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Abstract

Bidermane, 1. 2014. Structure and Electronic Properties of Phthalocyanine Films on Metal and
Semiconductor Substrates. Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 1119. 51 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-8867-3.

The current thesis presents fundamental studies of phthalocyanines (Pcs), a group of organic
macro-cycle molecules. The use of phthalocyanine molecular films in devices with a variety of
possible technological applications has been the reason of the many studies dedicated to such
molecules during the last decades.

Core and valence photoelectron spectroscopies (PES), X-ray absorption spectroscopy (XAS)
and scanning tunneling microscopy (STM) techniques are used to study phthalocyanine
molecules in gas phase and adsorbed on gold (111) and silicon Si(100)-2x1 substrates. Density
functional theory (DFT) is used to obtain further insights in the electronic structure of the
phthalocyanines.

The aim of our studies is to get a deeper understanding into the molecule-molecule and
molecule-substrate interactions, a fundamental requirement for improving the devices based on
such molecular materials.

Gas phase PES and XAS studies and single molecule DFT calculations are performed on
the valence band (VB) of iron phthalocyanine (FePc), manganese phthalocyanine (MnPc) and
metal-free phthalocyanine (H,Pc). The VB simulations have shown how the metal atom of the
Pc influences the inner valence states of the molecules. The HOMO of the H,Pc and FePc is
formed by mostly C2p states, whereas the HOMO of MnPc has mainly Mn3d character.

PES studies of H,Pc on Au(111) have revealed the influence of the surface on the adsorption
of the monolayer. XAS studies indicate formation of ordered monolayer with the Pc ligands
parallel to the surface and the change of the molecular tilt angle with increasing thicknesses.
For LuPc, adsorbed on Au(111), STM study demonstrates a formation of bilayer instead of a
monolayer.

A comparison between the results of LuPc, adsorbed on pristine or passivated Si(100)-2x1
confirmes the different reactivities of these surfaces: LuPc, retains many molecular-like
characters, when adsorbed on the innert passivated Si. Instead, on the more reactive pristine
Si surface, the spectroscopic results have indicated a more significant interaction, possible
hybridization and charge redistribution between the molecules and the surface. Moreover, STM
images show a modification of the geometrical shape of the molecules, which are proposed to
adsorb in two different geometries on the pristine Si surface.

Keywords: Phthalocyanines, silicon(100), Au(111), photoelectron spectroscopy, scanning
tunneling microscopy, surface science, organic molecules on surface
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1. Introduction

For a long time people have turned to nature and tried to understand how she
does the things in a such effective and amazing way. People have also realized
that even though the nature can do all those things with ease, it is considerably
harder when one tries to mimic them and attempt to use the same mechanisms
and methods in a man-made device. For the last decades, scientists have been
working on creating nano-size devices where a few or even a single molecule
device could perform a task now carried out by macroscopic devices. How-
ever, in going down to nano-size devices one arrives in a world, where slightly
different rules apply and we have to ‘learn and understand’ these new rules in
order to profit from the advantages that this ‘new world’ can give us. Scientists
quickly realized that one could not use the same measurement tools that were
used for macrosize science, hence new techniques have been invented that are
able to characterize these new systems (microscopy with atomic resolution,
femtosecond lasers to be able to follow ultra-fast processes and many others).
In general one can distinguish different approaches or ways of contributing to
the advancement of these devices.

In order to succeed in making such gadgets we need people advancing in
different steps of developement - we need people making the machines and
techniques that would allow us to look closer, deeper, faster and we need to
understand how to use those techniques characterizing our systems. We need
people working on constructing practical devices as well as people that work
on characterizing those devices. These are few of the possibly needed steps
which are crucial to obtain a final nano-size device that would be competitive
in the current market.

Why Phthalocyanines?

Phthalocyanines have attracted attention since their accidental discovery
more than a century ago [1] and had directly found use in industrial appli-
cations as colorants and dyes. For the last few decades these organic macro-
cycle molecules have found other potential applications [2] as promising ma-
terials in numerous fields such as alternative energy (solar cells [3], enviro-
mental physics (gas sensors [4, 5, 6, 7], organic light emitting diodes [8]) and
medicine [9] to name a few. The reason why they are so widely studied is
in their similarities to systems one can find in nature, porphyrins, that form
the basis of many biologically important systems e.g. hemoglobin, chloro-
phyll, which again are systems that researchers try to emulate for man-made
devices. If one tracks the publications concerning phthalocyanines in the past
century, a trend of doubling the number of publications with every decade is

9
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Figure 1.1. Number of publications on Phthalocyanines in the past century [10].

seen (see Fig. 1.1). The additional increase in the number of publications in
the last 30 years can be attributed to the advances made in the development of
new instrumentation, such as synchrotron facilities and experimental methods
like different scanning probe techniques in spectroscopy.

The core interest that led me to phthalocyanine research was the possibility
to incorporate of these macro molecules in gas sensors based on the organic
field effect transistor model, using phthalocyanines as active sensing layers.
There has been considerable research done on the subject [11, 12, 13, 14, 15,
16, 17], however the efficiency (and together with that the competitiveness) are
still far behind the conventional devices. The main idea was that understand-
ing the underlying processes at the fundamental level could give additional
information on how to improve the efficiency of the sensor. However, study-
ing real systems is a very challenging and sometimes nearly impossible task.
This forces scientists to come up with model systems, which are simplified
systems that allow better control and separation of the different parameters in
order to pinpoint the desired characteristics under study. This is exactly what
I did in my thesis: we made a study of model systems, where different types
of Pcs were studied under a controlled enviroment.

Studies were performed on two metal phthalocyanines (MPcs) - iron ph-
thalocyanine (FePc) and lutetium biphthalocyanine (LuPc,). Lutetium biph-
thalocyanine is considered to be one of the promising materials in gas sensor
applications [6, 18, 19, 20] because of its redox characteristics, whereas FePc
is considered a good catalyst in oxygen reduction reactions [21, 22, 23, 24]).
It is still unclear what characteristics govern these processes, however the re-
search presented in this thesis is a crucial step in the direction of being able to
answer these questions.

The thesis is made out of five main chapters. Chapter 2 is dedicated to the
theoretical background of techniques used in this thesis. Chapter 3 provides a
short description of the theoretical calculations that have been used to provide
additional information to the experimental results presented here. In Chapter 4
the description of the studied systems - substrates and adsorbates is presented

10



together with discussions about some practical experimental data analysis re-
lated issues. Finally Chapter 5 presents the summary of the papers included in
this thesis and final conclusions.
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2. Techniques

In this thesis several soft X-ray spectroscopy techniques have been used to
characterize the electronic structure and geometry of the materials. In the
following sections their principles will be presented.

2.1 Photoelectron Spectroscopy

In photoelectron spectroscopy (PES) the sample is irradated with photons hav-
ing a well-defined energy Av. In a photon absorption process the energy can
be transferred to an electron, which can gain sufficient energy to be either ex-
cited to a higher energy bound state, or to leave the sample. By measuring the
kinetic energy Ej of the photoelectron ejected from the sample, it is possible
to determine the binding energy of the electronic level:

Eg=hv—E —¢ 2.1

where ¢ is the work function of the material under study (representing the en-
ergy difference between the Fermi level and vacuum level), Ep is the binding
energy measured from the Fermi edge and E} is the kinetic energy relative to
the vacuum level. PES is an element specific technique since each element
has a unique pattern of core levels, each having distinct binding energies, al-
lowing one to obtain the information about the chemical composition of the
studied systems. PES is also a surface sensitive technique due to the small
escape depth of the photoexcited electrons. Inelastic mean free path (IMFP)!
distances for kinetic energies ranging from 1-1000 eV[25] are roughly in the
nanometer scale or less, as PES provides information mainly about the outer-
most surface layers.

2.1.1 Theoretical description of PES

2.1.1.1 Fermi’s Golden Rule
PES experiments provide information about the difference between the inital
and the final states of a system. The transition probability w;; for an electron

!Escape depth d is related to IMFP as d = Acos®, where A is IMFP and 6 is the angle between
the detection angle of the emitted electrons and surface normal.

12



coming from initial state | > to a final state |f > can be expressed using
Fermi’s ‘Golden Rule’:

wip o<|< wr | A |y >|? §(Ef —Ei— hv) (2.2)

where |[< yy | A y; >|? represents the transition matrix element with y; and
y describing the initial and final state wave functions respectively, A is the
perturbation operator acting on the system and the delta function 6 (Ey — E; —
hv) ensures that the total energy is conserved during the excitation process. In
the dipole approximation 2 the perturbation operator can be expressed as

A=A-p=>A=e-p (2.3)

where A represents the vector potential associated to the electric field and
p is the momentum operator of an electron. In case of a linearly polarized
light it is convenient to express the perturbation operator as the scalar product
between the unit e-vector along the direction of incoming light vector E and
the momentum operator of the electron.

2.1.1.2 Koopman’s theorem and the sudden approximation
One of the first approximations made in order to estimate the binding energy
of the level, from which the electron was ejected, is Koopman’s theorem [27].
Koopman’s theorem relates the kinetic energy of the ejected electron to the
binding energy of the level it came from through Eq. (2.1). The electron under
perturbation and the remaining system are regarded separately and the pertur-
bation is only acting on the ejected electron. In this case the initial state is the
unperturbed N-electron system, whereas the final state consists of the ejected
electron and the unchanged (frozen) remaining (N — 1)-electron system. The
solution of the Schrédingers equation for this system, leads to a single final
state Ep = —&, where & is the orbital energy of the emitted electron. This
would give a single energy in a PE spectrum as indicated in Fig. 2.1 (b, f).
Intuitively it is understood that the remaining (N — 1)-electron system does
‘feel’ the changed potential and undergo a relaxation of the levels in order to
compensate for the missing electron. This relaxation leads to contraction of
atomic levels as well as possible charge transfer in order to minimize the sys-
tem’s energy [27]. Depending on the kinetic energy of the outgoing electron,
the relaxation can be either regarded as adiabatic, where the remaining system
has the time to adjust to the changes or sudden, where the charge distribution
of the system is left at it’s initial state. This implies that the final state has to
be described as a linear combination of the relaxed eigenstates of the (N — 1)-
electron system, which will usually give several peaks in the photoemission
spectrum. The most relaxed state will give the main line in PE spectrum at

ZDipole approximation implies that the wavelength of the radiation A > x, where x charac-
terizes the size of the excited volume. In case of K-shell excitations, this approximation is
satisfied[26].

13
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Figure 2.1. A schematic illustration of PES process with electronic levels of the sys-
tems in the initial state (a), in a final state after electron excitation to the continuum in
a frozen-orbital approximation (b) and in case of a relaxed system (c). Parts (d) and (e)
show the shake-up and shake-off processes, respectively. Part (f) is a schematic draw-
ing of the described approximations and mentioned processes on a binding energy
scale.

energy Ep = —¢, — E,;, where E,,; is the energy gained by the relaxation of
the system. Additional features are produced corresponding to other eigen-
states of the (N — 1)-electron system, which give rise to shake-up and shake-
off satellites in the spectra (see Fig. 2.1 (d) and (e)). In these processes another
electron is excited to an unoccupied state or to a continuum state, respectively.
A schematic drawing of the described approximations from the electronic en-
ergy level point of view can be seen in Fig. 2.1 (a)-(e). A schematic drawing
of the mentioned processes on a binding energy scale is provided in Fig. 2.1

®.

2.1.2 Core Levels vs Valence Band

PES studies can be divided into core level (CL) and valence band (VB) studies,
which can provide different, but supplementary information about the studied
system. Core levels are essentially atomic like levels that do not take part
in chemical bonding, thus providing information about the chemical enviro-
ment of a specific atomic site. Nevertheless CLs can be affected by changes
in the chemical enviroment of the atom, leading to chemical shifts. Chemical
shifts can provide information about the aforementioned change in the chem-
ical surroundings of the atom (change in the geometrical structure, substrate
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influence, adsorption, overall charge) as well as indicate the chemical stability
of the studied system [28].

The valence electrons on the other hand are situated further away from the
center of the atom. Valence electrons can participate in bonding with other
atoms and molecules. Due to delocalization and hybridization of the valence
levels when new bonds are formed, VB studies ask for a more delicate data
interpretation. They can also provide information about the occupied density
of states (DOS) of VB and energies associated to different bonds and their
involvement in reactions as well as direction of the bonds (polarization depen-
dence to the incoming light) can be determined [29]. Studies in this thesis are
mostly concentrated on core level PES.

2.1.3 Analysis of PES

PES data are usually presented as plots of intensity versus binding energy.
The analysis of the spectra demands some level of information about the stud-
ied system. It can be obtained either from theoretical calculations or general
information about the materials under study. In order to obtain information
about the chemical shifts or composition of the system, a numerical fit of the
experimental data need to be performed. The PE spectrum width is usually
influenced by numerous factors. The finite lifetime of a created core hole
induces a spectral broadening® of a Lorenzian shape. Additionally to life-
time broadening, there are different external factors, such as finite analyser
resolution, band width of X-ray source, monochromator, slit resolutions that
give additional broadening of a Gaussian shape. Vibrational effects will also
broaden the spectra, often with a Gaussian shape. In order to account for all
these spectral broadenings, the fitting of PES is done by fitting sets of pseudo-
Voigt functions (a convolution of Lorenzian and Gaussian functions) so that
the total sum of all functions represents the experimental data. The adjusting
parameters include peak position value, peak area and peak width.

Before performing a fit, the background formed by inelastically scattered
electrons is removed. There are several types of background functions that
could be used, depending on the studied systems. For data presented in this
thesis, a Shirley type background was used, accounting for inelastically scat-
tered electrons [27].

2.2 X-ray Absorption Spectroscopy

In X-ray absorption spectroscopy (XAS) 4, the photon energy is scanned over
an absorption edge of a specific core-level. When the photon energy matches

3The values for different lifetime broadenings can be found in literature, e.g [30].
4XAS is historically divided into two parts - absorption near edge NEXAFS (Near Edge X-ray
Absorption Fine Structure or XANES (X-ray Absorption Near Edge Structure)) which extends
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the energy needed to excite an electron, a core-hole is created and the photon
is absorbed, exciting an electron to an unoccupied valence level [26]. A spec-
trum of absorption intensity versus photon energy is obtained, providing infor-
mation about the unoccupied levels of the atom or molecule. The information
can be obtained using different measurement techniques: transmission, total
or partial yield measurements, or Auger yield measurements, of which only
the last two were used in experiments presented in this thesis.

2.2.1 Principle

XAS probes the unoccupied electronic levels in the presence of the core-
hole. The absorption process can be characterized by absorption cross-section
(oxas), which is defined as the number of electrons excited per unit time over
the number of incident photons per unit time per unit area. The absorption
probability as in the case of PES, can be expressed by Fermi’s ‘Golden Rule’
(see Sec. 2.1.1) as:

Oxas < |< fle-p|i>p(E) 24

where py(E) represents the density of states of the unoccupied states, e is the
polarization unit vector and p is the linear momentum operator. The absorp-
tion intensity /;r, which is measured experimentally, is directly related to the
absorption cross-section and only transitions allowed by the dipole approxi-
mation 3 will contribute to the intensity. If a linearly polarized light is used,
the dipole operator induces an angular dependency of the XA intensity and the
orientation of molecules on the surface could be probed.

Iip <| e- O |*e< cos*§ 2.5)

where § is the angle bewteen the incoming light polarization unit vector e and
the direction of the maximum amplitude of some final state orbital O [26].
This characteristic is widely used to obtain information about the orientation of
the adsorbed molecules on the surface as will be discussed briefly in Sec. 2.2.3.
The created core-hole can be filled by several processes that are schemati-
cally shown in Fig.2.2. An electron from a valence level can fill the core-hole
and the excess energy can either be emitted as a photon (fluorescent decay) or
can cause an Auger decay, whereby an Auger electron is excited into the con-
tinuum. For K-shell or low atomic number Z atoms, which is true for species
presented in this study, the decay process is dominated by Auger decay [26].

to around 50 eV after absoprtion edge and EXAFS (Extended X-ray Absorption Fine Structure)
extending up to several hundreds eV after the absorption edge.

SDipole allowed transitions are transitions, where Al = +1, I representing the orbital angular
momentum.
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Figure 2.2. A schematic illustration of an X-ray absorption process (XAS) and two
possible decay processes - fluorescent decay, where a photon is emitted and Auger
decay, where an Auger electron is emitted.

2.2.2 Acquisition of XAS

The absorption process can be monitored and recorded in several ways. One
way is by recording the total current coming from the sample, which would
give information about all possible final states and is referred to as the to-
tal yield mode. This mode is mostly used for bulk measurements. Modes
used for surface sensistive measurements are partial yield, where a retardation
voltage is set to filter electrons with small kinetic energies (mostly coming
from bulk), or Auger electron yield mode, where the signal from Auger decay
is monitored (Auger electrons, having a similar IMFP as photoelectrons, pro-
vide more surface sensitivity). The acquisition of data can be performed either
using a multi-channel plate detector or a hemispherical electron energy anal-
yser set to record electrons in a certain kinetic energy window corresponding
to the chosen Auger transition. In order to account for the fluctuations in in-
tensity of the incoming light, as well as the other experimental conditions and
uncertenties, a reference signal is taken from a gold plate situated before the
sample. In order to obtain the signal coming only from the adsorbed layer, the
measurements are normalized to the signal obtained from the clean substrate.

2.2.3 Molecular orientation

Many molecular orbitals (MOs) have a strong directional character and a strong
correlation between the direction of individual MOs and the geometry of the
molecules exists. For K-shell XAS the initial state is an s type electronic state.
The final state, following the dipole selection rule can only be of p symme-
try. For a planar molecule hybridization between s — p, or s — p,, orbitals will
give ¢ type MOs, whereas hybridization of s — p, will lead to a 7 type MO.
In organic molecules like phthalocyanines the 7 and ¢ orbitals are oriented
in orthogonal directions, providing means to determine the orientation of the
molecules on surfaces by comparing the relative intensities of 7 and ¢ contri-
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Figure 2.3. An illustration of angular dependency of absorption intensity. The inten-
sity of the signal is dependent on the angle between the E vector of the incoming light
and the direction of the appropriate p orbital. 7* is represented by a dumbell and c*
by a circle.

butions in XAS for different orientations of E (see Fig. 2.3). Taking absorption
spectra for several angles can provide information about the orientation of the
molecules on the surface [26].

2.3 Synchrotron based PE studies

From a historical point of view the first X-ray sources used to carry out photo-
electron spectroscopy studies were either gas discharge lamps or X-ray tubes.
However, with the growth in number and accessibility of synchrotron facilities
in the last decades, the latter have gained a significant share of the field. Syn-
chrotron radiation is produced when electrons, travelling at relativistic speed,
are radially accelerated by an applied magnetic field. The emitted light has a
wide spectral range, high intensity and is strongly focused in a forward direc-
tion with a very small angular distribution.

Electrons are accelerated in an injector and afterwards injected into a stor-
age ring, where they travel on a polyhedral trajectory consisting of both straight
and bending sections. Synchrotron radiation is produced both on bending
(dipole) magnets and also in the straight sections by devices called undula-
tors and wigglers, both of which are constructed from arrays of magnets of
alternating polarity and used to oscillate the electrons travelling through the
storage ring.

The synchrotron radiation is guided towards the beamlines, where it by a
combination of mirror systems is delivered to the sample. Each beamline is
equipped with a monochromator that allows the user to set the appropriate
photon energy and set other necessary parameters to obtain the desired reso-
lution.

The design of synchrotron radiation equipement is a whole science in itself
and will not be discussed in more detail here, but the reader, if interested, is
encouraged to view the literature written in the recent years on the subject
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[31, 32]. In this thesis, synchrotron radiation has been used as a source of
photons with tuneable energy and linear polarization of the incoming light in
order to perform surface sensitive PES and XAS experiments.

The studies carried out in this thesis were performed on the 1511 and D1011
beamlines of the MAX-lab synchrotron facility in Lund, Sweden, on the Tempo
beamline at the Soleil synchrotron in Paris, France, as well as on the GasPhase
beamline of the Elettra synchrotron in Trieste, Italy. Detailed description of
the beamlines will be discussed in Sec. 4.4.

2.4 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is a technique that probes real space
images of sample surfaces with atomic resolution. The inventors - Binnig and
Rohrer - obtained the first atomic resolution image of Si(111)7x7 surface in
1983 [33] and since then STM has proven to be one of the best techniques
for studying surface structures at the atomic scale. In STM, an atomically
sharp tip is scanned over a sample surface at a distance of a few A. A bias
applied between the tip and the surface allows electrons to tunnel between the
tip and the sample surface, providing information about the electronic states at
the surface. Since the tunnelling is exponentially proportional to the distance
between the tip and the sample, it is possible to obtain surface images with
atomic resolution.

2.4.1 Quantum tunneling

Quantum mechanical tunneling allows particles (electrons in case of STM) to
travel through a vacuum barrier between the tip and the surface. It is possible
if the distance between the tip and the sample is small enough so that the
extensions of the wave functions of the tip and the sample extending in the
vacuum have sufficient overlap (see Fig. 2.4 a)). If a bias voltage is applied
to the system, the misalignment of the Fermi levels causes tunneling between
the tip and sample. The tunnelling current i;,,,.; can be expressed as:
2m
Itunnel ° 672@(1

where d represents the distance between the tip and sample surface, ¢ is the
average work function of the tip and the sample and m is the mass of a free
electron. Since the tunneling current is exponentially dependent on the varia-
tions in the z direction (e.g. the height above the surface), in order to obtain
atomic resolution, high accuracy in z movements need to be obtained (better
than 0.1 A). Motion is done using piezoelectric elements, which can change
their dimensions in the order of an A when a bias voltage is applied, providing
a fine positioning of the tip with respect to the sample surface. Additionally,
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Figure 2.4. a) A schematic illustration of the tunneling event between tip and sample.
Filled areas show occupied DOS and barrier heights ¢ and ¢, are indicated, positive
bias of eUy;,s is applied to sample and electrons tunnel from tip to sample probing
the empty DOS of sample; b) A schematic figure of the STM, c) principle of constant
current imaging mode, d) principle of constant height imagine mode.

other factors like vibrations (internal or external) need to be minimized, which
can be achieved by proper damping of the apparatus and feedback loops in the
piezoelectric elements.

2.4.2 Operating principle and imaging modes

A schematic picture of the STM operating principle is shown in Fig. 2.4 (b).
The tip is scanned over the sample with the help of piezoelectric elements. In
the constant current imaging (CCI, Fig. 2.4 c¢)) mode the tunneling current is
kept constant between the tip and the sample surface. The change in height
(z direction here) of the tip is corrected through a feedback loop that sets the
appropriate voltage U, on the piezoelectric element while the (x,y) position
of the tip is determined by the values of voltages U, and U,. The image of
the surface is obtained by transforming the voltage readings U, (U,,U,) into a
topography z(x,y). If the constant height imaging (CHI, Fig. 2.4 d)) mode
is used, the tip position is kept constant and one obtains the image from the
variations of tunneling current /;(U,,Uy). Depending on the bias applied on
the tip or sample, it is possible to tunnel electrons from either tip to sample or
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sample to tip, probing either the occupied DOS or the empty states next to the
Fermi level of the sample, respectively.
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3. Density Functional Theory

It is common practice and in some cases necessary to combine experimen-
tal and theoretical analyses in order to be able to better describe the studied
system. Quantum mechanical based modelling methods, like Hartree-Fock
(HF) and density functional theory (DFT), together with advances in com-
puter technology have greatly improved the use of simulations to study atoms,
molecules and condensed matter in general. It is presently possible to com-
pute relatively large systems at a resonable computational cost. The quan-
tum mechanical methods require solving the Schrédinger equation, which is
a prohibitively complex task for multi particle systems and therefore methods
based on different types of approximations (HF, DFT) have been developed.
In a very simple explanation, DFT works by taking a 3N (N being the number
of particles) problem and transforms it in to a 3 variable problem, where the
ground state of the system is determined by the electron density p(r), where
r represents electron coordinates. Instead of determining the coordinates of
the multi-particle system by finding the wave functions of the ground states
(done by solving Schrodinger’s equations), a different concept is used. It has
been proven (Hohenberg-Kohn theorems, Khon-Sham equations[34, 35]) that
it is possible to obtain the exact electronic structure of the system by knowing
its electron density p(r). In practice however, the p(r) is approximated by
using some density functionals! that describe the electron interactions within
the system[36].

The ground state calculations and geometry of optimized structure of sin-
gle molecules of HyPc, FePc and LuPc; as well as HyPc and LuPcymolecules
on a gold (111) surface were performed by means of DFT. DFT calculations
of a single molecule, describing the photoabsorption process were performed
using a transition potential approach, where the electronic structure is calcu-
lated with a core hole of a fractional occupancy, leading to a properly relaxed
valence state. The polarization resolved absorption spectra were simulated for
partial density of states (pDOS) of unoccupied p-orbitals of both chemically
non-equivalent nitrogen atoms and in order to compare to the experimental
results pDOS was convoluted with Gaussian curves. Theoretical simulations
were adjusted in energy scale relative to the experimental values in order to ac-
count for the energy difference caused by the experimental conditions (work
function of the sample/analyser are not taken into account for single molecule
simulations).

'A functional is a function of a function. In DFT the functionals are based on electron density
p(r) which itself is a function of coordinates r.
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4. Experimental

This section describes the samples, their preparation procedures as well as the
experimental instruments used to characterize them.

4.1 From ‘real world’ to model-system and back

The far ahead goal of the current research presented in this thesis is to be
able to improve design and efficiency of a sensor device that would work at
ambient conditions. However, doing experiments with ‘real’ devices under
‘real’! conditions can end up being a tedious exercise with no clear or satisfy-
ing outcome, since there are often a large number of parameters that must be
considered and measured in order to completely characterize the system and
its dynamics. This is where model systems become handy. They allow to tune
parameters (nature of substrate, structure, temperature, pressure, ..), making
the study more controllable and easier to analyse. When a certain model sys-
tem has been characterized, new parameters can be added and gradually one
can arrive at the end point, which was actually the point of departure - being
able to characterize a prototype device as whole. In studies performed in this
thesis the model-system consists of a well characterized substrate of choice -
silicon Si(100)2x 1 or gold Au(11 1)v/3 x 22 and adsorbants under study - ph-
thalocyanines. All the experiments were performed under ultra-high vacuum
conditions.

4.2 The ‘Ultra-High-Vacuum’ world

Experiments performed in this thesis have been carried out in ultra-high-vacuum
(UHV) conditions, which means that samples were prepared and measured in
pressure around 10~'°mbar. The pumping system (roughing, turbo, ion, Ti
sublimation pumps) together with a thorough ‘bake-out’? can provide a vac-
uum in order of 10719-10~"'mbar, in which a sample’s surface can remain
clean for several hours. These kind of experiments demand delicate instrumen-
tation, where different stages of sample preparation and experimental analyses
are carried out in an interconnected chamber system, providing sample trans-
fer between them without breaking the vacuum.

! Ambient, atmospheric conditions that we are living in.
2 A process by which the whole instrument is heated up to more than 100°C in order to desorb
and pump out molecules from chamber walls.
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Figure 4.1. Schematic drawing of silicon Si(100)2x 1 reconstructed vicinal surface
(a) and its STM image (b).

4.3 Samples

The studies presented in this thesis can be divided in two parts. The main focus
in this thesis is on phthalocyanine on surfaces, therefore first we present stud-
ies performed on model systems that involve Pc molecules adsorbed on certain
substrate of choice ( Papers I, II, III and IV). The second part of the thesis
includes instead two papers about phthalocyanine molecules in gas phase Pa-
pers V and VI. The experiments were performed on molecules evaporated and
measured in UHV conditions.

4.3.1 Substrates

The substrates chosen for the experiments were silicon, Si(100), vicinal sur-
face, either hydrogen passivated or pristine, and gold, Au(111), surfaces. Both,
silicon and gold are materials widely utilized in current electronic devices.
However these materials have very different electronic structures. Si(100)2x 1
reconstructed surface is a highly reactive material, however when passivated
it becomes inert. One gets then the possibility to study the interaction of the
molecules and of the molecule-surface interaction on semiconductive and on
conductive metal substrate.

4.3.1.1 Si(100) substrate

The Si(100) surface is one of the most widely studied semiconducting sur-
faces. When a Si crystal is cut in a [001] direction, each surface atom is left
with two dangling bonds, however the surface undergoes a surface reconstruc-
tion forming 2x 1 unit cell (so called dimers), where each surface atom now
has only one dangling bond and the surface energy is minimized. Having one
dangling bond per atom, the surface remains highly reactive. In order to mini-
mize the reactivity of the surface, the dangling bonds can be ‘passivated’ using
different adatoms, of which the simplest is using hydrogen atoms (this is the
species used in this thesis). If a crystal is cut at an angle (larger than 1.5°)
with respect to [110] direction, a single-domain stepped surface is obtained,
where the dimers are oriented in the same direction (see Fig. 4.1)[37]. One
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can therefore distinguish between a single domain (all dimers on a double step
surface oriented perpendicular to step edges) and a bi-domain (direction of
dimers on successive single steps change from perpendicular-to to paralel-to
the step edges) surfaces.

The substrates used in this thesis were cut from a vicinal n-doped Si(100)
wafer (Siltronix, France) miscut by 4° in the [110] direction, giving terraces
of 3-4nm width, which is roughly the size of the phthalocyanine molecule.

The preparation of the Si substrate is performed in UHV conditions.
Prior to introducing a sample to UHYV, it is cleaned in an ultra-sonic bath in
acetone and ethanol solutions to remove possible organic contamination. After
that, the sample is placed in UHV and outgassed for about 12h at a temper-
ature of 600°C in order to get rid of possible contaminants (water, carbon,
nitrogen, remnants of cleaning solvents) while still keeping the native oxide
layer, which is flashed off at temperatures exceeding 800°C. Then the sample
is heated up to 1050°C for 20 second cycles until the pressure stays within the
10~ '°mbar range during the heating process. Hence, a clean Si surface is ob-
tained. To obtain a passivated surface, a hydrogenation process is performed
on the clean surface. It can be done either using a special apparatus (such as
an Atomic Hydrogen Source provided by Omicron) or using a tungsten wire
placed close to the surface of the sample and using a flow of hydrogen in the
UHYV chamber. The hydrogen molecules are cracked (by the hot W wire) near
the sample surface that is held at 300°C, and the atomic hydrogen binds to the
Si dangling bonds.

4.3.1.2 Au(111) substrate

Gold is an extensively studied material and crystals with different surface
planes are available. In this thesis the experiments were performed on a
Au(111) single crystal substrate. The gold (111) surface reconstructs in a so
called herringbone (denoted v/3x22) structure with periodically distributed
areas of fcc- and hep-type stackings separated by soliton walls (see Fig. 4.2)
(fce - face-centered-cubic and hep -hexagonal-close-packed).

Figure 4.2. STM image of Au(111) herringbone reconstruction. Image shows a
150 nmx 150 nm area.
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The surface energy is also minimized by forming zig-zag structures with a
120° angle between them [38]. The Au(111) surface was chosen because of its
realtively small metallic character (compared to more reactive metal surfaces)
and for a comparison with the adsorption on the semiconductive Si(100) sur-
face. The single crystal Au(111) substrate was purchased from Surface Prepa-
ration Laboratory (Netherlands). In Paper VI for XPS experiments a gold
Au(111)/mica substrate was used. The preparation procedure for gold/mica
was the same as for the Au(111) single crystal.

The preparation procedure of a well reconstructed v/3x22 herringbone
structure consists of repeated cycles of argon sputtering and annealing to a
temperature of 400°C until the clean surface is obtained.

4.3.2 Phthalocyanines

Phthalocyanines (Pcs) (see Fig. 4.3 (a)-(c)) are planar molecules formed of
four isoindole units linked in a circular manner through nitrogen atoms with
two hydrogen atoms (a) or a metal atom in the center (b). The chemical for-
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Figure 4.3. Similarities of phthalocyanines to porphyrins and systems in nature.
Sketch of HyPc (a), MePc (b), MePc, (c), porphyrin (d), chlorophyll (e) and
hemoglobin (f).

mula describing a metal-free phthalocyanine (H,Pc) is HyC3;NgHig. In the
case of metal phthalocyanines the two hydrogen atoms are substituted with the
metal atom of choice, giving the formula - MeC3,NgH ¢. Another group of
Pcs are so called multi-decker phthalocyanines, having two or more phthalo-
cyanine rings linked together through the metal atoms. There have been nu-
merous studies carried out on different mono-phthalocyanines, whereas much
less studies have been performed on double-decker phthalocyanines. The wide
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interest in these organic macrocycles is driven by their similarities to biologi-
cal systems (see Fig. 4.3) - for example - porphyrins (d), found in chlorophyll
(e) and in hemoglobin (f). Phthalocyanines have good characteristics, such as
high thermal and chemical stability, making them suitable for implementation
into different hybrid systems. Their low vapor pressure ( ~10~*mbar) makes
them suitable materials to study in UHV conditions.

Film growth. It has been shown that films of Pcs change structures depend-
ing on their thickness and, for films above several monolayers, the molecules
self-organize themselves in one of the two most common phases - @ and f3
phase (see Fig. 4.4) [39, 40, 41, 42, 43, 44]. Extensive studies have been
carried out on phthalocyanine monolayers on different substrates, investigat-
ing the influence of the substrate on orientation and on electronic structure
of phthalocyanine molecules [3, 45, 46, 47, 48, 49]. These studies show that
phthalocyanines prefer the planar adsorption in the first layers and tend to re-
dress themselves in thicker films in one of the two most common phases (¢
or 3 phase). Additional studies on different deposition methods (sublimation,
Langmuir-Blodgett films) and sample treatment (grain size effects [42], heat
treatment [50], solvent vapor treatment [51]) have shown influence on molecu-
lar organization. Different stacking of the molecules leads to different proper-
ties of the system and by controlling the organization of the molecules, tuning
of different properties can be obtained. Specific characteristics of different
devices ask for different structures. For example, solar cell application would
benefit from well arranged 7 — 7 favoured stacking of the molecules, since the
orientation of the column determines the preferential electron (hole) hopping
[52]. Whereas organization of molecules parallel to the substrate surface has
shown to maximize the efficiency of gas sensor devices[53].

In the work presented in this thesis the main objects of interest were iron
phthalocyanine (FePc) and lutetium biphthalocyanine (LuPcy).

Iron phthalocyanine is a mono-phthalocyanine with Fe(Il) ion in the cen-
tral cavity. Particular interest in studying FePc lies in its catalytic capability
of oxygen reduction and similarities to the oxygen-binding active centers in
hemoglobin (Fig.4.3 (b, f)).

Lutetium biphthalocyanine is a doule-decker phthalocyanine with Lu(III)
ion ‘sandwiched’ between the two Pc rings. Having an unpaired electron in a
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Figure 4.4. Schematic illustration of the ¢ (a) and 8 (b) phases of phthalocyanines.

27



semi-occupied molecular orbital, it can be easily reduced or oxidized making
it a good candidate for gas sensing applications.

Preparation. The sublimation temperatures vary in the range from 250°C
for HyPc up to 300° — 400°C for LuPc, and 400° — 470°C for FePc. Be-
fore each experiment the molecules were outgassed carefully at temperatures
slightly below their sublimation temperatures in order to get rid of contami-
nants remaining from the synthesis process.

4.4 Experiments at synchrotron facilities

The studies presented is the thesis were performed at different synchrotron
facilities - on Tempo beamline (BL) at SOLEIL (Paris, France), on the GAs-
PHase BL at ELETTRA (Trieste, Italy), the 1511 (as a surface branch line)
and D1011 BLs at Max-Lab (Lund, Sweden).

GAsPHase is an undulator based BL, which is constructed in such a way to
allow performance of gas phase measurements at pressures up to 10~ *mbar,
which is regulated by differential pumping systems[54]. The incoming photon
energy range spans between 13-900 eV. Beamline 1511 (construction before
2011) and D1011 both are beamlines suited for surface physics experiments.
I511 is an undulator based BL with a plane grating monochromator provid-
ing high-intensity linearly polarized synchrotron radiation of photon energies
ranging from 100 to 1500 eV. The end station was equipped with hemispheri-
cal electron energy analyzer rotatable around the incoming beam suitable for
surface sensitive measurements [55]. In 2011, the I511 end-station was re-
built as a high-pressure soft x-ray BL [56] allowing to perform measurements
in gaseous atmospheres up to near-ambient pressures (up to a few mbar).
A typical BL end-station dedicated for surface science measurements (such
as D1011, I511) is equipped with instruments for surface preparations, such
as the possibility to heat the sample, a sputtering gun with a dedicated gas-
inlet system, a low-energy electron difraction (LEED) instrument to check the
surface reconstruction and additional ports for user required instruments like
molecular evaporators as in our case. The high-pressure BL is a good example
of ‘reducing’ the gap between UHV and ambient pressure experiments, which
allows one to get information on systems closer to ‘real world’ conditions,
while still not complicating the experimental conditions too much.

4.5 Energy calibration of XPS and XAS spectra

The energy calibration of the PES was performed adjusting the BE scale of
experimental spectra to a characteristic signal of the appropriate substrate. In
experiments performed on a gold substrate (Paper I1I and Paper 1V), the cali-
bration was done by adjusting the spectra of C 1s, N1s to the energy position
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of the Fermi edge of gold substrate which was taken under the same experi-
mental set-up (photon energy, electron and photon resolution) as the measured
core-level photoelectron spectra.

In the case of experiments performed on a silicon substrate (Paper I and
Paper II), the BE scales of C 1s and N 1s were calibrated with respect to Si 2p
peak BE (99.35 eV, value taken from [57], taken at the same photon energy
and same resolution as the measured core-level photoelectron spectra.

In the case of gas phase experiments, the calibration of the BE scale was
performed by introducing gases into the chamber giving an XPS peak of known
binding energy as reference. Different gases are used for calibration of differ-
ent binding energy regions.

Calibration for XAS measurements performed in partial (or Auger) electron
yield mode is done by calibrating the photon energy window of the specific
absorption line. The calibration is performed by taking the PES spectra of
some intense line (C 1s, Si 2p or Au 4f) with 1st and 2nd order light. Then the
difference in kinetic energies between 1st and 2nd order light should be equal
to the set photon energy.

4.6 Thickness estimations

Estimation of adlayer thickness for STM and PES studies turns out to be a
complicated task. One of the easiest ways would be to use a quartz balance to
estimate the amount of evaporated molecules in a given time, however this is
not always possible due to the limitations for the experimental set-ups. There-
fore, other thickness estimation techniques need to be used. In our PES mea-
surements the thickness was estimated using a so-called overlayer method,
where the thickness of the sample can be estimated from the relation between
the photoelectron intensity of the photoelectron line and the inelastic mean
free path (IMFP) of the detected photoelectrons:

I, = exp(—d / Ascos®)

where IV is the intensity of PE line from the clean surface, I is the intensity
of the same peak through the overlayer, d is the thickness of the overlayer, Ay
is the inelastic mean free path, © is the angle between the electron detection
direction and surface normal, which in our case was 0°. The kinetic energy
independent IMFP was estimated using the formula proposed by Tanuma et
al. [58]. This thickness calculation can give a good estimate of the overlayer
thickness, but has to be considered with caution since in the formula a homo-
geneous overlayer is assumed, which is not the case for phthalocyanine films
on semiconductor surfaces.
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4.7 Scanning tunneling microscopy

STM experiments performed in this thesis were performed at the Institut de
Nano-science de Paris (UPMC, France) on a commercial Enviromental Omi-
cron instrument. The instrument consisted of two inter-connected UHV cham-
bers - a preparation chamber and the STM chamber. The preparation chamber
was equipped with a LEED instrument for surface analyses, sputter gun and
sample heating unit for surface cleaning as well as the molecular evapora-
tor and the atomic hydrogen cracker units. A load-lock entry was connected
to prep-chamber to allow an easy sample introduction into the UHV system.
The STM system was cooled down to 95K using liquid nitrogen. Self pre-
pared tungsten tips were used for the measurement. Since a good tip is one of
the most important requirements to obtain an atomically well resolved STM
image, particular care was paid to the preparation of the tips. The tungsten
wire (first cleaned in an acetone, then in an ethanol ultrasonic bath) was elec-
trochemically etched in a NaOH solution (= 2mol/L) in order to obtain an
atomically sharp tip. After insertion in UHYV, it was heated to around 800°C in
order to eliminate the oxide layer of the tip.
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5. Summary of Papers

This chapter is dedicated to the summary of the work presented in this the-
sis and is structured following the different studied systems, first discussing
phthalocyanines on different surfaces, followed by discussions on gas phase
studies of phthalocyanines.

5.1 Adlayers of phthalocyanines on surfaces

Papers I-IV present studies of different phthalocyanines on either Si(100)-2 x 1
or Au(111)v/3 x 22 surfaces.

5.1.1 LuPc;, on Si(100)-2 x 1 surface

In Paper I and Paper II the adsorption of LuPcy on Si(100)-2 x 1 surfaces
is investigated. We have compared the adsorption on passivated Si(100)-
2 x 1:H surface and pristine Si(100)-2 x 1 surface and observed differences
in the molecular adsorption geometries as well as in the molecular electronic
structure.

5.1.1.1 LuPc; on passivated Si(100)-2 x 1 surface

In Paper I we show the evolution of adsorbed layers of LuPc; on Si(100)-
2 x 1:H. The PE spectra of C 1s, N 1s, as well as Si 2p were recorded in
order to follow the evolution of the lines upon increasing the adlayer thickness.
The low coverage data show (see Fig.3 in Paper I) no noticeable interaction
between the substrate and the LuPc, molecules and the PE spectra are similar
to those of a molecular film.

The XAS studies of N K edge were carried out on samples with different
thickness of LuPc,. The results reveal a change in the average orientation
of the molecular plane with increasing thickness. Comparison between the
relative intensities of 7* and ¢* resonances, show that at monolayer cover-
age the molecules adsorb with the molecular plane parallel to the surface and,
with increasing thickness, they tilt reaching an average angle of about 45°
from the surface. The DFT single-molecule calculations for LuPc, provide
an insight into the origins of different features observed in the XA spectra
(see Fig. 5.1, left) as well as information about the charge densities of the
ground state (Fig. 5.1, right side). The theoretical calculations at two orthog-
onal directions of polarization vector of the incoming light are presented on
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Figure 5.1. Experimental and theoretical XAS (left side) and picture of charge densi-
ties obtained from the ground state calculations for SOMO/SUMO and LUMO (right
side). (i) * resolved calculation and measurement for E; (OPL) polarization of a 0.3
nm thick film, (ii) 6* resolved calculation and measurement of E | (IPL) polarization
of a 0.3 nm thick film, (iii) calculation for 8 = 45° composed of 7* and ¢* calculation
compared to bulk measurements. Figure taken from Paper 1.

left side graph in Fig. 5.1. An experimental result from 0.3 nm thick film
(i-ii) is presented together with the theoretical calculations. The DFT calcu-
lations for single molecule are in very good agreement with experimentally
obtained spectra and provide information about the atomic origins of each
structure (pDOS). All the XA spectra include peaks labelled with letters from
A-F (Fig. 5.1, left). The spectrum which is dominated by the 7* resonances
(OPL) is shown in Fig. 5.1(i). The theoretical calculations of pDOS show how
both pyrrole and aza-bridge nitrogen atoms contribute to the intensities of this
XA spectrum.

Slightly different situation is observed for the spectrum taken in the other
geometry (IPL), showing mainly o™ intensity (Fig. 5.1 (ii)). The two peaks
at lower photon energies (A at 398 eV, B at 400 eV) get each different con-
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tributions from aza-bridge (A) and pyrrole (B) nitrogens. It is interesting to
point out that also the theoretical calculations show intensities in peaks A and
B for IPL geometry despite the orientation of the molecule. These features are
observed only for metal phthalocyanines and originate from the bonds formed
between the orbitals of nitrogen atoms and the central metal atom. The ¢*
resonance intensity, above 406 eV is formed from N 1s electron transitions to
empty o states from both types of nitrogen atoms.

However, in case of the thick layer (Fig. 5.1,(iii)) the contribution to the
intensity at the threshold region comes also from the transitions to the 7 states
due to the orientation of the molecules not completely parallel to the surface.
In fact, in Fig. 5.1 (iii) the experimental spectra for thick samples are in very
good agreement with the shown DFT calculations for molecule adsorbed at
45° angle with respect to the surface.

5.1.1.2 LuPc; on pristine Si(100)—2 x 1 surface

In Paper II the evolution of the molecular organization of LuPc, on pristine
vicinal Si(100)—2 x 1 surface is presented and compared with the results pre-
sented in Paper 1. Samples of different thicknesses, ranging from 0.3 nm up
to 4.4 nm, were studied using PES and XAS. The molecular orientation was
imaged using STM for submonolayer thickness.

In Fig. 5.2 C 1s and N 1s spectra for different adlayer thickness of LuPcy
are shown (a-c). It is possible to observe that the PE C 1s and N 1s peaks shift
to lower binding energies with increasing thickness (see Fig.2 in Paper II).
The peak position for thick layers are found at the same BE as for LuPc, film
on passivated Si surface. The observed shift in BE can be an effect of both
initial and final states. Determining the exact reason is not a straight forward
task usually involving theoretical calculation. The observed broadening of
the C 1s and the N 1s spectra (a) can be ascribed to intensity coming from
several energetically different adsorption sites. For this reason, the XP spectra
have been fitted with two sets of peaks shifted in energy and representing the
intensities from the different adsorption sites. The spectra (d) of a thick layer
of LuPc;, on passivated Si, representing a non-interacting system, has been
used in the fitting of C 1s and N 1s spectra at low coverages. However, both
the change in line shape and the BE shift for PE spectra at low coverages, can
be ascribed to the interaction of LuPc, with the pristine Si surface.

The hypothesis of two adsorption sites is further strengthened by the STM
images on submonolayer coverage samples (see Fig. 5.3). Figure 5.3 shows
a STM image of LuPc, on pristine Si surface. Two different adsorption ge-
ometries can be identified, marked either I or II. Type I molecules have a 4-
fold double lobe structure, typical for double-decker phthalocyanines, whereas
type II molecules appear as squares and have two distinct brighter protrusions
either along the dimer rows or in between dimer columns of the underlying Si
surface. The difference in height, measured by STM, in agreement with ex-
pected thickness of the LuPc; molecule, allowed us to exclude the dissociation
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Figure 5.2. XPS C 1s and N 1s spectra for pristine Si samples with different thick-

nesses (a-c) compared to passivated Si:H sample (d). Thicknesses of the adlayers are

indicated in the N 1s graph (right graph). Fitting components are shown in blue and

red. Figure taken from Paper II

of the double-decker and type II molecules just being monophthalocyanines.
Linking both the STM and the PES results, we propose two energetically dif-
ferent adsorption geometries, where type I molecules have a very weak inter-
action with the pristine Si, whereas type II molecules have a much stronger
interaction leading to BE peak shift to higher BE and possible charge redistri-
bution between the Si substrate and molecule.

The XAS studies performed on layers of different thicknesses showed a
much more disordered molecular organization that on passivated Si substrate
presented in Paper 1. Furthermore, the XAS results indicate a non-negligible
interaction between the molecules and the surface at low coverages However
more studies are needed to provide a more detailed description of the interac-
tion.

5.1.2 LuPc, on Au(111) surface

Paper IV presents a study of LuPc, on Au(111) surface, where the main at-
tention is pointed at the molecular orientation characterized by STM mea-
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Figure 5.3. STM image of LuPc; on vicinal Si. (a): Image taken with bias voltage
-2V on the sample, tunneling current I=50 pA, image size 25nm x 25nm. Different
molecular orientations and adsorption geometries are pointed out. Example of type I
molecule is shown with a white circle (I). Example of type II molecules are ponted
out with arrows (II a and II b). A white square (III) shows a LuPc, on top of another
molecule. (b) and (c) presents a sketch of the proposed adsorption geometries of type I
and type II moelcuels, respectively. Figure taken from Paper II.

surements. A comparison between the adsorption sites and orientation of
the molecules between the ‘as-evaporated’ layers and the annealed layers are
shown. In Fig. 5.4 STM images on large scale image (A) and a smaller scale
image (B) are shown with the indication of height profile of the layers formed
on the surface. In this study we have seen that LuPc, molecules adsorb in bi-
layers starting from the submonolayer coverage (see for example Fig.3 in Pa-
per IV) and remain in bi-layer formation also upon annealing for several min-
utes at 280°C (Fig. 5.4). There are two identified domains where molecules
are arranged in square lattices with an angle of 44° between the two domains.
This study can be considered still as preliminary and more measurements need
to be carried out for a thorough characterization of the system.

5.1.3 HpPc on Au(111) surface

Metal-free phthalocyanines are the simplest molecules within the Phthalocy-
nanine family. It is very easy to distinguish the HoPc from any other metal Pc
molecule by PES. H,Pc molecule is formed of two hydrogen atoms occupy-
ing the central cavity, resulting in total of three nitrogen species, which have a
different chemical enviroment, resulting in two separable features in PE N 1s
spectra (Fig. 5.5, a). For metal Pcs the N 1s spectrum is instead formed by
only one broad feature, since metal Pc molecules have only two chemically
different N atoms. Therefore this characteristic allows us to easily distinguish
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Figure 5.4. STM image of LuPc, on Au(l11) surface after annealing: (A)
100 nmx85 nm, V=-0.8V; (B) 37.1 nmx26.6 nm, V=-0.8V; corresponding line profile
is plotted below the image together with a sketch of proposed molecular arrangement.
Figure taken from Paper IV.

H,Pc from any metal Pc, considering the N 1s line profile in PES (see Fig. 5.5,
b).

In Paper III we show a PES and XAS study of the multilayer and the mono-
layer of HyPc on Au(111) (v/3x22) surface. The comparison between the
monolayer and the multilayer of HpPc indicates a noticeable interaction be-
tween HyPc molecules and gold surface at monolayer coverage. A surface
induced shift of both C 1s and N 1s peaks to higher BE (see Fig. 2 and 3
in Paperlll) is observed at increasing molecular coverages. This is attributed
to a different core-hole screening in the monolayer with respect to the multi-
layer. The monolayer spectra is noticeably broadened, if compared to multi-
layer spectra, explained by the migration of molecules to different adsorption
sites upon the sample preparation i.e. annealing of the multilayer.

The XA spectra of N K edge for multilayer and monolayer are shown in
Fig. 5.6. The spectra are taken at two almost orthogonal directions of polar-
ization vector E of the incoming light. By comparing the relative intensities of
m* and ¢* contributions (see Sec. 2.2.3), we found that the molecules lie flat
on the surface from the first layer and keep the same orientation also for thick
layers.

However, an interesting observation regarding the lower photon energy re-
gion is seen for spectra taken with in-plane polarization of the incoming light
vector (IPP, E”). Both spectra contain two features at lower photon energies,
however, their relative intensities and relative energy positions are different
for multilayer and for monolayer. The theoretical calculations performed on
a single molecule on Au(111) cluster, allowed us to obtain information about
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Figure 5.5. Comparison between the N 1s (a,b) spectra for HoPc and LuPc, thick
layers. Spectra taken from Paper III (a) and Paper II (b).
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Figure 5.6. XA spectra of N K edge for HoPc multilayer (top) and monolayer (bot-
tom) on Au(111) substrate taken in two different directions of polarization vector with
respect to the sample surface. Figure taken from Paper II1.

the different contributions to the N 1s XA spectra (see Fig. 5 and Fig. 6 in
Paper III). The first peak at 398.2 eV in out-of-plane polarization (OPP, E ) is
formed from excitations into the empty 7 orbitals from aza-bridge and pyrrole
nitrogen atoms, whereas the second peak at 400 eV get contributions from all
the nitrogen atoms. In E|| polarization there is a small contribution to the first
peak at 398.5 eV from the aza-bridge nitrogens and a broad feature at higher
photon energies corresponding to the ¢ states and having contributions from
all types on nitrogen atoms. The threshold features in the multilayer sam-
ple taken with E is ascribed to a possible tilt angle between the molecular
plane and sample surface, leading to a projection of some 7 orbitals. This is
consistent with previously performed studies on other types of Pc molecules
on surfaces, where a tendency of change in the angle of the molecular plane
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of the molecule with respect to the surface has been observed for increasing
depositions [59].

However, for the monolayer spectrum, this would not explain the change
in the relative intensities between the two 7©* features. The change in the
energy position as well as in the relative intensity could be the result of the
combination of several effects. Since the peak intensities in the XA spectra
are linked to the occupancy of the orbitals into which the core electrons are
excited, a change in intensity between multilayer and monolayer spectra could
be induced by the adsorbate-substrate interaction (charge transfer between the
substrate to the molecule). The change in energy position could also be caused
by interaction and hybridization with the substrate and then formation of new
hybrid states.

5.2 Gas phase experiments

In Paper V, a study of gas phase of FePc has been presented. Gas phase
studies in general provide information about the electronic structure of pure
molecules or atoms. However, for us, working in surface science, such studies
are important since they allow us to investigate the differences induced on such
molecules and atoms by external factors, e.g. being adsorbed on different
kinds of substrates, evaporation conditions and many more. In Paper V we
show gas phase PE spectra of C 1s, N 1s and Fe 2p, as well as XA spectrum
of N K edge of FePc. We compare these gas phase results with those obtained
when the same molecules were adsorbed on Au(111) and Si(100). A good
agreement between the gas phase and thick layer results of FePc indicates
that in thick layers the adsorbed molecules retain a molecular-like electronic
structure. The Fe 2p core level spectrum, showed in Fig.5.7, consists of two
components due to spin-orbit splitting, found at 726.8 eV at 713.5 eV for
Fe 2p; ), and Fe 2p; 5, respectively. The agreement between the gas phase
results and the thick film shows that the Fe metal retains Fe*2 ionic state.
This gas phase spectrum can be considered as a ‘fingerprint’ for the Fe(II)Pc
and will serve in monitoring the modifications in the electronic structure of the
FePc molecule, when studying such molecular films under different conditions
(e.g. high-pressure studies for gas sensing or catalysis).

5.3 Valence band and the influence of the central metal
atom in phthalocyanines.

Paper VI presents a comparison of the valence band PE spectra of metal-free
and two different metal phthalocyanines. Iron phthalocyanine and manganese
phthalocyanine were chosen for this study to compare the influence of dif-
ferent metal atoms on the VB region due to the different occupancy of their
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Figure 5.7. Fe 2p photoemission spectrum of FePc gas phase. In the inset a compari-
son with Fe 2ps ; photoemission spectrum of a film of FePc on Au(111) substrate.

3d states. It has been shown that the 3d states are responsible of the molec-
ular magnetic and conduction properties. It is interesting to characterize the
differences induced by the metal in the molecular centre, compared to the
metal-free phthalocyanine. The experimentally obtained valence PES results
are compared with the theoretical single-molecule calculations, allowing to
determine the different atomic contributions to the intensity peaks observed in
VB spectra. We show that the VB spectra of a metal phthalocyanine cannot
be explained by a mere superposition of a metal-free phthalocyanine VB with
the respective metal atom contributions.

The partial and total DOS are shown for the three phthalocyanines in Fig. 5.8.
It is possible to observe the weight of the different atomic contributions on the
total DOS and hence the resulting VB spectra. The molecular structure of a
metal phthalocyanine can be seen in Fig. 4.3 or in Fig. 1 of Paper V. The po-
sition of metal atom in the central cavity of the Pc ligand results in a stronger
influence on the pDOS related to the nitrogen atoms than on the pDOS of the
carbon atoms (Fig. 5.8, b-c). This is a quite expected result since the C atoms
are situated much further away and are not in the direct contact with the metal
atom. The C 2p orbitals are mostly affected for the inner VB regions from
12-25 eV binding energy, whereas for the N 2p orbitals the influence is seen
also on the outer VB region above 8 eV BE. The resulting VB electronic struc-
ture reveals that in HyPc and FePc the HOMO is formed entirely of C 2p or-
bital contributions, whereas for MnPc the HOMO is formed mostly by Mn 3d
states with a slight contribution from C 2p orbitals. The HOMO-1 for H,Pc is
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Figure 5.8. DFT calculated atomic partial and total DOS of H,Pc, FePc and MnPc (a)
and C 2p partial DOS (b) and N 2p partial DOS (c).

formed from a combination of C 2p and N 2p orbitals. For FePc the HOMO-1
has mostly Fe 3d character, whereas for MnPc the HOMO-1 is formed from
C 2p contributions. In Fig. 5.9 a comparison between the theoretical calcula-
tions and the experimental data are shown for all three Pcs for two different
photon energies. The DFT calculations represent very well the experimen-
tal data and by varying the photon energy, it is possible to follow the photon
energy-dependent intensity variations of the VB peaks. The metalic character
of the HOMO region is enhanced at higher photon energy (1486.7 eV, a-d)
where the cross-section is maximized for metal atoms, whereas for lower pho-
ton energy (21.2 eV, b-d) the VB is formed from the enhanced contributions
of C 2p and N 2p orbitals.

5.4 Conclusions

The presented studies of phthalocyanines on different surfaces show the com-
plexity of mastering the control of molecular adsorption and substrate induced
effects. Nevertheless it is an exciting field with a huge perspective for im-
provement of molecular and hybrid electronic devices.

The studies based on LuPc, molecules adsorbed on different surfaces yield
interesting conclusions. The studies give insights in the importance of sub-
strate on factors like molecular orientation and electronic structure of the ph-
thalocyanines. The choice of three different substrates from the most inert
Si:H to the most reactive pristine Si, have provided the possibility to fol-
low the modifications of the molecular electronic structure and orientation
induced by the interaction with the substrate. The least reactive passivated
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Figure 5.9. a-b: Single molecule DFT simulations of HyPc, FePc and MnPc valence
photoelectron spectra modified according to the cross-section for excitation energies
of 1486.7 eV (Al Ky) and 21.2 eV (He I), respectively. c-d: PE experimental VB
results for HyPc, FePc and MnPc films on Au(111) for PE of 1486.7 eV(Al K) and
21.2 eV (He I), respectively.

Si substrate, provides a well-ordered LuPc, layers, starting from submono-
layer coverages up to thicker layers. The gold substrate shows similar results
from the molecule orientation point of view as for Si:H, but additional influ-
ence from the substrate is observed for low thicknesses of adsorbates, resulting
in BE shift and broadening of spectral peaks. LuPc; adsorption on pristine Si
gives remarkably different results considering the expected significant surface-
molecule interaction on such reactive surfaces. The molecules tend to aggre-
gate and form clusters starting from the submonolayer region and due to the
clustering from early stage of adsoprtion, the thick layers seem more disor-
dered than on passivated Si and gold substrates. The obtained results show the
importance of properly choosing the substrate, since it will have an influence
to the electronic structure of the whole system.

We have also characterized the electronic structure of metal Pcs like FePc
and MnPc molecules. The understanding of how the outermost orbitals are
formed for the different phthalocyanines and the influence of different metal
atoms on their electronic structure can be of importance, when specific molecules
are chosen for specific applications. Our studies presented in Paper V and Pa-
per VI can be of interest, since they provide the starting point for the charac-
terization of Pc based devices.
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6. Summary in Swedish

Ytvetenskap

Denna avhandling studerar molekylernas struktur da de binder till halvledar-
och metallytor. Studien handlar om grundlidggande egenskaper hos olika mod-
ellsystem. Skilet att anvinda sddana system dr att manga viktiga processer
som involverar atomer och molekyler dger rum pa ytor. For att kunna studera
specifika vixelverkningar maste mycket speciella villkor uppfyllas. Exem-
pelvis maste man begrinsa inflytandet fran alla andra atomer och molekyler
som finns runt omkring. Detta &r skilet till att studierna utfors i en sa kallad ul-
trahdogvakuum (UHV)-kammare,dédr man reducerat antalet odnskade molekyler
genom att ta bort dem med moderna effektiva vakuumpumpar. Detta begrin-
sar antalet kollisioner mellan de partiklar vi vill studera och andra partiklar
och tillater oss att anvinda tekniker som i vart fall innebdr detektion av de
elektroner som ldmnar provet. For att ge en bild av varfor det forhéller sig
sa kan man forestilla sig att man befinner sig pa Stockholms Centralstation
en jaktig dag fore jul for att mota en gammal vin och att man kanske har
svarigheter att kdnna igen honom eftersom man senast sigs for 10 ar sedan.
Och vinnen rakar befinna sig pa motsatta sidan av hallen. Det &r inte litt att
na honom eftersom man hela tiden knuffar pa folk runtomkring, och dessutom
ar man inte siker pa vem som dr den gamle vinnen. Emellertid, om du rakar
vara dér kring midnatt samma dag sa dr hallen néstan tom och da finns bara
nagra fa ménniskor att vilja bland. Pa samma sitt kan experiment utférda
pa modellsystem i vakuum vara léttare att tolka jamfort med studier vid nor-
malt tryck och temperatur, dir omgivningen &r fylld med massor av ovidkom-
mande molekyler. De experiment som finns redovisade i denna avhandling dr
alla utforda under UHV vilket innebir att ganska komplicerade experimentsta-
tioner har utnyttjats (bl.a. slutna vakuumkirl som anslutits till varandra for att
astadkomma transport av provet fran ett experiment till ett annat). Tva ex-
perimentella metoder har anvénts for analyserna: Sveptunnelmikroskopi och
fotoelektronspektroskopi. De studerade systemen bestar av ftalocyaniner som
lagts pa olika ytor.

Vad édr ftalocyaniner och varfor dr de intressanta att
studera?

Ftalocyaniner (Phtalocyanines, Pcs, lat er inte skrimmas av namnet) 4r plana
molekyler som dr huvudsakligen uppbyggda av kol- och kvidveatomer. Nagra
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av dem har metallatomer mitt i molekylen. Intresset for dessa molekyler har
uppstatt genom att de uppvisar likheter med system i naturen t.ex. med kloro-
fyll som finns i grona viéxter, eller med hemoglobin som finns i vara kroppar.
Ett av forskningsspéren idag &r att minimera storleken pa de system vi utnyt-
tjar for olika syften dnda ner till att vi anvinder oss av en enda molekyl for
att astadkomma en effekt. En sadan molekyl kan da anvéndas for att ersitta
en storre apparat. Till exempel kan molekyler anviindas som switchar genom
att de dndrar sin form. Alternativt kan vi anvidnda anordningar som hérmar de
processer som naturen anvinder, t.ex. funktionen ddr hemoglobin tar upp syre.
For att komma till detta ofta rétt utopiska steg maste vi ldra oss reglerna for
den atomira virlden. Det &r ett mycket komplext arbeta att forstd, kontrollera
och styra specifika molekyler. Nagot som kréver intensiv experimentell och
teoretisk forskning.

Gora det mojligt att se néarbilder av molekyler

En av de avancerade tekniker som anvénts i denna avhandling dr sveptun-
nelmikroskopi (STM) som gor det mojligt att se bilder av molekyler pa ytor.
Principen for STM ir att man utnyttjar den s.k. tunneleffekten, som ir en
kvantmekanisk process som mojliggor att en elektron kan forflytta sig fran ett
material till ett annat, dven om det finns en barridr ddremellan. Detta kan bara
ske om materialen &r vildigt ndra varandra; i praktiken ror det sig om nagra
angstrom. I ett STM-experiment anvinder man en spets som kan skérpas au-
tomatiskt och som sveper 6ver ytan. Man miter tunnelstrommen och da den
ar beroende av avstandet mellan provet och spetsen far man en bild som avbil-
dar elektrontillstanden pa ytan. Eftersom elektronerna dr lokaliserade till olika
atomer sa kan bilden tolkas som en atomir bild av ytan. I denna avhandling
har vi utfort STM miétningar pa Lutetium bi-ftalocyaninmolekyler pa olika
ytor, vilket har gett oss mojlighet att forstd vixelverkan mellan molekylerna
och substraten. Vi kan ocksa forsta den inverkan som substratet har pa hur
molekylerna orienterar sig pa ytan och vilka som #r de viktigaste faktorerna
att ta hiinsyn till nér man vill utforma en tillimpning.

Studera elektronerna

Den andra teknik jag har anvént for att studera elektroniska egenskaper ér fo-
toelektronspektroskopi (PES). Denna teknik baserar sig pa upptickten av den
fotoelektriska effekten, som gjordes av Herz 1879, och som fick sin teoretiska
tolkning av Einstein 1905. Det gar att beskriva detta som att varje atom har
sitt fingeravtryck. Elektronerna bildar en struktur av energinivaer och denna
struktur dr specifik for varje atom, t.ex. kol eller kvédve eller vilken annan
slags atom som helst. For att sla loss en elektron fran sin elektronniva maste
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man tillféra olika mingder energi, beroende pa vilken niva det handlar om.
Detta édr grunden for PES. Energinivéerna i en atom éndras da den sitts in i en
molekyl. Nivéerna for olika kemisk bundna atomer har olika bindningsenergi
(d.v.s. den energi som atgar for att sla loss elektronen). Genom att anvinda
PES kan vi sdledes se hur elektronstrukturen dndras i en molekyl nér man sét-
ter den pa en yta och vi har studerat flera fall dir vixelverkan for Pc’s med
halvledarytor eller metallytor ger upphov till fordndringar i elektronstrukturen
som kan tolkas.

Resultat

Vi har utfort PES studier pa olika typer a ftalocyaniner. Vi har studerat hur
molekylerna modifieras och hur de orienterar sig beroende pa val av yta. Vi
har sett hur de orienterar sig annorlunda pa en reaktiv yta jamfort med en
icke-reaktiv sddan och hur detta leder till oordnade lager pa en reaktiv yta.
I STM studier har vi observerat effekten av ytan pa molekylernas orientering
och pa hur de arrangerar sig i forhallande till varandra. I vissa fall bildar LuPc2
ordnade strukturer, men pa kisel blir lagret helt oordnat. Vi har ocksa studerat
flera ftalocyaniner med metallatomer som fria molekyler i gasfas for att bittre
forsta deras uppférande och den inverkan som metallatomen har.
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7. Abstract in French

Cette these présente des résultats originaux sur les phtalocyanines (Pc) , un
groupe de molécules d’inspiration biologique. En raison de I’utilisation gran-
dissante de films moléculaires de phtalocyanine dans des dispositifs ayant des
applications technologiques variées, de nombreuses études ont été consacrées
a ces molécules au cours des dernieres décennies.

Les spectroscopies de photoélectron sur les niveaux de cceur ou de valence
(PES), la spectroscopie d’absorption des rayons X (XAS) et la microscopie
a effet tunnel (STM) ont été utilisées pour étudier ces molécules en phase
gazeuse et adsorbées sur ’or Au (111) et le silicium Si (100)-2x1. Des cal-
culs théoriques utilisant la fonctionnelle de la densité (DFT) sont utilisés pour
obtenir des informations complémentaires sur leur structure électronique. Le
but de nos études est d’obtenir une meilleure compréhension des interactions
molécule - molécule et molécule - surface, pour améliorer les dispositifs a base
de phtalocyanine.

Grice a des calculs DFT et des mesures PES en phase gazeuse, il a été pos-
sible de mettre en évidence I’influence de I'ion métallique sur la bande de
valence. Ainsi FePc présente les états 2p du carbone alors que ce sont les
états 3d du manganese qui dominent pour MnPc. Les études PES et STM sur
HjPc et LuPc, déposés sur Au(111) ont révélé la formation de monocouche et
de bicouche respectivement. La comparaison entre 1’adsorption de LuPc, sur
Si(100) nu ou passivé a confirmé la différence de réactivité sur ces deux sur-
faces : sur Si passivé, LuPc; conserve un caractére moléculaire, en revanche
sur Si nu, une interaction importante est mise en évidence.
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