
are adsorbed with their core-plane parallel to the surface, not allow-
ing any kind of π − π [82] stacking. This stacking is mandatory for
porphyrins to allow electronic or optoelectronic exchange among them-
selves. I will show in this chapter, that nc-AFM is an ideal technique
to study molecular assemblies. However, so far nc-AFM studies still
have potential for improvement as they generally lack of submolecular
resolution [83, 84, 85, 86, 87].

3.2 Binding Mechanisms

Comparing the adsorption behaviour of large molecules on metallic and
insulating surfaces revealed some distinct differences. Molecules with an
aromatic core parallel to the surface form ordered monolayers if they
are big enough [88] or if they are allowed to form hydrogen bonds [89]
which cause a bigger intermolecular interaction. In addition to this,
localized π− bonds can form if the core is close enough to the surface [90].
Alternatively, flexible end-groups can arrange themselves individually,
with each of them forming a vdW-bond with the surface.

On ionic crystals the interactions described above are expected to be
significantly smaller. The larger energy gap of insulators causes a weaker
polarizeability and weaker vdW forces, which are about a factor of two
smaller than on metals [22]. On ionic crystals we expect bonds to form
between polar endgroups with the surface ions of the crystal. However,
the corrugation of this surface potential is so weak, that most molecular
species diffuse freely over the surface and rather agglomerate in clusters
at step edges than in ordered layers on the terraces.

The corrugation of the electrostatic potential is greatly enhanced at
steps, kinks and cornersites. Therefore, those sites become ideal adsorp-
tion points for polar molecules. The lateral electric field at step edges
can be approximated with ≈ e/a2 exp(−2πx/a) cos(2πy/a), with a be-
ing the lattice periodicity. It is adviseful to choose molecules with polar
endgroups separated by d = na (n ∈ N), or even easier only one polar
endgroup.

3.3 Porphyrin Molecules

In this work mainly molecules of the porphyrin family were used. In
certain experiments also other molecular derivates were involved. The
name porphyrin is derived from the greek word for purple;porphura. All
porphyrins absorb light in the visible range and therefore appear col-
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ored [91] for the human eye. The chemical structure of the porphyrin
macrocycle is shown in figure 3.1. Four pyrrole-rings are linked cyclic
by four methyne groups to build an extended aromatic π-system with
18 π-electrons per core [92]. This part corresponds also to the simplest
molecule of the family, the Porphin (C20H14N4).

Figure 3.1: Chemical

structure of the por-

phyrin core: Porphin

The core has a four-fold symmetry and in
addition the two hydrogen atoms in the mid-
dle can be substituted by a metal atom (e.g.
Fe, Mg or in this work exclusively Zn). The
porphyrin macro cycle can be augmented
with functional groups in many ways. In the
present work most of the time two opposite
sides were occupied by one 3,5-di(tert-butyl)
phenyl group each. Preferrably the other
two positions were amended with functional
groups which improve or ease the adsorption
process of the molecules on insulating sur-
faces. Details will be discussed in the follow-
ing chapters.

Porphyrin molecules also play different important roles in nature.
The most important ones are in photosynthesis and the transport of
oxygen [92]. In the metabolism of mammals oxygen is transported by
red bloodcells, the hemoglobine. The major part of it is the hem-group,
a iron-(II) substituded porphyrin [93]. The photosynthesis taking place
in plants uses chlorophylls which are magnesium-(II)-chlorin complexes
with chlorin being a porphyrin derivate [94]. To allow photonsynthesis
the porphyrins absorb red light which is responsible for the green color
of all plants. Details about the synthesis of the used porphyrins can be
found in [95].

Fig. 3.2 shows the chemical structure of the two employed molecules.
For convenience the molecule in fig. 3.2a will be referred to as tetra-
cyanoporphyrin (symmetric) and 3.2b as monocyanoporphyrin (asym-
metric). The two 3,5-di(tert-butyl)phenyl- groups will be referred as
sidegroups.

3.4 Tetracyanoporphyrins on KBr

Atomically flat KBr surfaces were prepared by cleavage in air or UHV
followed by an annealing step in UHV to get rid of surface charges [96].
The clean surface was irradiated for approximately 5 seconds by a 1keV
electron beam (IEmission = 65 µA). The obtained pit size and number
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(a) Tetracyanoporphyrin (b) Monocyanoporphyrin

Figure 3.2: Chemical structures of the employed molecules. The sym-
metric shaped tetracyanoporphyrin on the left and the asymmetric
monocyanoporphyrin on the right

is dependent on the intensity of the radiation and the duration of the
exposure [71, 97].

(a) Irradiated KBr
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(b) Cross-section

Figure 3.3: (3.3a): Topographical image of the irradiated KBr(100)
surface. Frame edge = 200 nm, ∆f = −10 Hz. (3.3b): Cross-sectional
view over several pits. Most of the cavities are monoatomic deep and
have a diameter between 2− 30 nm
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The clean irradiated KBr surface is shown in fig. 3.3a. Rectangular
pits are regularly distributed all over the surface. The vast majority of
the pits is monoatomic deep and about 2− 20 nm big. Those pit struc-
tures have been successfully employed to trap different organic molecules
[83, 72, 86, 87].

After irradiation tetracyanopophyrin molecules were evaporated ther-
mally. The sublimation temperature was around 180◦C and the sample
was kept at 80◦C. The evaporation rate was calibrated with a quartz
micro balance crystal and determined to be ≈ 2 Å/min. To obtain
surfaces that showed molecular coverage and also clean substrate parts,
≈ 1/2 monolayer of material was deposited.

Fig. 3.4a shows the surface after the evaporation. Molecular clusters
are attached to the small rectangular islands. In the left part of the
image one can also see partially filled pits. There are no agglomerates
of molecules on flat terraces as expected since the diffusion barrier of
those molecules is to small. The longer step and pit edges also show an
enhanced contrast. Unfortunately, due to the poor image quality it is
not possible to determine, wether this enhanced contrast is caused by
a step decoration or simply by the imaging tip. Those step decorations
have a height of roughly 1 − 1.5 nm and therefore, could indicate the
presence of a molecular decoration. However, zooming in and lowering
the tip sample separation suppressed those features, resulting presum-
ably from removing the decoration with the tip. While the molecules
were prevented from diffusing off the surface, neither the pit nor the
islands allowed them to form an organized structure. The height of the
clusters varied between 1.5 and 2.0 nm and the round, clustery shape of
the agglomerates didn’t indicate any order. Sequentially, with those ob-
servations, flat, extended areas with molecular order were not observed.

As a consequence of these results the sample was annealed at 130◦C
for a few seconds. This temperature was chosen to be high enough to
allow the clusters to break apart and the molecules to diffuse around
on the surface but prevent them from evaporating from the surface.
Fig. 3.5a shows the sample after the annealing process. The decorations
at all the edges are gone. In exchange, molecular carpets with a diameter
of ≈ 20 nm and a height of 1.3 nm have been formed. The regular shape
of the carpets and the homogenious height indicate an ordered structure
of the molecules. Unfortunately, lowering the tip sample separation led
to a more blurry contrast which indicated a tip induced movement of
individual molecules and even bigger parts of the agglomerates.

To gain more informations about the molecular carpet, two sets of
ten force distance curves were performed along the straight line shown
in fig. 3.6a. The first three curves were taken on the KBr, followed
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(a) Tetracyanoporphyrine
molecules on KBr
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(b) Cross-section

Figure 3.4: (3.4a): Topographical image of the structured KBr(100)
surface decorated with tetracyanoporphyrins. Frame edge = 400 nm,
controlled on constant dissipation. Detailed description is found in the
text. (3.4b): Cross-sectional view over a decorated island and the sur-
rounding area reveals a non-uniform height of the molecular clusters of
about 1.5− 2 nm

(a) Tetracyanoporphyrine
molecules on KBr after
flashing the sample.
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(b) Cross-section

Figure 3.5: (3.5a):The decorated sample after flashing it to 130◦C.
Detailed description in text. Frame edge = 400 nm, controlled on dis-
sipation. (3.5b): Cross-sectional view over a carpet of molecules an is-
land and the underlying substrate. The molecular carpet has a height of
roughly 1.3 nm.
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(a) Molecular carpet before... (b) ...and after performing dis-
tance curves.
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(d) force-distance curves

Figure 3.6: (3.6a): Topography images (3.6a&3.6b) of a molecular
carpet. Ten force distance curves were performed along the black line.
(3.6b): The same carpet after the spectroscopy. During the first series
of curves the tip picked up material from the agglomerate and subse-
quently deposited the molecules on the surface during the second series.
The placed molecular clusters are well visible and additionally one can
see the damage the tip did to the carpet. Figs. 3.6c and 3.6d show three
subsequent averaged force distance curves. The black one is recorded on
bare KBr. The red curve is taken on the molecular carpet and the blue
curve again is taken on the KBr. The z-position is recorded relative to
a fictive point and the topography difference between the molecules and
the the KBr levels is substracted.
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by four curves on the molecules and ended by another three curves on
the substrate. During the first series the tip picked up material from the
molecular carpet. Fig. 3.6b clearly shows the crash site on the island. In-
terestingly the molecules then were deposited during the following spec-
troscopy curves on the KBr surface. The force distance curves have been
divided into three groups (KBr-molecules-KBr). Each bundle was then
averaged and the result is displayed in fig. 3.6c and 3.6d. The black curve
shows the spectroscopy on the upper KBr terrace (right half), the red
curve is taken on the molecular carpet and the blue curve on the lower
KBr terrace. The topography differences have been substracted so that
the start point of each curve has the same tip-sample separation. There
was no bias applied to the sample. The shift caused by the molecules is
close to 1 nm for the a similar force, indicating a clear difference in the
interaction forces between bare KBr and molecular carpet.

The obtained results clearly indicate that small clusters of tetra-
cyanoporphyrin molecules are not completely mobile on the KBr(100)
surface. However, if the thermal energy is high enough (? room temper-
ature) the clusters tend to diffuse away from the flat surface to higher
coordinated sites, such as step edges, pits, islands, defects and other im-
purities. It is further noticable that annealing the sample at 130◦C leads
to a complete rearrangement of the molecular structure. The roundish
shaped molecular clusters sitting at the island edges were mobilized and
had enough thermal energy to rearrange themselves resulting in larger
but more flat islands. However, the structure inside those carpets is still
unknown as we never observed any regular patterns nor resolved single
molecules. Lowering the tip sample distance usually led to a pickup of
material or a complete tip crash.

3.5 Monocyanoporphyrins on KBr

The following sections describe the adsorption of [10,20- bis(3,5-di-tert-
butylphenyl)- 5- (4-cyanophenyl) porphyrinato(2)- kN21, kN22, kN23,
kN24]zinc(II) molecules (shown in fig. 3.2b & 3.7) on various substrates.

3.5.1 Single Wires along Pit Edges

After the irradiation described in section (2.6.2) sub monolayer quanti-
ties of porphyrin molecules were thermally evaporated on the substrate.
Typical evaporation-rates were between 1 and 3 Å/min. During the
evaporation process of roughly 60 seconds the sample was kept at 80◦C
to allow a limited mobility of molecules.
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Figure 3.8a shows a nc-AFM image of the KBr(001) surface at a
constant frequency shift of −20 Hz, after the evaporation of the mono-
cyanoporphyrin molecules. The structure of the irradiated pattern is
still apparent and decorated steps are clearly visible. Atomic resolu-
tion was obtained on flat terraces and inside the pits but not close to
any molecular structure. The picture shows also that only the straight
step edges are decorated with the porphyrins. As soon as the steps are
rounded the molecular wire becomes interrupted or the molecules do not
aggregate there at all. However, the wire remains intact along kinks as
marked in fig. 3.8a.

Figure 3.7: Cyanoporphyrin

with one 4-cyanophenyl- and two

3,5-di(tert-butyl)phenyl- groups,

spacefill model. Dipole moment

on the nitrogen atom = 4.37 D

[98]

At those dislocations and at
cornersites where two wires con-
verge, we observe a slight aug-
mentation in the wire structure
of about 1 Å. This is either ex-
plained by a change in the molec-
ular order caused by the offset
(or the joint at cornersites) or by
the weaker bound molecules at
the wire ends. Both of the two
reasons could lead to a increase
in the topography signal, either
caused by overlapping molecules
or by a tip induced vertical move-
ment.

Figure 3.8b is a top down scan
and reveals more details about
the molecular wire itself. In the
lower part of figure 3.8b an instability is observed where part of the
molecular wire is removed, revealing the KBr step underneath it.

The cross section in figure 3.9a shows the dimensions of the wire more
precisely. The height of the structure (≈ 1 nm) corresponds roughly to
the length of the porphyrin, while the different profiles of the wires grow-
ing in different directions in fig. 3.8a indicate an asymmetric shape of the
tip. The small peak of ≈ 0.5 Å height corresponds to the faint vertical
dotted line visible in figure 3.8b. These dots have a distance between
each other of ≈ 0.6 nm which corresponds to the distance between por-
phyrins as shown in figure 3.9b. This distance also concides to the length
of two KBr unit cells. This sub-structure first was not observed too often
and it cannot be ruled out that the substructure is observed due to an
imaging artifact rather than due to the real molecule structure. Further
studies and measurements are needed to clarify this question.
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Another important observation is that the step decorations were sta-
ble over a quite large distance. The reason for them to get broken was
never the length of the structure but always series of kinks, corners or
other interruptions of the underlying step edge.

If we consider possible arrangements of the molecules along the pit
edges it is most likely a similar mechanism as shown in [72] where the
strong electrostatic potential at the vertices of the pits trapped the neg-
atively charged chlorine atom of the molecule. In our case the sinusoidal
potential along the pit edge may provide an interaction with the nitro-
gen atom of the molecule, strong enough to prevent the porphyrins from
diffusing away. Therefore, it is likely, that the molecules stand on the
substrate with the cyano-group pointing downwards and the plane of the
porphyrin body perpendicular to the pit edge direction forming the π−π
structure as described in [82, 100] and shown in figure 3.9b. Since the
porphyrins do not stack centered, they are most probably tilted towards
the substrate plane.

The potential across flat terraces is not strong enough to prevent the
molecules from diffusing away. Therefore, no porphyrins were observed
on these flat areas. Even more than in [72] the potential enhancement

(a) Decorated pit edges (b) Zoom of a single wire

Figure 3.8: (3.8a) Topographical overview of the decorated steps on
KBr. The arrows mark small protrusions at joint-sites of 2 molecular
wires. Those protrusions occur at dislocations and corners and are about
1 Å higher than the wire. The circular marks indicate wire-growth over
small dislocations. Frame edge = 100 nm, ∆f = −20 Hz, z = 2.5 nm.
(3.8b) Topography of a decorated step edge. Frame edge = 22 nm,
∆f = −20 Hz, z = 2 nm.
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(a) Cross- section over a molecu-
lar wire

(b) Possible arrangement

Figure 3.9: (3.9a) Cross sectional view of the image shown in figure
3.8b. The small peak right of the large molecule peak comes from the
dark dots visible in the topographical image. (3.9b) Possible arrange-
ment of the cyano- porphyrins along the pit edges. Br−-ions in red, K+-
ions green. Rendered with PovRay [99].

at the step edges seems to be the crucial factor for immobilizing the
molecules on place.

As already mentioned, the molecules only aggregate at the straight
step edges. This can be explained by considering the relatively weak
interaction of the stacking. A round edge bends the wire structure and
enlarges the intermolecular distance reducing the interaction even more,
which might lead to a breaking of the wire. This also leads to the
conclusion that even though the wire is not completely interrupted at
kink sites, the π − π bond must become very weak or even completely
interrupted.

3.5.2 Single Wires along Step Edges

Cleavage of a KBr crystal in UHV often leads to large terraces and long
(> 1 µm) step edges of different heights. Fig. 3.10a shows a 500×500 nm
image of an in-situ cleaved KBr(001) surface. The step edges extend over
the whole scan range of the microscope and they are flawlessly shaped,
showing no defects or adsorbates. It is also remarkable that most of
the step edges are oriented in the same direction, namely the [010] one
on this area of the sample. The two marked step edges running in the
[100]-direction have a length of more than 5 µm estimated from scan-
ning several subsequent images to the right. This well defined surface
promised to be an ideal template to produce long, one- dimensional



3.5. MONOCYANOPORPHYRINS ON KBR 39

structures along step edges.

(a) UHV- cleaved KBr
surface
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(b) Cross section

Figure 3.10: (3.10a): Topography of a KBr surface cleaved in UHV
and heated to 150◦C for 20 minutes to get rid of surface charges The
arrows mark the step edges parallel to the fast scan direction. Frame
edge 500 nm, f0 = 170991 Hz, Q = 15000, ∆f = −5 Hz, A = 20 nm.
(3.10b): Linecut along a horizontal line. The step edges have various
heigths between one and seven monolayers .

The evaporation of the molecules was similar to past experiments on
irradiated KBr. Typical parameters were: Tsample = 80◦C, Tmolecules =
160◦C, tevap = 60 s, rateevap ≈ 1 Å/min. After the evaporation pro-
cedure the heating of the sample was immediately switched off and the
crystal was allowed to cool down to room temperature again.

The resulting growth of the monocyanoporphyrins typically obtained
along the step edges is shown in fig. 3.11. Decorations on all steps have
been observed although the shape and arrangement of the decorations
seems to be directly dependent of the step height. Closer analysis re-
veals that only steps with a height of ≤ two ML∗ (= 0.66 nm) show the
expected one-dimensional growth (fig. 3.11(1)) already observed on ir-
radiated KBr. Higher steps are decorated as well, but the agglomerates
reveal no uniform structure nor a constant height (fig. 3.11(2)) which
leads to the conclusion that the molecules are not arranged as proposed
in fig. 3.9b. A simple reason for this behaviour seems to be a basic geo-
metric observation. Looking at various images the wires seem to overlap
with the upper terrace, meaning that one side-group sits over the upper

∗ML:Monolayer
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Figure 3.11: Topography (a) and ∆f (b) image of the one dimensional
structures along the step edges with monowires(1), unordered agglomer-
ates(2) and multiwires(3). A detailed analysis is found in the text. Scan
range = 500 nm, A = 20 nm, ∆ = −8 Hz.

terrace. Structure (fig. 3.11(3)) will be discussed extensively in the next
section.

Measuring the height of the molecular wires yielded to an interesting
result. One dimensional structures are about 1.2−1.3 nm high when as-
sembled at a double step. Assuming that the molecule height is roughly
1.5 nm †, this would lead to a tilt angle of roughly 57± 5◦ with respect
to the substrate assuming the molecules are not laterally tilted. The
structures along single steps and inside the pits are only 0.8 − 0.9 nm
high, which clearly indicates a different tilt angle towards the substrate.
In this case, the angle would be 35± 5◦. Balaban et al. showed in [101]
that the distance between two molecules in the π − π plane is roughly
3.6 Å which leads to distance of 5.9 Å parallel to the surface for a tilt
angle of 37 ◦ between porphyrin core and the π − π direction. This
angle is observed in crystallographic assemblies of those molecules and
can be assumed as more or less rigid value. Under these circumstances
the calculated angle for a doublestep is probably wrong and a tilt in a
second direction has to be responsible for the increased structure height
at double steps.

Fig. 3.12 shows possible arrangements of the one-dimensional struc-
tures at step edges of different heights. The arrangement along a single
(b) and double (c) step is directly derived from the angle calculated

†the calculated height would be 14.989 Å plus the Van der Waals radii of one
hydrogen and one nitrogen atom.
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Figure 3.12: The angles used to visualize the arrangements are shown
in (a). The rotation axis pass through the nitrogen atom. The KBr(001)
surface is parallel to the X-Y-axis. The grey arrow marks the axis of
the molecule. ξ is the tilt of the molecule with respect to the X-axis, φ
the one to the Y-axis and γ to the Z-axis. The arrangement estimated
from the height profiles along a single step is shown in (b). φ is 37◦, ξ is
75◦and γ is 0◦. Along the doublestep shown in (c) φ increases sligthly to
43◦. Again γ is 0◦but the lateral tilt of the molecule ξ is now 60◦. Along
a triple step, one- dimensional wires were never observed. (d) Shows
three different orientations of molecules at those edges. The most left
molecule (i) in (d) is turned by γ = 45◦ so that the core is oriented
along the [110] direction. This orientation does not allow π − π stacking
along the direction of the step edges. The molecule in the middle (ii)
is tilted by ξ = 45◦ to the surface, making it fit geometrically to the
step. (iii) Combines those two angles and could be considered as possible
arrangement for the growth in the 〈110〉 direction.

above. The rotation angle ξ is based on stability reasons to give the
wire a more rigid structure. In addition it explaines the increased height
at higher steps. The assumption that the molecules are arranged in this
way is supported by the fact, that we never succeeded to flip the wire
to another position. The only possible manipulation was the partial or
complete removal of a structure but never the alteration of its position.
The arrangement along triple steps remains unclear so far. While we
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never observed a single structure along those edges, broader and higher
agglomerates have been observed. We assume that different growth ver-
sions are possible. Three of them are presented in Fig. 3.12(d). Molecule
(i) is rotated towards the terrace, allowing π − π interactions along the
〈110〉 direction, but not along the step edge. Molecule (ii) is fitting nicely
to the step and it is likely that agglomerates based on this orientation
form the bigger structures we observed. The tilt of 45◦also increases the
apparent height of the structure to roughly 1.8 nm which explaines the
higher values we observe along higher steps. However, this arrangement
does not allow π− π stacking along the crystallographic direction, since
the angle between the porphyrin cores and the stacking direction would
be 90◦. The molecule (iii) is again tilted by ξ = 45◦ and additionally
turned by γ = 45◦ which could be a starting point for structures growing
across terraces, rather than along step edges.

3.5.3 Multiple Wires across Terraces

(a) Multistructure across a ter-
race

(b) Crossing multiwires

Figure 3.13: (3.13a):Multistructure growing across a terrace from step
edge to step edge. The lower edge of the wire is higher than the upper
part.The upper part is referred as monolayer. f0 = 174054 Hz, Q ≈
15000, ∆f = −8 Hz, A = 10 nm. (3.13b): Crossing multistructures. The
wires are oriented in the 〈110〉-directions. f0 = 173886 Hz, Q ≈ 15000,
∆f = −52 Hz, A = 5 nm

As already visible in fig. 3.11(3) and shown more clearly in fig. 3.13, we
do not only observe single structures along step edges but also ordered
structures across terraces. The number of these structures is directly
dependent on the evaporated amount of molecules. While at low cover-
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ages (< 0.5 ML) the porphyrins tend to only decorate step edges, the
amount of ordered wires on terraces increases dramatically at a coverage
of more than 1 ML. In the first line, steps higher than three monolayers
act as starting point for those structures. The porphyrins do not form
oriented single structures along those higher steps, but rather clusters
of unresolvable order from which the highly oriented structures arise.

To obtain large terraces with long straight step edges on KBr, the
crystal is usually cleaved in UHV and heated to 150◦C without further
treatment. As an alternative, it is also possible to anneal the crystal
up to 380◦C, allowing the surface to heal out kink sites and to form
evaporation spirals at the intersection of dislocations with the surface
[102]. Evaporation of monocyanoporphyrins on those surfaces at higher
coverage led to an increase of both, the number and size of the multiwires
in 〈110〉-direction. At the same time the single structures along the
straight edges were overgrown by additional molecules.

Figure 3.14: (a) High resolution nc-AFM image of a molecular mono-
layer consisting of several parallel porphyrin wires showing submolecular
resolution. The intermolecular distance of the molecules can only be ex-
plained by a π − π stacking of the molecules. (b) Atomic and molecular
resolution image of the porphyrin wires and the KBr substrate. A Fouri-
eranalysis (inset) reveals different periodicities for the molecules and the
substrate. The contrast was enhanced by adding the derivative to the
image.

Fig. 3.14 shows high-resolution nc-AFM images of parallel molecu-
lar wires along the [110]-direction separated in width by 2.4 ± 0.2 nm,
which corresponds to approximately five lattice spacings of the substrate
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perpendicular to the stack axes. The molecular rows are shifted against
each other in order to optimize a compact arrangement. In Fig 3.14(b)
the atomic structure of the substrate and molecular structure of the
porphyrins are resolved simultaneously. A FFT-analysis of this mea-
surement reveals that, unlike at the step edges in [100]-direction, the
molecule to molecule distance within a wire differs from the KBr lattice
spacing. The molecule-molecule separation measures 0.56 ± 0.01 nm,
compared to the distance of 0.47 nm between two K+ ions along the
〈110〉-directions. This indicates that the dimensions of the molecule ask
for a larger separation than the K+ intervals would provide, rather cor-
responding to the spacings observed in the crystal lattice of Balaban
et al. [101]. At the steps, along the [100]-direction, K+ ions are al-
ternating with Br- ions creating attractive and repulsive sites for the
partially negative charged cyano-groups and therefore forcing them into
position. Diagonally across the lattice, in 〈110〉-direction, the potas-
sium ions are evidently closer together and not interrupted by bromine
ions, presumably creating a slightly delocalized positive charge distribu-
tion. The stacks are directed along one dimension, but in contrast to
the assemblies at the step edges, the single porphyrins are not located
each directly above a potassium ion, but rather along the K+ chain,
keeping their thermodynamically preferred intermolecular spacing. The
angle between the porphyrin planes and the stack axis is slightly en-
larged (43 − 45◦) compared with the crystal structure, once more pre-
sumably due to the cyanophenyl-group perpendicular to the porphyrin
plane. From high resolution images (Fig. 3.14a), it can be concluded that
stacks mostly lie inclined on the surface, with the cyano groups point-
ing downwards and the big sidegroups standing out more on one side.
Heights between 1.5− 2.0 nm were measured for monolayers, depending
on the tilt angle of the stacks respective to the surface. Fig. 3.15 shows
a proposed stack arrangement in 〈110〉-directions from these geometrical
considerations.

Pšenćık et al. determined distances between different bacteriochloro-
phyll stacks of 2.1 − 3 nm in natural chromosomes, the same order of
magnitude as observed in our porphyrin stacks (2.4 ± 0.2 nm) [103].
This suggests that these wires are suitable for a potential application
as light harvesting devices in artificial photosynthesis systems on sur-
faces, which can transport energy via excitonic excitations over large
distances. Such antennae systems are for example of potential interest
for hybrid solar cells that could operate under low or moderate light
conditions since the photon capture cross-section might be markedly in-
creased and hence leading to higher efficiencies. Moreover, porphyrins
span a broader wavelength range compared to silicon solar cells. Fur-
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Figure 3.15: Visualization of the proposed molecular arrangement
showing that the molecules are π − π stacked and not lying flat on the
surface. Furthermore, the stacks are inclined towards the surface and
different tilt angles between the C2 axis of the molecule and the surface
were observed, leading to heights of the monolayers from 1.5− 2.0 nm.

thermore, porphyrins are known to be very promising building blocks;
they are not only very stable, inexpensive and quickly accessible, but
also both the periphery and the central metal are very easy to mod-
ify. Therefore, such porphyrin wires can be tuned with a high degree of
freedom.

3.6 Monocyanoporphyrins on NaCl

Looking at the spacing of 0.56± 0.01 nm between the stacked molecules
leads to the assumption that NaCl with a lattice constant of 5.65 Å
is an ideal substrate to grow multiwires on. NaCl is chemically and
physically similar to KBr and therefore prepared the same way. For those
experiments we did not prepare irradiated surfaces but concentrated on
simple cleaved substrates.

Fig. 3.16 shows the crystal after cleavage in UHV and subsequent
annealing to 150◦C in order to get rid of surface charges. It is remark-
able, that the cleavage did not lead to steps in crystallographic direction
but rather to a random distribution of orientations. However, the sam-
ple is very flat with large terraces and should therefore be a suitable
template for multiwire growth. The evaporated amount of molecules is
comparable to the previous experiments.

Fig. 3.17 shows an overview nc-AFM image of the molecular assem-
blies on NaCl(100). The step edges with no specific directions show no
ordered molecular decorations. However, small rectangular pits and is-
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(a) UHV- cleaved NaCl
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(b) cross-section

Figure 3.16: In-situ cleaved NaCl(100) surface. The steps are not di-
rected along the crystallographic axes and therefore probably not suit-
able to allow single wire growth along the step edges. The linesection
shows the monoatomic height of the steps and the large dimensions of
the terraces.f0 = 170992 Hz, Q = 15136, Ap−p = 40 nm, ∆f = −5 Hz.

lands show the same single-wire decoration as the KBr(100) surface did.
Additionally, we observe a large amount of broader structures growing
across the terraces. The width of those structures is between 10 and
20 nm the height varies from 1.5− 2.5 nm and is therefore comparable
to the heights of the ordered structures on KBr. The growth of the
structures is initiated at a randomly orientated step edge or by a wire
that has overgrown a kink site (circular mark in fig. 3.17).

Attemps to resolve the molecular structure of the broad wires were not
successful and therefore it is not possible to extract the exact spacing
between the molecules within the stacks. In contrast, several images
clearly show the row structure, marked by arrows in fig. 3.17, which
confirms the assumed similarities to the growth on KBr. The growth of
the wires is most of the time only interrupted by step edges, meaning that
no wire crosses such a barrier. In contrast to the assemblies along the
step and pit edges on KBr the ones on NaCl have a width of 5−10 nm and
therefore consist multiple rows. A phenomenon that was not observed
on KBr.

The biggest difference which was observed, is the tendency of the
molecules to form crossing carpets or networks of wires at relatively low
coverages. Fig. 3.18a shows such a network of several wire- junctions.
The angle between the structures is 90◦since all wires in this figure are
oriented in the crystallographic directions. We also observe wires in the
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Figure 3.17: Topography (a) and frequency shift (b) of monocyanopor-
phyrin wires on a NaCl(100) surface. Only step edge parts in crystal-
lographic directions are decorated. Multiwires grow across terraces in
[100]- and [010]-directions. The parts where multiwires are visible are
marked by arrows.f0 = 170992 Hz, Q = 15136, Ap−p = 40 nm,
∆f = −9.5 Hz.

〈110〉-directions. Those structures do not differ in shape or thickness
from the ones oriented in the crystallographic direction. The molecular
assemblies have different heights and widths. Therefore, we can conclude
that the adsorbtion angle between the molecules is not constant and that
we possibly observe bi-layer structures.

Changeovers from thin-low wires to high-broad wires are shown in
fig. 3.18a suggesting that the shape (width and height) of the wires is
strongly dependent of the amount of material deposited on the substrate.
The distance between single wires within one multiwire is roughly 1.6 nm
and can therefore be assumed to be three lattice constants. This package
is closer than on KBr but as shown in the next section the packing
density does not influence the height in a noticeable amount. We also
observe a depression in the middle of numerous wires running parallel
to their orientation. This depression could be caused by a reversed tilt
angle from one row to another as shown by the illustration in fig. 3.18b
between the two middle rows. The molecules along the [100] are most
certainly adsorbed at every sodium atom, leading to a intermolecular
distance of 5.65 Å. According to different authors [101, 82], this distance
is also valid in molecular crystallites, making the wires along the [100]-
direction favourable. However, wires along the 〈110〉-directions can grow
from kink sites or wire junctions.
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(a) Network structure on
NaCl

(b) Illustration of the molecular ar-
rangement within a wire on NaCl

(c) Pit decoration
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(d) Linescan over a decorated pit

Figure 3.18: Fig. (3.18a) shows a (200 × 200 nm) frame of a con-
nected network of several wires oriented either in the [100]- or the [010]-
direction. The scan angle is tilted by 45◦to the crystallographic orien-
tation. An illustration of the possible molecular arrangement in the
multiwire is given in fig. 3.18b(Na+-ions in green, Cl−-ions yellow).
Fig. (3.18c) shows a decorated two-ML deep pit. The linescan in 3.18d
reveals that the upper edge is decorated by a higher structure than
the other three ones (1.7 nm compared to 2.5 nm with respect to the
bottom of the pit). Scan parameters:f0 = 170992 Hz, Q = 15136,
Ap−p = 40 nm, ∆f = −11 Hz (a) and −18 Hz (c).

3.6.1 Comparison between Structures on NaCl and KBr

Histograms of the height distribution of the molecular wires over several
images were taken. The accumulated data is shown in fig. 3.19 and the
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Peak Nr. KBr [nm] NaCl[nm]

1 1.15± 0.02
2 1.655± 0.001 1.71± 0.01
3 2.183± 0.005 2.26± 0.03

Table 3.1: Structure heights on NaCl and KBr. Data of the Gaussian
fits in fig. 3.19. The erros of the gaussian fits are much smaller than the
calibration errors (≈ 5%)

fitted data is summarized in table 3.1. All measurements were taken of
wires growing on flat terraces without any steps in the analyzed display
windows. The background peak of the histograms was brought to the
zero position and the plots were recalibrated with the step edge heights
obtained from the respective images. Finally, the diagrams were summed
up, plotted and fitted by a Gaussian curve with a variable peak number.
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(a) Molecule heights on KBr
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(b) Molecule heights on NaCl

Figure 3.19: Fig. (3.19a) shows a histogram of the two most common
structure heights on KBr and fig. (3.19b) the three on NaCl. The posi-
tions of the peaks are listed in table 3.1.

The KBr histogram shows two clear peaks. The third plateau at
≈ 2.8 nm doesn’t have a sufficient signal to noise ratio to be accurately
extracted. The NaCl histogram shows the same peaks at ≈ 1.7 and
≈ 2.2 nm plus an additional peak at ≈ 1.15 nm. This peak has its origin
from the wires that are growing as prolongation of the step-wires into the
terrace. This height can be compared with the height of the single wires
at step edges (KBr: ≈ 1.2 nm). The comparably poor peak quality of the
NaCl measurements is caused by the relatively low molecular coverage
and the thinner (≈ 10 nm) wires resulting in a huge contribution of the
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wire edges and hence in a relatively large background. The analysis of
KBr was taken on broader (≈ 100 nm) wires and therefore lowering the
contribution of the wire edges to a negligible amount. This problem was
partially overcome by increasing the amount of analyzed wires on NaCl
reducing the fit errors down to 1− 2%.

Comparing the fit parameters listed in tab 3.1 supports the assump-
tion that the adsorption on NaCl is the same or at least very similar to
the one on KBr. Since the histograms were taken on selected wires, it
is important to notice that the heights of the peaks do not reflect the
relative distribution of the structure-heights.

3.7 Multiple Wires on Gold-Decorated KBr

The previous chapters showed the possibility to form molecular wires
along step edges and also across terraces. The next step on the road to
molecular electronics is to contact those wires.

(a) Topography
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(b) Cross-section

Figure 3.20: Fig. (3.20a): Topography image of the Au-cluster deco-
rated KBr surface. The crossection (3.20b) scan along the line, reveals
a average clusterheight of 1.5 nm. Scan parameters f0 = 173013 Hz,
Q = 13500, Ap−p = 20 nm, ∆f = −5 Hz.

Evaporated gold forms small clusters on KBr with a visible diameter
of 2−10 nm and a height of roughly 1.5 nm which is comparable to [104].
Deposition of submonolayer amounts of Au have been performed from
a home- built evaporation cell. The flux was estimated by comparing
the changes in pressure. The evaporation time was roughly 20 seconds
at a pressure of 2 × 10−9 mbar (normally < 5 × 10−10 mbar) in the
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preparation chamber. The sample was held at room temperature to
minimize the diffusion of the gold clusters.

A wide area of such a gold patterned area is shown in fig. 3.20. The
clusters are distributed well over the surface with an increased density
at step edges, which is a well known phenomenon on alkali halides [102,
105]. According to Pakarinen et al. [106] gold clusters are deposited by
an atom-by-atom desorption. Gold atoms are adsorbed above and below
step- edges and at anion vacancies‡ in the surface and at step edges. The
adsorption energies they obtained vary between 0.77 eV up to 3.70 eV .

Cluster at step-edges were observed on the upper terrace as well as on
the lower one. Goryl et al. [107] claim that the majority of the clusters
diffuse upwards on the higher terrace leading to a ratio of a 73:17:10
(upper:lower:undetermined) distribution. The observations done in our
experiments do neither confirm nor disagree those results, since insuf-
ficient data statistics is available. Nearly all cluster at step edges are
close enough to the edge itself, so that an influence of the step shape or
potential was expected.

(a) Topographical overview (b) Zoom of the marked area

Figure 3.21: Topography images of monocyanoporphyrin wires on gold
decorated KBr. Fig. (3.21a) shows a 700 × 700 nm scan with various
wires along the 〈110〉- directions. Fig. (3.20b) gives a closer look at the
bottom region of the left image marked by a black frame. Parameters for
both images: f0 = 173013 Hz, Q = 13500, Ap−p = 20 nm, ∆f = −5 Hz.

The evaporation of the monocyanoporphyrin molecules took place in
an analogous manner as the previous evaporations (Tmolecules = 160◦C,

‡F -center F 0: vacancy with electron, F -center F 0
gold:F 0 filled with a gold atom
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Tsample = 80◦C, tevap = 60 s). Fig. 3.21 shows two topography im-
ages of the obtained decorated surface. Fig. 3.21a in particular shows
numerous multiwires along the 〈110〉-directions growing from step edges
as we already obtained on clean KBr surfaces. Various multiwires on
the substrate seem to be terminated by a gold cluster. However, the
various image channels do not lead to a final conclusion. In the middle
lower part of the image, we also observe a free standing wire which is
not touching a step at all. Fig. 3.21b shows this structure at an enlarged
scale. Taking a careful look at the lower right end of the wire it becomes
obvious that it ends in a gold cluster as the shape is clearly different
from the rest of the structure. Yet, it remains unclear if the top left end
of the wire is terminated by a cluster aswell. The rounded shape of the
wire, aswell as the faint shadow indicate a gold agglomerate here aswell.

The gold clusters on fig. 3.21b have a visible diameter of 8 − 12 nm
and an average height of 1−1.5 nm. They share several distinct features
in their appearance, leading to the conclusion that rather the tip-shape
than the cluster is imaged here [104]. Therefore, the real size of the
clusters can assumed to be smaller than visible on the images and it
also is not possible to extract the exact size of the Au- clusters due to
unknown tip size. Barth et al. suggest [104] that the gold clusters have
a different charge than the surface, which is preventing high resolution
on the clusters. Our KPFM- setup with dynamic CPD compensation
is a first step in order to obtain high resolution on the clusters and the
surface at the same time. In addition to the dynamic compensation of
surface potential differences, the tip shape and especially the tip apex
builds the crucial criteria for the image quality.

A closer look on the gold-wire-gold structure is shown in Fig. 3.22.
The topography image 3.22a shows several gold cluster distributed ran-
domly on the surface. The gold cluster attached to the lower end exhibits
a slightly larger diameter than the wire itself. The cluster at the upper
end seems to have a reduced height and is also significantly smaller than
the average cluster size. The influence of the tip convolution with the
structures, the small dot respectively faint line above the agglomerates,
is more visible on higher clusters and the molecular wire. The wire con-
tains several rows and despite the uppermost one, all seem to be attached
to both clusters. The mentioned row seems only to grow from the lower
cluster to stop then briefly before the structure joins the second gold-
agglomerate. The ∆f image 3.22b reveals some more details about the
gold molecular interface. The lower crossing is hereby much smoother
than the upper one which can be based on the comparable height of the
two strucures or the tilt angle of the molecules being directed to the
lower right side.
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(a) Topography (b) Frequency shift

(c) CPD (forward scan) (d) CPD (backward scan)

Figure 3.22: Topography (a), ∆f (b) and CPD (c,d) images of the
multiwire formed between two gold clusters. Scan parameters: f0 =
173013 Hz, f1 = 173013 Hz, Vac = 0.5 V , Q = 13500, Ap−p = 20 nm,
∆f = −11 Hz, voltage range in (c,d): 360 ± 65 mV . For contrast en-
hancement the derivative of the topography was added to (a). Images
(c & d) reveal also that the KPFM controller was set too slow which
results in a blurry contrast on the right/left side of the structure.

The CPD image reveals a distinction between clusters, molecules and
the underlying substrate. The molecular wire as well as the goldcluster
show an increase of the contact potential difference. Additionally, the
compensation proved to be really difficult on insulation substrates and
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various changes in the electrical structure of the tip caused the contact
potential to be unstable. Those facts led to the result that the inter-
connected clusters could not be resolved anymore by means of KPFM
measurements yet.

With the results, we obtained a first possible contacting of the molec-
ular wires and although this is not a real electrical contact yet it indicates
a possible way to measure conductances. One way could be to contact
the gold clusters with a forked tip including two contacts. Another way is
KPFM on thin films, which is more extensively done in the next chapter.

3.8 Conclusions

In the past years, many attempts to observe molecular self assembly on
insulating surfaces have been performed. It has been discovered that
the high mobility of organic molecules on non-metallic surfaces can be
lowered by inducing radiation defects. The electrostatic surface poten-
tial of ionic crystals is highly enhanced at step and corner sites and
therefore, is an ideal anchor point for highly polar molecules. In this
chapter, it has been shown that polar molecules show a significantly
larger tendency to self-assemble on alkali-halides than unpolar ones. It
has also been shown that monocyanoporphyrin molecules do not adsorb
parallel to the surface, but rather stand more upright binding with their
polar legs to the substrate. The monocyanoporphyrins further maintain
their π − π stacking on the surface. It has also been shown that those
molecules maintain their crystallographic distance across terraces where
the 〈110〉-directions have a reduced corrugation of the potential. Along
step edges, where this potential is significantly more corrugated, the
molecules adapt their spacing to match the underlying substrate. The
mechanism which starts the growth across the terraces is not yet fully
understood. Most probably the higher steps force the molecules into a
position which favours growth across terraces.

At last, it has been proven that molecular wire growth also takes place
from and to deposited gold nanoclusters. It can be imagined that growth
between two clusters can be used as a contacting prototype, providing
possibilities to study molecular conductance.





4 Porphyrin Molecules on

Thin Insulating Films

The investigation of optoelectronic or electronic properties of molecular
arrangements has proven to be difficult on bulk insulators. Local charge
variations and the material often hamper the capability to compensate
the contact potential difference. Thin salt layers on metal substrates
provide an electrically decoupled surface which additionally allows the
application of KPFM measurements.

In STM studies, salt layers are often used to electrically decouple the
molecules from the metallic substrate. The overlap of the orbitals with
the metal becomes negligible and therefore the STM becomes capable
to image HOMO∗ and LUMO† states of the molecule by tuning the bias
voltage [108]. The application of KPFM on the other hand can provide
further informations and is also applicable on thicker films (? 1 nm).

4.1 Growth of Ultrathin Salt Films on Metals

Ultrathin films of NaCl and KBr were grown on Cu(111). While ex-
periments on KBr thin films are not so common [109], NaCl thin films
are well studied [110, 111, 112] and often used as templates for organic
molecules [85, 113]. In most cases reported, NaCl and KBr growth are
achieved by means of practical and simple techniques. Both alkali halides
reach comparably high vapour pressures at quite low temperatures (i.e.
10−4 mbar at about 800 K for NaCl). Therefore, they can easily be
sublimed at a relatively low temperatures of about 650 K. Upon sub-
limation of NaCl and KBr dimers are formed, thus guaranteeing the
conservation of the stochiometry in the film growth [114, 115, 116].

∗Highest occupied molecular orbital
†Lowest unoccupied molecular orbital

56
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The growth of the salt layer is barely influenced by the copper surface.
The salt grows in the same rectangular structure as in its crystallographic
form. The underlying surface however influences the growth direction,
leading to three different orientations of the salt islands shown in fig. 4.1.

Figure 4.1: POV-Ray [99] vi-

sualization of the three growth

orientations of salt islands.

Another interesting feature is
the so called carpet growth. The
lattice constant is stretched over
several periods in order to allow
the layer to grow over adjacent
terraces of the substrate. Fur-
thermore those areas seem to be a
preferencial starting point for the
second layer islands to grow. This
second layer is usually built by
several small islands which tend
to have a rectangular shape in or-
der to minimize their energy.

Concerning the growth, it is
interesting to note that several
authors report that the first NaCl
layer is always a double layer. This has been reported for different sub-
strates such as Ge(001) [117, 118], Al(111) [119] and Cu(111) [120, 121].
However, the discrimination is not trivial and our measurements lead to
the conclusion that the first NaCl layer is a double layer while the first
KBr layer seems to be a single one.

The investigation of the structural properties described above has
been pursued with different experimental techniques. A lot of studies
have been carried out with LEED to gain information about the orien-
tation of the NaCl lattice with respect to the underlying surface [117,
122, 123, 110]. Scanning probe microscopy, namely STM [118, 119, 120]
and AFM [111, 112] proved to be useful to improve the understanding
on these salt structures.

In our experiments we used a Cu(111) surface. The substrate is a
single crystal (Mateck GmbH- Jülich, Germany) cut along the specific
crystallographic direction and polished with an accuracy of < 0.4◦. The
crystal was prepared in situ according to common surface science tech-
niques by several cycles of Ar+ bombardment‡ and subsequent annealing
to 520◦C. Between two experiments the sample was cleaned by two Ar+

sputtering- annealing cycles using the parameters specified in table 2.2.
The above described treatment results in atomically flat and clean

substrates. The quality of the surface has periodically been checked

‡sputtering
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(a) NaCl on
Cu(111) topogra-
phy. . .

(b) . . . and CPD
image

(c) 3d-view of the
CPD

(d) KBr on Cu(111)
topography. . .

(e) . . . and CPD
image

(f) 3d-view of the
CPD

Figure 4.2: Ultrathin NaCl layers on Cu(111) shown as topographi-
cal (4.2a) and CPD (4.2b,4.2c) image (300 × 300 nm). The borders
between bare Cu and NaCl are marked by black lines. The inset in
fig. 4.2b shows the contrast between different salt layers. Scan param-
eters f0 = 161105 Hz, f1 = 1004810 Hz, Q0 = 12000, Ap−p = 20 nm,
Vac = 0.5 V , ∆ f0 = −26 Hz, CDPNaCl−Cu ≈ 500mV . The lower
row shows the same type of images for KBr thin films (700 × 700nm).
Again the borders between bare Cu and KBr are marked by black lines.
Scan parameters f0 = 170496 Hz, f1 = 1054230 Hz, Q0 = 14500,
Ap−p = 20nm, Vac = 0.5 V , ∆f0 = −7 Hz, CDPKBr−Cu ≈ 400 mV .

by means of AFM, AES and LEED. AFM images show atomically flat
terraces with a typical size of about hundred nanometers. Nearly no
contamination was visible over a large scale on the crystal. Due to
the difficulty to resolve the crystal structure with atomic resolution by
means of AFM the periodicity was checked with LEED which showed a
well defined pattern. LEED also proved, that the substrate was formed
by a single crystallographic domain. AES measurements were used to
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Tevap [◦C] Tsubs [◦C] tevap [min] rate [Å/min]

NaCl 340 80 20 0.2
KBr 340 80 20 0.2
Molecules 160 80 1 10

Table 4.1: Evaporation parameters

obtain qualitative contamination information.
NaCl or KBr have been deposited on the clean metallic substrates

by sublimation, using the three-cell evaporator with temperature con-
troller described in chapter 2. As a source material, crushed salt powder
obtained from alkali- halide single crystals has been used. All evapora-
tion parameters are listed in table 4.1. Although the 3-cell evaporator
is supposed to be built symmetrically, evaporation temperatures for the
same rate are not constant for different cells. It is estimated that the
error in temperature measurements is around ±5%. However, subse-
quent evaporations from the same cell proved to be of constant rate at
constant temperature. In order to obtain thin layers of salts it proved to
be successful choosing a very low evaporation rate of ≈ 0.2 Å/min. The
sample temperature during the evaporation was kept constant at 80◦C.

The investigation of the obtained ultrathin salt layers has been car-
ried out exclusively by AM-KPFM. Typical results obtained are shown
in fig. 4.2. An especially nice feature of the KPFM measurements is the
contrast between clean metal substrate and the salt layers on it. While
the step edges on the salt produce almost no contrast in the CPD image
at all, the Cu- salt step is clearly visible. From these images (and the
damping contrast described in chapter 2) it can be concluded that indeed
this surface is composed by two different materials. Based on the com-
parison of the island shapes with literature [118, 119, 120, 111, 112] it
can be concluded that the islands are formed by alkali halides. Whether
it is KBr or NaCl, cannot be determined by the island shapes but rather
by the step heights from the first to the second or the second to the third
layer. Height measurements of the fist NaCl layer step tendencially con-
firmed the statement that it’s always a double layer height. However,
the measured heights varied from 4 − 5 Å, which does not give abso-
lute confirmation. In contrast, the first layer step on KBr was measured
3−4 Å leading to the conclusion that the first KBr layer is a monolayer.

Another remarkable observation should be mentioned here. In fig. 4.2d
higher triangular or trapezoidal shaped structures are visible. Observa-
tions of similar structures formed by NaCl on Al(111) by Hebenstreit
et al. [124] and for NaCl on Cu(111) by Ramoino [114] have been re-
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ported. Hebenstreit et al. explain their observations with the formation
of a polar (111) surface which contradicts stochiometric growth described
above. They suggest a three layer system (Na-Cl-Na) terminated like
the NaCl(111) surface. This model relies on the non-equilibrated sto-
chiometry between Na and Cl, namely an excess of Na on the Al(111)
surface. They obtained their structures by depositing Na on Al(111),
while dosing the surface with Cl2.

The formation of a KBr(111) surface on our samples seems a bit
unlikely since the evaporation of the salt was made from bulk material
with an equal amount of K+ and Br− ions. Ramoino pointed out that
LEED induced color centers could act as desorption sites for chlorine
and consequently also for bromine. However, no deposition experiments
were done directly after LEED measurements and no alternative reason
for chlorine desorption could be identified. So far we haven’t found any
explanation how those structures were formed.

4.2 Dipole Fields of Molecular Assemblies

The monocyanoporphyrin molecules used in this work exhibit a strong
dipole caused by the cyano-phenyl group attached on one side. KPFM
images the dipole fields, build by the molecules. The molecular struc-
tures have a finite extension on the surface and therefore, they are sus-
pected to show a strong distance dependance of their field. This section
gives a simple consideration about the qualitative informations one can
gain from KPFM on molecular assemblies.

A dipole close to a surface and oriented perpendicular to it induces a
local change in the electrostatic potential of the substrate. The potential
of a single dipole is given by [125]

Φ(~r) =
~p

4πε0

~r

r3
, (4.1)

where ~p is the dipole moment and ~r describes a point far away compared
to the dipole length. The electric field on the axis of a circular disc with
radius R is given by [125]

E(x) =
1

2ε0
σ

(
1− x√

x2 +R2

)
, (4.2)

with the corresponding potential of

Φ(x) =

∫
l

E · dl =
σ

2ε0

[(
x2 +R2)1/2 − x] . (4.3)

Fig. 4.3a shows the electrostatic potential in function of the dis-
tance for a single dipole, two circular discs of opposite charge with
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Figure 4.3: (4.3a): Three numerically calculated potentials in function
of the distance. Calculation parameters: dipole moment ~p = 4.37 D,
disc radius r = 10 nm, separation d = 1 nm. (4.3b): Measured bias -
∆f curves for different tip-sample distances. Separations from bottom to
top: 1, 5, 10, 20 nm.

r = 10 nm separated by d ≈ 1 nm and numerical calculated and super-
imposed dipole fields. For the interpolation curve an averaging distance
of rint = 4nm in a square form was assumed. As a first approximation
the single dipole and the interpolated layer were assumed to be standing
perpendicular to the surface, which lead to higher numeric values than
for the disc substraction. Assuming a tilt angle of roughly 45◦leads to
a smaller contribution. The dipoles in fig. 4.3a are all calculated with
θ = π/4. It turns out that the potential Φ at a distance of 1 nm is
roughly 300 − 400 mV . As already mentioned, eq. 4.1 is only valid for
places x with |~r(x)| << d, where d is the distance between σ+ and
σ− within the dipole and |~r(x)| the distance from x to the dipole cen-
ter. This is one explanation why the resulting potential of the dipole
superposition shown in fig. 4.3a is larger than the potential for the discs.

The measured contrast between molecular islands and the KBr sub-
strate is only in the regime of 60−80mV at the same separation. In order
to reconcile those two values one has to consider that the cantilever is os-
cillating and therefore the mean sample- tip distance is d = 1 nm+Aosc.
The electrostatic potential felt by the tip therefore is an averaging over
Φ(1nm)− Φ(2Aosc + 1 nm).

Another observation made in the measurements is, that the contribu-
tion of the molecular islands becomes negligible small at larger distances
(? 20 nm) which is explained by the formulaes. As shown in fig. 4.3a
one way to calculate the potential of a finite layer of dipoles is to assume
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two parallel discs separated by the dipole distance d with a charge den-
sity of σ in [C/m2]. The resulting potential as a function of a point in
space ~x then is given by the sum of the two potentials of the discs:

Φ(x) =
1

4πε0

∫
S

σ

|~x− ~x′|
da′ − 1

4πε0

∫
S

σ

|~x− ~x′ + ~nd|
da′′. (4.4)
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(a) Potentials over a wire

Figure 4.4: Simulated electro-

static potential curves across a

5 nm broad wire (from position

6-10 on the x-axis) for different

vertical distances. The curves

were calculated with the superpo-

sition method [125] as described

in the text.

In contrast to that, the poten-
tial of an infinite charged plane
oriented in the y − z plane as a
function of x is given by

Φ(x) =
σ

2ε0
x. (4.5)

Comparing equations 4.4 and 4.5
with each other reveals a much
faster decay of the dipole layer
potential, which is in agreement
with the experimental data.

Fig. 4.4a shows calculated
electrostatic potentials across a
molecular wire. The wire width
was assumed to be 5 nm, with the
corresponding charge distribution
σ. The curves were calculated
with a superposition of equation
4.1 at every point. The obtained
curves show a strong distance de-
pendence in the strength of the
potential. It therefore can be con-
cluded, that at a certain tip- sam-
ple distance, the contrast in the CPD-image produced by the molecular
wire becomes too small in order to produce a reasonable signal to noise
ratio.

4.3 Monocyanoporphyrins on Ultrathin KBr-Films

Porphyrin molecules shown in fig. 3.7 were deposited on ultrathin KBr
films on Cu(111) (evaporation parameters listed in table 4.1). After de-
position the sample was allowed to cool down to room temperature be-
fore starting the AFM measurements. During all measurements KPFM
mode was switched on with the capacitive coupling compensation ena-
gaged (c.f. chapter 1.3.4).
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(a) KBr on Cu(111) topogra-
phy. . .

(b) . . . and ∆ f image

Figure 4.5: Topography (4.5a) and ∆ f (4.5b) image of a (700 ×
700 nm) scan. The molecules are decorating the KBr-island edges and
are probably covering the rough Cu areas completely. f0 = 170496 Hz,
f1 = 1054230 Hz, Q0 = 14500, Ap−p = 20 nm, ∆f0 = −7 Hz.

Fig. 4.5 shows a topographical (4.5a) and ∆f (4.5b) overview of the
prepared surface. Different features can be noted. First the porphyrin
molecules decorate the steps of the KBr islands. More precisely, the
decoration is well ordered at step edges from the first to the second
and from the second to the third layer. The decorated Cu-KBr steps
however show no ordered structure. Having a look at the former pure
Cu spots reveals a very rough surface, which is even better visible in
the ∆f image. At the first glance this seems surprising, since similar
molecules tend to self organize on Cu(111) [126]. However, desorption of
the molecules on Cu(111) and measuring at RT by STM didn’t result in
highly resolved images of self- organized layers but rather in very mobile
agglomerates. In our observations, the arrangement on the Cu(111) was
highly disordered but stable at a large scale. It is interesting to note that
almost no molecules are visible on the flat KBr terraces. Interestingly,
no multiwire structures are observed. On bulk material a low coverage of
molecules usually leads to very few multistructures but on these samples
we didn’t observe a single one. It is expected that the molecules have a
higher affinity to the metal surface than to the insulator and therefore
agglomerate in higher layers on the copper. Furthermore, the molecules
are not influenced by the Cu step edges under the KBr layers, where no
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agglomerates were observed along those edges. Having a careful look at
the porphyrin agglomerates on pure Cu show no significant increase of
the molecular concentration, as well leading to the conclusion that Cu
steps do not act as adsorption site in the same way as KBr steps do.

(a) 2- Phase structure (b) . . . more detailed

Figure 4.6: Topography (4.6a) image of a (200 × 200 nm) KBr thin
film on Cu area featuring different phases of the molecular assembly. A
closer look is shown in fig. 4.6b. f0 = 170496 Hz, f1 = 1054230 Hz,
Q = 14500, Ap−p = 20 nm, ∆ f = −10 and −13 Hz. For contrast
enhancement the derivative of the topography have been added to the
pictures.

Fig. 4.6a shows an overview of an interesting section on the sam-
ple. The KBr step going from bottom- left to top-right is from the first
to the second KBr layer. An interesting detail here is that the wire
widths are significantly increased compared to pure KBr and as seen in
fig. 4.6a, they are formed by a double row. The molecular resolution
in fig. 4.6b reveals an even more fascinating detail. While the structure
from bottom-right to top-left reduces from a four row wire to a double§

wire, the structure joining from bottom-left shows a totally different
alignment. The molecules show no order and have a round shape in-
stead of the usual elongated ellipsoidal form. This difference was never
observed on others than the first KBr layer. In addition, this structure
was never observed on bulk KBr nor NaCl. This suggests that the cop-
per substrate influences the growth of the molecular arrangement by a

§We only observe molecular details in the upper wire. Judging from the width
(≈ 8 nm) of the structure though, suggests that it is indeed a double wire.
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non negligible amount, but only if Cu- and KBr-steps are close to each
other. It is important to note that this additional molecular phase was
only observed above Cu steps or more precisely they seem to be favoured
by those underlying steps.

Fig. 4.7 shows a sequence of ultra high resolution images of an area
with ordered molecules of this newly found arrangement. Fig. 4.7a is a
(200 × 200 nm) scan and shows some details of the region of interest.
The structure is originated at an underlying Cu step and grows towards
the lower image edge. It is then interrupted by a conventional wire
along a KBr island. Fig. 4.7b shows a (30×30 nm) topography image of
the assembly, already revealing intramolecular details as well as atomic
resolution of the underlying KBr. This image also shows the relatively
weak binding energy of the molecules to the substrate: while changing
the scan range and adjusting the position we already removed parts of
the layer on the right upper side.

Fig. 4.7c-4.7f shows topography and ∆f of two subsequent (30 ×
30 nm)-scans. The first image is scanned downwards, the second one
upwards. The first few lines of 4.7c were scanned with an increased
frequency shift of∆f = −11Hz. After the removal of the first molecules,
the setpoint was lowered to −10 Hz again. Regardless of that, the tip
continued to remove molecules, thinning the structure to 50% of its
original size. It is remarkable that even though the tip is removing
molecules the scan remained absolutely stable and maintained the high
resolution ability during all the performed manipulations.

4.3.1 Discussion about a Proposed Arrangement

The amount of removed molecules and the shape of the resulting struc-
ture suggest that the molecules arrange in a superstructure of about
6 − 8 nm width. This superstructure is also visible in 4.7a where the
area at the top of the image is covered by molecules arranged in this
form. Initially three columns are growing downwards. While zooming in
to a better resolution in fig. 4.7b the right column was partially removed.
The residual molecules were swept away in the subsequent scans. The
two columns growing to the lower step edge exhibited a slightly increased
sticking behaviour, but as soon as a small damage in the left column was
inflicted, this additional stability was lost and half this side was removed
as well.

Suggesting an appropriate model of the molecular arrangement has
proven to be difficult. Both columns visible in 4.7c- 4.7f show periodic
and distinc features proving that they are real intramolecular features.
The rows are inclined by ≈ 10◦ to the [010]- direction. The first at-
tempt in extracting the molecular arrangment is to lay a lattice over the
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(a) Topo (100 × 100 nm) (b) Topo (50 × 50 nm)

(c) Topo (30 × 30 nm) (d) ∆ f (30 × 30 nm)

(e) Topo (30 × 30 nm) (f) ∆ f (30 × 30 nm)

Figure 4.7: Ultrahigh resolution images of a molecular structure
grown on an ultrathin KBr layer on Cu(111). Scan parameters: f0 =
164731 Hz, f1 = 1026890 Hz, Q0 = 12000, Ap−p = 20 nm,
∆f0 = −8 (a)− (d),−10 (e), (f) Hz. Detailed description in the text.
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structure.

(a) Overview (300 ×
300nm). . .

(b) . . . and zoom

Figure 4.8: Fig. 4.8a shows a large scale scan over an area with both,
wirelike and carpetlike porphyrin structures. The marked area in the
image is shown again in fig. 4.8b. Here, the structure is overlayed by a
hexagonal lattice (a = 2.3 nm). f0 = 164731 Hz, f1 = 1026890 Hz,
Q = 12000, Ap−p = 20 nm, ∆f = −17 Hz.

Extracted from fig. 4.7 propose a 4× 3-lattice tilted 45◦ to the crys-
tallographic directions of the KBr. The resulting unit cell then has a size
of 1.4×1.87 nm which is slightly smaller than the molecular dimensions
and therefore this model would lead to a overlap of molecules, a non
trivial tilt or a non-filled lattice. Another possibility was derived from a
different image shown in fig. 4.8. Despite the obvious double tip image,
the nature of the structure marked by the circle is again similar to the
one in fig. 4.7. The molecules seem circular and regularly distributed.
Looking at the growth direction of the structure compared to the KBr
island edge right of it, indicates the same tilt angle of roughly 10◦. How-
ever, in this image we can overlay the carpet with a hexagonal lattice
with a intermolecular distance of 2.25 nm, corresponding nicely to the
porphyrin dimensions itself. This lattice would correspond to a 15◦ tilt
angle with respect to the crystallographic directions of the KBr layer.
This angle is sligthly higher than observed before but due to drift it is
within the error estimation.

We further assume that the molecules lay rather flat on the surface
because the whole structure is only 0.9− 1.0 nm high. Additionally, we
expect the structure in 4.7c to be the same in both columns. As evidence,
we point out the removal in fig. 4.7e which cuts off exactly one column.
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However, the overlayed lattice is not evidently commensurate with the
image, which does not allow us to directly determine the direction or
the configuration the molecules are arranged.

4.4 Monocyanoporphyrins on Ultrathin NaCl-films

The same experiments as in the previous section were performed on NaCl
thin films. The Cu(111) surface was prepared by several sputtering-
annealing cycles before the deposition of NaCl according the parameters
listed in table 4.1. After checking the coverage of the Cu surface by
means of AFM, porphyrin molecules (fig. 3.7) were deposited. The first
salt layer covered roughly 90% of the surface. Remarkably we found
areas with a clear border between salt coverage and bare copper, which
was caused by a missalignment of the sample during the salt evapora-
tion. This missalignement did not expose the whole sample to the NaCl
deposition, leading to this interesting result.

Fig. 4.9 shows a topographical (4.9a) overview with the corresponding
CPD image (4.9b). The CPD image reveals several qualitative details.
The first layer of NaCl is imaged slightly darker than the islands of the
second and third layer. The molecules show a brighter contrast than
the KBr steps. And finally the bare copper area covered with molecules,
visible in the lower left, is imaged brighter as well. We also notice, that
the underlying copper steps produce no CPD contrast at all. The whole
range in the CPD image is 150 mV , which is relatively low but explained
by the large amplitude of 20 nm.

As already mentioned, we also managed to image the border area
between NaCl layers and pure copper. A topography image of this area
is shown in fig. 4.9c. The lower part shows the expected step decoration
of the rectangular NaCl islands from the first to the second layer. The
upper part of the image shows a completely different situation. Instead of
rectangular shaped and decorated salt structures, we observe polygonal
shaped islands. Looking at the CPD image shown in fig. 4.9d gives some
clarification. The upper part of the image shows a clear difference in the
contact potential with a difference of roughly 500 mV . The molecules
on the NaCl show a contrast of slightly below 100 mV compared to the
salt layer. The bigger islands on copper have an increased contrast of
approximately 150 mV compared to the metal. This higher contrast can
also be explained by the larger extension of the molecular formations.

Having a closer look at the very border of the NaCl structure reveals
that the salt is situated lower than the copper. This is caused by NaCl
growing exactly to a higher (> 6 Å) copper step. It is also interesting to
note that several NaCl islands close to the border show no decoration at
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(a) Topography (b) CPD

(c) Topography (d) CPD

Figure 4.9: Porphyrin molecules evaporated on a Cu sample partially
covered with a NaCl thin film structure. Fig. 4.9a shows the topgra-
phy of an area fully covered with NaCl. The CPD image of this area
(4.9b) reveals a distinct difference between molecules and NaCl aswell
as between decorated and non-decorated steps. Fig. 4.9c shows the to-
pography of an area partially covered with NaCl. The molecules ar-
range at the step of the NaCl islands aswell as on the bare copper sub-
strate. This arrangement is better visible in the CPD image shown in
fig. 4.9d. Frame edges 700× 700 nm. Scan parameters: f0 = 170317 Hz,
f1 = 1004810 Hz, Q = 15000, Ap−p = 20 nm, ∆f = −7 Hz,
CPDrange = 150 mV (b), 530 mV (d), Vac = 500 mV .

all. This effect is probably caused by the higher affinity of the molecules
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to the metal substrate, which lets them diffuse onto the copper.

(a) Topography (b) ∆f (c) CPD (700 ×
700nm)

Figure 4.10: Topography (4.10a), ∆f (4.10b) and CPD (4.10c) image
of porphyrin assemblies on Cu(111). The topography shows no contrast
within the islands. However the ∆f image reveals a clear hexagonal
peridocity of the molecular arrangement. In contrast to the fairly stable
wires along alkal-halide edges the island borders seem to be highly mo-
bile, explaining the blurry contrast. Scan parameters: f0 = 170317 Hz,
f1 = 1004810 Hz, Q = 15000, Ap−p = 20 nm, ∆f = −7 Hz,
CPDrange = 530 mV , Vac = 500 mV .

Fig. 4.10 shows topography, ∆f and CPD image on the molecular is-
lands on the copper. While topography and CPD image show no molecu-
lar contrast on top of the islands, the ∆f image reveals a regular pattern
on the islands which leads to the conclusion that these agglomerates are
highly ordered in a hexagonal structure and therefore identical with the
pattern estimated in fig. 4.8b. The slightly mobile border molecules are
responsible for the fuzzy appearance of the islands in general. The CPD
image shows a island size dependance of the contrast which is plotted in
fig. 4.11a. Bigger islands seem brighter than the smaller ones. A signif-
icant part of the electrostatic forces detected in the CPD image are of
long range nature (equation 1.5). The averaging effect caused by long
range forces puts the tip into a crucial role concerning the resolution.
Fig. 4.11b and 4.11c illustrate this averaging effect and reveal that only
islands that have a larger diameter than a certain treshold (> 35 nm)
show a saturation effect. Above smaller structures the tip images always
a part of the uncovered substrate next to the molecules. It is difficult to
extrapolate a curve in fig. 4.11a down to the dimensions of single wires,
especially because they can’t be treated as a two dimensional structure
since the determing factor of the averageing process is always the width
of the wires. However, a tendency to the measured value of 80 mV
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is given. Additionally the NaCl steps underneath the molecular single
wires also contribute to CPD. Even though the measurements shown in
fig. 4.10 do not allow a detailed quantitative explanation they qualita-
tively fit our expectations.

5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0

1 2 5

1 5 0

1 7 5

2 0 0

CP
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I s l a n d  s i z e  ( n m 2 )

(a) CPD- Island size dependance

(b) CPD- Island
size dependance

(c) CPD- Island
size dependance

Figure 4.11: Fig. 4.11a points out the dependance of the measured
CPD depending on the island size. Islands with a diameter of about
35 nm show a saturation in the CPD image. The sketches in fig. 4.11b
and 4.11c visualize the averaging mechanism.

The molecules along the NaCl steps show no differences compared to
the arrangements along the KBr steps. However, one special configura-
tion was so far not observed on KBr. If the second layer NaCl-islands
have a relatively small (≈ 10 nm) distance between each other, the space
in between is filled completely with multiwire ordered molecules. This
happens even if the islands are not perfectly rectangularly shaped.

4.5 Monocyanoporphyrins and Gold-Nanoclusters

on thin KBr-films

As a last series of experiments, we also evaporated gold onto the KBr
films before the molecule deposition. The Cu crystal was prepared by
two sputter-annealing cycles. The KBr then was deposited while the
sample cooled down at roughly 110◦C. After the deposition the crystal
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was briefly checked for a sufficient coverage before the gold was evapo-
rated. After this deposition the sample was introduced into the AFM for
another check. At last monocyanoporphyrin molecules were evaporated
onto the sample. The evaporation parameters are listed in table 4.1.

(a) Topography (b) ∆f

Figure 4.12: Gold nanoclusters on KBr thin films on Cu(111). The
majority of the clusters is sitting on the highly oriented rectangular is-
lands. The remarkably better image contrast on the highest islands is
probably caused by electrostatic forces. Frame edge: 300 × 300 nm.
Scan parameters: f0 = 164731 Hz, f1 = 1026890 Hz, Q0 = 12000,
Ap−p = 20 nm, ∆f0 = −9 Hz.

Fig. 4.12 shows a topography and ∆f image of the sample before the
molecule deposition. Au nanoclusters are visible all over the sample but
show an increased density on step edges and ontop of the highest layers
of KBr. We also observe clusters on the first KBr layer but they show a
weaker contrast. The ∆f image (4.12b) is pointing this out in an even
more explicit manner. The clusters have an apparent size of 5− 15 nm
which is comparable to the sizes obtained on bulk KBr.

The poor resolution of the gold nanoclusters on the lower terraces is
not easily explained. Usually this contrast difference is caused by elec-
trostatic forces. However, during all measurements, the Kelvin controller
was engaged, minimizing all electrostatic forces, which should suppress
any contrast difference. A possible explanation could be that the clusters
are charged by an amount, dependent on which layer they are situated.
The ones sitting on the highest layer then would be differently charged
than the lower ones where a partial charging or discharging through the
thin insulating layer underneath might be possible. The charging of
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the culster can either result from the evaporation process or more likely
from the KPFM measurements itself, where an ac-voltage of 500 mV
was applied.

The imaging process after evaporation of the molecules was often
hampered by the fast changing tip which often did not allow to record un-
der stable conditions over more than one image. While we often scanned
with a double tip and obtained rather poor images, we also observed
ultra-high resolution for several hours. Those images are shown in the
previous sections and do not reveal any details about the influence of
the nanoclusters on the molecular growth.

(a) Topography (b) CPD

Figure 4.13: Molecular assemblies on Au decorated KBr thin films
on copper. Molecular wires are decorating the island and step edges of
KBr as shown in various images before. The difference here is, that the
growth along the steps is interrupted several times probably caused by
Au clusters sitting at the steps. The CDP image (4.13b) shows different
work-functions for the first and the second KBr layer. Additionally the
underlying Cu steps and the molecules along the steps show a contrast.
Frame edge: 700 × 700 nm. Scan parameters: f0 = 164731 Hz, f1 =
1026890 Hz, Q0 = 12000, Ap−p = 20 nm, ∆ f0 = −9 Hz, CPD =
150 mV , Vac = 500 mV

Fig. 4.13 shows a typical image obtained on the fully prepared sample.
Gold clusters are clearly visible on top of the highest islands. Molecu-
lar wires are decorating rectangular islands and KBr step edges. The
main difference observed is that the wires decorating the islands are in-
terrupted at several places. This indicates, that the nanoclusters can
act as break-, start- or stoppoint. However, the resolution obtained on
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those images does not allow us to be fully conclusive at this point. Nev-
ertheless, observations done on structures without gold decorations have
never shown such a large amount of interruptions which clearly indicates
an influence of the clusters. In the same image (4.13) we observe also
wires which were not clearly interrupted or disturbed by clusters sitting
at step edges. The molecular structures show bright spots which indi-
cate the presence of nanoclusters. In brief, the influence of nanoclusters
on the molecular growth is not completely understood but it is probably
dependent on the location of the clusters¶.

One explanation for this phenomenon could be the different locations
of the clusters sitting at the step edges described by Goryl et al. [107].
Clusters sitting on the upper terrace are likely to influence the growth of
the molecular wires less than clusters sitting at the lower terrace, right
at the anchor site of the molecule. Another probable explanation can
simply be to take the cluster size into account. Bigger clusters might
interrupt the wires, while rather small ones are over grown. However,
the resolution of our images did not allow us to do any statistics about
the clustersize at step edges.

Although formations of wires between two nanoclusters as shown in
fig. 3.22 have not been observed on other places‖ than along island edges,
the molecular growth seems to be influenced by the presence of clusters.
Gold sitting on the step edges can interrupt the growth, forming dashed
lines of molecular wires along island borders. One can imagine that
a manipulated placement of nanoclusters at steps can lead to wires of
a defined length. A more defined arrangement of Au-clusters can be
achieved by deposing only a fraction of the amount of material. A gold
tip can act as a source of gold clusters which can be deposited by applying
voltage pulses [127].

4.6 Work Function Variations of the Salt Layers on Cu(111)

The CPD images of ultrathin salt films on copper all show a distinct
difference between the first and the second layer. In order to gain infor-
mation about reproducibility and also some quantitative numbers about
the measured differences, several images were analyzed and the results
displayed in tables 4.2 and 4.3. In the first three columns the average
measured values over each surface are displayed. The forth and the fifth
column then display the differences between the copper and the first

¶Apparently, the influence of gold clusters is more enhanced on single crystalline
KBr compared to thin films.
‖Only valid on the thin film system. On bulk KBr also cluster-cluster growth

on terraces was observed.
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layer respectively the first and the second layer. The last column then
indicates if a saturation on the copper has been found. Only copper
areas of ? 200 nm diameter have shown saturation effects.∗∗

The saturated difference between copper and KBr is about 200 mV
and the difference between the first two KBr layers is about 40 mV . On
NaCl this difference wasn’t measured this often but the value of about
60 mV seems to be comparable. However, the 380 mV measured be-
tween a saturated copper area and the first NaCl layer is significantly
larger than the value measured on the Cu-KBr system. Possible expla-
nations for this phenomena are easily found. First the KPFM measure-
ments have a strong distance dependancy on small structures, such as
salt islands on metals [128, 129]. This fact alone and the limited spatial
resolution of AM-KPFM doesn’t allow to interprete the results displayed
in tables 4.2, 4.3 quantitatively. Further reasons for the difference be-
tween the results obtained on KBr and NaCl islands is the fact that the
first NaCl layer grows as a double layer while KBr is forming a single
layer. To obtain quantitave results about the work functions of thin salt
films on metals, either one has to produce fairly larger salt carpets or
one has to employ FM-KPFM techniques.

Another drawback in this measurements is the influence of the tip
shape. Repeating the measurements shown in table 4.2 led to a CPD
of approximately 800 mV , which is roughly 4 times higher than the
values obtained in the fisrt measurement series. We believe that this
difference is cause by a much blunter tip. The frequency shift in the first
series of images was around −8 Hz and the image quality was generally
good indicating a sharp tip. The second series of images was taken
with a frequency shift of −25 Hz and the overall contrast was more
blurry indicating a rather blunt tip. This leads to the conclusion that
the tip sample distance in the second series was significantly smaller
than in the first one. In conclusion, the measurements of local work
function variations on heterogenous surfaces in a quantitave way has to
be carried out extremely carefully. Especially the distance dependance
of the measurements have to be fully calibrated.

4.7 Conclusions

The investigation of conductance properties of molecular wires is of great
importance in the field of molecular electronics. The goal of the mea-
surements described in this chapter was to find indications of possible
optical activity and to measure those by means of KPFM. So far the

∗∗The saturation effect is explained in section 4.4.
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experimental setup has not proven to be sophisticated enough to per-
form illumination and measurements with the required accuracy. The
illumination performed with white light led to a increase of the sample
temperature which influenced the measurement more than the expected
change in the CPD of the molecules. A better approach might be to
use chopped light at a more defined wavelength in order to prevent an
increase of the system temperature.

Despite this small drawback, the measurements on thin salt films
proved to be extremely successful. On the first layer of KBr, which is
probably a single layer we observed a different adsorption order than
on the other layers or on bulk material. This new structure is probably
induced by the underlying substrate. On NaCl on the other hand this
structure is never observed, which is probably caused by the fact that
the first layer is assumed to be a double layer. We have also shown that
molecular carpets arrange on bare copper forming islands similar to the
structures observed on the first KBr layer.

The deposition of molecules on thin KBr films with gold nanoclusters
on top did not reveal significant differences compared to the measure-
ments done on bulk KBr. The most remarkable feature is that the
growth along the step edges is influenced by Au-clusters, leading to the
interruption of themolecular wires.



5 Conclusions and Outlook

This work focused on the investigation by means of nc-AFM of porphyrin
assemblies on bulk insulating crystals and on ultrathin insulating layers.
The adsorption of monocyanoporphyrin molecules was studied for the
first time and resulted in various reproducible assemblies on the surfaces.

Steps, islands and pit edges of alkali-halide crystals act as trapping
points for polar molecules, preventing them from diffusing freely over
the surface. Simultaneously, intermolecular interactions force the mono-
cyanoporphyrins to form π−π-stacks. These stacks grow along the edges,
forming long molecular wires. This growth is affected by the potential
corrugation at the step edge which forces the negatively charged nitro-
gen atom of the porphyrin to sit on top of a positively charge potassium
ion, resulting in a intermolecular distance corresponding to the lattice
constant of the underlying substrate.

At increased coverages of molecules, two-dimensional arrays start to
grow away from the steps across the terraces. The preferred growth ori-
entation is the 〈110〉-direction on KBr and the 〈100〉-direction on NaCl.
While maintaining their stacking, intermolecular distances and tilt an-
gles are slightly different than along steps. The lower corrugation of the
surface potential across the terraces is no longer the dominant term but
rather the equilibrium distance of the π − π-stack.

Investigations about possible electrical contacting of the wires have
been performed. The deposition of gold nanoclusters on KBr has shown
promising results, as they seem to influence the growth of the molecular
assemblies. Along step edges, gold nanoclusters can interrupt the wire
growth. As a result, we obtained wires growing from cluster to cluster
along step edges. A controlled deposition of such nanoclusters can lead
to a control over the length of the single wires. Au-clusters sitting on
terraces can either act as starting or endpoint for multiwires. We have
shown that two clusters sitting on a line in the 〈110〉-direction lead to a
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wire growth in between them. A first step to step independent growth
of molecular wires on insulating surfaces with attached nanocontacts.

The adsorption behaviour of the cyanoporphyrins was also studied on
ultrathin insulating films on Cu(111) in order to allow an easier applica-
tion of KPFM. We have shown that KBr thin films allow the molecules
to grow in a two phase system. The first layer of KBr is thin enough
(one layer, 0.33 nm), to still allow the copper to influence the molecular
growth. Along KBr steps the molecular growth is identical to the forma-
tions on bulk material. Opposite to that on areas close to an underlying
copper step porphyrins grow in a hexagonal lattice structure and are
probably adsorbet with their core more parallel to the surface loosing
their π − π-stacking.

The application of KPFM was helpful to distinguish different areas
of the sample. Contrast changes between metal substrate, different salt
layers and molecules were observed, allowing a qualitative analysis. How-
ever, due to various reasons quantitative results were not obtained.

The next step in this ongoing project is now to gain more under-
standing of the molecular arrangement. With this knowledge one can
fine tune the substrate configuration even better to obtain more pre-
dictible results. Another topic of interest is to test conductivity and
optical properties of the molecular wires. For that, a more sophisticated
setup is needed, which allows illumination of the sample without heating
it up.



A Bromium Substituted

Sub-PC Molecules on KBr.

(a) Sub-Pc (b) Topography
(200× 200 nm)
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Figure A.1: Topography (A.1b) and crosssection (A.1c) of Sub-Pc
molecules deposited on nanostructured KBr. The molecules decorate
steps but also fill the smaller pits in the surface.

The focus on this work was mainly laid on the investigation of por-
phyrin molecules. However, various other molecules were deposited on
nanostructured KBr. Most of them didn’t adsorb stable enough to be
investigated by nc-AFM. With the results from this thesis in mind, some
candidates showed promising results on the second sight.

Nony et al. investigated the assembly of chlorine substituted Sub-
PC in nanometer sized pits on KBr[72]. As a consequence the same
experiments were repeated with bromine substituted Sub-Pc molecules.
The obtained result after deposing 0.5 ML on the nanostructured sub-
strate is shown in fig. A.1. Fig. A.1b shows a topography image of
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a (200 × 200 nm)- area. The line section along the line is shown in
fig. A.1c.

What was first under suspicion to be a scanning artifact was later
identified as fairly regular step decoration along pit- and island-edges.
The linesection shows a clear difference between decorated and undec-
orated pits. At the upper framedge of fig. A.1b, marked by the black
frame, we further observe a bright rectangular island. Height analysis
of this structure rules out a single layer high island. However, the mea-
sured 0.6 nm can indicate a double layer or a single layer pit, filled with
molecules. The measurement is not conclusive at this point.

The dipole moment of the bromine substituted Sub-PC is slightly
lower than the one of the chlorine substituted one. The molecules used
by Nony et al. only assembled in small (> 15 nm) pits. Larger pits
only showed edge decorations and on the terraces no molecules were
visible. From this point of view we assume, that the bromine Sub-PC
have a similar behaviour, but are slightly weaker bonded to the surface
which probably leads to the need of even smaller pits in order to observe
ordered assemblies.



B The Amplitude Calibration

Program.

The SPM control software NANONIS[53] is based on LabView[62]. The
company therefore provides the users with interface tools to allow limited
control over the software via LabView over ethernet. The tools package
allows basic functions to read out channels and to set different setpoints.

The self written amplitude calibration programm is based on calcu-
lations on the calibration methods presented in section 2.5, namely it
employes the variation of the amplitude with a simultaneous adjustment
of the frequency shift.

The program interface allows the user to set some parameters, while
other parameters are directly read out from the scan software. Espe-
cially, the calibration factors, the center amplitude and the frequency
setpoint cannot be manipulated by the application in order to prevent
user generated tip crashes. On the other hand, the user may set the am-
plitude range to be swept and the number of sweeps. Adjustments in the
amplitude or the frequency setpoint can be done before the start button
was pressed. After pressing the start button the program performs the
requested number of sweeps and calculates the calibration factor for the
amplitude.

In detail the amplitude is swept from the setpoint Aset to Aset +
∆A to Aset − ∆A and back to Aset. Each ∆A step is divided in 100
substeps leading to 400 amplitude changes per sweep. The program first
calculates ∆Astep = ∆A

100
and then augments the current amplitude A0

by this value to A1. At the same time the frequency setpoint is adjusted
according to f1 = f0c

−3/2 with c = A1
A0

in order to guarantee the same tip
sample separation at the turning point of the oscillation. The difference
in the z-signal ∆z = z0 − z1 then equals the change of the amplitude.

To improve the accuracy of the calibration, several improvements

82



83

have been implemented. After each cycle the program pauses for several
milliseconds to let the z-controller become stable. The read-out of the
z-signal is done multiple times and then averaged in order to rule out
fluctuation values and reduce noise.

After performing the sweeploops the program calculates the ampli-
tude calibration and suggest to submit it to the scan software. The user
then can decide to agree or the cancel the action. Upon cancelling, the
calibration can also be entered manually. If the programm performs the
entry, the z-piezo is lifted prior to the calibration adjustmenbt in order
to prevent possible tip crashes.

To obtain maximal accuracy for the calibration, it is adviseful to let
the z-controller become stable and free of drift. I suggest also to choose
frequency and amplitude setpoints at scan-stable values, so the safe-tip
condition of the scan software is fulfilled during the calibration. If the
system is drifting more than 1 nm/min it’s suggested to engage the drift
correction of NANONIS or to let the system find its thermal equilibrium
by waiting several minutes whilie the z-controller is engaged. ∆A should
not be chosen larger than 25% of Aset in order to operate the amplitude
controller of the scan software in the optimal regime. However, choosing
∆A too small may lead to inaccurate results. Therefore we suggest to
set the sweep range to 15− 20% of the amplitude setpoint.



C KPFM Simulations on NaCl

Thin Films on Cu(111)

Carl and Glatzel [130] developed a program to simulate KPFM exper-
iments. By solving the poisson equations in two dimensions, the code
is using square finite elements described in [131, 132, 133] and employs
methods described in [134]. Previously, Sadewasseret al. [135] used a one
dimensional method to simulate heights on C60 molecules on HOPG.

The nonlinear poisson equation for a semiconductor is given by [131]

∂2φ

∂x2
+
∂2φ

∂y2
− qni

εs

(
eφ/VT − e−φ/VT

)
= −qD

εs
(C.1)

with φ the electrostatic potential, q the elementary electron charge, D
the concentration of impurities, εs the permittivity of the semiconductor,
nie

φ/VT = n and nie
−φ/VT = p the doping concentrations. ni is the

intrinsic carrier concentration and VT the thermal voltage given by VT =
q/kT .

Poisson’s equations may be discretized and rewritten as [133]

F(φ) = 0, (C.2)

with φ the vector of M unknow grid potentials, and F : RM → RM an
M-dimensional, nonlinear mapping. Such a set of nonlinear equations is
usually solved iteratively as

φk+1 = φk − J−1(φk)F(φk), (C.3)

where k is the iteration index and J the Jacobian matrix of F at φ = φk.
The Newton scheme (eq. C.3) can be rewritten as the repeated solution
of the linear system.

J(φk)φk+1 = J(φk)φk −F(φk). (C.4)
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Ouwerling [133] further points out, that the specific case of the Poissons’s
equations, iteration methods are useful to solve the system.

Mayergoyz used the ideas described above to formulate the full-step
Jacobi-Newton method [131, 133], using Jacobi relaxation for the linear
outer loop and Newton iterations for the inner one. This scheme was
first proposed by Lieberstein [136] in 1959.

Eq. C.2 then can be rewritten as

Aφ+ χ(φ) = 0, (C.5)

with A a discretization matrix and χ a diagonal nonlinear mapping.
Since χ(φ) is diagonal, the Jacobian matrix J is also diagonal with the
elements

Jii = aii +
∂χi
∂φi

(i ∈ [1,M ]), (C.6)

and therefore eq. C.3 can be written as

φk+1
i = φki −

Fi(φk)

Jii
= φki −

A(i) · φk + χi(φ
k
i )

aii + (∂χi/∂φki )
, (C.7)

with φi the potential of the grid element and A(i) the ith row of the
discretization matrix A of eq. C.5. Eq. C.7 is the base equation for
our code. Keller [132] and Ouwerling [133] introduced several simplifi-
cations∗ with the goal to make numerical calculations faster.

Figure C.1: Geom-

etry of the tip for the

simluation.

Practically, the code uses two matrixes.
The sample matrix has to be generated prior
to the simulations and is then fed into the
program as an input file. The tip matrix is
calculated by the code based on given pa-
rameters, such as radius, size and opening
angle. The tip matrix file consists the ca-
pacitance gradient as a function of the pa-
rameters mentioned above. For that, the tip
shape is turned to a staircase shape (cf. the
red line in fig. C.1), discretizing the tip sam-
ple system to N parallel plate capacitors. Fi-
nally, the tip matrix is then scanned over the
sample by two double loops. The first dou-
ble loop scans the tip over the samplematrix,
the second one calculates the CPD at every
sample point. The number of iterations for each point is determined

∗The simplifications constisted the introduction of scaled variables and reducing
the numbers of iterations.
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dynamically. The break condition is set to |φk+1
i −φki | < ε, with ε being

the convergation criteria.
In our simulations we used a earlier version of the program. This

version only calculated the capacitance gradient between tip and sample
and doesn’t emply the poisson equations yet. Therefore, the obtained
data contains only qualitative information.

To gain informations about the tip apex size during our scans, several
simulations were performed. As a template, the NaCl thin films on
Cu(111) image shown in fig. 4.2 was taken. The image was scaled up to
1024 × 1024 points and the bare Cu areas were set to orange color and
the salt covered parts to a uniform white background color (fig. C.2c). A
self written c-program then converts this image into a potential matrix

(a) Topography (b) CPD (c) binary pattern

(d) 15 nm tip (e) 7 nm tip (f) 2 nm tip

Figure C.2: KPFM simulations on NaCl thin films on Cu(111).
Fig. C.2a shows topgraphy and fig. C.2b the corresponding CPD im-
age. From those images a binary file shown in fig. C.2c was created. Af-
ter turning this pattern into a ascii formatted matrix, several images
with different tip radii were calculated. Tip apex radii of 15 nm C.2d,
7 nm C.2e and 2 nm C.2f are shown above. Comparing the simulations
with the measurement in fig. C.2b suggests a tip radius of ≈ 7 nm.
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acting as input file for the simulation program.
We performed several simulations with various parameters. Fig. C.2d-

C.2f show three simulated images with different tip radii (15, 5 and
2 nm). All other parameters were constant. Each image is averaged
over a complete oscillation cycle with a sinusoidal weight function. The
amplitude was set to Aosc = 24 nm and simulations were done at a
tip sample distances of 1, 5, 9, 13, 17, 21 and 25 nm resulting in seven
images per tip radius. Each of those images took roughly five minutes
yielding in a total simulation time of slightly above 35 minutes for one
oscillation cycle.

The influence of the tip radius is quite distinctive, as the simulations
in fig. C.2 reveal. A more careful comparison can be made by investi-
gating crossections across the structures (cf. the black line in fig. C.2b)
shown in fig. C.3.

0 5 0 1 0 0 1 5 0
0

1 0 0

2 0 0

3 0 0

4 0 0

CP
D 

(m
V)

d i s t a n c e  ( n m )

 2 n m
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 1 5 n m
 m e a s u r e d

Figure C.3: Linesections of the simulated images. The simulation val-
ues have been recalibrated to match the maximum of the measured re-
sult. This was necessary, since the tip condition is unknown. The re-
sults therefore contain no quantitative information. The measured curve
shows a good match with the 7 nm tip radius simulation except in the
area where the Cu structure is very pointy. In this area even the smalles
tip radius yields in simulation values which are too small. This effect
might be caused by a nanotip sitting at the apex of the regular tip.

At the pointy end of the copper structure the simulation suggest a tip
radius of about 2 nm judging from the shape of the curve. In contrast,
the simulation suggests a tip radius of about 7 nm for the rest of the
structure. This effect can be caused either by a nanotip, providing a
sharper short range signal.

So far, only binary image files have been processed for convencience
but the obtained results look promising. A next step in this project now
is to run the simulations with the full program that employs the poisson
equations to obtain qantitative data. Therefore the input files will have
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to be adjusted. Therefore the c-program has to be extended with an
user interface allowing more customized operations. After this is done,
simulations of more complex systems can be started.
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