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Abstract

The adsorption and self-organization of copper(II) octaethyl porphyrin (CuOEP) have been
studied in detail on heterogeneous surfaces by Scanning Tunnelling Microscopy (STM), Low
Energy Electron Diffraction (LEED) and Ultraviolet Photoelectron Spectroscopy (UPS).

The research has been focussed both on the adsorption of CuOEP on clean metals as well
as on ultrathin sodium chloride films grown on metals. For this reason, in a first stage, the
growth of NaCl films on Cu(111), Ag(111) and Ag(001) has been carefully investigated. For
submonolayer coverages the samples show the formation of NaCl islands with a characteristic
rectangular shape, which coexist with clean metal regions. Salt structures 1 to 3 ML thick
can be identified.

CuOEP molecules have been deposited on the so prepared heterogeneous salt-metal sur-
faces. STM reveals that the molecules self organize in ordered monolayers on the bare metal
areas as well as on the NaCl islands. Series of observations performed by increasing the
CuOEP coverage in steps from 0 to 1 ML revealed that the assembly develops in a hierar-
chical fashion. Molecules sequentially adsorb and assemble first on the bare metal, then on
the 1-layer and 2-layer thick NaCl areas. From these observations it can be inferred that the
adsorption energy of CuOEP decreases by introducing an insulator layer and by increasing
its thickness. Moreover, the investigation of the STM appearance of CuOEP as a function
of the bias voltage, indicates a weaker adsorbate-substrate interaction on the NaCl/metal
system than on the bare metal.

The adsorption of CuOEP on the clean metal has been further investigated by LEED and
UPS. Combining LEED and STM, the structure of the molecular layer formed on Cu(111),
Ag(111) and Ag(001) is determined. Information on the adsorption conformation of CuOEP
has also been gained by high resolution STM. In these measurements several intramolecular
features can be recognized and they fit very well with simulated STM images based on DFT
calculations. The theoretical predictions of the molecular orbital energies fit also very well
with the UPS measurements. In particular the position and the relative intensity of HOMO
and HOMO-1 levels show a very good agreement between experiment and calculation.

UPS has also been used to measure the work function change of the various metal sub-
strates upon CuOEP adsorption. These experiments prove that, for all metal investigated, a
charge transfer from the molecule to the substrate takes place. This charge transfer is found
to depend on the work function of the substrate. In particular the comparison between the
Ag(111) and Ag(001) cases demonstrates that the observed work function change does not
depend only on the chemistry of the substrate but also on the details of the surface electronic
structure.
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1. Introduction

1.1. Motivation and Outline

The concept of molecule has historically been developed in the field of chemistry and for a
long time molecules have almost exclusively been investigated by chemists. However, the
development of powerful investigation tools as well as quantum theory allowed the scientists
to gain a deep understanding of the physics at the molecular scale. Hence molecules started
to be in the focus of physicists too.

Nature shows how much complexity can be borne in a very small space. A molecule is a
remarkable example of an extremely small structure which has well defined characteristics
and properties. Miniaturization is not only observed in nature but has been a constant trend
in the technology development of our times. Researchers have continuously tried to engineer
smaller and smaller devices. However so far the approach to miniaturization has mostly
been quite different than the one used by nature. Scientists and engineers have mainly tried
to shrink the size of objects which already exist and work at a larger scale. This approach
proved to be very successful, nevertheless it is clear that there are limit to it. In fact
scaling down processes which work at the macro- or micro-scale is going to face fundamental
physical limits. For instance the ultimate limits for lithography processes employed in the
silicon based electronics are not far from being reached[1].

The novelty of nanoscience consists in studying the properties and functionalities of
nanoscale structures, often already known from chemistry or biology. Their understand-
ing may lead to identify structures which can be directly used for applications or teach how
to engineer new objects with the desired properties. Although very difficult, such an ap-
proach has a great potential. As pointed out by Richard P. Feynman in his famous talk
“There’s plenty of room at the bottom – An invitation to enter a new field of physics”
gaining the ability to control and address single atoms and single molecules would allow to
extraordinarily accelerate most miniaturization processes.

Among the systems available in nature organic molecules look very appealing as they
are small but simultaneously complicated and structured enough to comprise interesting
functionalities. Therefore, in this thesis the attention will be focussed on organic molecules
adsorbed on suitable supports with a relevance for potential applications in the field of
molecular electronics.

The use of very small functional units poses many technological challenges. Among them
a very relevant one is the difficulty to handle and interconnect different units which are
needed to assemble any useful device. However, the observation of nature offers a very
brilliant approach to this issue. Practically all systems in nature are somehow capable to
self assemble.
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1. Introduction

One of the goals of nanoscience is to understand and profitably use self assembly to form
nanostructures with the desired functionalities. The smart combination of the so called bot-
tom up approach (letting different substructures organize in more complicated ones) with
the top down approach (scaling down system working at macro- and/or microscale) consti-
tutes one of the most important peculiarities of nanoscience and nanotechnology. Of course
understanding and reproducing the conditions necessary to address the self assembly in a
desired way is a difficult task. Nevertheless, in recent years, the potential of such an ap-
proach triggered a lot of research in this direction. In particular, STM revealed itself to be
a powerful tool to address, analyze and modify self assembled molecular structures as well
as single atoms.

In this thesis different nanoscale structures have been produced, studied and combined.
All the structures described have been produced following a bottom up scheme. As shown in
the following, this indeed limits the control on the growth process. On the other hand, it has
to be stressed that, due to this approach, the nanostructures investigated can be produced
in a virtually countless number and in a comparably fast and cheap way. Exploiting this
research direction looks therefore very important in order to open a way to the application
of nanotechnology to any device of practical interest in everyday life.

1.2. Experimental Techniques

The experimental work described in this thesis has been carried out mainly by means of
scanning tunnelling microscopy (STM), photoelectron spectroscopy (PES) and low energy
electron diffraction (LEED). In this section a brief introduction about the working principles
and some of the practical aspects of these instrumental techniques is given.

1.2.1. Scanning Tunnelling Microscopy

Introduction

Scanning Tunnelling Microscopy is a powerful tool invented at the IBM Zurich Research
Laboratory in 1981 by Gerd Binnig and Heinrich Rohrer[2]. Very soon after its invention
STM proved to be an extremely useful tool for the investigation of surfaces and in 1986
Binnig and Rohrer were awarded the Nobel Prize.

The STM working principle relies on the quantum mechanical tunnelling of electrons
through a potential barrier between a conductive sample and a sharp metallic tip placed very
close to each other (typically a few Å). A bias is applied between the tip and the sample
and a tunnelling current is measured to flow across the tip-sample gap. The tip is then
scanned over the sample by means of piezo-electric tubes. While moving the tip, the sample
corrugation induces a variation of the sample-tip distance and therefore of the tunnelling
current. The tip can be scanned on the sample at a fixed z-position above the sample while
measuring the current (constant height mode). Alternatively a feedback system can be used
to adjust the tip-sample distance in order to keep the tunnelling current constant. In this
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1.2. Experimental Techniques

second mode (constant gap or constant current) the most important signal recorded is the
z-displacement of the tip needed to keep the current constant.

One of the key aspects of STM is the very strong dependence of the tunnelling current on
the tip-sample distance. This implies that only the very end of the tip apex and a very small
portion of the sample are significantly involved in the tunnelling process. Such a localized
interaction is crucial in order to obtain a high spacial resolution. Binnig and Rohrer could
observe for the first time features such as monoatomic steps, surface reconstructions[3] as
well as atomic resolution of metal[4][5] and semiconductor[6] surfaces in real space.

The invention of STM turned out to be a landmark point in the advancement of surface sci-
ence, allowing for the first time real space investigation of surfaces at the atomic scale. More-
over it triggered the development of a whole family of scanning probe microscopies (SPM)
such as atomic force microscopy (AFM)[7], magnetic force microscopy (MFM)[8], electro-
static force microscopy (EFM)[9] and scanning near field optical microscopy (SNOM)[10][11].

A brief theory of STM

Figure 1.1.: Schematic 1-dimensional diagram of a tip-sample junction. In this representation
a positive bias U has been applied to the sample. The size of the horizontal arrows indicates the
different transmission coefficients (and therefore of the tunnelling probabilities) for electrons of
different energies.

Developing a precise theory of the tunnelling process at the tip-sample gap is not feasible
as very little is known about its detailed geometrical and chemical configuration. Overviews
on this problem and the possible approaches to solve it are given in different books[12][13]
as well as in review articles (see for example ref. [14]).

Despite this complexity, most of the aspects of scanning tunnelling microscopy can be
explained considering the simple theory developed by Bardeen[15]. In this theory the specific
geometry of the tip-sample junction is neglected and the tunnelling junction is modelled as
a 1-dimensional system (fig. 1.1).

From basic quantum mechanics it follows that the probability for an electron with energy
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1. Introduction

E to tunnel through a potential barrier of energy Ebar (with Ebar > E) is

T = e−
2d
√

2m(Ebar−E)

~ (1.1)

where m and d are the electron mass and the barrier width, respectively.
In the approximation proposed by Bardeen the net tunnelling current between tip and

sample measured while applying a bias U will simply be

I =
4πe

~

∫ e·U

0

ρs(E)ρt(e · U − E)T (E, e · U, d)dE (1.2)

where ρs and ρt are the density of states of the sample and of the tip while T (E, e · U, d)
is the transmission coefficient from the tip to the sample for an electron with energy E.
For this extremely simplified 1-dimensional model, as described in eq. 1.1, the transmission
coefficient will be

T (E, e · U, d) = e−
2d
√

2m(Ebar−E)

~ = e−
2d
√

2m
~

q
φs+φt

2
− e·U

2
−E (1.3)

where φs and φt are the work function of the sample and of the tip. It is important to note
that the expression 1.2 is just the integral of the transmission coefficient over the density of
states of the tip and of the sample (indicated by the arrows in fig. 1.1) laying in the energy
window allowed for tunnelling. This window corresponds to the energy range where the
occupied states of the tip and the unoccupied states of the sample overlap each other. In
the simplified model presented here, tip and sample have a perfectly symmetric role. Thus,
the whole discussion applies the very same way for negative sample bias (i.e. for electrons
tunnelling from occupied states of the sample to unoccupied states of the tip).

In reality the geometries of tip and sample are different and such an asymmetry signifi-
cantly affects the system. As stated before, this complicates the situation significantly and
makes it almost impossible to develop a first principles theory. Nevertheless many attempts
have been made to treat the problem with approximations closer to the real situation. Among
those the so called s-wave-tip model developed by J. Tersoff and D. R. Hamann[16][17] is
definitely one of the most important. It models the tip apex as a little metal sphere, thus
implying that only s-states of the tip take part in the tunnelling process. For low biases
(much smaller than the tip work function φt), the current turns out to be proportional to
the Fermi local density of states (LDOS) at the center of the sphere r0

I ∝ eUρs(EF,s)ρt(EF,t, r0) e−
2d
√

2m
~

q
φs+φt

2 (1.4)

It is interesting to note that in this approximation the dependence of the current from the tip
is expressed only by the factor ρt(EF,t, r0) which remarkably is just a constant. Therefore, in
the frame of the Tersoff and Hamann theory, the variations of the tunnelling current while
scanning the tip on the sample turn out to depend only upon local properties of the sample
and not on the tip.
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STM data handling

In STM the tip is typically scanned over a sample and the signal of interest is recorded at a
fixed time/space interval. As the tip is usually raster scanned over a squared area, the natural
output of an STM measurement is a two dimensional data array. While scanning more than
one signal can be acquired, thus for each measurement different arrays can be generated.
In the constant current mode (used throughout this thesis) the tunnelling current is kept
constant by the feedback and the most interesting signal is the z-displacement of the tip.
This signal is often called topography although it carries also information about the electronic
structure of the sample surface. In addition to the z-displacement, the current signal can
also give out useful information because of the limited reaction speed of the feedback. In
fact, when the tip gets over a protrusion, a variation of the tip-sample distance and therefore
of the tunnelling current is needed in order to induce the feedback reaction. Working with an
integral feedback, the current signal represents the derivative of the topography and therefore
highlights all the rapid variations of the z-displacement signal. Besides these considerations,
the current signal is also very interesting in order to evaluate the efficiency of the feedback
and for this reason is also called error signal. In certain experiments, also performed in this
thesis, the bias voltage is changed repeatedly while scanning. For this kind of measurements
the acquisition of the bias voltage is also very useful in order to keep track of its variations.

The two dimensional data arrays obtained as output of STM measurements are gener-
ally shown in an image format by using a color coding. Consequently very often for STM
measurements the expression STM images is used. In practice each point of the array is
converted to a pixel with a color corresponding to the recorded data value of the array. The
most common code is the greyscale one, where bright and dark tones of grey are used for
high and low values of the recorded signal. Other colored codings are also used, always
according to the same convention about bright and dark tones.

If not explicitly otherwise indicated, all STM images reported throughout this thesis are
topography images. Generally the data shown in the images are either raw data or processed
through a plane subtraction. This is not the case for some of the images showing periodic
structures. In some of these cases, in order to improve the resolution of a periodic structure,
a so called averaging procedure has been employed. By using a special algorithm (developed
by R. Hoffmann at the Institute of Physics of the University of Basel) it is possible to
sample several copies of the unit cell of the periodic structure present in the image. The
output of the procedure consists in an average of all the unit cells sampled from the original
image. Another relevant filtering procedure employed for some of the images is the so called
flattening. This procedure operates on the original data line by line. A polynomial of first
order is fitted to each scan line of an image and successively it is subtracted to the original
data. This procedure is specially useful to enhance the contrast in images which present
significantly different z-displacements in different areas. For instance it is very helpful for
images where the bias voltage is changed while scanning.

In order to emphasize specific features, the acquired data can also be presented in a so
called pseudo 3D view. In addition to a color, an elevation is assigned to each point of the
array. The resulting 3-dimensional structure is then represented in a perspective view.
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1. Introduction

1.2.2. Low Energy Electron Diffraction

Figure 1.2.: Universal curve of electron mean free path. Adapted from ref. [18] and reference
therein.

Along STM, another important experimental technique used in this thesis is low energy
electron diffraction (LEED). The development of LEED was guided by Germer[19] some
thirty years after his original experiment[20]. This technique relies on the observation that
the de Broglie wavelength for electrons with low energy (in the order of tens of eV) is in the
same range of the size of typical periodic structures studied in surface science (for example
for electrons of E = 10 eV the de Broglie wavelength is λ = h

p
= h√

2mE
= 3.88 Å). This

makes low energy electrons very well suitable for diffraction experiments on surfaces.

In LEED a beam of electrons, accelerated to the desired energy (from few to some hun-
dreds eV), is directed towards the sample perpendicularly to its surface. The backscattered,
diffracted electrons are then collected on a fluorescent screen placed in front of the sample
surface (on the same side as the electron source). To ensure that only electrons that under-
went an elastic process are collected, an energy filter is set in a way that only the electrons
with an energy close to the one of the incident beam, are allowed to reach the fluorescent
screen.

If the surface under investigation is characterized by some periodic structure this will
be reflected in the diffraction pattern formed by the electrons collected on the screen. In
detail it can be shown that such a pattern is the Fourier transformation of the periodic
structure of the surface. More precisely the intensity recorded on the screen is proportional
to the modulus of the reciprocal representation of the surface structure. For this reason
the problem of inverting from LEED images to the direct space is not trivial and there is
no direct method to solve it. Moreover, only a cut of the reciprocal surface can be imaged
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through the fluorescent screen. In order to face these problems a big number of software
tools have been developed, allowing to simulate the LEED pattern obtained from almost
any possible periodic surface structure. In this thesis the LEEDSIM software by CreaPhys
GmbH (Reinhardtsgrimma, Germany) has been used to simulate some of the LEED patterns
observed.

A very important aspect of LEED is its very pronounced surface sensitivity. In fact
the diffraction pattern obtained from LEED carries exclusively information of the periodic
structures present in the few topmost layers of the sample. This is crucial in order to observe
phenomena such as surface reconstruction or self assembly of adsorbate ultra-thin films.

This extreme surface sensitivity is achieved because of the very short mean free path of
electrons in matter (not more than a few nanometers). This implies that only electrons pen-
etrating a very short distance into the substrate can be elastically backscattered. Moreover,
the mean free path of electrons does not depend much on their kinetic energy (fig. 1.2), thus
allowing a great freedom in tuning the wavelength of the incident electrons. This property
makes electrons very suitable for surface science investigations and indeed, besides LEED
other powerful surface science techniques based on the short electron mean free path have
been developed. Comprehensive overviews on LEED and its applications have been pub-
lished in several books and articles (see for example the book of Van Hove et al.[21] or the
review paper from Heinz[22]).

1.2.3. Photoelectron Spectroscopy

Another important experimental technique employed in this thesis is photoelectron spec-
troscopy (PES). As LEED, photoelectron spectroscopy is a non local method as it gives
information integrated over a macroscopic area of the sample. The basis of this technique
is the so called photoelectric effect discovered already in 1887 by Hertz[23] and theoretically
explained in 1905 by Einstein[24]. This effect simply consists in the emission of electrons
from a surface upon irradiation with electromagnetic radiation.

Given the frequency ν of the incident radiation, an electron emitted from the surface will
have the kinetic energy

Ekin = hν − Eb − φ (1.5)

where Eb is the binding energy of the emitted electron (measured relatively to the Fermi
energy) and φ is the work function of the sample.

In photoelectron spectroscopy, the excitation radiation is chosen to be monochromatic.
Therefore, for each electron, it is possible to measure the energy of the level from which it
has been emitted just by measuring its kinetic energy. The electrons emitted from the sample
are collected on a detector which allows to measure the number of electrons for each kinetic
energy N(Ekin). This allows to map the density of states (DOS) of the sample (fig. 1.3).

In order to excite the electrons from their bound states in the sample, different sources of
electromagnetic radiation, operating at various energies, can be used. Generally two regimes
are identified: X-ray photoelectron spectroscopy (XPS) for energies hν & 100 eV and ultra-
violet photoelectron spectroscopy (UPS) for energies hν . 100 eV. Although conceptually
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1. Introduction

Figure 1.3.: Schematics of photoelectron spectroscopy measurement principle, showing the rela-
tion between the DOS of the sample and the photoelectron spectrum.

extremely similar, XPS and UPS measurements offer different kinds of information about
the sample.

XPS allows to investigate the energy range corresponding to the atomic core levels and
therefore gives information about the chemical composition of the sample. The intensity
of the different peaks can be evaluated in order to determine the sample stoichiometry at
the surface. Moreover, different chemical environments often induce slight modifications of
the core level positions. These modifications, also known as chemical shifts, can be detected

8



1.3. Instrumental Set-Up

by XPS and can be interpreted in terms of the interactions between the different chemical
species present at the surface. This information is of special interest when investigating
adsorbates as it allows to evaluate the adsorbate coverage and to learn about its interaction
with the substrate.

The states investigated by UPS are the ones close to the Fermi level. The interpretation
of these spectra is very interesting although more complicate than for the ones obtained by
XPS. These low energy states are in fact very sensitive to the interactions between different
compounds. UPS is therefore very useful to study the adsorption of molecules on surfaces
as it allows to get deep insight in the molecule-substrate and molecule-molecule interactions.
Moreover, by UPS it is possible to get a direct measurement of the sample work function
and its change upon various surface modifications[25].

Common to UPS and XPS as well as to LEED, as described before, is the very high surface
sensitivity due to the short electron mean free path. Electromagnetic radiation can penetrate
deep into the sample but only electrons emitted in a region very close to the surface can leave
it and reach the detector. Given the relevant role of photoelectron spectroscopy in surface
science, a very large number of publications treat this topic in detail. For a comprehensive
overview on the subject see for example the book of S. Hüfner[26].

1.3. Instrumental Set-Up

1.3.1. The UHV System

An extremely important requirement to study surfaces at the atomic or molecular scale is
the ability to precisely control the conditions of the surface under investigation. In this
perspective, ultra high vacuum (UHV) is a fundamental tool which allows to keep surfaces
free of contaminations. All the experiments presented in this thesis have been performed
in the NANOLAB at the Institute of Physics of the University of Basel. NANOLAB is
a massive vacuum system consisting of seven chambers, each with a dedicated pumping
system composed by turbomolecular, ion getter and titanium sublimation pumps. The base
pressure for the system is in the low 10−10 mbar range. A fast entry air lock allows to
insert or remove samples, STM tips as well as evaporation sources from the system, without
breaking the vacuum. Two schematic representations of the NANOLAB multi-chamber
system are shown in figs. 1.4 and 1.5. Samples are mounted on customized VG stubs that
can be transferred through the entire vacuum system. The sample holders are equipped with
a tungsten filament allowing to heat up the probe up to ca. 1100 K.

For the cleaning of metallic samples standard sputtering/annealing procedures have been
employed[27]. For this purpose a sputtering gun operating with Ar gas is installed and the
annealing of samples is performed by using the stub filament or by resistively heating the
entire sample manipulator.

For the experiments described in this thesis it has been crucial to reliably deposit various
molecules as well as NaCl on different substrates and with submonolayer precision. A flexible
evaporation system has been specifically developed for the deposition of organic molecules.
It is located in a dedicated chamber in order to keep the rest of the UHV system clean.

9



1. Introduction

Figure 1.4.: Plan (topview) of the NANOLAB multi-chamber system. Drawing of A. Heuri.

The evaporation station can host up to twelve sources and four of them can be heated
independently. Moreover, evaporation sources can be inserted and removed from the vacuum
through the fast entry air lock. A detailed description of this evaporation system can be found
in ref. [28]. Furthermore, for the deposition of insulator materials a specifically designed new
evaporation system has been built (for further details see 1.3.2).

The most important instrument for sample investigation in the NANOLAB is the scanning
tunnelling microscope (STM). The microscope is a home built instrument operating at room
temperature. In order to obtain very low noise measurements the STM is mounted on
a multistage damping system and is equipped with a preamplifier placed in vacuum very
close (about 1 cm) to the tip-sample junction. For all experiments electrochemically etched
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1.3. Instrumental Set-Up

Figure 1.5.: 3D view of the NANOLAB. Drawing of A. Heuri.

tungsten tips are used. Moreover tips can be exchanged in situ and cleaned by means of high
voltage electron bombardment. A more detailed description of the STM is given in ref. [29].

To investigate the electronic structure of samples, the NANOLAB is equipped with a
dedicated ESCA (electron spectroscopy for chemical analysis) chamber hosting a commercial
VG ESCALAB MKII system from Thermo Vacuum Generators (Hastings, United Kingdom).
The detector is a hemispherical 150◦ analyzer with three channeltron electron counters. The
source is a non monochromatized Mg/Al twin anode. Photon energies of the Mg and Ag
sources (Kα lines) are 1253.6 eV and 1486.6 eV, respectively. For the UV source, a He
gas discharge lamp, that can be optimized either for the HeIα (21.2 eV) or for the HeIIα
(40.8 eV), has been used.

The system is also equipped with a commercial rear view low energy electron diffraction
system (LEED) allowing the analysis of the crystal structure of sample surfaces. Further de-
tails about the NANOLAB system can be found in the following references[29][30][31][32][28].

1.3.2. Multipurpose Evaporation System

During this thesis the UHV system has been used to deposit many different materials, i.e.
several organic molecules as well as sodium chloride, magnesium and gold. For this reason
a new multipurpose evaporation system has been developed (fig. 1.6). A very distinctive
feature of this system is the ability to heat up the source by electron bombardment.
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1. Introduction

Figure 1.6.: 3D view of the newly developed multipurpose evaporation station. Drawing of
A. Heuri.

To ensure maximum flexibility the evaporators can be transported through the entire UHV
system (including the fast entry air lock) by means of a modified stub. Each evaporator is
a small metallic plate consisting of three electrically isolated parts. These parts are kept
together by a proper combination of screws and ceramic washers. On the other hand each
evaporation station is equipped with two vertical conductive pins and a third spring contact.
The evaporator plate fits on the two pins in a way that each of its three isolated parts are
connected to different electric contacts (the two pins and the spring contact). Such a special
mounting can be employed in a very versatile way. A filament can be welded between the
two parts connected to the verticals pins and therefore resistively heated. The filament
is wrapped in a coil shape around a boron nitride crucible containing the material to be
evaporated.

The third contact is high voltage compatible in order to use it for electron bombardment.
In this configuration the source material, that has to be conductive, is fixed to the part of
the plate connected to the third contact while again a filament is placed between the two
parts connected to the vertical pins of the station. The filament current can be raised until
electron thermoionic emission[33] occurs. The emitted electrons are then accelerated onto
the source material placed at positive high voltage. This electron bombardment technique
allows to reach high temperatures in a very short time.

A peculiar detail of the station is the fact that for space reasons the evaporators, the
modified stub for the evaporator transport as well as regular samples have to be handled
with a single wobble stick. For this reason the station hosts two specially designed tools (a
special fork and an Allen key) that can be mounted in situ at the wobble stick end. All these
specifications enable the evaporation station to combine in a very flexible manner different
types of evaporators, all fully transferrable in a limited amount of space.
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2. Growth of Sodium Chloride Ultra
Thin Films on Metallic Substrates

One of the principle goals of the research performed in this thesis has been to extend the
application of the surface science tools available in the NANOLAB to the investigation of
non conductive surfaces. As a model system for non conductive surfaces it has been chosen
to work with ultra-thin sodium chloride films grown on various metallic substrates. In this
chapter the growth and the characterization of these films is described in detail.

2.1. Motivation

In the last decades a huge interest has been devoted to surface science. The development of
many instrumental techniques and methods triggered great achievements in this field and led
to findings which played a key role in some of the most important technology advancements
of our era. Although there has been such a great development, insulating surfaces historically
have been much less investigated than the conductive ones. There are several reasons that can
explain such a situation but certainly it has been crucial that many powerful experimental
techniques do work only on conductive samples. Among them STM, LEED, PES, AES,
SEM are just some of the most known and widely used.

To overcome these limitations, the choice of insulator thin layers looks like an interesting
compromise. On these systems many experimental techniques not working on bulk insulators
can be successfully applied, allowing to access many interesting physical properties. However,
it has to be remarked that some of the properties of a bulk insulator may be significantly
modified when considering the special case of ultra thin films. Clearly this element sets
some limitations to the strategy of using insulating thin layers as substitutes for normal
insulators. On the other hand, thin films disclose the very interesting opportunity to build
structures with novel properties, possibly tunable just by acting on the film thickness. A
very appealing aspect is that, in the ultrathin regime, material properties may significantly
change just by adding or removing a single layer. This would allow to build structures with
well defined, stepwise variation of their properties.

The potential to overcome some of the experimental limitations normally present in the
case of bulk insulators has already been shown in many different cases for insulator thin film.
In the following some of the most relevant and/or most closely related examples are given.

Already in 1988 Barjenbruch et al.[34] grew NaCl and KCl films on germanium substrates
in order to investigate their electronic properties by means of UPS and EELS. Alkali halides
and NaCl in particular are indeed among the most widely studied insulator thin films and
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2. Growth of Sodium Chloride Ultra Thin Films on Metallic Substrates

a more complete review about this specific topic will follow in sec. 2.2. Another insulator
material which has been in the focus of intense investigation at the ultra thin film regime is
CaF2. Viernow et al.[35] showed that upon deposition on Si(111), CaF2 forms a first layer
of semiconductive CaF1 followed by the growth of insulating CaF2. They demonstrated
how STM can be used as a chemically sensitive imaging tool for insulators. In another
publication[36], the same group showed how the growth of semiconductive and insulating
CaF1 and CaF2 nanostructures can be controlled in a bottom up approach.

The biggest part of the studies on insulator thin films definitely concerns metal oxide sur-
faces. Among them one of the most widely studied is MgO which has been grown on different
substrates such as Fe(001)[37][38], Mo(001)[39][40][41] and Ag(001)[42][43][44]. From these
studies a detailed understanding of the structural, electronic and chemical properties of MgO
thin films has been gained. A comprehensive collection of the work published about MgO
thin films is presented in a review paper by Schintke et al.[45]. The same publication offers
also an overview on other metal oxide systems. Among them a relevant role has been played
by Al2O3. The growth of ordered alumina thin films has been studied by STM on various
substrates, including different NiAl alloy surfaces[46][47][48][49][50] as well as metal surfaces
like Re(0001)[41] and Nb(110)/sapphire(0001)[51]. EELS measurements have been reported
for Al2O3 films grown on NiAl(110)[52] and on Re(0001)[53]. NiO has also been investigated
by STM[54][55][56] and Bäumer et al. published a combined LEED/STM study[57]. Similar
attention has been devoted to CoO layers which have been studied by STM[55][58] as well as
by EELS[59][60]. A relatively less investigated metal oxide is Ga2O3, which has been grown
on CoGa(100) and studied by STM[61]. Finally, STM has been used to investigate a CeO2

thin film grown on Pt(111)[62].

The short overview reported here demonstrates the vast interest in insulator thin films
which has mainly been rising in the last decade. A relevant part of this thesis is dedicated
to the study of NaCl thin films. In particular STM has been used to access properties of the
crystal and electronic structures of sodium chloride layers. Special attention is given to the
use of these surfaces for the adsorption and self organization of organic compounds.

2.2. NaCl Thin Films Growth: State of the Art

The choice of the insulator material to use in our research has been the first important step
of the experimental work. The key point in favor of NaCl has been the fact that it allows a
great flexibility in the choice of the substrate on which the salt film can be grown. Substrates
successfully used for the growth of NaCl include semiconductors as Ge(001)[34][63][64][65],
Ge(111)[63], as well as metals such as Cu(111)[66][67], Al(111) and Al(100)[68], Pd(100) and
Pt(111)[69].

In the here reported experiments, NaCl ultra-thin films have been grown on Cu(111),
on Ag(111) and on Ag(001). While the first system has already been studied by other
groups[70][66][67], in the literature we did not find any report of NaCl grown on silver.

In most cases reported, NaCl growth is achieved by means of practical and simple tech-
niques. NaCl melts at (1074 K) and reaches a comparably high vapor pressure at quite low
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2.2. NaCl Thin Films Growth: State of the Art

temperature (i.e. 10−4 mbar at about 800 K). Therefore, in a UHV environment, it can easily
be sublimated at a comparably low temperature. It is interesting to note that upon subli-
mation NaCl dimers are formed[71][69], thus guaranteeing the conservation of stoichiometry
in the film growth.

The growth is not much influenced by the underlying substrate. In fact, the strong ionic
bond of NaCl (cohesive energy of 7.94 eV per ion pair for the bulk case[72]) clearly drives
the growth process. In all the experimental works published so far, NaCl thin films always
form a squared crystal lattice where the ions are arranged in the same way as on the (001)
surface of the NaCl bulk crystal. As expected, due to the predominance of the Coulomb
interaction between the ions, the structure which minimizes the energy for the thin film
case is the same of the bulk NaCl. The only modification reported is a relaxation of the
2D crystal, characteristic of each substrate. Small increases of the Na-Cl in-plane distance
(e.g. on Pt(111)[69]) as well as decreases (e.g. on Cu(111)[66]) are reported, but the change
of the lattice constant is never bigger than a few percent. The observation of these crystal
relaxations fits well to the well known high compressibility of alkali halides (NaCl bulk
modulus is 0.24 1011 N/m2 [72]).

Another observation related to the mismatch between the substrate and the NaCl lattice
is the so called carpet growth. In the neighborhood of substrate step edges, the NaCl lattice
is deformed over the length of several lattice constants in order to allow a growth across
two adjacent terraces. The formation of such NaCl carpets extending across substrate steps
often seems to be energetically favorable. In fact on various substrates (i.e. Ge(001)[64][65],
Al(111)[68], Cu(111)[67]) steps edges appear to be preferential nucleation sites for the growth
of NaCl islands.

The ionic bond is also playing a crucial role in determining the shape of the NaCl structures
that are grown. In order to minimize the ionic interaction, island borders are aligned to the
<100> directions of the NaCl bulk crystal, implying an alternation of Na+ and Cl− ions
along the border. Such an orientation of the borders leads to a rectangular shape of the
NaCl islands. Due to the strength of the ionic interaction this characteristic shape of the
NaCl structure is observed virtually on every substrate.

Concerning the growth, it is interesting to note that some authors report that the first layer
formed on the substrate is a double layer. This has been reported for different substrates such
as Ge(001)[34][65], Al(111)[68] and Cu(111)[67]. The discrimination of the real thickness of
the first layer is not trivial and it has not been in the focus of this thesis.

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 orientation of the NaCl lattice with respect to the underlying
substrate[34][63][64][66][69][73]. An intensive analysis of the electronic structure of thin and
ultra-thin NaCl films has been carried out by means of EELS and PES[34][63][73]. Also
scanning probe microscopy, namely STM[65][68][74][67][75] and AFM[70][76] proved to be
useful to improve the understanding of these salt structures.
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2. Growth of Sodium Chloride Ultra Thin Films on Metallic Substrates

sputtering annealing

Cu(111) 800 eV, 1.7 µA, 17 min 1000 K, 60 min

Ag(111) 800 eV, 1.6 µA, 17 min 1100 K, 55 min

Ag(001) 700 eV, 1.5 µA, 17 min 900 K, 50 min

Table 2.1.: Summary of the parameters chosen for the sputtering and annealing cycles employed
to prepare the metallic substrates.

2.3. Sample Preparation

NaCl ultra-thin layers have been deposited on three different metallic substrates: Cu(111),
Ag(111) and Ag(001). All substrates used are single crystals (Mateck GmbH - Jülich, Ger-
many) cut along the specified crystallographic direction with an accuracy better than 0.4◦.
These crystals have been prepared in situ according to regular surface science techniques by
several cycles of Ar+ ion bombardment (sputtering) and annealing. Between each experi-
ment the substrates have been treated again with two Ar+ sputtering-annealing cycles using
the parameters specified in table 2.1.

The recipes described here, allow to produce atomically flat and clean metallic substrates.
The quality of the pure metallic substrates has periodically been checked by means of STM,
XPS and LEED. STM images show atomically flat terraces with a typical size in the order of
hundred nanometers. Practically no contamination can be identified and atomic resolution
repeatedly shows a perfect crystal structure. The latter has been crosschecked by LEED
which shows very well defined interference patterns. LEED also proves that the substrates
are really formed by a single crystallographic domain. The absence of contamination on the
surfaces has also been carefully checked by means of XPS. Analysis of the 285 eV 1s peak of
carbon, which is known to be the most common contaminant for the surfaces used[27], led
to determine a carbon contamination level below 0.03 ML.

NaCl has been deposited on the metallic substrates by sublimation, using the evaporation
system described in sec. 1.3.2. As source material a NaCl fine free-flowing powder (pu-
rity ≥ 99.5 %, Fluka) has been used. The evaporator is formed by a boron nitride cylinder
that can be heated through a tungsten filament wrapped around it (see sec. 1.3.2). The
heating process can be easily controlled by regulating the current flowing through the tung-
sten filament. The operation temperature for the source cannot be measured directly but is
estimated to be between 650 K and 700 K[66]. The deposition is monitored by means of a
quartz crystal microbalance placed few centimeters aside the manipulator holding the sam-
ple. Various deposition rates have been tested but, for the great majority of the experiments
described in this thesis, samples have been prepared using a rate around 1 Å/min.

During deposition the temperature of the substrate can be controlled by resistive heating
of the sample manipulator which is equipped with a thermocouple. Temperature control
proved to be useful in order to tune the average size of the sodium chloride islands formed
on the metallic substrate. Mostly temperatures between 300 K and 400 K have been used.
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2.4. STM Observations

2.4. STM Observations

Figure 2.1.: NaCl on different substrates. (a) NaCl on Cu(111) (145 nm × 145 nm, U = 1.8 V,
I = 30 pA): many relatively small NaCl islands are visible; (b) NaCl on Ag(111) (150 nm × 150 nm,
U = −1.1 V, I = 10 pA): some large salt islands can be identified. On top of them several smaller
second layer features are visible as well; (c) NaCl on Ag(001) (200 nm × 200 nm, U = 4.0 V,
I = 15 pA): an extended salt island is present in the middle of the image. On top of it second
and third layers are also present. Remarkably in this image the third layer structures appear as a
depression, in contrast with the real topography. In all three images it can be noted that islands
are preferentially located across substrate step edges.

The investigation of the NaCl growth on the various metal substrates has mainly been
carried out by STM. This tool proved to be very efficient in order to localize the areas of
the sample covered by NaCl and to reveal many interesting properties of the salt struc-
tures formed. Typical results are collected in fig. 2.1 where three images, one for each
of the different metal substrates used, are shown. The presence of NaCl can easily be
inferred from characteristic rectangular shapes of the structures formed. Nothing similar
is observed on any of the metallic surfaces before NaCl deposition and, in agreement with
literature[65][68][74][67][75][70][76], it can be concluded that these structures are indeed com-
posed of NaCl. A further prove of this conclusion can be obtained also by achieving atomic
resolution (see sec. 2.4.1). In the images shown in fig. 2.1 the three samples look quite differ-
ent especially concerning the size of the NaCl islands. These differences are mainly related
to different growth parameters and not to the different types of metallic substrates used.
Most of the observation performed are qualitatively the same for all the three substrate
used: Cu(111), Ag(111) and Ag(001). Because of this homogeneity, the results obtained on
all three metal substrates are discussed together.

2.4.1. Atomic Resolution

As pointed out before, direct atomic resolution decisively proves that the structures imaged
are NaCl islands. Moreover it provides insight into the crystalline structure of the salt islands
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2. Growth of Sodium Chloride Ultra Thin Films on Metallic Substrates

Figure 2.2.: NaCl on Ag(001). Image (a) (14.5 nm × 14.5 nm, U = 1.24 V, 40 pA) shows the
atomic resolution achieved on a NaCl island; a closer look on the atomic structure (obtained from
(a) by applying an averaging filter) is shown in image (b) (3.4 nm × 3.4 nm).

present on the surface. In image 2.2 (a) an example of atomic resolution achieved on a salt
island is shown. An even better resolution of the atomic pattern can be obtained from the
same image through an averaging procedure (see sec. 1.2.1) as displayed in fig. 2.2 (b). The
imaged atomic structure consists of a square lattice and, although NaCl is formed by an
alternation of anions and cations, all protrusions present in the images look the same. The
distance between two protrusions is 3.76 Å while the lattice constant for bulk NaCl is 5.65 Å.
These results may appear surprising, but they can all be coherently explained and agree well
with what is known from literature for similar systems.

In order to better understand this problem, is useful to refer to the scheme shown in
fig. 2.3. On the left, the 3D drawing represents a unit cell of the NaCl crystal lattice while,
on the right, a scheme of its (001) surface is shown. It become clear that the unit cell of the
surface lattice does not correspond with the one of the bulk and its basis vectors are directed
along the [110] and [11̄0] directions. Moreover the surface lattice constant is smaller than
the bulk one (5.65 Å) by a factor of

√
2.

All our observations fit very well with the assumption that Na+ and Cl− ions arrange
on the metal substrate in the same way as on the (001) surface of bulk NaCl as reported
numerous times for similar systems (see references of sec. 2.2). The surface lattice constant
is then expected to be a0/

√
2 = 5.65/

√
2 Å = 4.00 Å. A summary of the periodicities found

is reported in table 2.2. The values found are only few percent off from the expected ones.
As already mentioned in sec. 2.2, small relaxations of the sodium chloride lattice in the thin
film regime have been already observed on other substrates[69][66]. For the three substrates
used, slightly different relaxations of the lattice constant are observed but only for Ag(001)
the relaxation (6%) exceeds the measurement uncertainty.

The fact that all protrusions present in the images look the same although the lattice is
formed by ions with opposite charges can be explained assuming that only the ions of one type
are imaged as maxima. That is in agreement with what is reported in literature[65][68][67].
However, from the STM images alone, one cannot identify which one of the two types of
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Figure 2.3.: Crystal structure of NaCl. On the left a unit cell of the sodium chloride lattice and
its basis vectors are shown. On the right the (001) surface is displayed in detail. The relation
between the unit cell of the (001) surface and the unit cell of the bulk is highlighted.

surface periodicity corresponding 3D lattice
constant

relaxation

Cu(111) 3.88 Å 5.49 Å −3%

Ag(111) 3.91 Å 5.53 Å −2%

Ag(001) 3.76 Å 5.32 Å −6%

Table 2.2.: NaCl lattice constant relaxations. The NaCl shows a tendency to adapt to the under-
lying substrate and therefore a slight relaxation of its lattice constant can be observed. Among the
three substrate investigated in this work only Ag(001) induces a remarkable variation of the lattice
constant. Due to the comparably low accuracy of STM in determining distances, an uncertainty of
the measured lattice constants of about 2% can be estimated.

atoms is imaged as a maximum. In principle this may also depend on the bias voltage applied
as shown for GaAs by Feenstra et al.[77]. For NaCl, in a quite handwaving way, it can be
expected that the protrusions observed must be Cl− ions as their van der Waals radius is
significantly bigger than the one of Na+ (rNa+ = 95 pm, rCl− = 181 pm [78]). Hebenstreit
et al.[68] carefully analyzed the case of NaCl on Al(111). Based on ab initio calculation,
they show that for both positive and negative sample bias a protrusion should be observed
in correspondence with the Cl− ions. Measurements, showing NaCl atomic resolution for
opposite biases on the same sample area, indicate that in both cases always the same atomic
species appears as protrusion.

The nature of the tunnelling mechanism on an insulator thin film is still quite unclear.
Despite the fact that the bang gap of sodium chloride is about 8.5 eV, it is possible to image
NaCl island with bias voltages relatively close to zero and with both polarities. This implies
that it is possible to tunnel from/to occupied/unoccupied states which lie inside the sodium
chloride band gap. This may suggest that electrons tunnel through the salt layer directly
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from the tip to the sample and viceversa. However, by zooming on one island the proper
atomic structure of NaCl can be resolved. This proves that atomic states of the sodium
chloride layers are imaged and therefore the tunnelling really involves NaCl states. The fact
that these states lie at an energy which completely disagrees with the electronic structures
of bulk NaCl can have different explanations. As discussed by Schintke et al.[44] for MgO on
Ag(001), the electronic structure of an insulator ultra thin films can be significantly different
than the one of the bulk and the appearance of states within the gap is reported. Moreover,
Tegenkamp et al. carefully discussed the role played on the thin film electronic structure by
the presence of defects at the insulator-metal interface[73].

2.4.2. Island Borders and Shapes

Figure 2.4.: Border of a NaCl island on Cu(111) (6.0 nm × 3.7 nm, U = −1.5 V, 60 pA). Atomic
resolution near the salt edge is achieved, allowing to identify the atomic structure of a NaCl island
border. The most external ions visible are circled while a grid is superimposed in order to better
identify the NaCl lattice structure.

STM also allows to get insight about additional details of the sodium chloride islands.
As described in sec. 2.2, the coulombian interaction between the Na+ and Cl− ions is by
far the dominating force in the assembly process. The borders of the islands and therefore
their shapes are also strongly influenced by that. It can be found that the borders which
minimize the coulombian surface energy of a NaCl monolayer are aligned along the <100>
directions (fig. 2.3). Indeed, this agrees with what can be observed in real space through
high resolution images of NaCl island borders. In fig. 2.4 atomic resolution is achieved right
near the island border allowing to identify its exact atomic structure. As only one atomic
species is imaged by STM, the island borders appear to have a characteristic sawtooth shape
(see also scheme in fig. 2.6 (b)).

The <100> directions along which NaCl island borders tend to align are obviously orthog-
onal. That is decisive in causing the typical rectangular shape observed for sodium chloride
islands on many different substrates. Fig. 2.5 illustrates how the choice of borders aligned
along <100> directions leads to rectangularly shaped islands.

As described before, the observed alignment of the island borders is the one needed to
minimize the coulombian surface energy. This argument holds in general, unless at the corner
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Figure 2.5.: NaCl islands shape and borders. For energetic reasons the borders of salt islands
order parallel to the <100> directions of the NaCl crystal. Consequently the islands tend to adopt
the characteristic rectangular shape shown here.

Figure 2.6.: NaCl on Cu(111). The islands imaged in (a) (79 nm × 79 nm, U = 3.5 V, 20 pA)
show a slight deviation from the typical squared shape described before. At the corners, the island
edges are aligned along the <110> directions therefore forming an angle of 45◦ with the main
border directions. In (b) a schematic interpretation at the atomic scale of this phenomenon is
presented. The solid line schematically shows the <100> oriented island border while the dashed
one shows the corresponding appearance in an STM image, where only one type of ions is imaged.

of an island. As shown in fig. 2.6 (b), the corners of an island are highly polar sites and it
may be energetically favorable to cut those ions away. This tendency is indeed found in the
STM images (fig. 2.6 (a)). It is evident that the island shown in the image has no sharp
corners. The typical length scale of these corner cut is between 5 and 10 nm, which means
that only very few ions are missing to complete a perfectly rectangular island.

Another prominent feature observed by STM imaging of NaCl islands is the higher ap-
pearance of the ions placed at the island border (fig. 2.7). This effect critically depends on
the tip shape and can be quite strong, with an enhancement of the border apparent height
between 10% and 30%. A very similar observation performed by means of dynamic force
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Figure 2.7.: Apparent height of NaCl island border. NaCl on Ag(001) (6.2 nm × 11.4 nm,
U = 1.2 V, 25 pA). Ions placed at the border of a salt island show an enhanced apparent height.

microscopy (DFM) has been reported by Bennewitz et al.[76]. In that case a numerical
calculation was carried out and led to the conclusion that an important role is played by
a relaxation phenomenon, i.e. the ions at the edge of an island, characterized by a lower
coordination, are slightly displaced due to the interaction with the tip. In STM, scanning
at low tunnelling current (typically few tens of pA), the tip-sample distance should be rela-
tively large (some Å). Therefore, in our observations, it can be expected that the relaxation
induced by the tip-sample interaction does not play a significant role. More likely, the lower
coordination of the ions at the borders leads to a distortion of the electronic states of these
atoms, which may explain the increase of their apparent height.

2.4.3. Carpet Growth

Figure 2.8.: NaCl on Cu(111). In this image (11.5 nm × 6.3 nm, U = −0.7 V, 40 pA) atomic
resolution is obtained on an island grown across a copper step edge. The strain extends over several
unit cells and no relevant deformation of the atomic lattice can be observed in the neighborhood
of the step.
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2.5. LEED Measurements

An interesting feature of the NaCl island growth observed is the tendency to grow across
step edges of the underlying metal substrate. This phenomenon has already been reported
in literature and is commonly called carpet growth[64][65][68][67]. As shown in fig. 2.1 (a),
(b) and (c) many islands are lying across one or even several steps of the substrate. Also
the growth of 2nd and 3rd layer structures seems preferentially to take place starting from
step edges. Quite surprisingly this behavior is observed on many different surfaces and
therefore it should not be related to a specific matching between the substrate and the salt
atomic lattices. NaCl seems indeed to form an elastic carpet across the steps as discussed
by Schwennicke et al.[64]. A proof of this is well visible in fig. 2.8 where atomic resolution
has been achieved on a NaCl island extending over two terraces of its Cu(111) substrate.
The atomic lattice structure looks extremely uniform throughout the whole image and no
distortion can be observed around the underlying step edge . This clearly indicates that the
island is not broken at the step edge and suggests that any deformation needed to adapt the
island to the step extends over several unit cells.

2.5. LEED Measurements

In order to further exploit the way the NaCl islands grow on the different metallic substrates
and specifically to learn about the relative orientation between the salt layer and the sub-
strate, systematic LEED measurements have been carried out. A careful analysis of these
measurements, as described in the following, allows to determine the effective orientation of
the NaCl islands for all the investigated samples.

2.5.1. NaCl on Cu(111)

The LEED pattern obtained for NaCl grown on Cu(111) is shown in fig. 2.9. The lowest
order of diffraction is composed of twelve spots. This observation can be explained by
the well known NaCl squared structure (giving four spots) repeated three times, as it can
be expected based on the 3-fold symmetry of the Cu(111) surface. This argumentation is
explained in detail in fig. 2.10. Scheme (a) simply shows the LEED pattern for a squared
lattice grown on a surface with hexagonal symmetry. The figure shows the case where the
squared lattice is aligned to one of the main crystallographic directions of the substrate
lattice. For Cu(111) surface there are three equivalent crystallographic directions separated
by angles of 60◦. Therefore, the squared pattern can be repeated three times by successive
rotation of 60◦, as shown in fig. 2.10 (a).

While the maxima of the twelve spots are indeed equally distributed every 30◦ according to
the model of three square domains rotated by 60◦, eight of the twelve spots visible in fig. 2.9
are quite elongated along the azimuthal direction. Notably the elongation is asymmetric.
The eight spots are mainly stretched in the direction of the nearest round shaped spot.
As shown in fig. 2.10 (c), this can be explained by a certain dispersion in the orientations
of the NaCl islands. Remarkably, this dispersion is observed only for domains aligned to
two of the three main crystallographic orientations of the Cu(111) surface. Moreover, as
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Figure 2.9.: NaCl on Cu(111): LEED patterns measured at 30 eV (a) and at 37 eV (b). For
the first order of diffraction there are four round shaped spots plus eight spots which are clearly
elongated. The spot maxima are distributed at intervals of 30◦ as highlighted by the lines drawn in
image (a). The shape of the eight elongate spots is not symmetric: from the maximum of intensity
it extends toward the nearest round shaped spot. The arrow in image (b) indicates a spot belonging
to the hexagonal pattern of the Cu(111) substrate. Note that this spot is aligned with one of the
four symmetric spots of the NaCl pattern.

Figure 2.10.: LEED patterns for the growth of NaCl on Cu(111). Scheme (a) shows the diffraction
pattern of a squared lattice on a hexagonal substrate. The relative orientation is chosen in order
to keep the squared lattice aligned to one of the main crystallographic directions of the substrate.
Scheme (b) shows the result obtained by superimposing three times the pattern represented in (a)
for all the three equivalent orientations. Scheme (c) highlights the observed asymmetric elongation
of eight of the diffraction spots. While the domain aligned to one of the main crystallographic direc-
tions of the substrate yields four round spots, the other domains are characterized by a significant
dispersion in their orientation (see the small arrows). Remarkably, this dispersion is asymmetric:
each elongate spot stretches towards the nearest round shaped spot. In (c) only the spots of the
lowest order of diffraction are represented.

schematically shown in fig. 2.10 (c), the misalignment is only oriented to one side of the
respective crystallographic axis.
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2.5. LEED Measurements

Considering the position of the maxima of the diffraction pattern our results perfectly agree
with what has been reported in literature for the same system[66] and for other surfaces with
the same symmetry as for example Pt(111)[69]. On the other hand, the observation of the
asymmetrically elongated spots has never been reported to date. Only Bennewitz et al.[66]
report a non uniform distribution among the three (theoretically equivalent) domains for
low coverages of NaCl on Cu(111). Moreover the same publication shows that, decreasing
the substrate temperature during the deposition, NaCl starts to grow in all directions and
the twelve LEED spots merge into a ring.

It is interesting to note that, for a unique sample preparation, a single NaCl domain
orientation (fig. 2.11) has once been obtained. The only remarkable difference in the growth
parameter was a deposition rate of 0.45 Å/min instead of a value around 1 Å/min. For this
case the LEED pattern obtained agrees very well with scheme (a) of fig. 2.10.

Figure 2.11.: NaCl on Cu(111): LEED patterns measured at 49 eV (a) and at 64 eV (b). In the
external part of the images the spots of the hexagonal diffraction pattern of Cu(111) are visible
(in (a) they are highlighted by a line linking five of them). In the middle the standard diffraction
pattern of the NaCl(001) surface is identifiable. The relative alignment is the same observed in
fig. 2.9 and described in fig. 2.10 (a).

This observation together with the result reported by Bennewitz et al.[66] for low cov-
erages and for different substrate temperatures points out that the growth conditions can
strongly affect the orientation of the NaCl islands. Although this is an interesting topic,
it has not been further investigated because the main goal of this thesis was the growth
of NaCl structures as suitable template for the adsorption of organic molecules and not a
comprehensive characterization of the NaCl growth process.

In summary, it can be concluded that NaCl islands on Cu(111) have mainly three equiv-
alent orientations. The basis vectors of the NaCl surface lattice are oriented parallel to one
of the main crystallographic axis of the Cu(111) surface (fig. 2.12). In addition a slight mis-
alignment from these orientations has been observed depending on the growth conditions.
All these observations are consistent with the fact that the growth is mainly driven by the
strong ionic interaction between Na+ and Cl− ions and tends therefore to be practically
independent from the substrate.
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2. Growth of Sodium Chloride Ultra Thin Films on Metallic Substrates

Figure 2.12.: NaCl on Cu(111). Schematic representation of the orientation of a NaCl island on
Cu(111) as identified by LEED. All interatomic distances are drawn to scale although the position
of the island barycenter has been chosen randomly.

2.5.2. NaCl on Ag(111)

Figure 2.13.: NaCl on Ag(111): LEED patterns measured at 19 eV (a), 37 eV (b) and 53 eV (c).
In (a) only the lowest order is visible. Twelve round spots are alternated to twelve elongate spots,
all positioned on the same circumference. In the external part of image (b) the six spots belonging
to the Ag(111) diffraction pattern are visible. In (c) the second order of diffraction produced by
the NaCl can be identified as well. The arrows remark the relative alignment between some of the
round spots of the NaCl diffraction pattern and the six spots of the Ag(111) pattern.

The result obtained for the NaCl orientation on Ag(111) is remarkably different from the
situation on Cu(111). As shown in fig. 2.13, the lowest order of diffraction consists of 24 spots,
which is twice the number observed on Cu(111). The pattern is composed by an alternation
of round and elongate spots. The explanation of this pattern is possible whereas assuming
that there are two non-equivalent NaCl domains, both with squared lattice structure. Each
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2.5. LEED Measurements

of them can exist in three different orientations (forming 60◦ angles between them) due to
the 3-fold symmetry of the Ag(111) surface. The elongated shape of half of the spots can
again be explained assuming that, for one of the non-equivalent domains, the NaCl islands
are not precisely aligned along the same direction but they are distributed around a main
orientation. On Ag(111) the spread in the orientation is symmetric around the maximum of
the angular distribution.

Figure 2.14.: LEED patterns for the growth of NaCl on Ag(111). Scheme (a) shows the diffraction
pattern obtained from the superposition of two domains. For the first one the alignment is the same
as described above for NaCl on Cu(111) (figs. 2.10 (a) and 2.12). The second domain is rotated
by 45◦. Moreover, for the latter a moderate angular dispersion can be assumed, as indicated by
the small arrows. Scheme (b) shows the result obtained superimposing three times the pattern
represented in (a) for all the three equivalent orientations of the substrate.

The consistency of this model is proved in fig. 2.14. Scheme (a) shows the pattern obtained
by superimposing the two domains described above. For the first one the NaCl(001) surface
lattice primitive vectors are aligned parallel to one of the main crystallographic orientations
of Ag(111). The second domain is rotated by 45◦ and an angular dispersion in its orientation
is taken into account as well. The presence of a spread in the orientations only for the second
domain can be proved by a close analysis of fig. 2.13 (b) and (c). For the NaCl first order of
diffraction, six among the round spots, but none of the elongate ones, are aligned with the
spots of Ag(111). Exactly the opposite happens for the NaCl second order. As highlighted
by the arrows in fig. 2.15 (b) our model truly reproduces also this detail of the LEED
measurements.

These results are summarized in fig. 2.15 where two NaCl islands, each belonging to one
of the two inequivalent domains, are drawn. The one on the left has the same orientation
also found for NaCl on Cu(111) (fig. 2.12). On the other hand, the one on the right (rotated
by 45◦) shows an orientation not observed on Cu(111). The bent double arrow recalls that
for this class of islands there is not a unique orientation but a distribution of orientations.
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Figure 2.15.: NaCl on Ag(111). Schematic representation of the two possible orientations of
NaCl islands on Ag(111) as identified by LEED. All interatomic distances have been drawn to
scale, however, the positions of the island barycenters have been chosen randomly. The bent
double arrow aside the island on the right shows that, for this domain, islands are not very well
aligned but are characterized by an angular dispersion.

2.5.3. NaCl on Ag(001)

The LEED pattern interpretation for NaCl on Ag(001) is quite different from the two (111)
surfaces described before, as this surface is characterized by different symmetry properties.
An example of the obtained LEED patterns is shown in fig. 2.16 (a). In the inner part,
there are eight diffraction spots: four round shaped and four elongated (indeed in the image
shown here only three of the elongate spots are visible as one of them lies in the shadow
of the electron source). This can be easily explained by the presence of two domains, one
rotated by 45◦ with respect to the other. Again for one of the domains a disperse distribution
of orientations around a maximum is observed. This time the spread in the orientation is
observed for the islands whose primitive vectors are aligned along the main crystallographic
directions of the Ag(001) surface, while the other islands are turned by 45◦ and are all well
aligned. The pattern obtained according to these assumptions agrees very well with the
diffraction pattern acquired (fig. 2.16).

Because of the 4-fold symmetry of the Ag(001) surface, for each of the two non-equivalent
domains, four equivalent orientations can be obtained by turning the islands by 90◦, 180◦

and 270◦. However these cases are not distinguishable due to the fact that the NaCl(001) has
the very same 4-fold symmetry. Fig. 2.17 gives a real space representation of the orientation
of the NaCl islands for the two domains observed. For the island on the right the primitive
surface lattice vectors are parallel to the substrate’s crystallographic directions, for the one
on the left they are tilted by 45◦.
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Figure 2.16.: NaCl on Ag(001). (a) shows the LEED pattern obtained at 35 eV. The scheme in
(b) agrees very well with the measurements. It is obtained assuming two NaCl domains: one whose
surface unit cell vectors are parallel to the main crystallographic directions of the Ag(001) surface,
the other rotated by 45◦. For the first, the presence of an angular dispersion is taken into account
as well. The whole pattern has been then rotated to help the comparison with (a).

Figure 2.17.: NaCl on Ag(001). Schematic representation of the two possible orientations of
NaCl islands on Ag(001) as identified by LEED. All interatomic distances have been drawn to
scale, however, the positions of the island barycenters have been chosen randomly. The bent
double arrow aside the island on the right shows that for this domain islands are not very well
aligned but are characterized by an angular dispersion.

2.6. XPS Measurements

To characterize the NaCl films, X-ray photoelectron spectroscopy has also been used as a
complementary tool. By XPS the stoichiometry of the salt structures and the presence of
potential contaminants can be checked. After a detailed analysis of an overview spectrum
(fig. 2.18) it was concluded that all the detected peaks correspond either to sodium, chlorine
or to the metallic substrate (i.e. copper or silver). Furthermore an analysis specifically
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sample 1 sample 2 ratio

Quartz microbalance 1.6 Å 2.0 Å 1.25

Cl2p1/2 + Cl2p3/2 0.92 Å 1.18 Å 1.28

Na1s 1.34 Å 1.77 Å 1.32

Table 2.3.: NaCl/Cu(111): comparison of the salt coverage values measured by the quartz mi-
crobalance during the salt deposition and by the analysis of the Cl2p and the Na1s XPS peaks.
For all measurements reported in the table the estimated uncertainty is ±0.10 Å. The third column
reports the ratio between the coverage obtained on sample 1 and 2, respectively.

targeted to reveal the most common contaminants such as carbon or sulfur, shows that their
presence is below the detection limit (about 0.03 ML).

Figure 2.18.: XPS overview spectrum. The spectrum has been measured on a Cu(111) substrate
covered with about 0.5 ML of NaCl

The amount of the different atomic species present on the surface has been quantified
according to standard procedures[79]. Fig. 2.19 shows the details of the Cl2p, Na1s and
Cu2p1/2 peaks used for the quantitative determination of the NaCl coverage on a Cu(111)
substrate.

For alkali halides it is known that X-ray irradiation can induce the desorption of anions,
consequently leading to the formation of defects as color centers[80][81]. In fact, in our XPS
measurements, it is regularly observed that the amount of chlorine is significantly lower than
the amount of sodium. Therefore, only the Na peak can reliably be used to estimate the
NaCl coverage.

In table 2.3 the results for two sets of measurements performed on two NaCl/Cu(111)
samples with different coverages are given. Note that the coverage obtained from the anal-
ysis of the chlorine peak is always underestimated. The NaCl coverage obtained from the
sodium peak turns out to be lower with respect to the value measured by means of the quartz
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2.6. XPS Measurements

Figure 2.19.: NaCl/Cu(111): detail of the XPS spectrum for Cl2p, Na1s and Cu2p1/2 peaks
measured on the same sample of fig. 2.18 (NaCl coverage ∼ 0.5 ML).

microbalance. This can be explained by the fact that, during the deposition, the quartz and
the substrate are not placed in a position symmetric with respect to the salt source. There-
fore, together with STM, the quantitative analysis carried out by XPS can be conveniently
used to calibrate the thickness measurements provided by the quartz microbalance normally
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2. Growth of Sodium Chloride Ultra Thin Films on Metallic Substrates

used to monitor the deposition.
From a detailed analysis of the Na and Cl peaks (fig. 2.19) the following positions of

the peaks can be obtained: Na1s 1072.5 eV, Cl2p1/2 199.2 eV, Cl2p1/2 200.9 eV. All these
peak positions are perfectly consistent with the value expected for NaCl[82]. Especially the
chemical shift of the Na1S peak speaks clearly in favor of a positive charging of the Na atoms
as expected for an ionic crystal as NaCl.
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As described in the previous chapter ultra thin insulator layers can be grown on various
metal substrates and with variable thickness. An important goal set for this Ph. D. project
was to study the adsorption and self-assembly of organic molecules on these structures. This
goal has been achieved by depositing Copper Octaethyl Porphyrin on NaCl thin films. In the
following a detailed description of the analysis performed on this novel system is presented.

3.1. Motivation

Organic molecules on surfaces have been in the focus of vast and intense investigations. The
research in this field is very heterogeneous and has developed into several branches. Different
reasons justify the huge interest in investigating molecules on surfaces. A solid substrate is a
very convenient support for molecules to organize, to assemble or to react. It also provides a
favorable environment to interface and integrate molecules in more complex devices as it has
been achieved for example in the field of organic light emitting diodes (OLED)[83][84][85]
or thin film transistors[86][87]. Molecules on surfaces are also interesting in the context
of heterogeneous catalysis[88], where the substrate surface offers a special environment for
chemical reactions to occur.

Another very interesting branch of research which has been drawing a big interest to
organic molecules on surfaces is molecular electronics. As first proposed by A. Aviram and
M. A. Ratner[89], single or small groups of molecules can hypothetically be used in order
to perform electronic functions. In recent years countless efforts have been made to develop
such a revolutionary idea and molecular electronics has become a research field of primary
interest[90][91].

To match the needs of molecular electronics, among others, special attention has been
drawn on large organic molecules and in particular on molecules with highly delocalized
electron systems. In the last decade countless publications dealing with such molecules
adsorbed on metal and semiconductor surfaces appeared[92][93][94].

On the other hand much less is known about the adsorption of large organic molecules on
insulator substrates. As already described in sec. 2.1, insulating substrates are less studied
because many experimental surface science techniques can only be applied to conductive
surfaces. Nevertheless, insulating substrates are of great interest in the context of molecular
electronics. In fact they offer the unique possibility to electronically decouple the molecular
structure from the supporting substrate. This is a key issue towards the use of molecules in
planar electronic structures.

Therefore, the main goal set for this thesis has been to study the adsorption of large
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organic molecules on non conductive substrates. Ultrathin insulator films on metal substrates
represent ideal model systems for such investigations as, in contrast to bulk insulators, many
important surface analysis tools (e.g. STM, STS, and PES) can be applied.

Moreover, in recent years it has been shown that already few layers of an insulator can
provide a significant decoupling from the substrate. For example for MgO it has been re-
ported that for a thickness ≥ 3 layers the system exhibits the same gap as the bulk.[44].
Single adsorbates on ultra-thin films have also been studied. It has been shown how the
charge state of an Au atom adsorbed on NaCl/Cu(111) can be controlled by means the
STM tip[95]. This result is very interesting because it implies that an ultra-thin NaCl film
is able to electronically decouple the Au atom from the Cu substrate. In addition, STS
experiment have been performed with large organic molecules such as porphyrin[49] and
phthalocyanine[96] adsorbed on Al2O3/NiAl(110). In both these cases it has been demon-
strated how a monolayer of alumina is able to significantly reduce the molecule-substrate
coupling. Very recently similar observations have been reported for pentacene adsorbed on
NaCl/Cu(111)[97].

3.2. Molecules on Insulators: State of the Art

As mentioned in the previous section, the knowledge about organic molecules adsorbed on
insulators is quite limited, especially for the case of large organic molecules. In fact quite
a number of publications discuss the adsorption of smaller molecules on various substrates.
Two examples relevant in the context of this thesis are CO2[98][99] and CH4,[100][101][102]
adsorbed on NaCl. In both cases, upon adsorption, the molecules grow epitaxially on the salt
forming ordered structures. Remarkably, for these molecules also the formation of ordered
monolayers is reported.

The situation is very different for larger molecules. As a general trend these molecules
seem to be very mobile on insulator surfaces and stable structures are observed only for
relatively thick films or when large molecular crystallites are formed. Epitaxially grown
multilayers are formed by various porphyrin molecules on KCl[103][104][105], on KBr[105]
and by perylene on KCl[106]. The formation of large 3D crystallites, where only a very small
fraction of the molecules are in contact with the surface, is observed for C60 on NaCl[107].
Similar observations are reported for para-phenylene on the (001) surface of various alkali
halides and on mica[108] as well as for perylene-tetracarboxylic-dianhydride (PTCDA) on
the (001) surfaces of NaCl and KCl[109].

In summary, large organic molecules seem not to adsorb strongly enough to form organized
structures in the monolayer regime. This is also suggested by observations of CuTBPP on
KBr(001), where molecules tend to cluster at step edges and pile up in relatively thick
structures[110]. Moreover, even large multilayer islands of C60 on NaCl have been proven to
be weakly bound to the substrate and could be easily moved as intact entities by means of
an AFM tip[107]. From these experiments it has been extrapolated that the energy required
to slide a single C60 molecules over a NaCl unit cell is only 0.25 meV[107].

Few observations of single molecules on ultra-thin insulator films have been reported
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as for example porphyrin[49] and phthalocyanine[96] on Al2O3/NiAl, and pentacene on
NaCl/Cu(111)[97]. It is important to note that all these experiments have been performed
at low temperature. Of course these conditions favor the stability of even very weakly
bound adsorbates. Another relevant experiment dealing with thin films is the study of
di(propyl)perylene (DPP) adsorbed on a Si(111) substrate partially covered by a semicon-
ducting Si-CaF1 monolayer and by an insulating CaF2 bi-layer[111]. Confirming the tendency
discussed above, DPP preferentially adsorbs on the semiconducting Si-CaF1 monolayer. Con-
sistent results are obtained in a UPS study comparing the adsorption of 4-hydroxy-thiophenol
(HTP) on Ag(001) and on NaCl multilayers grown on Ge(100)[112]. A careful analysis of
the UPS spectra shows that, while HTP bounds to silver through its thiol group, nothing
similar happens on NaCl, where molecules are bound to the surface by a weak van der Waals
interaction.

All in all, at room temperature, there is basically no example of a large organic molecule
stably adsorbing on an insulator at coverages of a single layer or below. One exception to
this has been reported in a recent publication which demonstrates the adsorption and self
assembly of chloro-[subphthalocyaninato]boron-(III) (SubPc) molecules on KBr(001)[113].
However, the assembly can be observed only for SubPc molecules confined in very small (less
than 15 nm) pits artificially produced in the KBr surface. The fact that no organization can
be observed for non-confined SubPC molecules seems to confirm the general trend discussed
above.

3.3. First Attempts and Strategy

From the previous remarks it becomes clear that it is not trivial to achieve adsorption of
large organic molecules in ordered structures on insulator materials. This is confirmed by
the experience gained during this thesis. Different molecules did not provide the results
awaited. However, some of these attempts showed interesting results and have been useful
in order to identify a system matching the specific needs.

The first molecule investigated has been C60. Fullerene, after its discovery[114] and es-
pecially after the development of efficient methods for its synthesis[115], has been in the
focus of intensive researches. The adsorption and growth of C60 layers on various surfaces
has also been studied in detail[116][117] and, among large organic adsorbates, C60 today is
one of the best known systems. In addition C60 can practically be handled in a very reliable
way. Therefore it has been a natural choice for our experiments. In fact, having to deposit
in sequence NaCl layers and molecules, significantly enhances the difficulties of the sample
preparation. Consequently a poor control in a single step of the sample preparation may be
highly detrimental to the whole experiment.

A short summary of the essential results obtained with C60 on NaCl/metal samples is
shown in fig. 3.1 (a). C60 molecules do organize on the bare Cu(111) surface (fig. 3.1 (b))
while the NaCl layer looks clean; no sign of the presence of molecules can be observed and
atomic resolution of the salt is achieved (fig. 3.1 (c)). This confirms previous observations
describing a very unstable adsorption of fullerene on bulk NaCl[107].
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Figure 3.1.: C60/NaCl/Cu(111) annealed to 450 K. Image (a) (32 × 74 nm, U = −3.1 V, I = 5 pA)
shows a part of a NaCl island and some clean metal. On the left side, on top of the bare copper,
the formation of a C60 island can be noted. A closer view on the fullerene island is shown in (b)
(11 × 19 nm, U = −2.0 V, I = 10 pA). In (a) and in more detail in (c) (17.7 × 8.8 nm, U = −3.1 V,
I = 5 pA), it can be observed that some C60 molecules order along the border of the NaCl island.
In (d) (5 × 5 nm, U = −1.5 V, I = 50 pA) by zooming-in on the NaCl area, atomic resolution of
the NaCl lattice can be achieved.

An interesting feature can be observed at the border of NaCl islands (fig. 3.1 (d)). After
annealing the sample to 450 K, C60 molecules tend to arrange in a row at the side of a salt
island. Remarkably the distance between two molecules is about 1.5 nm, which is significantly
larger than the one observed for the standard hexagonal packing of C60 on metal surfaces.
For example from fig. 3.1 (b) an intermolecular distance of about 1 nm is obtained, which is
in good agreement with the distance reported in literature for C60/Cu(111)[118]. The same
distance of about 1 nm has also been reported for C60 molecules adsorbed on other metallic
surfaces such as Au(111) and Ag(111)[119]. Clearly the NaCl plays a key role in sustaining
such a large distance between two neighboring molecules.

In a next step molecules with a large dipole moment, which should interact more strongly
with an ionic NaCl layer, have been investigated. Chloro-[subphthalocyaninato]boron-(III)
(SubPc) is an interesting candidate whose adsorption on Ag(111) has already been carefully
investigated by STM and PES[120][121][28].

The interpretation of the results obtained for SubPc on NaCl/metal is not straightforward.
Surface areas densely covered by molecules coexist with clean regions (fig. 3.2). At the same
time, different structures with borders which are straight and form right angles, can be
identified. These evidences clearly indicate the presence of NaCl structures on the surface.
Although molecules and NaCl structures can be simultaneously imaged, from the STM data
it is not possible to reveal whether the SubPC molecules are adsorbed on the free metal
regions or on top of the salt islands.
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Figure 3.2.: SubPc/NaCl/Cu(111). Image (a) (200 × 200 nm, U = 2.85 V, I = 30 pA) shows an
overview where the presence of some NaCl structure as well as several molecules can be identified.
The top right inset (12.1 × 7.8 nm) offers a closer view where single molecules can be identified
(as highlighted by the circle). Image (b) (100 × 100 nm, U = 2.85 V, I = 30 pA) shows a more
detailed view (corresponding to the black frame of image (a)) where the typical borders of a NaCl
structure can be identified.

The interpretation of the STM results is complicated by the fact that the molecules stick
on some areas of the surface but they do not organize in any ordered structure. In addition
each molecule has a different appearance in STM images, suggesting the coexistence of
several different adsorption configurations. These observations are consistent with a strong
adsorbate-substrate interaction, which freezes the molecules upon their adsorption, without
giving them the possibility to move and arrange in an ordered and energetically favored
structure.

Although stable adsorption of SubPc molecules on NaCl structures cannot be excluded,
the fact that it is not possible to observe any ordered molecular layering, indicates that
SubPc is not appropriate to achieve the desired result.

Based on these experiences, porphyrin molecules have been chosen. These molecules are
especially interesting because they can interact with the substrate in different ways. Both,
their extended π-system and the central metal ion – which, depending on its chemical nature
and oxidation state, can interact in the direction perpendicular to the porphyrin plane –
may favor the adsorption on the salt substrate. Moreover, a big variety of porphyrins with
a number of different peripheral substituents are commercially available. These legs are
expected to play a significant role in determining the distance of the porphyrin core from the
substrate and therefore affecting the interactions described above. The possibility to act on
these two different degrees of freedom (i.e. the central ion group, and the side substituents)
makes porphyrin molecules ideal candidates for experiments where a delicate balance of the
molecule-substrate and molecule-molecule interactions plays a crucial role. The concept of
this operational strategy is schematically shown in fig. 3.3. A further advantage of porphyrin
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Figure 3.3.: Scheme of the research plan. Porphyrin are available with a large number of central
ion groups as well as side substituents. A systematic investigation of molecules chosen by varying
these parameters may allow to study the role played in the adsorption by each part of the molecule.

molecules is the fact that a lot is already known about their evaporation as they have already
been largely investigated on metallic substrates[122][123][124].

Figure 3.4.: CuOEP molecule. a) Structural formula. b) space filling CPK representation.

From the research plan schematically shown in fig. 3.3, two porphyrin molecules have
been investigated: iron(III)chloride octaethyl-porphine (FeClOEP) (CAS 28755-93-3, Fluka)
and copper(II) octaethyl-porphine (CuOEP) (CAS 14409-63-3, Fluka). Experiments with
FeClOEP were successful and the formation of an ordered monolayer of molecules on top
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rate current temperature

C60 3-4 Å/min 1.70 A 300 K

SubPc 2-3 Å/min 1.10 A 300 K

FeClOEP 1-2 Å/min 1.05 A 300 K

CuOEP 1-2 Å/min 1.05 A 300 K

Table 3.1.: Evaporation parameters (evaporation rate, current used to heat up the crucible, and
substrate temperature during deposition) employed for the different molecules studied.

of NaCl islands has been observed. However the big majority of the experiments performed
during the Ph.D. and described in the thesis have been performed with CuOEP. A schematic
representation of its chemical structure is reported in fig. 3.4.

3.4. Sample Preparation

The sample preparation and all the measurements have been performed in the system de-
scribed in sec. 1.3. The molecules have been sublimated from home made tantalum crucibles,
using a quartz microbalance to monitor the evaporation rate. A summary of the typical evap-
oration parameters used for different molecules is presented in table 3.1. The substrates have
been prepared as described in sec. 2.3, depositing NaCl on Cu(111), Ag(111) and Ag(001).
For the experiments described in this chapter, samples with a NaCl coverage between 0.3
and 0.7 ML have been prepared. Before the deposition of the molecules, these samples have
been investigated by STM to check their quality and the NaCl coverage. During the molecule
deposition all substrates have been kept at room temperature.

3.5. Assembly of CuOEP on NaCl

Upon deposition of about 1 ML of CuOEP, the molecules are observed to organize in an
ordered pattern on the bare metal areas as well as on the sodium chloride islands as shown
in fig. 3.5. From this zoom-in sequence of STM images a comprehensive understanding of
the behavior of CuOEP on the surface can be gained.

Although the sample is covered with a layer of CuOEP, in the large overview (a) several
NaCl islands can be identified. They have typical squared shapes and a characteristic size
of about 100 nm. Islands are scattered on the surface with various orientations, and show
a tendency to grow across the step edges of the substrate. Furthermore the formation of
adlayer structures can be observed on top of many of the islands. A better understanding of
these structures can be gained by zooming-in as shown in (b): adlayers can be identified as
second and smaller third layer structures. Further zooming-in allows to resolve the molecules
adsorbed on the surface (c).
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Figure 3.5.: CuOEP on NaCl/Ag(111). Zoom-in sequence of STM images referring to the same
sample area. (a) Overview (1.25 × 1.25 µm, U = −0.25 V, I = 49 pA): NaCl islands of characteristic
square shape. (b) Zoom-in (150 × 150 nm, U = −0.34 V, I = 57 pA) on the island encircled in (a):
for clarity, the border of the NaCl island and some of its second and third layers are highlighted.
The distinctive islands shape allow to univocally identify sample regions of defined NaCl layer
thickness, even upon deposition of 1 ML of CuOEP. (c) (70 × 70 nm, U = −0.34 V, I = 57 pA)
Resolution of individual CuOEP molecules self-assembled on the first NaCl layer. The observation
of dislocation lines indicates that there is a CuOEP/NaCl registry. (d) Close up view (15 × 15 nm,
U = −0.25 V, I = 81 pA), centered on the third NaCl layer: the second layer is partially covered
by a molecular assembly.

The key point of this sequence of images is that the large overviews allow to prove that
the imaged molecules are indeed adsorbed on top of a NaCl layer. The same observations
have been made on all substrates tested: Cu(111), Ag(111) and Ag(001). In all these cases
molecules adsorb with their aromatic core parallel to the substrate and form an ordered
pattern. The fact that domains form only specific angles with the island borders and the
presence of dislocation lines suggest the existence of a registry between the molecular pattern
and the underlying NaCl layer. This means that the growth of the molecular assembly is
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epitaxial. Independently of the underlying metal substrate, the CuOEP molecules form a
close packed, slightly distorted hexagonal pattern on top of the NaCl layer. To our knowledge,
the observed molecular superstructure represents the first observation of an extended 2D
molecular assembly of large organic molecules on an insulator surface.

Figure 3.6.: Proposed model for the superstructure of CuOEP adsorbed on a NaCl layer. For
clarity the position of some of the molecules is indicated by a black dot. Concerning the CuOEP
orientation and its adsorption site within the NaCl(001) unit cell the picture shows only one of the
possible choices.

model experiment

v1 14.6 Å 14.3 ± 0.3 Å

v2 13.5 Å 13.5 ± 0.3 Å

α 68.2◦ 69.0 ± 1◦

Table 3.2.: CuOEP on NaCl/Ag(001). Comparison between the intermolecular distances and
angles predicted by the model of fig. 3.6 and measured by STM.

Based on the intermolecular distances and angles measured by STM, for CuOEP on
NaCl/Ag(001), the superstructure model presented in fig. 3.6 is suggested. This model

is described by the epitaxy matrix M =

(
5
2

1

0 5
2

)
, where the [100] and [010] primitive

vectors of the NaCl bulk crystal unit cell have been chosen as basis vectors. Table 3.2 shows
the good agreement between the proposed model and the measurements. The model ac-
counts for the relative position of the molecule centers in the pattern but does not define
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the molecular orientation on the surface. Similarly, the precise adsorption site within a unit
cell of the substrate cannot be determined although, based on a symmetry argument, some
preferential sites can be identified.

The proposed model assumes a registry between the molecules and the substrate yet the
two structures are not commensurate. This means that not each molecule is adsorbed on an
equivalent substrate site but there is a coincidence only every second molecule (this situation
has been defined as point-on-line coincidence by Hooks et al.[93]). On the other hand, all
the CuOEP molecules within the pattern look identical. Therefore, adsorption on top of one
ion seems unlikely, as it would imply molecules to adsorb on highly inequivalent sites (i.e.
alternately on top of anion and cations). Adsorption above hollow sites (or above bridge
sites) instead, would lead to a higher symmetry configuration, where the same adsorption
energy has to be expected for each molecule.

The molecules arrange in a quite densely packed fashion. The here described adsorption
model predicts an area of 183 Å2 per molecule which is comparable to the densities measured
for CuOEP adsorbed on various bare metal surfaces (see discussion in sec. 4.2). This density
is close to the maximum which is possible when packing the molecules in one plane. For
instance in the (001) plane of the CuOEP bulk crystal structure a slightly higher density is
observed (164 Å2 per molecule)[125]. However, it has to be remarked that in the crystal the
molecules have more room as they are tilted by about 45◦ with respect to the (001) plane.

The high density of the molecular pattern suggests that the assembly of the ordered
CuOEP layer is mainly driven by the balancing between the repulsive intermolecular inter-
actions and the energy gained by each CuOEP upon adsorption. Moreover, the fact that the
CuOEP superstructure is not commensurate to the NaCl lattice, but only a point-on-line
coincident epitaxy is observed, suggests that the lateral stiffness of the molecular overlayer
significantly exceeds the shear strength of the overlayer-substrate interface[93]. Further evi-
dence supporting this hypothesis is given in section 3.6.

3.6. Layer Selective Adsorption

In order to gain deeper insight into the discovered system and specifically about the formation
of the extended molecular assemblies on the different surface regions, each of the NaCl/metal
systems has been studied by systematically increasing the CuOEP coverage from 0 to 1 ML.

The observed behavior is schematically illustrated in fig. 3.7. Interestingly, the CuOEP
adsorption takes place in a hierarchical fashion, first on the clean metal areas, than on the
1- and 2-layer thick NaCl islands respectively. Initially, at very low coverage, no assembly
is observed in any area of the sample. By increasing the coverage, although no ordered
CuOEP structure can be observed yet, the presence of a significant amount of molecules
on the metal areas becomes evident. Molecules are quite mobile on the surface but can
nevertheless be identified by characteristic streak patterns in the STM images[126][120].
After a further coverage increase, the assembly of ordered molecular structures is observed.
Very remarkably at this stage they appear only on the salt-free metal areas, while the NaCl
islands are still clean (see for example fig. 3.8).
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3.6. Layer Selective Adsorption

Figure 3.7.: Schematic depiction of the layer selective hierarchical assembly of CuOEP on
NaCl/metal as a function of CuOEP coverage. Epitaxial filling occurs successively on metal, first
and second NaCl layer. Note that stable ordered assemblies are observed on each layer only once
it is almost full. This process is governed by the stepwise decrease in the adsorption energy of
CuOEP when going from metal to first and second NaCl layer.

For higher coverages, all metal areas are covered by an ordered CuOEP layer and molecules
also appear on salt, first in the form of the characteristic streak pattern in the STM images
and finally as molecular assembly with an ordered superstructure. A very similar behavior
is found on the 2-layer thick NaCl islands, once the first NaCl layer is almost completely
covered with molecules.

The growth kinetic of these 2-dimensional CuOEP assemblies is probably governed by
specific across-step diffusion coefficients between different sample regions and/or by a lower
sticking coefficient on the NaCl layers compared to the metal substrate. However, over the
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Figure 3.8.: CuOEP/NaCl/Ag(001). Image (a) and (b) show the topography and current signal
of the same STM scan (40 × 40 nm, U = −2.9 V, I = 45 pA). The images show that the salt free
metal area is covered by an ordered layer of CuOEP molecules. On the salt islands no molecule
can be imaged and in the current signal (b) a regular pattern, most likely corresponding to the
NaCl lattice, can be identified. On the small, 2-layer thick salt island atomic resolution is clearly
achieved, as shown in the inset of the topography image (12.1 × 7.8 nm, U = −2.6 V, I = 45 pA).

time span between the molecule deposition and the STM measurements it is reasonable to
assume that thermal equilibrium between different sample areas is reached. Consequently,
the different populations observed on the diverse sample areas as a function of the mean
coverage allow to determine the following inequalities between the respective adsorption
energies

E
(metal)
ads > E

(1st layer NaCl)
ads > E

(2nd layer NaCl)
ads (3.1)

Moreover, the fact that no formation of 3D structures is observed up to the completion of
the first CuOEP layer indicates that

E
(1st layer NaCl)
ads > E

(1st layer CuOEP )
ads (3.2)

In a first approximation E
(1st layer CuOEP )
ads can be replaced by the cohesive energy for the

CuOEP crystal, therefore leading to the relation

E
(1st layer NaCl)
ads > E

(CuOEP crystal)
coh (3.3)

The last approximation offers an interesting term of comparison for the observed adsorption
energies. However, it has to be remarked that this estimate may be quite inaccurate, because,
opposite to what observed for the adsorbed molecules, in the 3D crystal the CuOEP aromatic
cores lie all in different planes[125].

The relations between the adsorption energies for CuOEP on different sample areas seem
to confirm the general trend described in literature (see sec. 3.2): adsorption on insulators
is unfavored compared to the adsorption on metals. However, the relation between the
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adsorption energy of CuOEP on NaCl and on a molecular layer (see eqs. 3.2 and 3.3) repre-
sents a significant exception to what is known in literature where the formation of molecular
crystallite is often reported (see discussion in sec. 3.2).

3.7. Theory of CuOEP Adsorption

For non polar molecules with an aromatic core parallel to the substrate, a significant contri-
bution to the adsorption energy is expected from van der Waals (vdW) interactions. Sim-
ilarly for the molecular crystal, Ecoh is dominated by the vdW attraction between parallel
molecules arranged in stacks[125]. For the somewhat larger Cu-phtalocyanine, for instance,
the corresponding contribution to Ecoh (2.95 eV) has been estimated to be 2.47 eV, assuming
pairwise interatomic potentials[127].

In general, vdW interactions scale with the effective electronic polarizabilities of the in-
teracting atoms. Therefore, a first evaluation of the vdW forces between adsorbates and
different substrates can be performed considering the relative Hamaker constants[128][129]
which are a measure of the polarizability of a medium. For example, Hamaker constants
calculated according to Lifschitz theory[130][131][129] for the materials of interest are the
following: HNaCl=0.4 eV[132], HCu=2.5 eV and HAg=1.25-3.1 eV[133]. This trend of the
Hamaker constants and therefore of the polarizabilities of these media, already suggests that
vdW interaction between an adsorbate and the substrate is likely to be weaker for NaCl
than for a metal. This is well in line with the measured adsorption energies of methane,
which is one of the few molecules which has been studied on both metal and ionic crystal
surfaces. For CH4 the measured physisorption energies are 130 meV on NaCl(001)[100][102],
160-190 meV on Cu(001)[134] and 220 meV on Ag(110)[135]. Of course for CuOEP with
eight peripheral ethyl groups and a central core comprising four N and twenty C atoms, one
expects significantly stronger binding on metal as well as on salt. Moreover, for the case of
CuOEP we can neglect effects of lateral intermolecular interactions on the adsorption energy.
These effects are important for CH4[102][136] but should be relatively weak for CuOEP, a
large flat molecule lying parallel to the substrate.

The vdW attraction between a chemically inert species at a distance d from a flat substrate
is approximately C3/d

3. The d−3 dependence only holds at distances large compared to the
interatomic spacing but has nevertheless successfully been used to describe physisorption of
inert species[136]. For a given adsorbate at a fixed distance d, this dependence predicts the
difference between the vdW attraction to a metal (m) and to the same metal covered by an
insulator (i) of thickness t to be:

(C3,m − C3,i)

[
1

d3
− 1

(d + t)3

]
(3.4)

The strength of the C3 coefficients for CuOEP are not known. Although, to get a rough
estimation of the relation between adsorption energies on metal and insulator surfaces, it
seems reasonable to consider the C3 coefficients measured for rare gases which are quite well
known[136]. According to Vidali et al.[136] C3,m on Ag(111) is only slightly larger than on
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Cu(111), but is more than twice C3,i on NaCl and other alkali halide (001) surfaces for all the
rare gas adatoms. Then, from eq. 3.4 clearly follows that the adsorption energy of CuOEP
on NaCl/metal is lower than on the clean metal and it decreases monotonically with the
salt layer thickness t. In detail, the difference between the adsorption energies of CuOEP on
NaCl layers of different thickness t1 and t2 (t1 < t2) is given by:

(C3,m − C3,i)

[
1

(d + t2)3
− 1

(d + t1)3

]
(3.5)

This is in good agreement with the experimental observation of a sequential absorption, on
the first and then on the second NaCl layer. It is important to note that in eqs. 3.4 and
3.5 the thicknesses (t, t1, t2) can adopt only discrete values, which again can vary only in
steps of the same order of magnitude of the adsorbate-substrate distance d. Therefore the
adsorption energy difference expressed by eq. 3.5 will decrease very rapidly by increasing the
number of salt layers t1 and t2. This means that the limit-case of adsorption on bulk NaCl
is approached after relatively few layers.

Eqs. 3.4 and 3.5 only hold under the approximation that the distance between the ad-
sorbate and the substrate is the same. This is not trivial, especially as CuOEP is a large
molecule which can adopt various conformations upon adsorption[122]. It is therefore inter-
esting to analyze how eq. 3.4 changes when assuming two different adsorption distances, dm

for CuOEP on metal and di for the adsorption on NaCl/metal. Assuming dm = di + ∆d, in
a first order approximation for ∆d � di, dm, t the following expression is obtained:

(C3,m − C3,i)

[
1

d3
i

− 1

(di + t)3

]
− 3C3,m

d4
i

∆d (3.6)

Therefore, for ∆d < 0, that is for dm < di, a positive term has to be added to the difference
in the adsorption energies of eq. 3.4. On the other hand, for dm > di the correction term
becomes negative and a more detailed quantitative analysis is needed. This is a quite delicate
issue and indeed there are evidences that for inert adsorbates it may happen that dm > di.
For instance Vidali et al.[136] report that, within the scatter of the data, measured adsorption
energies of many rare gas atoms are quite similar on both ionic and metal substrates although
in the latter case significantly larger C3 coefficient are reported. In the case of metals it seems
that a stronger repulsion is balancing the larger vdW attractive interaction. Vidali et al.
attribute this to the steeper variation of the repulsion interaction due to electronic overlap,
on ionic crystal compared to metal surfaces.

This effect should be negligible once one NaCl layer is present. Furthermore, the conforma-
tion of CuOEP on NaCl/metal should not depend significantly on the number of salt layers.
Therefore, the approximation of a constant substrate-adsorbate distance d for different NaCl
layer thickness implied in eq. 3.5 should hold.

The whole discussion above has been carried out considering only the vdW contribution
to the molecule-surface interaction. However, coverage dependent UPS measurements of
CuOEP adsorbed on the three metal surfaces (see sec. 4.6) reveal significant work function
changes. These prove a relevant electron transfers from the molecules to the substrate,
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consistent with the well established donor character of porphyrins[25]. Hence, ionic bonding
between CuOEP and the metal surface seems to occur. Such a bonding directly contributes
to the adsorption energy of CuOEP on metal (E

(metal)
ads ). Moreover it may influence the

substrate-adsorbate distance and consequently also the strength of the vdW interaction.
In principle electrons can tunnel through a few insulator layers[68][44][137] which would

result in a net charge transfer between the molecules and the metal also in the presence of
a salt layer. However, the broadening of the molecular energy levels is proportional to the
tunnelling exponent which governs the decay of the metal local density of states (LDOS)
through the insulator. According to fig. 3 (b) of ref. [68], the latter decreases about a hundred
times for each new monolayer of NaCl. As a consequence, the HOMO of CuOEP, which lies
about 2 eV below the Fermi level (see sec. 4.5), already for 1 ML NaCl is so narrow that it
cannot donate any electron to the metal.

To summarize, the differences in the adsorption energies of CuOEP on metals covered
by different numbers of NaCl monolayers are most likely explained by two mechanisms. A
charge transfer leading to ionic bonding of the molecules directly adsorbed on the metal is
the cause for the difference between the 0-layer and the 1-layer cases. Whenever more NaCl
layers are present, adsorption energy differences can be explained in the frame of pure vdW
interaction (see eq. 3.5).

3.8. Investigating the CuOEP-Substrate Electronic
Coupling

After the observation of different adsorption energies of CuOEP on NaCl/metal systems, bias
dependent STM experiments have been envisaged for a first assessment of the electronic
structure of the adsorbed molecules. For instance, Viernow et al. showed how STM can
conveniently be used to locally identify differences in the LDOS of insulator thin films[35].
In detail, the appearance of CuOEP molecules adsorbed on NaCl and on metals has been
studied at different bias voltages.

Pursuing this goal by means of STM at room temperature is very challenging because of
several experimental complications. In particular the STM imaging process strongly depends
on the tip conditions, which can easily undergo slight changes. Therefore, it is not easy to
reliably compare fine details from images scanned at different times. Moreover, layers of
CuOEP molecules, as already reported for other large organic molecules[138][139][140], are
not very stable and it happens relatively often that molecules jump from the sample to the
tip or vice versa. This means that tip changes are not rare and that it is difficult to keep
the same tip conditions on the time scale of several STM images.

Given these circumstances, we decided to acquire STM images scanning across the border
between a NaCl island and a salt-free metal area (see for example fig. 3.9 and 3.10). In an
ideal case the fast scan direction is perpendicular to the salt-metal step, so that, at each
scan line, the tip images both areas to be compared. In this way it can be guaranteed that
molecules on both areas are imaged with exactly the same tip and images eventually affected
by tip changes can easily be identified and discarded.
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Figure 3.9.: CuOEP on NaCl/Ag(001). (a) STM image (40 nm × 20 nm, U = −1.76 V, I = 40 pA)
taken across a NaCl-metal step. Images (b) and (c) (both 4.3 nm × nm) are extracted from the left
(CuOEP/Ag(001)) and right (CuOEP/NaCl/Ag(001)) part of image (a) by averaging over several
unit cells. Clearly, the molecular appearance differs depending on the underlying substrate.

A representative example of a direct comparison of the appearance of CuOEP molecules
on metal and on NaCl thin film is shown in fig. 3.9 (a). In this STM image each molecule
adsorbed on the salt layer shows two separate maxima. On the other hand, under the same
scanning conditions, the molecules directly adsorbed on Ag(001) are characterized by a single
maximum. A closer view on the different molecular appearances can be obtained by applying
the averaging filter described in sec. 1.2.1 (fig. 3.9 (b) and (c)). Undoubtedly the different
substrates specifically affect the molecule appearance.

Moreover, it can be observed that the substrate does not only determine the molecular
appearance, but also its dependence on the bias voltage. Image 3.10 shows an experiment
where the bias voltage has been repeatedly changed while moving the tip in the slow scan-
ning direction. The image has been acquired scanning across the same metal-salt step of
image 3.9 (a). The appearance of molecules adsorbed on NaCl/metal significantly depends
on the applied bias voltage while the appearance of the molecules directly adsorbed on metal
stays almost unaffected. This behavior has been repeatedly observed for bias variations be-
tween −0.5 V and −2.0 V. In fig. 3.10, at −1.9 V the molecules on salt and on metal
share quite similar appearances. However, upon a decrease of the bias to −1.6 V, only the
molecules adsorbed on the NaCl layer change their appearance significantly and the image
of each molecule consists of two distinct protrusions.
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Figure 3.10.: CuOEP on Ag(001) vs CuOEP on NaCl/Ag(001) (30 nm × 30 nm, I = 40 pA).
Bias voltage has been changed while moving the tip along the slow scanning direction. Its value (in
volt) is directly indicated on each image section. The image has been acquired scanning across the
same salt-metal border of fig. 3.9 (Ag(001) on the left and NaCl on the right). The two different
substrates do not only affect the way the molecules look like but also the dependence of their
appearance as a function of the bias. Changing the bias from −1.6 V to −1.9 V the appearance of
CuOEP on silver is almost unaffected while the two dots belonging each molecule adsorbed on salt
merge in a single bigger spot.

The observed contrast cannot be the result of a convolution with the underlying NaCl ion
pattern. As explained in sec. 3.5, the CuOEP assembly on NaCl/Ag(001) is not commensu-
rate with the underlying NaCl lattice but there is a coincidence only every second molecule
(see figure 3.6). Therefore, any feature arising from a convolution between the molecular
pattern and the substrate should appear with a periodicity double the one of the CuOEP
pattern. Furthermore, in separate experiments on clean NaCl layers (not shown here), no
significant changes for corresponding bias values have been observed. Thus, the different
molecular appearances and their bias dependence reflect an inherent difference between the
two substrates.

It is important to note that such observations of a pronounced voltage dependence of
the appearance of the molecules adsorbed on salt is confirmed by several measurements
performed with different tips.

At the current state there is no comprehensive understanding of these interesting obser-
vations. In order to gain a deeper insight, detailed molecular orbital calculations and low
temperature STM/STS measurements are needed. Nevertheless, the observed results are
well in line with the weak binding to the substrate found for CuOEP on NaCl (see sec. 3.6
and 3.7).

It has already been shown that the appearance of atomic adsorbates in STM images can be
strongly affected by the adsorbate-substrate interaction[141]. The effects on the adsorbate
electronic structure seem to be even more significant for organic adsorbates. For instance, this
has been shown for 4-hydroxy-thiophenol adsorbed on Ag(001) and on NaCl/Ge(100)[112].
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In the latter case, opposite to what observed on the pure metal, it has been found that the
molecular electronic structure resembles very much the one calculated for a free molecule.
Similarly, for porphyrin[49] and phthalocyanine[96] adsorbed on Al2O3/NiAl(110) only a
small broadening and/or delocalization of the molecular electronic states has been observed.

In the frame of these observations, it seems plausible to assume that the different appear-
ances of CuOEP on metal and on salt are due to different adsorbate-substrate interactions.
Especially the tendency of CuOEP to show a more pronounced dependence on the bias volt-
age on salt than on metal suggests that in the latter case a more pronounced broadening of
the molecular electronic states occurs, i.e. the interaction is stronger.
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In the previous chapter the growth and the self assembly of Copper Octaethyl Porphyrin
on salt/metal heterostructures have been presented. In order to offer a term of comparison,
we intensively studied the same molecules also on pure metal substrates. In particular, the
adsorption and self organization has been intensively investigated by STM, LEED and UPS
on Cu(111), Ag(111) and Ag(001). Furthermore, a deep insight on the interaction intervening
at the organic-metal interface is obtained by comparing the STM and UPS results with DFT
calculations performed for a free CuOEP molecule.

4.1. Motivation

The investigation of Copper Octaethyl Porphyrin on salt/metal heterostructures described
in the previous chapter leads to very interesting conclusions. As explained in sec. 3.5 and
3.8, a key point of that experimental approach has been the use of substrates showing bare
metal as well as salt covered areas at the same time. This allows for a direct comparison of
STM measurements on both type of surfaces. On the other hand, such an approach severely
limits the potential of non-local probe techniques, which integrate over macroscopic sample
regions (e.g. PES, LEED). Therefore, other possible approaches would have been to study
CuOEP on a full NaCl layer or directly on a bare metal surface. In this chapter the latter
approach is described.

Working with a uniform substrate it is possible to take full advantage of measurement
techniques such as LEED and UPS. Moreover, measurements on the CuOEP/metal system
are technically easier to carry out, especially concerning the sample preparation, allowing
a high degree of control on the experiments. Therefore, the analysis of CuOEP on metals
represents a promising direction of research in order to extend the investigations discussed
in the previous chapter.

On the other hand, organic molecules on metal surfaces are an interesting and intensively
investigated topic for different reasons. In this chapter, the attention is focussed on the
properties of the organic-metal interface. This is currently a field of high interest in the
context of the development of hybrid organic-inorganic electronic and optical devices such as
OLEDs[83][84][85] and thin film transistors[86][87]. A good understanding of the electronic
structure at the organic-metal interface is very important in order to control the charge
carrier injection between metals and organic semiconductors.

In detail, we investigated the formation of an interface dipole layer at the organic-metal
interface, which is induced by charge transfer upon molecular adsorption. It has been shown
that changing the chemical composition of specific molecular substituent groups, can signifi-
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cantly influence the ionization potential and/or the electron affinity, thus the acceptor/donor
character of a molecular adsorbate. For example Peisert et al.[142][143] have shown that the
fluorination of copper phthalocyanine leads to an increase of the ionization potential of the
molecular solid by up to 1.1 eV, which substantially influences the interfacial dipole moment.
Controlling this interfacial dipole moment is very interesting because it influences the energy
level alignment and therefore the carrier injection process[144][145].

4.2. Determination of the Molecular Epitaxy

Figure 4.1.: CuOEP on different metal substrates. (a) Cu(111) (10 nm × 10 nm, U = −2.0 V,
I = 20 pA); (b) Ag(111) (25 nm × 25 nm, U = −0.8 V, I = 16 pA); (c) Ag(001) (25 nm × 25 nm,
U = −1.4 V, I = 10 pA).

As reported in sec. 3.5, CuOEP molecules self assemble in ordered monolayers on the
NaCl/metal surface. The formation of ordered patterns is observed on both the bare metal
and the salt covered areas. Upon deposition of about 1 ML of CuOEP on pure metal,
the structure of the molecular layer can very conveniently be investigated by LEED. By
combining the information obtained by real space (STM) and reciprocal space (LEED) mea-
surements, a complete understanding of the molecular pattern has been gained for Cu(111),
Ag(111) and Ag(001) substrates.

As a first observation, STM images show that CuOEP molecules organize in a nearly
hexagonal pattern on all three substrates. However, due to drift and hysteresis of the piezo-
electric actuators, STM does not allow a very precise determination of distances and angles.
In order to improve the accuracy of the measured intermolecular distances and angles within
the CuOEP pattern, distances and angles have been determined by averaging over four im-
ages acquired for different scanning directions. This procedure allows to limit the error below
5% for intermolecular distances and below 2◦ for angles. The results obtained for the three
metal substrates are summarized in table 4.1.

For Cu(111) and for Ag(001) the observed deviation from the hexagonal arrangement is
clearly larger than the experimental uncertainty. As explained in the following, the LEED
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Figure 4.2.: CuOEP on Cu(111): LEED patterns measured at 7 eV (a) and at 19 eV (b). In
both images some of the spots are highlighted by circles and other characteristic geometric shapes,
in order to simplify the comparison with the simulated pattern in fig. 4.3 (b).

Figure 4.3.: CuOEP on Cu(111). In (a) the basis vectors of the six inequivalent CuOEP domains
formed on Cu(111) are shown. The corresponding simulated LEED pattern is shown in (b). To help
the comparison between model and experiment some of the spots have coherently been highlighted
in the simulated pattern (b) and in the measured ones (fig. 4.2). Five small circles identify a group
of spots at the first order of diffraction. Other circles and lines mark spots of higher diffraction
orders.

measurements confirm these STM observations. Due to the low symmetry of the self assem-
bled 2D crystal formed by CuOEP, the interpretation of the LEED patterns is not straight-
forward. For this reason a simulation software (see sec. 1.2.2) has been used. Based on the
symmetry of the observed LEED patterns and on the intermolecular distances and angles
measured by STM, different epitaxy models have been assumed and then tested by means
of the LEED simulation software. For all the three investigated substrates this procedure
led to the identification of the proper epitaxy models. In the following, these models are
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presented and their simulated LEED patterns are compared with the measured ones.

Figure 4.4.: CuOEP on Ag(111): LEED patterns measured at 5 eV (a) and at 11 eV (b). For
this substrate much less spots than on Cu(111) are visible. This is explained by a higher symmetry
for the epitaxy of CuOEP on Ag(111).

Figure 4.5.: CuOEP on Ag(111). In (a) the basis vectors of the two inequivalent domains formed
on Ag(111) are shown. The corresponding simulated LEED pattern is shown in (b). The agreement
between the simulated pattern and the experimental results (fig. 4.4) is perfect.

Figure 4.2 shows the experimental LEED pattern obtained for CuOEP on Cu(111). As
anticipated, the numerous spots visible indicate a low symmetry of the 2D crystal formed by
the CuOEP molecules. The analysis carried out (fig. 4.3 (a)) shows that only one domain
type is formed on the surface. The epitaxy matrix for it (domain A of fig. 4.3 (a)) is

M =

(
−3 6

3 4

)
. Due to its low symmetry, this domain is not invariant under three of the

symmetry operations proper for the Cu(111) surface (rotation by 60◦ and 120◦ and reflection
with respect to one of the main crystallographic directions). As a consequence, from a single
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domain type, six inequivalent domains are generated (fig. 4.3 (a)). The simulated LEED
pattern for this adsorption model is shown in fig. 4.3 (b). The comparison with the measured
data clearly proves that the model found is the correct one. To help in the comparison
between simulated and measured data some of the spots have been highlighted. Five circles
identify a bunch of five LEED spots at the first order of diffraction. Other circles and lines
have been used to highlight some of the spots of higher diffraction orders (figs. 4.2 and
4.3 (b)).

Figure 4.4 shows the LEED pattern obtained for CuOEP on Ag(111). At the first order
of diffraction (fig. 4.4 (a)) only twelve spots are visible, being an indication of a comparably
high symmetry of the CuOEP structure. The analysis confirms that the molecules assemble
in a hexagonal structure slightly rotated with respect to the main axis of the Ag(111) surface.
For this reason two mirroring domains are present on the surface. More precisely the CuOEP
forms on top of Ag(111) a

√
31 ×

√
31 R(θ) structure (where θ = ± tan−1

√
3

11
' ± 8.95◦).

This arrangement is schematically shown in fig. 4.5 (a). The simulation of the LEED pattern
for this model (fig. 4.5 (b)) agrees perfectly (at least for the first three orders of diffraction)
with the measured patterns (fig. 4.4).

The LEED pattern for CuOEP on Ag(001) (fig. 4.6), similarly to the one on Cu(111),
shows many spots (24 for the first order of diffraction alone). Again, the CuOEP assembles
in a single type of domain with a fairly low symmetry. Its epitaxy matrix (domain A of

fig. 4.7 (a)) is M =

(
1 5

5 2

)
. This domain is not invariant under two of the symmetry

operations proper for the Ag(001) surface (rotation by 90◦ and reflection with respect to one
of the main crystallographic directions). Hence, from a single domain, four different domains
are generated (fig. 4.7 (a)). The LEED pattern calculated for this epitaxy model is shown in
fig. 4.7 (b). Again, to help the comparison between the simulation and the measurements,
some groups of spots have been conveniently highlighted (figs. 4.6 and 4.7 (b)).

Table 4.1 shows the good agreement between the intermolecular distances and angles
measured by STM and those determined from the epitaxy models described above. The
good agreement obtained by combining two independent methods like LEED and STM puts
the suggested models on a very solid ground.

On all investigated substrates (Cu(111), Ag(111) and Ag(001)), CuOEP grows epitaxially
and forms patterns which are commensurate to the underlying surface. However, except
for the case of Ag(111), the CuOEP superstructure does not reflect the symmetry of the
substrate. It is interesting to note, that for CuOEP on NaCl, the correspondence between
the CuOEP pattern and the salt surface is even lower (see sec. 3.5) and only a point-on-line
coincidence is observed. According to the criteria suggested by Hooks et al.[93], this is a
further indication of a stronger molecule-substrate interaction on the metal surfaces than on
the salt layer, as already stated in the previous chapter.

Furthermore, it is interesting to compare the molecular densities of CuOEP on the different
investigated substrates. According to the epitaxy models described above, each molecule
occupies a surface area of 169.29 Å2 on Cu(111), 224.55 Å2 on Ag(111) and 192.37 Å2 on
Ag(001). These numbers can be compared to the density measured on NaCl (183 Å2 per
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Figure 4.6.: CuOEP on Ag(001): LEED patterns measured at 11 eV (a) and at 20 eV (b). In
both images some spots are highlighted by characteristic geometric shapes (a) and by circles (b),
in order to simplify the comparison with the simulated pattern in fig. 4.7 (b).

Figure 4.7.: CuOEP on Ag(001). In (a) the basis vectors of the four inequivalent domains formed
on Ag(001) are shown. The corresponding simulated LEED pattern is shown in (b). To help the
comparison between model and experiment, some of the spots have coherently been highlighted in
the simulated pattern (b) and in the measured ones (fig. 4.6). An ellipse, a circle and a rectangle
are used to identify groups of spots at the lower orders of diffraction. Higher order diffraction spots
are marked by a series of small circles.

molecule, see sec. 3.5). Moreover, in the (001) plane of the CuOEP crystal, a density of
164 Å2 per molecule is reported[125]. However, it has to be remarked that in the 3D crystal
the molecules have significantly more room, as they are tilted by about 45◦ with respect to
the considered plane. In all cases CuOEP adsorption leads to remarkably high densities. This
indicates that, upon adsorption, CuOEP molecules gain a significant amount of energy and
therefore tend to pack closely. The remarkable spread observed for the molecular densities
on different metal surfaces shows that the substrate plays a relevant role in the adsorption
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Cu(111) Ag(111) Ag(001)

STM model STM model STM model

v1 (Å) 12.44 13.264 15.81 16.102 15.20 14.639

v2 (Å) 15.05 15.527 15.26 16.102 15.43 15.574

v3 (Å) 12.77 13.507 15.36 16.102 14.55 14.460

α (deg) 73.4 68.77 59.5 60.00 56.5 56.89

β (deg) 53.9 59.80 61.5 60.00 60.5 58.67

γ (deg) 52.5 51.43 59.0 60.00 62.5 64.44

Table 4.1.: CuOEP self assembly on various metal surfaces. The table compares the intermolecular
distances and angles measured by STM with those obtained by the epitaxy models described. For
the STM measurements the uncertainty on the distances is below 5%, while for angles an accuracy
of ±2% can be assumed.

and assembly mechanism. On the other hand, the effect of the central metal ion seems
to be negligible as CoOEP[146], ZnOEP[147], NiOEP[124] and FeClOEP[148] adsorbed on
Au(111) all have nearly the same density (around 190 Å2 per molecule).

4.3. High Resolution STM Imaging and Voltage
Dependence.

STM and LEED measurements allow to determine the precise structure of the CuOEP layers
formed on Cu(111), Ag(111) and Ag(001). However, not much can be inferred about the
structure of a single molecule on the surface and its adsorption conformation. In order to
investigate these topics, high resolution STM images have been acquired.

In detail bias dependent STM images allow to gain an insight about the electronic structure
of CuOEP adsorbed on the metal surfaces investigated. The interpretation of these measure-
ments is also based on the results of a DFT calculation performed for a free CuOEP molecule
(for details about the calculation method see sec. 4.4). In the following the CuOEP/Ag(001)
and the CuOEP/Cu(111) systems are described in detail.

4.3.1. CuOEP on Ag(001)

For CuOEP on Ag(001) the highest resolution STM images at negative sample bias (i.e.
tunnelling from the occupied states of the sample into the tip) are systematically obtained
for bias voltages between −1.5 V and −2 V. The molecular appearance for these biases is
shown in fig. 4.8. Mainly the peripheral part of each molecule (corresponding to the ethyl
legs) is imaged as a protrusion, while the inner core appears dimmer. For each molecule four
elongate protrusions can clearly be identified and a closer analysis reveals that each of them
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Figure 4.8.: CuOEP on Ag(001). Image (a) (15 × 15 nm, U = −2.2 V, I = 25 pA) shows the
overlayer formed by CuOEP molecules. Zoom-in image (b) (8× 8 nm, U =−1.9 V, I = 25 pA) shows
that each minimum is surrounded by 4 elongate protrusions, which comprise two separate maxima.
In image (c) (15 × 15 nm, U = +0.45 V, I = 20 pA) a pattern with a missing molecule allows to
identify the features belonging to a single molecule. The center of a CuOEP molecule therefore
corresponds with a minimum in the image and the eight maxima are located in correspondence
with the ethyl legs. The six molecules surrounding the missing CuOEP have been highlighted.
The molecule identified by a circle shows a little defect. Image (d) (2.4 × 2.4 nm, U = −1.9 V,
I = 25 pA) is obtained by averaging over 18 cells. It allows to better resolve a single molecule. In
images (e, f, g) the CPK model of a CuOEP molecule has been overlayed to image (d). Three of
the most plausible adsorption conformations are given.

comprises two separate maxima. This is in perfect agreement with the presence of eight
ethyl groups for each molecule. Based on these observations, it is clear that the molecules
adsorb with their π-system lying more or less parallel to the surface. Furthermore, due to the
high resolution achieved, it is possible to speculate about the precise adsorption geometry of
CuOEP. Some of the feasible adsorption conformations are shown in fig. 4.8 (e), (f) and (g)).
Among these, the most probable seems to be the configuration shown in fig. 4.8 (e) where
the ethyl legs point outward from the surface. In fact the geometry of this configuration fits
best with the observed one and furthermore it seems to justify the prominence of the legs in
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4.3. High Resolution STM Imaging and Voltage Dependence.

the STM images.

Remarkably, the molecules in the adlayer do not show an exact four fold symmetry but
they all seem to be elongated in one direction (e.g. for fig. 4.8 (d) this direction is nearly
horizontal). This may be related with the low symmetry of the molecular assembly. As
discussed in sec. 4.2, CuOEP arranges on Ag(001) in a deformed hexagonal pattern which
is characterized by different periodicities along its different main directions. However, the
deviation from a perfect hexagonal pattern is below 8% while the aspect ratio of the imaged
molecules shows a deformation around 15%. Therefore, it seems that the molecules deform
to better fit in a pattern which is not commensurate to the geometry of CuOEP. Such
an alteration of the molecular shape is consistent with the observations reported for larger
porphyrins on metals[122][123].

Furthermore, it can be observed that half of the observed protrusions look brighter than
the others (fig. 4.8 (b)). In detail, the brighter maxima are the ones placed along the
stretching direction of the molecules within the pattern. This effect is most probably linked
to the deformation of the adsorbed molecules and therefore of their electronic structure. It
can be observed that, along the stretched direction, the couples of legs of two neighboring
molecules are very close. Therefore, the electronic states located on these legs are likely to
push-up each other, which would explain their brighter appearance in STM.

Figure 4.9.: CuOEP on Ag(001). Image (a) (8 × 8 nm, U = 1.4 V, I = 20 pA) shows the CuOEP
pattern as it appears for voltages between 1.3 V and 2.0 V. Image (b) (15 × 15 nm, I = 60 pA)
shows how the molecular appearance changes by using different bias voltages. For U = 0.97 V the
same pattern as observed at negative bias (fig. 4.8) is found. This allows to identify the position
of a CuOEP molecule in the pattern of image (a). As highlighted by the two circles in image (b),
the center of each CuOEP corresponds with an imaged minimum while the maxima are located at
the periphery of the molecule.

At positive sample bias (i.e. tunnelling from the tip into the unoccupied states of the
sample) different molecular appearances are observed (fig. 4.9). The highest resolution im-
ages are obtained for voltages between 1.3 V and 2.0 V (fig. 4.9 (a)). Image 4.9 (b), where
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the bias voltage has been changed while scanning, shows three different appearances discov-
ered. Their simultaneous presence on the same STM image allows to establish a relation
between them. For U = 0.97 eV the appearance essentially corresponds to the one observed
at negative bias. Based on the previous discussion, it can be concluded that each molecule is
centered on one of the square shaped minima. As highlighted by the two circles, fig. 4.9 (b)
allows to conclude that, also in the pattern imaged at 1.3 V < U < 2.0 V, the centers of
the CuOEP molecules are located in correspondence with the minima of the image. How-
ever, the identification of a correspondence between the maxima and one molecule’s legs is
more complicated. In fact the four maxima surrounding each CuOEP appear to be merged
with the maxima belonging to the neighboring molecules. Furthermore, analogously to what
observed at negative bias, half of the maxima look brighter than the others.

Figure 4.10.: CuOEP on Ag(001): DFT calculation vs experiment. The figure compares the sim-
ulated constant height STM images of the LUMO and HOMO states for a free CuOEP molecule
with real STM images obtained at positive (tunnelling into unoccupied states) and negative (tun-
nelling from occupied states) sample bias. Details about the calculation are given in sec. 4.4. For
the experimental parameters see figs. 4.9 (a), 4.8 (b) and 4.8 (d).

One of the most remarkable differences observed while changing the bias from negative
(range between −1.5 V and −2 V) to positive (range between 1.3 V and 2.0 eV) is the change
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4.3. High Resolution STM Imaging and Voltage Dependence.

of the symmetry in the molecular appearance. In both cases elongate maxima are visible but,
by changing the bias, they turn by 45◦. It is very instructive to compare these appearances
with the results of a DFT calculation performed for a free CuOEP molecule (for further de-
tails see sec. 4.4). The calculation agrees very well with the experimental data and especially
it seems to explain the change of symmetry previously described (fig. 4.10). However, it has
to be remarked that the calculation has been performed for an isolated molecule, therefore
neglecting any interactions with the substrate and the neighboring molecules. Nevertheless,
its agreement with the experimental data offers a very likely explanation for the observed
bias-related contrast changes and allows the identification of HOMO and LUMO.

4.3.2. CuOEP on Cu(111)

Figure 4.11.: STM images of CuOEP on Cu(111) (all 20 × 20 nm, I = 24 pA). The different
bias voltages used are directly indicated (in volt) on the images. Images (d-f) are the same as (a-c)
after applying a flattening filter (see sec. 1.2.1) used to emphasize the molecular appearance in each
image section. The presence of different molecular appearances is evident.

The investigation of CuOEP on Cu(111) also reveals a strong dependence of the molecular
appearance on the bias voltage. On this substrate the investigation has mainly been focussed
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on the CuOEP occupied states (i.e. negative sample bias). Fig. 4.11 gives an overview on the
most remarkable molecular appearances identified. The effect of the voltage on the molecular
appearance is very strong and even reversal of contrast is observed. The reversibility and the
reproducibility of the observed effects prove that they are not due to tip changes but that
they indeed reflect genuine properties of the electronic structure of the adsorbed molecules.

Figure 4.12.: CuOEP on Cu(111). STM images (all 10 × 10 nm, I = 24 pA) offer a close
look on the molecular appearances observed for different biases (values in volt are indicated on
the images). In (b) the observation of a border between two molecular domains indicates that for
the appearances of image (a) and (b) the center of a CuOEP is located in correspondence to a
minimum. Consequently, from (d) it can be inferred that for biases closer to zero CuOEP centers
are imaged as maxima.

Fig. 4.12 gives a closer view on the different molecular appearances. In particular im-
age 4.12 (b) shows the border between to differently oriented domains, which is very useful
to identify the location of the CuOEP molecule centers within the imaged pattern. From the
domain border shape and its position relative to the molecular pattern it can be concluded
that the molecule centers are located at the minima of the STM image. Consequently, sim-
ilarly to what observed for CuOEP on Ag(001), at voltages between 1.3 V and 2.0 eV, each
elongate maximum arises from the cooperative effect of two neighboring molecules.

62



4.3. High Resolution STM Imaging and Voltage Dependence.

The appearance of the molecules shown in fig. 4.12 (a) and (b) is observed for biases
between−2.5 V and−1.0 V. When approaching−1.0 V, the apparent height of the inner part
of the molecule starts to increase. This trend is confirmed when the bias is further lowered
and, at about −0.5 V, the inner part of the molecule appears as a maximum (fig. 4.12 (c)).
A further insight in this change can be gained from high resolution STM images (fig. 4.13)
obtained by applying an averaging filter (see sec. 1.2.1). Clearly, the CuOEP center can
appear as a minimum (image 4.13 (d) taken at−1.51 V) as well as a maximum (image 4.13 (a)
taken at −0.55 V). Images 4.13 (b) and (c), which have been acquired at −0.81 V and
−1.00 V, present two intermediate situations, showing that the change between the different
molecular appearances is smooth. This observation is consistent with the broadening of the
molecular orbital levels, which is induced by the interaction with the metallic substrate.

Figure 4.13.: CuOEP on Cu(111). These STM images (all 3.0 × 3.0 nm, I = 24 pA) are obtained
by applying the averaging procedure described in sec. 1.2.1. Images (a) and (d) show two opposite
features: the CuOEP center appears as a maximum in (a) and as a minimum in (d). Images (b)
and (c) show two intermediate situations observed varying the voltage between −0.55 V (a) and
−1.51 V (d).

In fig. 4.13 (a) some small spots are visible around the bright CuOEP core. Although
the resolution achieved makes their identification quite difficult, it seems that on each side
of the molecule core two of these local maxima are present. This suggests that each spot
corresponds to one of the eight ethyl legs of CuOEP. The quality of the data does not allow
to conclusively prove this hypothesis. However, the comparison with results reported in
literature for analogous systems also supports this interpretation. For instance Scudiero et
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al. show very similar STM images for NiOEP on Au(111)[124]. Analogous data are also
published by Yoshimoto et al. for ZnOEP[147] and for FeClOEP[148] on Au(111). In all
these publications a higher resolution of these intramolecular features is achieved by using
a higher tunnelling current (0.3 nA for Scudiero et al., over 1 nA for Yoshimoto et al.).
Consequently, for these systems, the eight ethyl legs can be quite reliably identified in the
STM images. Of special interest is the comparison with the publication of Scudiero et al.
where the STM image shown has been acquired at a bias of −0.6 V, hence very close to the
values used for the measurements reported here.

4.4. DFT Calculations

Figure 4.14.: CuOEP density of Kohn-Sham states calculated by DFT. The spectrum is obtained
by the convolution of a normalized gaussian (width = 0.15 eV) for each calculated eigenstate.

In order to gain a deeper understanding of the measured data, they have been compared
with DFT calculations. The computation has been carried out by Audrius Alkauskas at the
Institute of Physics of the University of Basel. In this thesis only some of the conclusions
useful to interpret the experimental results are reported.

The calculation deals with an isolated molecule, therefore neglecting any possible interac-
tion with the substrate and with neighboring molecules. The calculation has been performed
employing the B3LYP hybrid functional. D95V basis set was used for the light atoms,
Lanl2DZ effective core potential and Lanl2DZ basis set for the central Cu atom.

First of all the influence of conformational flexibility on the electronic properties of the
CuOEP molecule has been evaluated. Calculations show that the energy difference between
different conformers is very small (few meV). The rotation of the ethyl legs does not influence
the frontier orbitals of the CuOEP (as they are mainly of π-character) and only affects the
states located more than 3 eV below the HOMO. The results reported here are obtained for
a molecule with all eight legs pointing up. For this configuration the molecule has a small
dipole moment of 0.5 debye, due to the fact that the ethyl legs are positively charged.
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Fig. 4.14 shows the density of states obtained from the calculation. Here the terms HOMO,
HOMO-1 and LUMO are used for convenience to indicate bunches of states lying very close
in energy. In particular, the HOMO is composed of two near-degenerate states with a1 and
a2 symmetry. The LUMO consists of two degenerate e states. The Cu dx2−y2-derived b1

state belongs to the LUMO.

Furthermore, the results of the DFT calculation have been used to simulate the STM
images of the HOMO and the LUMO (fig. 4.10). The images show a cut of the partial
electron density in a plane lying 3 Å over the porphyrin plane. According to Tersoff-Hamann
approximation[16][17] this simulates the result of a constant height STM image.

4.5. UPS Spectra: HOMO and HOMO-1 Positions

Based on the STM and LEED experiments described so far, not much can be learned about
the adsorbate-substrate interaction. Therefore, UPS measurements have been performed to
complete the characterization and understanding of CuOEP adsorption on metal.

Spectra have been acquired for different CuOEP coverages, from the submonolayer range
up to the multilayer regime, as well as for the clean metal substrates. The evolution of the
spectra for increasing coverages, starting from the bare metal case, allows the identification
of the spectral features characteristic of the CuOEP layer. Fig. 4.15 shows the low binding
energy part of the UPS spectra for CuOEP on Cu(111), Ag(111) and Ag(001). As a reference,
the spectra acquired on the clean metals are reported as well. The detailed evolution of the
complete (measured over the full energy range available) UPS spectra as a function of the
CuOEP coverage is shown in Appendix B.

For clean Cu(111) and Ag(111) the surface states are clearly visible while for Ag(001) the
typical metal Fermi edge is observed. Upon CuOEP deposition the HOMO and HOMO-1
states can be identified and it is evident that both states lie at different energies on the three
substrates (values are summarized in table 4.2). However, it has to be remarked that in
fig. 4.15 the spectra are shifted in order to keep their Fermi edges aligned, hence all energies
are referred to the substrate Fermi level. As explained in the following (see sec. 4.6), their
absolute position (i.e. with respect to the vacuum level) can be determined as well.

Here it is important to note that the energy difference between HOMO and HOMO-1
is nearly the same on all substrates (1.1-1.2 eV) and that it is very close to the value of
1.0 eV obtained from the calculation for a free molecule (fig. 4.14). This indicates that the
interaction with the substrates shifts HOMO and HOMO-1 levels (see discussion in sec. 4.6)
but does not significantly modify the structure of these states. This therefore suggests that
there is no chemical binding between CuOEP and the metal substrate.

This conclusion is also supported by the fact that the relative intensities of the two peaks
predicted by the DFT calculation (fig. 4.15) agree very well with the observed intensities.
Furthermore, on Cu(111) where, due to the higher CuOEP coverage, the best quality of the
signal is achieved, the HOMO-1 peak shows a shoulder on its higher binding energy side,
which is also predicted by the computation.
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Figure 4.15.: UPS measurements for CuOEP on metals. The spectra (thick lines) are measured
for a nominal coverage (see discussion in Appendix B) of 34 Å, 45 Å and 31 Å for Cu(111), Ag(111)
and Ag(001), respectively. As a reference, the UPS spectra for the clean metals are reported as
well (thin lines). The dashed vertical lines indicate the positions of HOMO and HOMO-1 states.
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Figure 4.16.: Work function measurement by means of UPS. The graph shows the spectrum
obtained for 2.0 Å CuOEP on Ag(001). By keeping the sample at negative bias voltage, the
position of the low energy cutoff of the emitted photoelectrons can be measured. The inset shows
a zoom of the spectrum around the Fermi edge. As shown, the low energy cutoff and of the Fermi
edge allow to determine the spectrum width W .

4.6. Work Function Change and Charge Transfer

UPS can also be profitably used to measure the work function of a sample. For this purpose
UPS spectra have been measured by applying a negative voltage (−10.0 V) to the sample in
order to measure the whole width of the UPS spectrum, including the low-energy cutoff of
the emitted photoelectrons (fig. 4.16). The work function can then be determined according
to the following relation

hν = W + Φ (4.1)

where ν, W , Φ are the frequency of the incident UV light, the spectrum width and the
sample work function, respectively.

It is well known that adsorbates can modify the work function of their supporting surface.
Such effects have been thoroughly investigated and particular attention has been devoted to
organic adsorbates. Detailed reviews of this field have been published by Ishii et al.[25] and
Knupfer et al.[149]. Our experiments, confirming the tendency reported for other porphyrins
and many other organic compounds, show that CuOEP adsorption lowers the sample work
function. Fig. 4.17 shows a sequence of UPS spectra acquired at increasing CuOEP coverage.
For different coverages, diverse spectrum widths W are found, hence the work function
depends on the coverage.

The graph of fig. 4.18 shows the work function shifts, extracted from the UPS measure-
ments for the three different substrates, as a function of the CuOEP nominal coverage. A
complete set of the measured data is given in tables B.1, B.2 and B.3 in Appendix B. The
data show that the work function decreases with the coverage until, at a CuOEP coverage
of 4-6 Å (around 2 ML), a saturation point is reached.
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Figure 4.17.: UPS spectra for CuOEP on Cu(111) at various coverages. Due to the instrumental
set-up, the acquired spectra are shifted in order to keep their Fermi edges aligned. Hence, a
variations in the spectrum width is reflected in a shift of the low energy cutoff peak.

Figure 4.18.: Work function change as a function of the nominal coverage. The graph groups
the data measured for Cu(111), Ag(111) and Ag(001). The complete series of the measured values
of the work function change as a function of the coverage for all three investigated substrates are
given in table B.1, B.2 and B.3.

In literature three main mechanisms have been identified to be responsible for the adsorbate-
induced work function shift[150][143][151]. Consequently it has been suggested that the work
function change ∆Φ can approximatively be written as the sum of three terms:

∆Φ = ∆Φmet + ∆Φdip + ∆Φcharge (4.2)

A first mechanism (∆Φmet) is common to all closed shell adsorbates and it is the so called
pillow effect. It is well known that at the metal-vacuum interface the electron density tends
to spread from the metal into the vacuum[152]. This leads to the formation of a surface
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dipole (oriented towards the metal), which increases the energy barrier to be overcome in
order to extract an electron from the metal, hence increasing the work function. Closed shell
adsorbates tend to push electrons back in the metal therefore reducing the surface dipole.
Hence ∆Φmet is always negative.

A second mechanism (∆Φdip) regards polar adsorbates. If the polar adsorbates order on
the surface in an uniform way, aligning their dipole moments in the same direction, an
additional surface dipole layer is formed. Hence it holds ∆Φdip > 0 if the dipole moments
point towards the metal and ∆Φdip < 0 if they point towards the vacuum. As found from the
DFT calculation (see sec. 4.4), the CuOEP molecule gains a dipole moment of 0.5 debye if all
the ethyl legs point out of the molecular plane. The effect of such a dipole moment on ∆Φdip

can be calculated for the case of 1 ML coverage by means of the Helmholtz relationship

∆Φdip =
e

ε0A
pmol (4.3)

where A is the area per molecule, and pmol the dipole moment of an individual molecule.
Using the molecular densities found in sec. 4.2, for all three substrates investigated, a value
for |∆Φdip| of about 0.1 eV is obtained. The fact that the observed work function changes
are around one order of magnitude bigger than the maximum |∆Φdip| allowed for CuOEP,
indicates that this mechanism is not relevant for the system investigated here.

Finally, work function changes can be induced by charge transfer (∆Φcharge). An adsor-
bate may accept/donate an electron from/to the substrate, which again would lead to the
formation of a surface dipole and therefore to an alteration of the work function. Evidently
it holds ∆Φcharge > 0 for acceptor adsorbates and ∆Φcharge < 0 for donors. Most organic
molecules and especially porphyrins have been shown to have a donor character, i.e. to
induce a work function decrease[25][149].

From this discussion it can be deduced that mainly ∆Φmet and ∆Φcharge play a significant
role for the CuOEP/metal system. The dependence on the coverage does not help to dis-
criminate between the two. Both mechanisms are expected to lower the work function and
in all cases the induced change should increase monotonically with the coverage up to 1 ML,
while a saturation is expected at higher coverage. Detailed analysis and discussions[150][143]
suggest that, for a molecule like CuOEP, ∆Φmet should reach a value around −0.4 eV for a
full monolayer. Hence, the pillow effect alone is not strong enough to explain the measured
values of ∆Φ. This proves that, for CuOEP on Cu(111), Ag(111) and Ag(001), ∆Φcharge < 0
and a significant charge transfer from the molecule to the substrate takes place.

4.7. Level Alignment: Substrate Dependence

In the previous sections the UPS data acquired for different CuOEP coverages have been
discussed. Here the attention is focussed on the positioning of the molecular levels as a
function of the different substrates. In order to simplify this discussion, only the values
measured at high coverage are considered. More precisely the data discussed in the following
have been obtained at a molecular coverage of 34 Å, 45 Å and 31 Å for Cu(111), Ag(111) and
Ag(001), respectively. As explained in detail in Appendix B, for comparably thick molecular
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layers the quantitative determination of the coverage is only approximative. However, for
all the three metal substrates investigated, the number of layers can reliably be estimated
to be within the range 5-15 ML. This is a broad range, but, as shown in fig. 4.18, the shift
of molecular levels is characterized by a saturation which occurs after the multilayer regime
is surpassed. Therefore, although the real coverages are known only approximatively, the
comparison of the measurements performed on different substrates is still appropriate.

By the same technique described in sec. 4.6 the position of all peaks in the spectra (e.g.
HOMO and HOMO-1) referred to the vacuum level (instead of the Fermi level) can be
obtained. This technique is especially interesting in the case of the HOMO because it allows
to measure the ionization potential (IP) of CuOEP within the molecular layer. The values
obtained for the different substrates are reported in table 4.2.

∆Φ (eV) EHOMO (eV) EHOMO−1 (eV) IP (eV)

Cu(111) −1.28 ± 0.05 −1.8 ± 0.2 −3.0 ± 0.2 5.6 ± 0.2

Ag(111) −1.08 ± 0.05 −2.2 ± 0.2 −3.4 ± 0.2 5.7 ± 0.2

Ag(001) −0.86 ± 0.05 −2.3 ± 0.2 −3.4 ± 0.2 6.0 ± 0.2

gas phase - - - 6.5 ref. [153]

Table 4.2.: CuOEP on metal: summary of the orbital energy levels as determined by UPS. The
data reported have been measured at the highest molecular coverage reached: 34 Å, 45 Å and 31 Å
for Cu(111), Ag(111) and Ag(001), respectively

Considering the experimental uncertainty, the IP values measured for the different sub-
strates are very similar. This is in agreement with the conclusion drawn in sec. 4.15, where
it was found that the HOMO and HOMO-1 levels are shifted but no significant modifica-
tion of their structure takes place upon adsorption. This agreement further suggests that no
chemical bonding between CuOEP and the metal substrate occurs. The bonding is therefore
of ionic type. The charge transfer shifts the molecular levels without significantly affecting
their structure.

The IP measured on the three metal surfaces differs from the one measured by Kitagawa
et. al. for CuOEP in gas phase (6.5 eV)[153]. On the surface the IP is 0.5 to 0.9 eV lower
than the one measured in gas phase. However, differences of this order have often been found
for similar organic/metal systems[154].

While the IP values of adsorbed CuOEP molecules show only a small dependence on the
metal substrate, a strong dependence is observed for the work function change. An analysis of
this dependence is interesting as it allows to gain further insight into the processes occurring
at the organic-metal interface.

The molecules adsorbed on the metal and the substrate tend to align their chemical
potentials. For the metal it holds

µmet = −Φmet (4.4)

If the molecule-adsorbate interaction is not too strong, it can be assumed that the chemical
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4.7. Level Alignment: Substrate Dependence

potential lies at the so called mid-gap point. Therefore

µmol = −IP + EA

2
(4.5)

where EA is the CuOEP electron affinity. The alignment of the chemical potentials is
responsible for the charge transfer described in sec. 4.6 (∆charge term of eq. 4.2). Hence, the
work function of the metal substrate (Φmet) affects ∆charge and ultimately the total work
function change ∆Φ.

Using the calculated gas phase values of IP (7.22 eV) and EA (0.60 eV), the resulting
chemical potential for CuOEP is µmol = −3.91 eV. Therefore, given the respective work
functions (ΦCu(111) = 4.94 eV, ΦAg(111) = 4.74 eV, ΦAg(001) = 4.64 eV), for all metal sub-
strates investigated it holds µmol > µmet. Hence, to achieve the alignment of the chemical
potentials, electrons have to be transferred from the adsorbate molecules to the substrate.
This prediction is in agreement with the observed lowering of the sample work function
induced by CuOEP adsorption.

Figure 4.19.: Work function change (measured upon the deposition of a CuOEP multilayer) plot-
ted versus the measured work function of the clean metal substrate. Assuming a linear dependence,
a least square fit yields Sd = −0.67.

According to this simple picture, the charge transfer needed to align the chemical potentials
depends on the metal work function. In detail, if µmol > µmet, the charge transfer should
be bigger for substrates with high work functions. This prediction has already been verified
in a number of publications (see for instance the reviews published by Ishii et al.[25] and
Knupfer et al.[149]) and it is confirmed here for CuOEP. In fig. 4.19 the measured work
function changes are plotted against the work function values measured for the clean metal
substrates. Commonly a linear dependence of ∆Φ on Φmet is assumed[25]. Hence, defining
Sd = d∆Φ/dΦmet, a least square fit for the data measured on Cu(111), Ag(111) and Ag(001)
gives Sd = −0.67. Of course a total of three data points is far from ideal for a proper fit.
However, it is interesting to note that the resulting value of Sd is consistent with the results
already published for other organic systems and especially for other porphyrins[25][149].
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4. CuOEP on Metals

Finally, the difference between the ∆Φ measured on Ag(111) and on Ag(001) is specially
remarkable. The big majority of the published work dealing with the ∆Φ dependence on
Φmet is based on measurements performed on polycrystalline substrates. Measuring on single
crystals opens up the possibility to judge the role played by a specific surface orientation.
The measurement of different ∆Φ values on Ag(111) and on Ag(001) proves that the surface
orientation does play a significant role in the work function shift induced upon CuOEP
adsorption. Hence, it can be stated that the work function change does not only depend on
the chemical nature of the substrate but also on the details of its surface electronic structure.
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5. Conclusion and Outlook

Copper(II) octaethyl porphyrin (CuOEP) is a molecule with an extended π-electron system
comprising 24 delocalized electrons. Together with the central metal ion, this π-system is re-
sponsible for the very interesting electrochemical and photophysical properties characteristic
of porphyrin molecules. Among other porphyrins, CuOEP is a comparably simple system,
which makes it an ideal candidate for detailed investigations with the ultimate aim to fully
understand its properties and behavior on defined model surfaces.

In this thesis the adsorption of CuOEP has carefully been studied both on metal surfaces
and on NaCl thin films. Special attention has been paid to compare the behavior of the
molecules on the bare metal and on NaCl layers of different thickness.

An extensive investigation has been carried out by combining scanning tunnelling mi-
croscopy (STM), ultraviolet electron spectroscopy (UPS) and low energy electron diffraction
(LEED). In order to achieve a more general understanding, all experiments have been re-
peated on three different metal substrates (Cu(111), Ag(111) and Ag(001)). Moreover, DFT
calculations have been used to assist the analysis and the interpretation of the experimental
data.

The most original result is the observation of molecular self assembly on an insulator
material. In fact, in literature there are few examples of molecular self-assembly of small
molecules on non-conductive substrates, while larger organic molecules either do not show
any ordering or condense in comparably large crystallites. For CuOEP on NaCl films instead,
the epitaxial assembly in an ordered structure takes place already at the monolayer regime.

This distinctive feature makes CuOEP/NaCl a very interesting model system for the
investigation of the electronic properties of molecular adsorbates. It is well known that
these properties can be strongly affected by the interaction with the substrate. Therefore,
the low reactivity proper of insulator surfaces offers the unique chance to bring molecules
onto a substrate which does not strongly influence the electronic structure of the molecular
adsorbates.

The system investigated is of particular interest in the context of molecular electronics, as
it demonstrates the feasibility of self assembly of complex organic molecules on a non conduc-
tive surface, hence with virtually no electronic coupling to the substrate. This achievement
represents a fundamental step towards the development of any in-plane electronic device
based on molecules supported on a solid substrate. Moreover, the simultaneous presence on
the surface of free metal areas, salt structures of various thickness and molecules organized
in ordered patterns is very interesting as it represents a first step towards the development
of more complex heterogeneous structures comprising specific functionalities.

The observed surface heterogeneity allows the direct comparison of the CuOEP adsorption
energy on the clean metal and on salt structures 1-3 ML thick. As expected, the adsorption
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energy is lowered by introducing an insulator monolayer and decreases stepwise by increas-
ing the salt layer thickness. These observations point out another notable property of the
investigated system, namely the possibility to tune the substrate-adsorbate interaction by
controlling the thickness of the NaCl structures. This tunability is a real benefit as it repre-
sents an additional degree of freedom in tailoring the properties of molecular structures on
surfaces.

To improve the understanding of CuOEP adsorption, series of experiments have also been
performed on clean metal substrates. In particular, high resolution STM images performed
at different bias voltages, in conjunction with DFT calculations, allow to gain insight in the
adsorption conformation of CuOEP on Ag(001). UPS measurements demonstrate that, for
all three metal substrates, a charge transfer occurs and CuOEP molecules donate electrons
to the substrate. Together with the results of the DFT calculations, the UPS data show that
the CuOEP-metal binding is mainly of ionic nature and no chemisorption occurs.

Finally, a dependence of the charge transfer on the work function of the metal substrate
has been found. This is highly interesting, as the control of the level alignment at the metal-
organic interface is of primary importance for a number of relevant applications such as
organic light emitting diodes and thin film transistors. All in all, the experimental findings
presented in this thesis clearly show that metal-insulator-molecule model systems can reliably
be produced in a bottom up approach. The investigation of their properties, with a clear
focus on how the molecular electronic structure is affected upon adsorption, yields some
fundamental insight, which is highly relevant for any research aimed at the development of
molecular electronics devices supported on solid substrates.
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A. Triangular NaCl Structures

Figure A.1.: NaCl triangular islands on Ag(111) (a-c) and on Cu(111) (d). Images (a)
(100 × 100 nm, U = −1.6 V, I = 10 pA) and (b) (100 × 100 nm, U = −3.0 V, I = 25 pA)
show overviews of different areas. Especially in (a) a layer (looking like a brighter carpet) laying
under and in between the island can be identified. Most likely it is formed by NaCl. The inter-
nal structure of each island, formed by many smaller triangles, is well visible in (c)(50 × 50 nm,
U = −3.0 V, I = 25 pA) which is a zoom-in on the same area of (c). Image (d) (150 × 150 nm,
U = −3.0 V, I = 36 pA) shows an example of the observations performed on Cu(111). In this case
the tendency of the islands to be located aside the metal substrate step edges is very clear.

This appendix is dedicated to report about the observation of an unexpected phenomenon
observed only very seldom on NaCl/metal samples. After the preparation of a sodium
chloride film according to the standard recipe described in sec. 2.3, a few times the NaCl
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structures imaged by STM looked different than usual. Instead of the characteristic rectan-
gular shape, the salt structures showed a very distinct triangular shape. This observation
was made on two Cu(111) and one single Ag(111) sample.

As shown in fig. A.1, the NaCl aggregates in triangular islands whose borders seem to be
aligned along some specific directions. A closer look reveals that each island is formed by
the aggregation of smaller NaCl triangular structures. Many of the islands (see for instance
fig. A.1 (d)) are aligned along substrate step edges. Sometimes the triangular salt structures
seem to grow on top of a normal salt layer, as for instance shown in image A.1 (a).

Figure A.2.: Image 2 (a) from ref. [74]. STM constant current topography (50× 50 nm, U = 1.2 V,
I = 60 pA) of Al(111) after adsorption of 0.35 ML Na and a dose of Cl2 corresponding to 0.2 ML.

The triangular shape does not only contradict the usual results repeatedly obtained for
NaCl on Cu(111), Ag(111) and Ag(001) (see sec. 2.4.2) but also a large number of observa-
tions reported in literature (see sec. 2.2 and the references therein). However, there is a single
publication by Hebenstreit et al. reporting a very similar phenomenon, namely the growth
of triangular NaCl islands on Al(111)[74]. Very remarkably, Hebenstreit et al. report that
“some of the islands consist of smaller triangles with defects between them” and describe
how “the islands are preferentially located at the lower side of substrate step edges”. Also
the comparison of fig. A.2, extracted from that publication, with the measurements reported
here (fig. A.1) reveals impressive similarities.

Hebenstreit et al. explain their observations with the formation of a polar (111) surface
of the NaCl crystal. More precisely they suggest the formation of a 3-layer system (Na-
Cl-Na) terminating like the NaCl(111) surface. This model relies on a non equilibrated
stoichiometry between Na and Cl, namely an excess of Na on the Al(111) surface. To
support this hypothesis Hebenstreit et al. explain that the triangular structures are obtained
depositing Na on Al(111) and subsequently dosing Cl2 on the surface. Moreover they report
that controlling the dosing of Cl2 and adding more Na has clear effects on the nucleation of
triangular structures.

Considering this explanation our results seem somehow surprising. All samples have been
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prepared by evaporating NaCl from bulk and, as discussed in sec. 2.2, this should ensure a
ratio of 1 between the amount of Na+ and Cl− ions deposited on the surface. The formation of
a NaCl(111) surface seems therefore quite unlikely. However, some chlorine desorption from
the surface cannot completely be ruled out. For instance, as explained in sec. 2.6, it is known
that X-ray irradiation of alkali halides may induce the desorption of anions, consequently
leading to the formation of defects such as color centers[80][81]. For one of the samples,
where triangular islands have been observed, the STM measurements were performed after
electron irradiation (LEED) which is a potential source for chlorine desorption. On the other
hand, other samples did not show any triangular feature after prolonged LEED measurement
sessions. Moreover, for two of the samples showing triangular islands, no LEED measurement
had been performed and no alternative reason for a chlorine desorption could be identified.
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B. CuOEP on Metal: Collection of the
UPS Data

During this thesis a series of UPS measurements for CuOEP on metals have been performed.
In secs. 4.5, 4.6 and 4.7 only some of the most significant results are presented and discussed.
In detail, the attention is focussed on those results which are more closely related with the
STM data and the DFT calculations there presented. This appendix shows an extended col-
lection of the UPS measurements performed for CuOEP on Ag(001), Ag(111) and Cu(111).

The full UPS spectra of CuOEP have been investigated as a function of the CuOEP
coverage from the submonolayer to the multilayer regime. The deposition has been monitored
with a quartz microbalance (see sec. 3.4). For coverages up to 1 ML the system could be
very reliably calibrated by means of STM. On the other hand, for coverages exceeding
1 ML, getting STM images becomes problematic and the evaluation of the molecular film
thickness by means of XPS is not straightforward either. In a first approximation it can
be assumed that the sticking rates of CuOEP on a preexisting molecular layer and on a
clean metal substrate are the same. All the film thicknesses reported in this work have been
calculated in this approximation. However, combined XPS and LEED analysis show that,
in the multilayer regime, this approximation is leading to overestimate the effective CuOEP
coverage. In particular XPS suggests that this overestimation is larger for Ag(111) and
Ag(001) than for Cu(111). Consistently, by means of LEED it is observed that on Ag(111)
and Ag(001) CuOEP layers of nominal thickness bigger than 30 Å (1 ML ∼ 2.2 Å) show
the same crystalline structure as the first monolayer (see sec. 4.2). For Cu(111) instead, at
similar nominal coverage, no surface periodic structure can be anymore identified by LEED.
For all three substrates it has to be considered that the indicated thicknesses are not very
accurate and can only be used in the frame of a qualitative discussion.

The UPS spectra measured for different coverages are shown in fig. B.1. For all the clean
metal substrates the d bands are visible and for Cu(111) and Ag(111) the surface state is
observed. While increasing the CuOEP coverage, the intensity of the metal d bands decreases
and additional peaks begin to rise. The contribution of the metal to the spectra remains
predominant until some Å of CuOEP are deposited. This implies that states originating
from the CuOEP layer can univocally be identified only at coverages over 1 ML. For this
reason an analysis of the evolution of the peaks for increasing coverages is very convenient as
it allows to discriminate the spectral features related to the adsorbates and to the substrate.

Aside the already described HOMO and HOMO-1 states (see sec. 4.5), a very broad peak
is approximatively placed at a binding energy between 6 eV and 10 eV with a maximum
around 8 eV. The peak is clearly the result of the convolution of several states and it is
therefore difficult to interpret. However, this broad peak is quite in good agreement with
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Figure B.1.: Complete set of UPS measurements for CuOEP on Cu(111), Ag(111) and Ag(001)
as a function of the molecular coverage. (Due to the large number of spectra acquired a good
legibility of the graphs can only be obtained in the color print version).

the calculations presented before. The calculated spectrum (fig. 4.14) predicts the presence
of two big bunches of states with their maxima approximatively 4.4 eV and 5.1 eV below
the HOMO. These peaks, which are very broad and partially convoluted, produce a large

79
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increase in the DOS starting about 4 eV below the HOMO. Being EHOMO ' −2 eV, the
right shoulder of the resulting broad peak happens to be placed at a binding energy of about
6 eV, in good agreement with the experimental data. However, the calculated peak is not
as broad as the measured one. This discrepancy can have different explanations but the
most plausible is that, as already mentioned, the calculation has been performed for a free
CuOEP molecule, neglecting any interaction with the substrate as well as with neighboring
molecules.

coverage sec. elec. peak (eV) WF shift (eV)

clean Cu(111) 13.92 WF=5.07 (4.94)

0.9 Å CuOEP 13.29 −0.63

1.5 Å CuOEP 12.96 −0.94

2.4 Å CuOEP 12.73 −1.13

3.3 Å CuOEP 12.55 −1.37

5.3 Å CuOEP 12.58 −1.34

7.8 Å CuOEP 12.60 −1.32

34 Å CuOEP 12.64 −1.28

Table B.1.: Work function change for CuOEP on Cu(111). The table reports the position of
the secondary electron peak and of the corresponding work function change as a function of the
CuOEP coverage. For the case of clean Cu(111) the measured work function value and the one
known from literature (in brackets) are reported. For the secondary electron peak positions and
for the work function values an uncertainty of ±0.05 eV is estimated.

In sec. 4.6 the work function changes observed upon CuOEP deposition on the metal
surfaces have been discussed. In detail fig. 4.18 shows that the work function change depends
on the CuOEP coverage. A more complete set of the measured data is given here. Tables B.1,
B.2 and B.3 summarize all the values of the sample work function measured for different
CuOEP coverages on Cu(111), Ag(111) and Ag(001), respectively.
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coverage sec. elec. peak (eV) WF shift (eV)

clean Ag(111) 13.46 WF=4.61 (4.74)

0.9 Å CuOEP 13.10 −0.36

1.7 Å CuOEP 12.75 −0.71

2.7 Å CuOEP 12.56 −0.90

3.6 Å CuOEP 12.42 −1.02

5.2 Å CuOEP 12.38 −1.06

8.4 Å CuOEP 12.39 −1.05

24 Å CuOEP 12.38 −1.06

45 Å CuOEP 12.36 −1.08

Table B.2.: Work function change for CuOEP on Ag(111). The table reports the position of
the secondary electron peak and of the corresponding work function change as a function of the
CuOEP coverage. For the case of clean Ag(111) the measured work function value and the one
known from literature (in brackets) are reported. For the secondary electron peak positions and
for the work function values an uncertainty of ±0.05 eV is estimated.

coverage sec. elec. peak (eV) WF shift (eV)

clean Ag(001) 13.40 WF=4.55 (4.64)

0.9 Å CuOEP 13.03 −0.37

2.0 Å CuOEP 12.70 −0.70

2.8 Å CuOEP 12.60 −0.80

3.7 Å CuOEP 12.61 −0.79

6.2 Å CuOEP 12.43 −0.97

31 Å CuOEP 12.54 −0.86

Table B.3.: Work function change for CuOEP on Ag(001). The table reports the position of
the secondary electron peak and of the corresponding work function change as a function of the
CuOEP coverage. For the case of clean Ag(001) the measured work function value and the one
known from literature (in brackets) are reported. For the secondary electron peak positions and
for the work function values an uncertainty of ±0.05 eV is estimated.
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[26] S. Hüfner, Photoelcton Spectroscopy , Springer (1996).

[27] R. G. Musket, W. Mc Lean, C. A. Colmenares, D. M. Makowiecki, and W. J. Siekhaus,
Preparation of atomically clean surfaces of selected elements: a review , Application of
Surface Science 10, 143 (1982).

[28] S. Berner, Molecular diffusion and self-organization on metal surfaces : sub-
phthalocyanine on Ag(111), Ph.D. thesis, Universität Basel (2002).

83



Bibliography

[29] T. M. Schaub, Untersuchung nichtperiodischer Oberflächen im Ultrahochvakuum mit-
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[88] G. Ertl, H. Knözinger, and J. Weitkamp, eds., Handbook of Heterogeneous Catalysis ,
vol. 1-5, Wiley-VCH (1997).

[89] A. Aviram and M. A. Ratner, Molecular Rectifiers , Chemical Physics Letters 29, 277
(1974).

[90] R. Lloyd Carroll and C. B. Gorman, The Genesis of Molecular Electronics , Ange-
wandte Chemie International Edition 41, 4378 (2002).

[91] C. Joachim, J. K. Gimzewski, and A. Aviram, Electronics using Hybrid-Molecular and
Mono-molecular Devices , Nature 408, 541 (2008).

[92] S. De Feyter and F. C. De Schryver, Two-dimensional supramolecular self-assembly
probed by scanning tunneling microscopy , Chemical Society Review 32, 139 (2003).

[93] D. E. Hooks, T. Fritz, and M. D. Ward, Epitaxy and molecular organization on solid
substrates , Advanced Materials 13, 231 (2001).

[94] F. Rosei, M. Schunack, Y. Naitoh, P. Jiang, A. Gourdon, E. Lægsgaard, I. Stens-
gaard, C. Joachim, and F. Besenbacher, Properties of large organic molecules on metal
surfaces , Progres Surface Science 71, 95 (2003).

[95] J. Repp, G. Meyer, F. E. Olsson, and M. Petersson, Controlling the Charge State of
Individual Gold Adatoms , Science 305, 493 (2004).

[96] X. H. Qiu, G. V. Nazin, and W. Ho, Vibronic States in Single Molecule Electron
Transport , Physical Review Letters 92, 206102 (2004).
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