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Abstract

Organische molekulare Magnete sind eine aufkommende Klasse von Materialien mit moéglicher
Anwendung in der Spintronik.

Die Adsorptionseigenschaften dieser Quantenmagnete und ihre Verarbeitung zu
Dunnschichtsystemen sind sowohl fir besseres Grundlagenverstandnis der physikalischen
Prozesse, als auch fir mogliche kommerzielle Anwendungen von groRem Interesse.

Der Fokus dieser Thesis liegt auf dem Wachstum von Dunnschichten verschieder Dicke
aus metallfreien organischen Magneten auf der Oberflache verschiedener Metalloxidsubstrate im
Ultrahochvakuum (UHV), sowie der Untersuchung der elektronischen Struktur, sowie der
paramagnetischen Eigenschaften der Molekiile.

Wir haben den paramagnetischen Charakter von Diinnschichten eines paramagnetischen
Pyren-Derivates des Nitronyl Nitroxid Radikals (NitPyn) auf TiO2(110) Einkristallen erforscht
und herausgefunden, dass die paramgnetischen Eigenschaften der NitPyn Molekule vom lokalen
Hydroxylierungsgrad des Substrates abhéngen.

Die erste Monolage kann hierbei als Puffer fungieren, auf dem intakte organische Magnete
wachsen kdnnen.

Mit den spektroskopischen Techniken X-ray photoelectron spectroscopy (XPS) und near-
edge X-ray absorption fine structure (NEXAFS), haben wir herausgefunden, dass die
paramagnetische Eigenschaften der Molekiile beim Ubergang zum Diinnschichtmaterial erhalten
bleiben.

Weiterhin haben wir die elektronische Struktur und die paramagnetischen Eigenschaften
von NitPyn Dunnschichten, die auf SiO2/Si(111) aufgedampft wurden, mithilfe von XPS und
NEXAFS aufgeklart. Unsere Resultate sprechen dafur, dass die Molekiile ihren Radikalcharakter
sowohl bei Filmdicken von Sub-Monolagen, als auch bei mehreren Molekulschichten behalten.
Weiterhin gibt es keine Anzeichen fir eine préferierte Orientierung der NitPyn-Molekile auf
SiO2/Si(111) .

PPN ist das andere Pyrenderivat des Nitronyl-Nitroxid Radikals, das in dieser Arbeit
untersucht wurde. PPN Molekule wurden auf TiO2(110) Einkristallen und SiO2/Si(111)
aufgebracht.
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Auch bei diesem Molekiiltyp wurde die elektronische Struktur und die paramagnetischen
Eigenschaften der Dunnschichten untersucht. Die Ergebnisse deuten darauf hin, dass die
magnetischen Eigenschaften der Molekile sowohl bei Sub-Monolagen als auch bei dickeren
Schichten auf SiO2/Si(111) erhalten bleiben.

Die Filme zeichnen sich durch hohe strukturelle Ordnung, sowie hoher Stabilitat, sowohl
im Vakuum, als auch an der Luft aus, was dieses Fluorophor-Nitroxid Radikal zu einem

vielversprechenden Kandidaten flr eine Anwendung in der Elektronik macht.
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Abstract

Purely organic magnetic molecules are a class of emerging materials interesting for their potential
use in spintronics. Thin film processing and the mechanism of adsorption of these class of quantum
magnets is of great interest whether one considers possible commercial applications or
fundamental physical interactions.

This thesis focuses primarily on the growing of thin films of metal-free organic magnets
on the surface of different metal-oxide substrates in ultra-high vacuum (UHV) in a wide range of
thickness. Their electronic structure and the paramagnetic character of the molecules were
investigated.

We explore the paramagnetic character of thin films of a paramagnetic pyrene derivative
of the nitronyl nitroxide radical (NitPyn) of NitPyn radical deposited on TiO2(110) single crystals.
We find that the molecules keep/lose their paramagnetic character depending on the local substrate
hydroxylation. The first molecular layer may act as a “‘buffer’’ on which intact organic magnets
are grown.

By using X-ray photoelectron spectroscopy and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy, we find that the paramagnetic character is kept going from molecule to
material. In particular, we evidence the transitions related to the singly occupied molecular orbital,
as expected in open shell materials.

We also study the electronic structure and paramagnetic nature of thin films of NitPyn
deposited on SiO2/Si(111) by using XPS and NEXAFS. Our study implies that the molecules keep
their radical character in the sub-monolayer and multi-layer regime of thickness. We also find that
there is no preferential orientation in NitPyn thin films on SiO2/Si(111).

PPN is the other pyrene derivative of the nitronyl nitroxide radical that we have
investigated which was deposited on TiO2(110) single crystals and SiO2/Si(111). Also in this case,
the electronic structure and the paramagnetic character of thin films of deposited PPN were
investigated, identifying that the magnetic properties of the molecules are preserved on
SiO2/Si(111) in the low coverage and high coverage. The films are characterized by a high
structural order, coupled to strong vacuum and air stability that make this fluorophore-nitroxide

radical an extremely promising candidate for applications in electronics.
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Chapter 1

Introduction

1.1 Introduction

We live in the age of digital and information revolutions which have a causal relationship to the
design of organic devices capable of performing a wide spectrum of functions as well as
appearance of novel devices ranging from light portable electronic devices, computers and

magnetic levitation trains to wearable devices and intelligent machines [¥2].

Magnetic materials, as fundamental components of the processing units of the majority of
modern devices, have influential impacts on the expanding of modern technologies. Magnets have
long been employed, to a large extent, since the beginning of human civilization and their
extraordinary important role plus their applications are recently undergoing rapid development.
Over the past several decades, by broadening the spectrum of their applications, in particular after
discovering the capability of magnetism in the information processing and long-term data storage,

magnets have become active and crucial components in our modern life [*].

Development of the knowledge of magnetism is continuing and this field is still in the focus
of attention of a huge number of scientists. Suitable strategies in introducing magnetic materials
comprised in part or wholly molecular components, in which, data could be stored, transmitted,
and retrieved as alternative approach to conventional classic magnets [**1¢]. The end of the last
millennium has seen the correlation between unravelling different aspects of magnetism and
emerging fields such as molecular electronics. Spintronic and organic electronics are two
disciplines with revolutionary potential ranging from computing at the molecular level and

increasing integration densities to quantum information processing [*].

Organic magnets are defined as the molecule exhibiting bulk magnetic ordering and
possessing unpaired electron spins which are responsible for magnetic properties of the molecule

[*8]. Molecular magnets are on the one hand, the ultimate few nanometers object through which
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electronic transport can take place, being in the nanometer scale, molecules share many
characteristics with atoms, such as discrete quantized energy spectra and angular momentum. On
the other hand they are large enough to be chemically attached to the other molecules with which
they can exchange electrons ['°]. Organic based magnets are especially interesting
because magnetism, in this case, originates from unpaired electron spins residing in p-orbitals
which are spatially delocalized over specific parts of the molecules and contribute to the magnetic
ordering. In other words, unpaired electrons participate in coordinated quantum-mechanical
behavior which means that the molecule coordinate spins of the unpaired electrons to produce

magnetism and is thus quantum mechanical in nature [%°,2].

By considering the aforementioned properties of the molecular magnets, they can be
employed, on one hand, to bridge spintronic and molecular electronics as two rapidly progressing
paradigms on the other, to satisfy a variety of new needs in modern technologies. For example,
organic molecules, as the fundamental building blocks of the molecular magnets, are structurally
and electronically very flexible. Due to the wealth of exciting possibilities offered by organic
molecules, one of the main ultimate goals of molecular magnetism can be packing reconfigurable
guantum centers, aligning magnetic moments of the molecules over large volumes to harness the
collective magnetic properties of spin carriers in conjunction with devising molecular-scale

electronic and magnetic devices based on the spin of molecules [%%,%].

Organic radicals are a class of organic based magnets which consist of light elements like
C, H, N, O, and S. A promising property of the metal-free magnets is their stability against
chemical reaction and charge transfer in these open-shell structures originating from the
delocalization of the unpaired electrons over the radical part of the molecule [?*]. Since 1991, after
realizing the B phase of p-nitrophenyl nitronyl nitroxide (Ci3H1sN3Oa) as the first example of a
metal-free ferromagnet, these class of organic based magnets have been the subject of intense
research [?°,26]. These magnetic properties can be manipulated by controlling their synthesis. As a
result, an intense effort has been devoted to systematically synthase a wide range of purely organic
magnets. In parallel, analytical tools such as spectroscopic and microscopic techniques in the quest
of characterization and imaging of the metal-free magnetic molecules have been introduced and

explored [#7,%8].
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By considering their magnetic properties, their stability together with their purely organic
nature, the technological applications of these class of molecules is easily foreseen. In this regards,
the use of individual purely organic magnetic molecules has gained much attentions as the
fundamental units of possible new generation of organic devices, such as dense and efficient
memories, spin probes, spin labels and organic batteries [*°]. The most promising aspects is the
ease of synthesis and isolation, beside the facile tailoring of the properties of the molecules [*°,*1].
Organic magnets of mesoscopic dimensions were previously organized on the surfaces as single
molecule and were investigated as single molecule or single crystal, in wet environment [32,%].
Although purely organic magnets have experienced rapid developing, this area is still young. An
appealing step is the use of their capabilities in the field of information storage and sensors. Thus,
it is time to develop a strategic use of metal-free molecular magnets in a nanoscale assembly. The
assembly of organic molecular magnets offers the opportunity to get an insight into the electronic
structure and the magnetic character of the molecule as thin films in the solid state by investigation
of the intermolecular interactions and molecule-surface interactions [3+%°]. This correlation will
enable new opportunities to link structural thin film properties to device performance.

However, it has been reported that the intermolecular interactions, substrate temperature
and molecule-surface interactions have influential impacts on the thin film formation [*7,%] while
nucleation and island dimensions are influenced by preparation parameters [*°,°]. The substrate
morphology may determine also the arrangement of the molecules in the thin films [*%].
Therefore, controlling preparation parameters, nucleation and growth of thin films of purely
organic magnets is of crucial importance to get a deep insight into the thin film properties and,

ultimately, to step towards applications.

In the past, the awareness of instability and high reactivity of this class of magnetic
molecules may have been the reason why little attention is drawn to study the evaporation of
organic radicals [*,*%]. Overcoming this fundamental obstacle would facilitate device
fabrication. This is a strategic step because fulfilling this mission may lead to the integrating novel
generation of the molecular magnets and promising quantum sensors; something between science

fiction and state -of-the art [*°].
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1.2 The structure of the work

In this work, we investigate the electronic structure and magnetic properties of thin film of pyrene-
derivatives of the nitronyl nitroxide radical (NitPyn), 1-[4-(3-oxide-1-oxyl-4, 4, 5, 5-
tetramethylimidazolin-2-yl) pyrazol-1'-yl]-pyrene (PPN) and 1,2,8,9-tetrahydro-2,2,4,4,6,6,8,8-
octamethyl-4H,6H-benzo[1,2-d;5,4-d"]bis-(1,3-0xazine)-1,9-dioxy) deposited on rutile TiO2(110)
single crystals and SiO2/Si(111) wafer by means of X-ray Photoelectron Spectroscopy (XPS), Near
Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy and Atomic Force Microscopy
(AFM).

Chapter 11 introduces the employed techniques and the necessary theoretical background
related to the applied experimental techniques. Chapter Il starts by introducing the utilized
molecules followed by reviewing the instrumentation, the sample preparation and data processing.
Chapter 1V comprise the results of XPS, NEXAFS and AFM measurements and the subsequent
discussions. In this case, the chapter is divided into three parts. Each part starts with the
investigation of the electronic structure with the analysis of the core level spectra and it is followed
by the analysis of the NEXAFS spectra focusing mainly on magnetic character and orientation of
the molecules. Finally, each part ends with the study of the growth mode and the morphology by
means of XPS and AFM. Chapter V concludes this work with a summary of the obtained results

and gives an outlook the work.
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Chapter 2

Theoretical and experimental background

2.1 Overview

This chapter focuses on the physical background related to the applied experimental techniques to
the extensive investigation of the electronic, magnetic and chemical properties of the thin films, as

well as, the theoretical basics.

Section 2.2 describes the basic physical background of the organic molecular beam
deposition (OMBD), which has been utilized for thin film preparation. The chapter is followed by
description of the mechanism of thin film growths (Section 2.3). Sections 2.4 to 2.6 present the
principles of spectroscopic techniques including XPS and NEXAFS and microscopic technique

such as AFM that has been used for thin film characterization.

2.2 Organic molecular beam deposition

Organic molecular beam deposition (OMBD) is a physical vapor deposition technique being
employed for producing high quality thin films of rather small molecules in a wide range of

thicknesses from sub monolayer to multilayers [474].

The essence underling OMBD consists of a molecular beam, while gas phase of molecules
are distributed angularly, produced by vaporization of the organic solid source in ultra-high
vacuum (UHV) and deposit on the substrate without undergoing intermediate chemical
interactions [*°,%1]. UHV is the essential environment for OMBD to get a good operational growth
control [*?].

Evaporation starts by heating up the effusion cell, thereby precision-heating of crucible
containing the highly purified condensed organic source occurs while the cell is maintained at a
fixed temperature during evaporation. The evaporated molecular beam passes through an orifice
[*%], while the molecules are in thermodynamic equilibrium with the melted molecules [**]. All the

molecules must have sufficiently high vapor pressure to allow evaporation from a Knudsen cell
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[*°]. By decreasing the density of the gaseous molecules (presented in the path of molecular beam)
in UHV, the mean free path of the sublimated molecules which has to exceed the cell-substrate
distance, considerably increases. Hence the evaporant travels a straight line towards the substrate.
The evaporated molecules are deposited on an atomically clean substrate at room temperature
(RT). It allows obtaining ultra-high pure thin films. Controlling and monitoring the rate of
deposition, by applied electrical current and a quartz microbalance, yields homogenous thin films.
The effusion cell is the heart of molecular beam deposition, to achieve flux stability and uniformity
and also material purity [°®]. Temperature fluctuations in the range of ¥ 2K during evaporation
result in stability of the organic molecular deposition. The cell has to be outgassed in vacuum

environment and the substance is purified using thermal gradient sublimation [>7].

2.3 Growth modes

Organic thin films are grown on a broad spectrum of substrates by OMBD. The growth mode of
the organic thin films are classified typically in three major modes due to different ways of
condensation of the vapor phase of the substance on the surface. Growth mode and molecular
orientation of the organic molecules deposited on the surface of the substrates have influential

impact on the electronic structure of the molecule [8,%8 7).

Depending on competition between surface free energy and interface energy of the

molecule and the substrate, thin films grow following [¢°,61]:
1: The layer by layer growth mode (or Frank-van der Merve, FM)
2: The island growth mode (or VVolmer-Weber, VW)
3: The layer plus island growth mode (or Stranski-Krastanov, SK)
These three modes of thin film growth is shown in the Figure 2.1.

In the Frank-van der Merve growth mode, the interaction between surface and layer
atoms/molecule are stronger than the interatomic interactions between the neighboring atoms/
molecule in the film [®2,%%]. The initial layer spreads over the substrate entirely. This means that,
the initial layer wets the surface of the substrate completely due to very low contact angle which

is equivalent to the high surface energy of the substrate [3"%4]. Wetting lowers the surface energy
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Figure 2.1: Cross section views of the three primary modes of thin film growth including (a) The layer by
layer growth mode (FM), (b) The island growth mode (VW) and (c) The layer plus island growth mode
(SK) [*].

of the substrate so that, results in formation of two-dimensional thin film [%°,%¢]. The new layer
assembles only when the growth process of the previous strained layer is completed. This kind of

atomic/ molecular assembly result in smooth thin film formation [7].

In the Volmer-Weber growth mode, neighboring atoms or molecules in thin film are
coupled to each other more strongly than to the atoms or molecules of the surface. In other words,
the growing film does not wet surface of the substrate entirely therefore, the film itself minimizes
its surface. In the VW growth mode, low surface energy of the substrate is favorable condition for

three-dimensional growth of the film [%°].

The Stranski-Krastanov growth mode is an intermediary process between FM and VW
modes [*¢]. The S-K growth mode consists of two stages. This mode starts initially by formation
of one or several 2D layers (FM modes) because of high surface energy of the substrate and due
to either strain induction in thin films or any other factor perturbing the monotonic decrease in Eb,
it transits to 3D island formation (VW modes) when exceeding a critical thickness [].
In this mode of thin film growth, lattice spacing of the ultrathin layers and the substrate are not

identical [*]. Since surface energy of the substrate is higher than sum of the surface energy of the
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film and the interfacial energy, the first deposited layer(s) wets the surface entirely. After reaching
thickness to supercritical value, by vanishing interfacial energy, the surface energy of the substrate
approaches the surface energy of the deposited film hence results in 3D islanding of the arriving

molecules on top of initial thin films [*°].

The different growth modes can be explained in terms of surface or interface energy

criteria, .
Ys =Y slot Yo COS (2.1)
vo: surface free energy of over layer — vacuum interface
vs :surface free energy of substrate — vacuum interface
yslo :Surface free energy of substrate — over layer interface

If @ = 0 or ¢ >0 then the thin film grows in layer or island mode, respectively.

2.4 X-Ray Photoelectron Spectroscopy

The electromagnetic radiation — matter interaction is the basis of a large variety of spectroscopies.
In this type of interaction, depending on the frequency of the electromagnetic radiation, three
events are expected to occur: reflection, propagation of the electromagnetic radiation through the
material and absorption. In particular, the interaction of the electromagnetic radiation with matter
is the source of several phenomena such as photoelectric effect, Thomson scattering and Compton

scattering ["].

Photoelectron spectroscopy (PES) is a standard analytical technique inspired by the photoelectric
effect [3,"4]. Owing to its capability to provide both qualitative elemental identification and
quantitative composition of the outer 10 nm or less of any solid surface, PES has been extensively
used in the past decades and is still vastly employed in order to unravel electronic structures,
bonding states of the elements and chemical properties of the matter. The surface sensitivity of
PES arises from the relatively short inelastic mean free path (IMFP) of the electrons in the solids.

The universal mean-free path curve indicates that this number is few tens of angstroms for XPS

[75].
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Figure 2.2: Schematic view of the photoemission process in the single particle picture ["].

In a simple description, radiation will be absorbed for incident energy larger than the Eb of
the emitted electron in the system. Referring to the photoelectric effect, absorption a quantum of
energy with frequency greater than a critical threshold frequency by an electron initially bound to
an atom leads to transferring energies from photons to electron [']. In other words, excitation
occurs only if the energy of the electromagnetic radiation is greater than the Ep of the

photoelectrons. This electron is referred to as “photoelectron”.

Photo-excited electrons from valence and core energy levels possess enough energy to
exceed the work function of the specimen to be ejected out of the atom or solid towards vacuum.
The kinetic energy of the emitted electrons is the quantity that will be measured in XPS

measurement.

For theoretical description of a photoemission process. In this thesis, we employ a single
particle model rather than a many-body approach in order to avoid the complexity of the many-
body approach ["®]. In this model, the “sudden approximation” is used which assumes that during

photo-ejection process, an electron is removed from the (n-1) electron system in an infinitely short
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Figure 2.3: Schematic representation of the basis of the photo-electric effect [*].

time that only negligible interaction between final states and initial states exist [",”].
The emitted electrons have kinetic energy Exin determined by Einstein relationship [2']
Ekin=hv-Eb (2.2)

with hv being the energy of the incident radiation (a known value) and Eb being the binding energy

of the electron in the atom.

The Eb of the atomic orbital from which the electron originates is mainly determined by
measuring the Exin of the electrons departing the system. Radiation will be absorbed for incident
energy larger than the Ep of the emitted electron in the system. Referring to the photoelectric effect,
electrons are emitted only when the energy of the electromagnetic radiation is greater than the Eb
of a specific electron in different chemical environments. This is not identical and it changes by
environment. Since hv is a fixed parameter for a given excitation energy during photoemission
phenomena, Exin Of the emitted electron is higher, lower its Eb and vice versa. While for electrons
from a certain element in a certain chemical state, the Ekin of the photoelectrons varies with

excitation energy of the incident radiation.
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Eb can be written as the energy difference between the (n-1) electron final state and the (n) electron
initial state called by Er (n-1) and Er (n) respectively[®?]:

Eb=Ef(n-1)—Ei(n) (2.3)

By assuming that no rearrangement takes place in the system, the difference between final
state and initial state would be the negative orbital energy of the core level, ek this energy is the
basis of the Koopmans: theorem [%°,2%]. Koopmans: theorem states that ionization energy out of
orbital ekt is given by -&i provided that the orbitals of the ions are identical to those of the neutral
ground states [34]. Since, photoelectron emission results in a core-hole creation, as a consequence,
the system reacts to the existence of the created core-hole by minimizing the energy of its ionized
state. Energy reduction caused by this rearrangement is the relaxation energy of the electronic

wave function of the molecule (relaxation energy) [%].

The photoemission process is intrinsically a quantum physical phenomenon. In attempt to
understand photoemission, this process has to be described in term of a quantum physical
approach. Therefore, in the semi-classical model, photoemission process is divided into three

sequential steps: [5]
1: Photo excitation of the electron inside the bulk.
2: Diffusion of the excited electron to the surface of the bulk.
3: Transmission of the electron into the vacuum through the surface.

Only those electrons that have enough Exin are able to escape from the surface of the material

toward vacuum level without energy loss.

A XPS spectrum is a plot of the number of photoelectrons detected by a detector versus the
Eb of the electronic states of atom. Each element produces a characteristic set of spectroscopic
lines at characteristic En [¥7]. The intensity of the peak corresponds to the number of the detected
electrons and to the amount of the element while its Ep is related to the environment of the atoms.
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2.4.1 Inelastic Mean Free Path

In XPS measurements, the sample is subjected to irradiation of the photons in the X-ray range.
The limited distance which X-rays can readily travel through the sample is the penetration depth.
While X-rays with certain amount of energy are able to penetrate into the solids, electrons exhibit
remarkably less penetration depth [%8]. Penetration depth for X-ray and electrons that carry the
same amount of energy in the same solid are approximately 1000 nm and 10 nm, respectively [%8].

Penetration depth is defined as the depth from which 95% of the electrons are scattered
before reaching the surface of the sample. Penetration depth is equal to three times IMFP [¢]. A
fraction of the photo-emitted electrons are adsorbed by the material when they travel through the
solid, therefore, the number of escaped electrons decreases by increasing the thickness of the layers
in the path of the solid that the electron pass through. The decrease in the number of photo emitted

electrons as a function thickness is described by the Beers law.

The IMFP of a photoelectron in a solid is the thickness of matter in which the incident
electron flux is attenuated by the factor of 1/e or on the other hand 1/e of initial electrons with a
given energy lose their energy during traveling this distance[*°]. IMFP is dependent on the Ekin of
the electrons. It varies in the range of 1-3.5 nm for Al K, radiation [*] so the penetration depth is
in the range of 3-10 nm. IMFP has been used to quantitatively interpret the inelastic scattering of

the detected electrons. This parameter is used to describe surface sensitivity of the XPS technique
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Figure 2.4: Universal curve of the IMFP for electrons based on experimental data for various materials [**].

26



The photogenerated electrons, depending on the depth that they come from, are classified

into three groups:

1: The electrons which are emitted from the atoms at the surface. These electrons have not
lost any energy during escaping from surface of the solid. These kind of electrons

contribute to the main line in the XPS spectra.

2: The photo emitted electrons that lost some fraction of their Exin because of inelastic
scattering during travelling through the matter. These kinds of electrons still have sufficient
energy to escape from the surface of the material. The contribution of these electrons is

exhibited in the background signal.
3: The electron that lost their energy entirely.

Therefore, the signal at a given electron energy stems from both kinds of electrons, i.e. electrons
which their Exin is maintained and the electrons that undergo different inelastic interactions with
the atoms which constitute the sample. The later results in a continuously stepped background in
the spectra. Dealing with the background has been one of the primary problems in quantitative
chemical analysis of XPS spectra including elemental identification and quantification of the
chemical states [%,%¢]. Several different strategies have been employed to define the background
via accounting correctly the contribution of inelastically scattered photoelectrons. Some of the

most used are:
1: Linear routine
2: Shirley routine
3: Tougaard routine

In this thesis, we have used the linear routine and the model purposed by Shirley for

quantification of all the core level photoemission spectra [*'].

The emitted electrons from the sample are collected with an analyzer and ultimately, they
will be analyzed with respect to their Exins. X-ray photoelectron charging causes decreasing the
Exin Of the ejected electrons by the electronic field and consequently shifts the photoelectron

spectra to the higher Eb direction (a few eV). Broadening of the XPS spectrum is another influence
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of the charging effect. This positive potential is determined by the photoelectric current of the
electrons leaving the sample, the current through the sample holder toward the investigated sample
as well as the flow of the Auger and secondary electrons from the Al-window onto the sample. In

addition to the photoelectron and Auger electron peak, other peaks are detected. Following: [%,%].

1: Satellite peaks (without monochromator)
2: Plasmon loss peak shake-up
3: Shake-off, and multiple splitting [1°°]

Whenever an atom is subjected to the X-ray irradiation with enough energy, core orbitals
of the atom are photo-ejected which leads to the core-hole formation. Introduction core —hole into
the electronic structure of the photoelectron emitting atom results in to the sudden changes in the
atomic potential. Theses sudden changes are associated with excitation of valence electrons from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbitals
(LUMO). The sudden rearrangement of outer shell electrons in atom is called relaxation [%].
Photo-ejection of the core orbitals results in increasing nuclear charge of the atom and ultimately
the coulombic potential experienced by the less tightly bound orbitals in the atom alters suddenly
[192]. The remaining electrons respond to the increment in atomic potential dynamically via a
substantial reorganization of the electrons in photoemission process ['%]. This multi electron
excitation is usually explained in terms of the sudden approximation [*%4,1%]. In this context, the
final state is represented not only as the normal hole state but as combination of this state and

excited initial state-wave functions [*°,1%].

Shake-up and shake-off process are known as two main final states effects in the XPS.
Valence electron transition during the initial core ionization gives rise to the shake-up when
relaxation phenomenon involves excitation of one electron to a higher level which was previously
unfilled [*°7]. Concerning Exin loss of the photoelectrons, relaxation results in an excited state a
few eV above the ground state thus shake-up satellite appears as a peak at few eV higher Ep with

respect to the main peaks [1%8].

Shake-off takes place when valence electrons are ionized completely then excited to an

unbounded continuum states and appears as a continue energy distribution in background [*%].
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2.4.2 Quantitative analysis of XPS Spectra

In order to quantitatively analyzing the XPS spectra, the intensity of the obtained peak have to be
converted to the atomic concentrations. There are many factors that have impact on the intensity
of the signal for a given photon energy and consequently the quantifying XPS: The cross-section
for emission, the escape depth of the electron emitted from the atom, number of photo-emitting
atoms and the transmission function of the spectrometer [*°°]. The intensity of the signal is referred
to as the integrated area under the peak following the subtraction of a background. The relation
between the aforementioned parameters and the intensity of the XPS signal is obtained according

to the following formula [**°].
| (hv, E) = ®o .6 (hv).n. Aij. A (E).T (E), (2.5)

where A is the IMFP, ®o is instrumental constant, T is transmission function, n is the number of
atoms, Ajj is the angular asymmetry factor of orbital j of element i and o is the photoionization

cross-section which represents the probability of the ionization of a subshell [*1°].

By considering (l1 /12), the ratio between two elements (elementl and element2), as

following:
I1/12= N1.o1. A1.T1/ N2.62. A2.T2,  (2.6)

the atomic percentage of the elements concerned can be determined by dividing the peak area by
the sensitivity factor (S) and expressing it as a fraction of the summation of all normalized

intensities
Ni/N2= (11/S1) / (12/S2),  (2.7)

where S is the sensitivity factor Si= ci. Ai.Ti

2.5 Near Edge X-Ray Absorption Fine Structure

NEXAFS spectroscopy is a synchrotron-based technique that allows quantitative elemental
analysis of the surface. It was devised in 1980s and revolutionized the field of surface science. The
reason for this is that this comparatively young technique can exploit simultaneously electronic
structure, in particular unoccupied density of states, of the molecule and the average spatial

orientation of the molecular plan, as well as, geometric properties and local charge distribution
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[**]. Exploitation of electronic structure is possible through the absorption mechanism of soft X-
ray photon near an absorption edge [**?]. Since NEXAFS measurements require continuously
tunable photon energy, synchrotron radiation is the necessary source for these kinds of
measurements [*1]. NEXAFS process, like XPS, is based on photoelectric effect. The essential
phenomenon underlying NEXAFS is the energy absorption of the electromagnetic radiation in the
X-Ray range according to Einstein relationship [*14], absorption of incident radiation is found to
take place only if its energy is larger than the Ep of the electron to the atom which means that
photon energy can excite the core electrons from initial states to partially filled or empty states
above the Fermi level. Therefore, peak position and spectral line shape in NEXAFS spectra are
directly related to the nature of unoccupied states [*'°]. A schematic view of the NEXAFS process
is illustrated in Figure 2.6. X-ray absorption is, in many aspects, similar to optical absorption
process. According to the Beer-Lambert rule, the intensity of the X-ray transmitted through the
specimen decreases due to absorption. NEXAFS is measured by scanning the photon energy in the

energy region below and up to 50 eV above the absorption edge [*1°].

The fundamental description of the X-rays — matter interaction is gives by the Femi’s
golden rule [*!']. Femi’s golden rule is a way to calculate the perturbation-based transition rate
between an initial energy eigenstate (y' (N)) to a continuum of energy eigenstate (y' (N)) of a N
electrons quantum system with unit incident photon flux. On the other hand, NEXAFS measures
the optical dipole transitions from a core level to unoccupied states. The transition rate in NEXAFS

as well as in optical absorption can be described by the Femi’s golden rule:
Wit a [(wf(N) [H'lwi(N))I? pr - (2.8)
pris the density of states and the matrix element is Mir = (yf(N)|H'|yi(N))

The perturbation operator is
;€
H' = —Zm(AP+ PA), (2.9)

P is the momentum operator of the electron and A is the vector potential of the exciting

electromagnetic wave which describes a plane wave with unit vector,é. A can be expressed as
A(rb) =e. Ace ' (k.f-wt), (2.10)
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e is the polarization direction of the light and based on the fact that the wavelength of the

electromagnetic radiation is much larger than the size of the atom V.A =0 and H' = 2(A.P). The

dipole matrix element is
Mir = (wf(N) [e: P|wi(N)) (2.11)

In a molecule a K-shell excitation is the excitation of a 1s core electron to unoccupied states
such as m*or o* [*'8]. The aforementioned transitions are named as m* transition or ¢* transition
[1*°]. Therefore corresponding to these transitions, sharp structures below the ionization energy are
observed in the NEXAFS spectra [*'°]. Below we discuss the way in which molecular orientation
referring to the substrates is obtained by analyzing the NEXAFS features. In the molecular
systems, NEXAFS spectra are characterized by resonances due to the excitation of the inner shell
of specific atomic species to an empty molecular orbital or state [*?°]. The m*and the o* resonances
can be described in a molecular orbital picture such as dipole transition from occupied s states to

the p component of the *and the o*final states [*18].

Molecular orientation can be determined quantitatively using the sensitivity of NEXAFS
spectroscopy to molecular orientation [*°,12]. NEXAFS measures the dependence of the photo-
excitation cross section on the orientation of the electric field vector of the incoming linearly
polarized X-ray with respect to the transition dipoles moment of the probed molecular orbital. This
phenomenon is known as linear dichroism [*??]. The concept of dipole selection rule can be used
not only in explanation of the dichroic NEXAFS but in determining the molecular orientation [*19].
The dipole moment of the m* transition is oriented perpendicular to molecule plane which means
the t* orbitals have maximum orbital amplitude normal to the bond direction while dipole moment
of the o™ transition is aligned in parallel to molecular plan; the maximum orbital amplitude of the
o” orbitals is along the bond axis. The transition intensities are dependent on the orientation of the
transition dipole momentum relative to the orientation of the molecule, consequently the transition
intensities of the *or the o*and hence m*or o*resonances of interest are largest if the electric field

vector of the incoming linearly polarized X-ray is along the t*or c*orbitals, respectively.

It can be directly shown from the dipole selection rules that for a vector-type orbital, the
resonance intensity along the direction of the dominant component of the incident electric field is

given by [1#]

31



Continuum States

Photon Energy

Rydbery/ T
States

Absorption

Figure 2.5: Schematic representation of the basis of near edge adsorption fine structure spectroscopy.
| oc (cos?2@®sin?a+2sin?0®cos?a), (2.12)

a is angle between the normal to the surface and the orbital and ® is angle between the incident

radiation and the normal to the surface. For determining the orientation of the vector orbital relative

to the surface, the angle o is determined from the following equation.

= (p- ) (213)

tan2oa 2p sin 2@,—qsin 20,

where p is the polarization degree and q is the ratio between the intensity of the chosen resonances

for the two different polarizations,

_ 1(6y)

= 2.14
1(041) ( )

2.5.1 NEXAFS measurements

Owing to the requirement for X-rays with tunable energy, high brightness and intensity,
synchrotron radiation providing the full range of wavelengths is the only suitable source of
radiation for NEXAFS spectroscopy [*?*]. The excited states decays in two channels via refilling
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/

Figure 2.6: Representation of p* orbitals with respect to the electric field vector, E, and the normal of the
surface, n. The angle of incidence changes from glancing (20°) to normal (90°) with the electric field vector
oriented perpendicular to the direction of propagation in the xz plane. Orbitals 1 through 3 represent p*
orbitals along the z, x, y axes, respectively [*?°].

the core-hole by higher energy electrons either radiative, by emission X-ray fluorescent, or non-
radiative by Auger electrons emission ['2,21]. Both radiative and non-radiative emission identify
the existence of core-hole; measuring the absorption cross section [*2!]. Either radiative or non-
radiative channels can in principle be detected. In this thesis we are interested in the later channel

hence we focus on electron detection.
We have used two different electron detection modes:

1. Total Electron Yield (PEY)
2. Partial Electron Yield (PEY)

During the decay of the photo-excited electron to its ground state its energy is transferred to nearby
electron [*?6]. The electrons in the range of the probing depth of TEY (3-10 nm), are photo-gjected.
Photo-ejection of electrons emerged from the surface causes a net positive charge. The charged
sample is grounded in order to neutralize the net current flowing from the sample and
neutralization is monitored. With TEY detection mode all contributing electrons including Auger

electrons and secondary electrons are measured ['2,121,124]. TEY mode yields high signal intensity
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whereas, in correlation to existence of high signal intensity, considerably high background appears

due to low Exin of detected electrons [1%7].

PEY is adopted to detect the respective energies of the electrons. PEY method collects a
fraction of the total electrons that have Exin larger than a threshold energy by filtering out the
secondary electrons and the Auger electrons from other lower energy absorption edges [*?] using
a channeltron electron multiplier and an electron energy analyzer. This modes of detection
provides high quality spectra [*?°]. Low signal-to-background ratio is the disadvantage of the TEY
mode of detection which is dominated by secondary electrons while, in the PEY mode signal-to-
background ratio enhances dramatically. In the PEY mode, a negative retarding field is applied to
the grid in front of the electron detector to increase the signal-to-background ratio. The direct

consequence of applying a retarding field is the reduction background signal [72,33].

2.6 Atomic Force Microscopy

AFM belongs to the class of scanning probe microscopy that allows extremely high resolution
topographical imaging of the sample surface, in the range of sub-nanometer, by measuring the
force between the outermost atoms of the sharp tip of a cantilever and atoms of the sample [*3%,1%2],
It is used in a wide spectrum of natural and applied science from biology to material science,
chemistry and physics [33,1*#]. The main advantage of the AFM with respect to the other scanning
probe microscopies, in particular Scanning Tunneling Microscopy (STM) is that in AFM,
measurements in the ambient pressure are possible. AFM is usually employed to investigating the
mechanism of growth of thin layers on a surface as well as morphology of the grown thin films.
Three modes of scanning are possible: contact mode, non-contact mode and tapping mode. Contact
mode AFM is mainly used to probe hard surfaces [**]. In contact mode the ultra-small probe tip
is in contact with the surface of the sample. Approaching the sample with the tip in the sub-
nanometer range, their electronic orbitals overlap. On the base of the Pauli exclusion principle,
between the investigated surface and the tip in atomic distance, there is a very strong repulsive
force [*€].

In noncontact mode, the tip scans over the surface at a certain distance [*34]. Hence the image is
constructed from long range attractive van der Waals forces interaction between the tip and the
Tapping mode AFM (TM-AFM), which is a combination of contact mode and non-contact mode,

is a type of amplitude modulation (AM) technique.
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Figure 2.7: Schematic structure of an AFM experiment[**"].

It performs surface analysis in a very high sensitive condition of operation by taking advantage of
relatively large amplitude vibration of the probe [*]. The amplitude of vibration is 100 to 200 nm
in TM-AFM operation mode while it is 10 nm in other modes of operation [**°]. The large
amplitude oscillation causes high—lateral forces between the cantilever and the surface which will
be solved by brief intermittent contact of the tip and the sample [*4°]. The surface is probed with a
tip by means of a piezoelectric element and topographic image of the surface will be formed as a
consequence of tip-surface interaction. The tip is attached to a cantilever. Depending on the
strength of the interaction, the cantilever undergoes a certain deflection, which is detected by a
laser beam. The laser beam hits the back of the cantilever while it is deflected toward a photodiode,

as shown in Figure 2.8.

Photodiode

Contact Modes Non-Contact Modes

Figure 2.8: Schematic representation of contact mode and non-contact mode of operation in AFM [**].

35



36



Chapter 3

Materials and characterization techniques

3.1 Overview

Three metal-free magnetic molecules have been investigated in this work. In this chapter the

physical and chemical properties of the molecules and the substrates are introduced.

Si02/Si(111) and TiO2(110) single crystal are the two substrates used in our experiments.
The molecular and crystal structures of the TiO2(110) single crystal as well as preparation
techniques are reviewed. Section 3.3.2 introduces the structure of the amorphous SiO2/Si(111)

briefly.

The XPS measurements of the present work have been performed either in the laboratory
at the Institute of Physical and Theoretical Chemistry (IPTC) in Tuebingen or at BESSYII in
Berlin. In section 3.4.1 the home spectrometer including its different chambers is extensively
discussed. The NEXAFS measurements have been done at the BESSY I facility. In section 3.4.2
we explain the instruments we have used for XPS and NEXAFS measurement at the BESSY 1.

3.2 Molecules

In this thesis we have investigated three different metal free magnetic molecules. Purely organic
radicals are defined as molecules composed of the light elements, mostly C, H, N, and O that have

(at least one) unpaired valence electrons or open shell structure [*42].

Neutral organic radicals possess an odd number of electrons which means that they have
an unpaired electron which consequently makes the organic radicals highly reactive. They are
unstable species due to their open-shell structures, because, they prefer to rich a closed-shell
structure configuration. The unpaired electron as a site of high spin density is capable to take part
in reactions such as recombination in the attempt to distribute the spin density with other reactants
leading to loss of the open shell structure [*4?]. Several strategies are used to make organic radicals

more stable including adding aromatic rings to delocalize the unpaired electrons or introducing
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bulky substituent [*43].

3.2.1 NitPyn

4, 4,5, 5-tetramethyl-2-(pyrenyl)-imidazoline-1-oxy-3 — oxide, (NitPyn) is a stable free radical in
ambient condition which exhibit a magnetic moment. NitPyn belongs to the category of nitronyl
nitroxide radicals, a well-known class of stable radicals [***]. The molecular skeleton of NitPyn
has two main groups: a pyrene moiety which governs the electronic structure and consequently
controls the intermolecular interactions and the nitroxide radical bound to the carbon atoms of the
nitrone group which is responsible for good stabilization of the spin [14°]. The sp? hybridization of
a-C leads to the delocalization of m-electrons. The length, width and thickness of the pyrene
substituent part of NitPyn is 11.66A, 9.279A, and 3.888A respectively [*9].

Nitroxides have substantial spin density on both N and O atoms, which can be illustrated
by one of the two resonance structures [%*4]. Although some electron spin density is distributed
over the rest of the molecule, the unpaired electron is delocalized mainly over the two equivalent
N-O groups [**7]. The unpaired electron is located in an antibonding n-orbital. The delocalization
of the unpaired electron over several atoms stabilizes the w-orbital (SOMO) therefore, nitronyl

nitroxide is very stable compared to other free radicals.

(0]

N+/O'

Figure 3.1: Schematic representation of NitPyn.
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Figure 3.2: The conformation of a NitPyn in its crystal.

3.2.2 PPN

Another interesting metal-free paramagnetic molecule that has been employed and investigated in
this thesis is 1-[4-(3-oxide-1-oxyl -4, 4, 5, 5-tetramethylimidazolin-2-yl) pyrazol-1'-yl]-pyrene,
(PPN). The molecular formula of PPN is C26H23N4O2. The molecular structure of PPN consist of
three main groups: a pyrene unit that controls the intermolecular interactions of the molecule, a
pyrazole bridging block which is linked to the radical unit and nitroxide radical which is
responsible for good stabilization of the spin due to delocalization of unpaired electron distributed
over two N-oxides [**%]. The overlapping of 2p; orbitals of nitrogen and oxygen atoms leads to the

n N—O bond, it can be represented as following resonance structure (Figure 3.3) [**°].

Figure 3.3: Schematic representation of PPN.
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Figure 3.4: The unit cell of PPN: the b-axis is the long axis.

The spin density in nitroxide radicals mainly reside on nitrogen and oxygen atoms, but slightly
higher on oxygen because of the presence of a nodal plane in 1 SOMO [**°]. The Curie temperature

of the molecule is Tc= 0.3 K [%].

3.2.3 Bisnitroxide Diradical Molecule

1,2,8,9-tetrahydro-2,2,4,4,6,6,8,8-octamethyl-4H,6H-benzo[1,2-d;5,4-d"]bis-(1,3-0xazine)-1,9-
dioxy is a bisnitroxide diradical in which the radical centers are not widely separated [**!].

The molecular skeleton of bisnitroxide contains two nitroxide groups in meta-position to
one another and is expected to exist as a triplet in the ground state [*°?]. Bisnitroxide diradical is
characterized by two unpaired electrons in anti-bonding 7 orbital mobile over the whole molecule
but mainly delocalized over the two equivalent N-O groups although some unpaired electron spin
density is also distributed over the rest of the molecule [**3]. The nitroxides are coplanar with m-
phenylene, forming an exchange coupling pathway leading to strong ferromagnetic coupling. In
such diradicals with planar conformation efficient delocalization of spin density from the two

nitroxides into m-phenylene is expected [*].
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Figure 3.5: Schematic representation of Bisnitroxide di radical.

This organic magnet crystalizes with one molecule per asymmetric unit in monoclinic
crystal structure with a=8.7862 A, b =8.0998 A, and ¢ =24.100 A. Bisnitroxide is one of very few
examples of existing stable radicals linked by sp® carbons in ambient condition that exhibit strong
antiferromagnetic coupling. Stability of this organic magnet makes it a promising target for

organic-based magnetic materials.

3.3 Substrates

Metal oxides have attracted great deal of interests over the last decades for their important
technological applications in biocompatible materials, photocatalysis, energy storage and
microelectronics [21146-149], Metal oxides comprise a class of materials containing metal element
bounds to oxygen atoms. The metal elements are able to form a large diversity of oxide
components [*°8] manifesting a remarkable range of material properties. For instance, electrical
properties of metal oxides span over a wide range from insulators to high temperature
superconductors [*1159180] In this thesis, two well-studied metal oxides are employed as

substrates: titanium dioxide and silicon dioxide.

3.3.1TiO;

Titanium dioxide commonly known as titania (TiOz) is a reducible wide band gap metal oxide
[*%1]. Its surface has been more extensively studied than those of any other metal oxide materials.
Owing to its unique physical and chemical structure on one hand and its scientific and pivotal
technological applications, on the other hand, it has been the focus of multidisciplinary efforts
[1%2]. High affinity of TiO: for reduction results in the existence of TiOx in different degrees of
oxidation. Besides different compositions, TiO2 crystallizes mainly in three different
crystallographic phases, namely, rutile, brookite, and anatase [*63,1%4].
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Figure 3.6: Bulk structure of rutile [**°].

Instability at the relatively elevated temperature and semiconducting nature are two main
properties of the single-crystalline TiO2which offers challenges in preparation procedure. Because
of these properties, surface analysis with charge particle spectroscopic techniques as well as
mounting and cleaning the surface of TiOzsingle crystals containing various amounts and type of
defects in UHV is difficult. However, high affinity of TiOz single crystal for reduction suppresses
charging effect at the surface of the crystal and hence facilitates surface analysis by XPS.

3.3.1.1 The rutile TiO2(110) single crystal

Deciphering the relationship between surface atomic structure in great detail and chemical and
physical properties of inorganic single crystals surfaces have long been one of the main challenges
in surface chemistry [*%°]. This knowledge which is obtained by studying both bulk and surface of
the single crystals, paved the way for exploring mechanisms of organic molecules absorbance and

also nucleation and growth of the molecule on the surface of the single crystals.

Figure 3.7: Ball-and-stick model of two terraces of TiO,(110). Small black balls represent Ti atoms, and

large white balls represent oxygen atoms.
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Rutile with the (110) face is the most thermodynamically stable crystallographic structure
of TiO2 and also the easiest to prepare, among all different phases of TiOzsingle crystals [1°°]. Due
to its availability and stability, rutile has been employed as benchmark surface and substrate of
deposition of already most of the organic molecules [*°8167168] The perfect TiO2(110) surface is
charge neutral and contains alternative rows of six-folded (6f) -as in the bulk-and five-fold (5f)
coordinated Ti** bounded with three (as in the bulk) and the outermost two-fold coordinated O*
atoms along the [001] direction. Bridging oxygen atoms with three-fold coordination miss one
bond to titanium and hence are twofold. The bridging oxygen atoms are located on top of the six-
fold coordinated Ti ions. The interaction of organic molecules with inorganic surfaces is of

fundamental importance in wide range of scientific discipline.

3.3.2 Si04/Si(111)

Recently numerous theoretical and experimental studies were dedicated to metal oxides such as
Si(111) covered by its native oxide [**®1"1]. The research interest in highly (p or n) doped
Si0O2/Si(111) as one of the leading materials, is driven by its manifold applications such as field
effect transistor or MOSFET technology [*"2,1"]. Specifically the conductive silicon substrate is
used as gate electrode and the oxide acts as a gate dielectric [1"4176]. The thickness of the ultrathin
SiO2 layer in the range of 1-2 nm thickness on Si(111) wafer can be the source of significant
electrical properties affecting the performance of the devices. It should be noted that the growth of
native oxide is influenced by the structural and morphological characteristic of the silicon and can

be explained with a strained epitaxial growth.

In addition to deposition of metal-free organic magnets on rutile single crystal, they are
deposited on amorphous SiO2/Si(111). Comparing the two different metal oxides with different
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Figure 3.8: A top view of the atomic arrangement for the (111) plane of Si atom [*"*,*""].
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crystalline structure as a substrate for a given molecule expand our knowledge about the role of
the physical and chemical properties of the substrate on the electronic structure as well as
paramagnetic character of the deposited molecules. Beyond studying the electronic structure,
Si02/Si(111) substrate has been selected to understanding the influence of SiO2/Si(111) with

amorphous structure on the over layer growth mechanism.

3.4 Ultra High Vacuum environment

UHYV environment is the basic prerequisite for almost every surface sensitive analysis and careful
preparation of atomically clean surfaces. The key importance of UHV stems from the fact that
preparation and analysis of nanoscale structures requires a level of purity that will not be achieved
through normal cleaning procedure. In surface sensitive techniques thanks to the sampling depth
of only few atomic layers, impurities mostly coming from residual gas in vacuum environment
play a noticeable role in the quality of the obtained spectra. Considerable efforts have been devoted
to maintain the cleanness of the surface. For this purpose, pressure in the range of 10 ° mbar or
even lower is essential to keep the surface clean [*%®]. Most of the required instruments for carrying
out XPS analysis such as X-ray source, electron analyzer and detectors operate only in UHV
environment. Within XPS experiments, the most important consideration in designing the

chambers should be the following [*"®].
1: Minimizing all external electrostatic and magnetic fields.

2: Providing conditions in which photoelectrons can pass through the sample and the

detector distance.
3: Contaminants on the surface must be eliminated during analysis.

Standard bake-out of the chambers is needed to improve the base vacuum of the
chambers by gradually increase the temperature of the chambers. Time and temperature of
bake-out differs in different systems as well as different chambers of the system. For example,
the bake-out temperature for evaporation chamber of our system increases up to around 450 K
for typically 12-18 h. The moisture and contaminant adsorbed on the side wall of the chambers
will take longer time to be desorbed. Bake-out removes absorbed gas (mainly water) from the

inner surface of the chamber [*"°].
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A load lock chamber is a small volume chamber being employed for loading and unloading
the sample and is considered to be mildly contaminated because of its connection with ambient
atmosphere during loading and unloading the sample. This chamber is attached to a UHV vessel
to change and to transfer the sample to the preparation chamber. The base pressure of the load lock

chamber is about 10" mbar and is achieved by a membrane and a turbo molecular pumps.

The preparation chamber is a conventional stainless-steel chamber equipped with an ion-
gun for Ar ion bombardment and resistive current heating for annealing to the preparation of
atomically well-defined surfaces. This chamber connected to the load lock chamber on one side
and to the analysis chamber on the other side, is vacuum-isolated by mechanical gate valves. The
preparation chamber has a transferable manipulator to prepare and transfer the sample,
respectively. The base pressure of approximately 10-2° mbar is achieved by using a rotary pump,
turbo molecular pump, titanium sublimation pump and bake-out procedure. In-situ surface
preparation is performed via Ar ion sputtering and further annealing to remove contamination from

the surface of the single crystal and achieve the surface reconstruction.

3.4.1 X-Ray tube and synchrotron radiation

The heated filament as the negative end of the X-ray tube provides high accelerated electron

(potential up to 15 KeV) toward a water cooled target anode.

A large number of materials could be essentially used as anode and the X-Ray source depends on
the selected anodes. However, due to some specific purposes, this choice is restricted. The crucial
consideration in choosing the anode is its stability and conductivity during electron bombardment
[178]. In addition, the anode should have photon productivity. High photon energy depends on core
level energy. The energy distribution of the X-ray is known as line width. The line width is a
characteristic factor for the determination of the resolution of the instrument and also is another
essential parameter for selection anodes. The line width of the anode of choice should not limit the
required energy resolution of the XPS technique (lower than 1.0 eV) [*8%].On the base of these
conditions, Al (1486.6 eV) and Mg (1253.6 eV) are the most used materials as X-ray sources.

Thermo-emitted electrons will be generated and accelerated toward to energy electron analyzer.
The generated soft X-ray emission is quite complex. It consists of a sharp X-ray line although

weaker lines are also observed. It could be divided into two main parts. An intense part of radiation
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arise from single line such as K. providing monoenergetic X-ray source, while satellite lines, such
as Kg, are also found and a weak part of the radiation leading to the continues energy distribution
of Bremsstrahlung which is of no use in XPS and contribute to the background of the XPS
spectrum. These low energy electrons result from inelastic collisions between incident electrons
and electrons belong to the surface. The sample is protected from unwanted Bremsstrahlung
radiation from anode and also from heating effect by inserting a thin Al window (= 2 um) at the
exit aperture of the X-ray source to suppress Bremsstrahlung radiation, and also to prevent stray
electrons entering the energy analyzer. The unwanted portion of the radiation which pass through

the Al foil is detected in the background spectrum.

The analysis chamber is the heart of the experiment. The design concept of an analysis
chamber is based on a monochromator, an electron energy analyzer and a detector. The standard
X-ray created in the X-ray tube are directed to the monochromator and reflected as a
monochromatized. The monochormatized X-ray illuminates the sample. The emitted
photoelectrons are focused by an electronic lens system, including lenses for analysis area
definition and lenses for energy adjustment. Consequently, the Exin Of the electrons is reduced to
the narrow range of the pass energy to have a constant resolution.

The monochromator is a principle component in PES related techniques. Its main function
is monochromatizing the X-ray spectra via improving resolution, removing satellite lines,

improving the signal to noise ratio by elimination of Bremsstrahlung radiation and satellites,

Energy
Analyzer
Quartz
o Crystal Disperser
Sample
Rowland Circle
X-ray Anode

Figure 3.9: Schematic of X-ray monochromator.
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minimizing sample damage, and separation of the Kai doublet. This performance leads to
narrowing the X-ray line. An X-ray monochromator operates based on the Bragg-diffraction of the
X-ray using concave single crystals. The Bragg-diffraction states that photon (as a plane wave)
scattering will undergo constructive interference. Hence, the crystal will appear to have reflected
the X-ray if
nA= 2d sin, (3.2)

where n is the diffraction order, A is the wavelength, d is the crystal atomic spacing and ¢ is the
angle of diffraction. The lattice spacing in 1010 in quartz single crystal is 4.255 A [®8]. Hence, the
corresponding Bragg angle for the first order of diffraction for Al K. X-ray with the wave length
of 0.8333 nm is 78.5°. Ky radiation means that the emitted X-rays originate from transition of an
electron from L shell to the hole which was created during photoemission process in K shell [181].
The physical properties of quartz combined with its suitable interplanar distance and availability
as a single crystal makes is the only material for X-ray monochromators in combination with Al
K. radiation.

The X-ray monochromator utilized in our lab consists of 24 quartz crystals which are kept
at RT. The geometry is based on a Rowland circle for high performance with multiple toroidal
array of quartz 1010 single crystal. In the process of X-ray monochromation, since wavelength
and consequently the energy of the Al Ku and Ke X-ray is different, based on the Bragg
diffraction, the Al Kq2 X-ray is filter out. This filtration results in focused X-ray beam at the surface
of the sample. The energy spread of the monchromatized X-ray is narrower than the standard
source. For example, for Al Ko X-ray half widths decrease from 0.8 eV for standard X-ray source
to 0.2 - 0.3 eV for monochromated source.

In photoelectron spectroscopy, quantitative information is derived by analyzing the Exin of the
emitted electrons from the surface. Therefore, energy filtration requirement arises for precise
analysis. For this purpose, an electron energy analyzer is advantageously employed as an energy
window. It is designed to measure the energy and angular distribution of emitted electron. The
analyzer system consists of three components: the collection lens, the energy analyzer and the
detector. The concentric hemispherical analyzer (CHA) is an electrostatic device being employed
to disperse electrons as function of their Exin [1%2]. The analyzer consists of one concave and one
convex metallic shells, one inside the other, while R1 and Rz are the radii of inner and outer

hemisphere, respectively.
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Figure 3.10: Our XPS station. The apparatus consists of three separately pumped chambers. Left the
preparation chamber, in the middle the analysis chamber also on to recognize hemispherical analyzer and
right another chamber for preparation of the organic thin-film systems.

Accelerated electrons are focused successfully to a point within the analyzer using a system
composed of two electron lenses. Applying specific potentials between the hemispheres results in
an equipotential surface between the hemispheres. Focused electrons with very high or low Exin

(and therefore, velocity) will collide to deflectors with larger and smaller radius,
respectively. As a result, only electrons of the desired energy region pass through the detector
aperture. The Phoibos 150 electron concentric hemispherical energy analyzer of 150 mm mean
radius has been used to measure the photoelectron signal versus Eb or Exin. The analyzer has 10
electrostatic lens, a concentric hemispherical capacitor and multichannel detector. Good magnetic
shielding in conjunction with a very high stable power supply of the analyzer are the basic
requirements to provide high collection efficiency and to enhance the energy resolution [1%]. The
source of electrons, booster ring, storage ring, Radio Frequency (RF) cavity and insertion devices

such as wigglers and undulators are the main components of synchrotrons [184].
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Figure 3.11: Schematic view of a planar undulator magnet with alternating polarity of the magnetic field

and of the sine like trajectory of the electrons [**°].

Photons are generated by thermionic emission from a heat filament and are accelerated up
to speed close to the speed of the light by means of a linear accelerator (Linac). Accelerated
electrons collide with residual gas particles in a storage ring which result in decreasing its Exin.
These electrons must be continuously supplied. The electrons must be accelerated to few GeV,
which is the energy of the electrons in the main storage ring or to somewhat below. It occurs by

periodic injection of electron from the Linac to the booster ring.

The storage ring consists of several straight sections and bending magnets positioned
around the ring. The main function of the storage ring is maintaining the generated electrons
carrying Exin measured in the range of GeV. Since bending magnets force electrons to change their
directions, they experience a centripetal acceleration which causes high flux of emission in attempt

to conserve the electron momentum [*84].

Undulators and wigglers are two insertion devices situated in storage ring in order to
produce synchrotron radiation by changing path of the electrons. Undulators are relatively low
field, planar permanent magnet hybrid devices which consist of several individual undulator
segments positioned in the separate range of mm and generate radiation at specific harmonics. The
undulator axis is along the direction of the beam, the magnetic field point in the y direction. The

orbiting electrons lose their energy constantly via synchrotron radiation emission. Radio
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Frequency (RF) cavity is an extra device positioned in the storage ring to continuously supply the
power that is lost by the emitted radiation via electrons passing through RF cavities.

3.4.2 End-station in BESSY

The X-ray absorption measurements and some of the X-ray photoelectron spectroscopy
measurements, in particular measurements with different excitation energy of the X-ray, are
carried out on the UE52-PGM undulator beam line at the synchrotron radiation facility Bessy I
(Berlin). The end-station consists of two separated chambers, a preparation chamber and an
analysis chamber. The base pressure in the chambers was 2x101° mbar. The photon energies
covered a range between 100 eV to 1500 eV from. For the monochromatisation of the synchrotron
radiation was used a plane grating monochromator. Most of the measurements are performed in
the "single bunch" while the ring current was 20 mA at the injection. The detection of
photoelectrons took place with a Scienta R4000 electron energy analyzer (resolution 0.1 eV). For
excitation of the photoelectrons for the XPS measurements, three different incident photon
energies 330, 640, and 1000 eV were used to vary the surface sensitivity of the experiments. All
NEXAFS spectra are recorded at two different polarizations of the incident X-ray (out of-plane
and in-plane). The NEXAFS spectra are measured in total electron yield and partial electron yield
normalized by the clean substrate signals.

3.5 Atomic Force Microscopy

The AFM measurements are performed using a Nanoscope 111 scanning probe microscope (Digital
Instruments). All pictures are collected in tapping mode in ambient conditions. In order to exclude

possible artifacts, different points of the surface of the interested thin films are probed.

3.6 Data analysis

The obtained data are acquired and analyzed using Specs Lab and UNIFIT 2014 software. We
used two kinds of spectra: survey spectra and elemental spectra. Survey spectra provide overall
information about all the detectable elements exist at the surface of the sample [*¢]. Thereby,
survey spectra identify which elements are present in the investigated sample and in what Ep. The
upper limit in the Eb in XPS is determined by the excitation energy minus the work function. When

Mg or Al are the source of the X-ray, excitation energies of the X-ray are 1253.6 eV and 1486.6
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eV respectively. For all the samples being analyzed in this work, the range of the survey spectra
has been determined to be in 0-1000 eV. Detailed spectra are obtained at lower pass energy (20
eV) and lower step size (0.05 eV). This means that elemental spectra are scanned in higher

resolution than the survey spectra.

3.7 TiOzsingle crystal

TiOzsingle crystals (10x10x0.5 mm?3) in (110) orientation and 99.999% purity are provided by PI-
KEM LTD. The crystal is fixed on the surface of a stainless steel sample holder by spot- welding
three wolfram wires in which tantalum filaments, as a radiative heater, was tightly installed behind
the sample holder and so TiO2(110) single crystal. Mounting the sample holder in this way

guarantees electrical conduction.

Reading of the temperature is calibrate by a pyrometer. A clean well-characterized rutile
Ti02(110) surface is achieved by repeated cycles of Ar ion sputtering and annealing to give rise to

the (1x1) surface reconstruction and to reduce the intensity of 3d gap states.

Ar ion sputtering is adopted to clean the substrate using Ar ions with acceleration voltage
of 600 V for 30 min at RT. The Ar pressure is in the range of 5x10° mbar. Because of the deep
ion penetration of Ar*, several layers of the single crystals are damaged. Ar* bombardment is
performed by sputtering oxygen from the surface, thus, altering the Ti/O ratio and producing a
number of reduced Ti states (Ti%*, Ti?*). Oxygen sputtering varies the coordination number of the
surface atoms which indicates increasing the surface energy of the crystal and, thus its instability.
Oxygen depletion caused by sputtering leads to a net flow of surplus Ti cations from the instable

surface toward the bulk, giving rise to oxygen vacancies both in the bulk and on the surface [*>'].

After sputtering, it is necessary to anneal the surface in order to desorb possible
contaminations and producing atomically smooth surfaces. Annealing the sputtered surface to 800
K is started immediately after the pressure of the preparation chamber reduces to the range of the
10° mbar. By vacuum annealing, surface is reconstructed via oxygen diffusion from bulk to the
surface of the crystal. Surface reconstruction is a phenomenon of paramount importance because
of its pivotal role in governing the surface energy, and so, the surface reactivity and stability. In
the case of TiOz2, the surface reconstruction reduces the surface energy of the crystal by increasing

the concentration of the surface oxygen allows restoring the (110) (1x1) surface stoichiometry. In
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this condition, the coordination number of the surface atoms reaches that of the bulk atoms: The
closer to the bulk atom, the coordination number, is the more stable the surface. Sputtering and

annealing are usually repeated till no trace of contaminations are detected by XPS.

An untreated crystal is transparent, indicating the presence of a small amount of oxygen
vacancies in the bulk. Due to the fact that the created defects are responsible for electrical
conductivity in ionic crystals, and the fact that they can alter optical properties of the surface [*87],
during the cleaning procedure, the color of the sample changes to gray revealing slightly reduction
of the surface. The treated single crystal is sufficiently conductive that no charging effects are
observed during the experiments. The clean surface was slowly cool down to 300 K and then was

transferred to the analysis chamber for XPS analysis.

3.8 Si0,/Si(111)

Native SiO2, grown on single-side polished Si(111) wafers with 10x10x0.5 mm?® dimensions,
doped resistivity of 5-10 Q cm (boron-doped) was provided by WAKER-CHEMITRONIC GMB.

The substrate was fixed to the sample holder as discussed in the case of TiOzsingle crystal.
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Chapter 4

Results and discussion

4.1 Overview

In this chapter, we present the results of our spectroscopic studies performed on thin films of
pyrene-derivatives of the nitronyl nitroxide radical (4,4,5,5-tetramethyl-2-(pyrenyl)-imidazoline-
1-oxy-3-oxide, NitPyn, 1-[4-(3-oxide-1-0xyl-4, 4, 5, 5-tetramethylimidazolin-2-yl) pyrazol-1'-yl]-
pyrene, PPN, and 1,2,8,9-tetrahydro-2,2,4,4,6,6,8,8-octamethyl-4H,6H-benzo[1,2-d;5,4-d"]bis-
(1,3-oxazine)-1,9-dioxy) deposited on rutile TiO2(110) single crystals and native SiO2, grown on
Si(111) wafer. Morphological analysis and growth modes determination is studied with AFM

images.

4.2 Clean rutile TiO2(110) single crystals

The main purpose of this thesis is to study the effect of molecular adsorption on the aforementioned
substrates and on the adsorbed molecules. In an ideally controlled experiment are studies the
electronic structure of a clean substrate, before deposition of the organic molecules. Subsequently,
the electronic structure of the substrate upon adsorption of the organic molecules is extensively
analyzed. This enable us to understand the mutual effects of molecular adsorption on the substrate
and the deposited molecules film. The effects are studied in the light of physical and chemical
properties of the substrates and the thin films as well as the magnetic properties in case of the
organic magnets. We start by investigating rutile TiO2(110) single crystals and then exploiting the

amorphous native SiO2, grown on single — side polished p-Si(111) wafers.

As mentioned in chapter 3.7, atomically clean and well-ordered TiO2(110) single crystals
are obtained by cleaning the substrate in a systematic way including alternating cycles of sputtering
and annealing. The purity of the substrate is of pivotal importance prior to deposition of the
molecules in UHV condition. Figure 4.1 shows a XPS survey spectrum of a TiO2(110) single
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Figure 4.1: Survey spectrum of the rutile TiO2(110) single crystal.

crystal after several cycles of sputtering and annealing. As shown in Figure 4.1, neither carbon nor
other contaminations have been detected in the survey spectrum: the sample is contamination-free
and it is ready to be used as atomically clean substrate for deposition of the molecules. A survey
spectrum, provides an overview about the elements that are present in the structure of the sample.
Thus, in the case of TiO2(110), Ti 2p and O 1s core level spectra are recorded in high energy
resolution mode (pass energy of 20 eV). Now, for a more detailed analysis of the surface, we look
at the elemental spectra of titanium and oxygen. Figure 4.2 shows the Ti 2p core level spectrum of
the stoichiometric clean rutile TiO2(110) single crystal surface which gives rise to the two strong
sharp signals centered at 458.5 eV and 464.2 eV indicative of the Ti* 2pa2 and Ti* 2pys states of
the Ti*, respectively. The spin-orbit splitting between Ti** 2ps2 and Ti* 2pu2 is found to be 5.7
eV. This is in nice agreement with the published values obtained in TiO2 single crystal [*¢8]. In
addition, some satellite features are expected at 3 eV and 13 eV energy position higher than the
main feature. It is well-known that during sputtering the surface of TiO2(110) single crystal, a
fraction of the two fold coordinating bridging oxygen atoms are removed leading to the oxygen
deficient surfaces and then progressive reduction of a part of Ti*" ions to the 3+ or 2+ oxidation

states [16°,189].
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Figure 4.2: Ti 2p core level spectrum of the heavily reduced TiO2(110) single crystal.

Table 4.1: Assignment of the measured components by peak fitting analysis in Ti 2p core
level spectrum; Eg.aps, and Eg-rel denote absolute and relative binding energies.

Component Eb and assignment

1) E B, abs = 458.5 eV; Ti*" 2p 312 core level- peak [10,196197]

(2) E B re=-1.8 eV; Ti* 2p 32 core level- peak [1:1%]

3) E B, el =-3.4 eV; Ti%* 2p 312 core level- peak [*°!]

(4)  Esra=5.7¢eV; Ti* 2p 12 core level- peak; Spin-Orbit splitting [*0,1%,17]
(5)  Esre=4.1¢eV; Ti** 2p 12 core level- peak; Spin-Orbit splitting [*9219]
(6)  Esre=2.76V; Ti*" 2p 12 core level- peak; Spin-Orbit splitting [**']

(7)  E s re=1.6eV; Ti2O3core level- peak [*°%,'%]

(8)  Es = 3eV; satellite structure [**]

(9)  EB re=13 eV, satellite structure [*']
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Figure 4.3: O 1s core level spectrum of the TiO,(110) single crystal.

Metals often have more than one oxidation state and they are able to form oxides of different
stoichiometry or even mixed valance compounds in which more than one valence state is present
[1"8]. The density of the oxygen defects located either at the surface or in the bulk of the rutile
Ti0O2(110) varies with the parameters of the cleaning procedure cleaning procedure, such as time,
energy of sputtering, annealing time and temperature [**°]. The percentage of the oxygen vacancies
is determined by analytically fitting the Ti 2p core level spectra [*°*]. In particular, the presence of
oxygen defects at the surface or sub-surface of TiO2(110) single crystal is confirmed by the
appearance of photoemission lines at, respectively, 1.8 eV and 3.4 eV lower Ebs than the Ti** bulk
signal XPS line which implies reduced (lower valence) Ti**and Ti?* states. Detailed information
about the position of all the components of the TiOz including titanium atoms at different oxidation
states and satellite features are summarize IN Table 4.1. Atoms at higher positive oxidation states
exhibit higher Eps due to the extra-coulombic interaction between the photo-emitted electrons and

the ion [*%].

Figure 4.3 shows the O 1s core level spectrum of the reduced TiO2(110) single crystal
surface which gives rise to a strong sharp signal centered at 531.08 eV and a minor feature visible
at the 1.4 eV higher Ens with respect to the main line. The main feature indicates a signal from
oxygen atoms belonging to the TiO2(110) single crystal. The molecular water is chemisorbed on

the surface of the TiO2(110) single crystal which results in splitting the adsorbed molecule in to H
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atoms and OH groups [*%,2%4]. The minor signal at 532.48 eV from OH oxygen atoms originates
from adsorption of molecular water on the TiO2(110) surface [1*].

4.3 Hydroxylated rutile TiO2(110) single crystal

In this section the hydroxylation mechanism and its effect on the electronic structure of rutile
TiO2(110) single crystal is studied. We also look at the mechanism of adsorption of NitPyn on the
crystal surface. Oxygen vacancies and hydroxyl groups are the two most common point defects on
the (110) surface of the rutile phase of TiO:2 single crystals. These defects affect the surface
properties and electronic structures of TiO2 [*%°,2°]. The relative intensity ratio of Ti** to that of
Ti%* and Ti?* is regularly used to calculate the stoichiometry of TiO2(110) [***]. The Eb scale has

been calibrated so that all the spectra are referenced by means of Ti* 2pai2 peak [**].

As discussed, NitPyn is a small organic molecule with an unpaired electron in the radical
part. This makes it a very thermal-sensitive molecule. Because of this property, we avoid standard
baking-out of the evaporator, instead we adopt a low temperature bake-out which includes heating
the Knudsen cell up to 350-370 K for 18 h. A further rise in the temperature of the cell leads to
degradation of the molecular structure of NitPyn. This bake-out is not enough to remove all the
molecular water present in the evaporation chamber. Therefore, a small amount of residual water

remains. The presences of oxygen vacancies at the two fold coordinating bridging sites of the (110)
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Figure 4.4: Ti 2p core level spectrum of the clean TiO(110) single crystal surface.
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surface of the rutile TiO2 favors molecular water adsorption on the vacancy sites which results in

conversion of the Ti** sites to the Ti+ defects [2°1,297].

The molecular structure of water is unperturbed on substrate surface adsorption [2%].
Adsorption of molecular water while electronic structure remains intact usually occurs on top of
the defect-free surfaces and is interpreted as physisorption or weak chemisorption of the molecular
water [294,20%], In this case, adsorbed molecule, owing to the molecular water-substrate interactions
may desorbs from the surface of the substrate. On the other hand, there are several theoretical and
experimental studies that have agreed on the scenario that the molecular water dissociatively
adsorbs on the surface of the substrates [2°4,2%]. In this case, water splits into OH and H species.
In our experiments, where the defective TiO2(110) single crystal is used as a substrate, the highly
reactive surface of the TiO2(110) single crystal favors dissociative adsorption of the molecular
water [2%4,2%]. The OH species interacts with the vacant sites, (110) surfaces contains fivefold
coordinated Ti atoms along the [001], causing the adsorption to occur along the [001] direction in
the bridging configurations [2°’]. The remaining H atoms, hydroxylate adjacent bridging O atoms.
Dissociative adsorption of the molecular water is a consequences of the formation of the two kinds

of bridging hydroxyl groups per initial vacancy [2%,2°]. Missing one bridging oxygen atom from
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Figure 4.5: Ti 2p core level spectrum of the heavily reduced TiO2(110) single crystal surface.
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surface or subsurface of the TiO2(110) single crystal, introduces one oxygen atom and two Ti*
occupied states in the surface or subsurface of the same crystal. The molecules are strongly bound
to the adsorption sites of the surface and the sub-surface of the TiO2(110) single crystal. This
inhibits the chemisorbed species from spontaneously desorption at RT [2°°]. A prerequisite for the

dissociation of molecular water to occur is its mobility and ability to reach the adsorption sites

[209]_

4.4 NitPyn deposition on TiO2(110) single crystal

In this section, we focus on the study of a thick film of NitPyn deposited on the nearly defect-free
rutile. We investigate the surface of the thin film within an information depth for which the
molecules do not interact with the TiO2(110) substrate. Understanding the physical and chemical
properties of the molecules when their electronic structure is unperturbed represent the first

necessary characterization of a system.

4.4.1 XPS measurements

4.4.1.1 High coverage

The analysis of the films of NitPyn deposited on the TiO2(110) single crystal starts with the XPS
survey spectrum. As shown in Figure 4.6, the significant intensity of the peaks related to the C 1s
and the N 1s core level spectra illustrates that the molecule has been successfully deposited on the

clean rutile TiO2(110) single crystal.

In order to determine the ratio between the C atom and the N atom in the structure of
NitPyn, we need to compare the intensity of the C 1s (I1) and N 1s (I2) core level spectra taking
into account the sensitivity factor of the 1s orbital of the C and N atoms in our set of experiments
(0.25 and 0.4, respectively) as discussed in chapter 2.4.2.

The integrated signal intensities of the C 1s and N 1s core level spectra are calculated as follows:
C1s/N1s=(Ic/Sc)/ (In/Sn) =11.25

The chemical formula of NitPyn (C23H21N202) with 23 carbon atoms and 2 nitrogen atoms implies
stoichiometric C / N ratio is equal to 11.5. Therefore, we can conclude that the ratio of the
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Figure 4.6: Survey spectrum of a nominally 2 nm thin film of NitPyn on the rutile TiO2(110) single crystal.

integrated signal intensities of the C 1s and N 1s core level spectra meets the expected

stoichiometric ratio.

Curve-fitting and analyzing the experimental curves facilitates a deeper insight into the
photoemission spectra [?1°]. The complexity of the C 1s core level spectrum is mainly due to the

presence of carbon atoms with different environments in the structure of the molecule.

Curve-fitting provides an opportunity to resolve the individual spectral lines. The most striking
observation in Figure 4.7 is that the C 1s core level spectrum of NitPyn consists mainly of two
contributions including the main line at around 284.6 eV and the second feature evident as a

shoulder at higher Ep at around 286.6 eV. The ratio between the two integrated signals is 19:3.

To perform peak-fitting of the photoemission lines, we used asymmetric Voigt line-shape
profiles characterized by a constant Lorentzian width which is fixed (80 meV for C 1s). These
values of the are in good agreement with the intrinsic life time for the core-hole states in organic
molecules[?1*213]. The Gaussian widths for C-C, C-H, and CHs is 0.97 eV and for the C-N

components is 1.20 eV.
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Figure 4.7: C 1s core level spectrum of a 2 nm nominally thick film of NitPyn deposited
on TiO2(110) single crystal.

The main line of the C 1s core level spectrum, as displayed in the Figure 4.7, can be
assigned to three chemically different carbon atoms. The different contributions belong to the
aromatic rings (C-C and C-H) and to the methyl groups (CHs). The peak at lower Eb belongs to
the double-bonded carbon atoms (C=C), C-H is visible at 0.28 eV higher energy, indicates a more
efficient screening of the core-hole for the internal C-C ring bonds [?°]. The peak at 0.56 eV higher
Ebs with reference to the C=C contribution assigned to the carbon atoms belong to the methyl
groups (CHs). The CHs peak appeared at higher Ep due to an increased number of hydrogen atoms
with respect to CH. The contribution related to the carbon atoms bound to nitrogen atoms (C-N)
is evident at 1.98 eV higher Eb with respect to the C=C contribution. The significant higher Ep of
the C-N can be understood in terms of difference in the electronegativity of the nitrogen and carbon
atoms. The relatively high electronegativity of the nitrogen atom withdraws the electrons, and
reduces the charge density on the C-N bond. This results in the increasing of En of the
photoelectron emitted from carbon atoms bound to the nitrogen atoms as compared to the other
components [**4]. As mentioned, NitPyn molecule is formed by 23 carbon atoms, 2 nitrogen atoms
and 2 oxygen atoms, which leads to the atomic percentage of 85.2%, 7.4%, and 7.4% respectively.
We find that the resulting percentages are in agreement with the integral signal intensities obtained

by analyzing the XPS curve. As already mentioned, the ratio of the integrated signal intensities
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between the two main parts of the spectrum is 19:3. The contributions to the main line in the lower
Eb are set to have 9:7:4 ratio (C-H: C-C: CHs) according to the stoichiometry of the molecule. In
addition to the four outlined components in the C 1s core level spectrum, two further features with
much lower intensity are introduced. They are photoelectron shake-up structures and their energy
positions with respect to the main photoemission line are at 1.2 eV and 3.2 eV. These are
consequences of the relaxation of the electronic system following core-hole formation [1%821%]. The
satellites are correlated to the shake-up excitation between orbitals mainly localized on the
aromatic carbon atoms (S at 285.40 eV in Figure 4.7), as well as, on the carbon atoms bound to
the nitrogen atoms, (S2 at 287.40 eV in Figure 4.7). The satellite structures cannot be understood
in a simple initial state picture due to the modified chemical environment. An interpretation that
they originated from strong dynamic multi-electron shake-up excitations in the PES final states
gives a detailed picture on the excited states of the core ionized system [?'6]. Core-hole formation
induces a reduction in the symmetry of the electronic system for example; The benzene ring has
six fold spatial symmetry (Den) with all the six C-C bonds equivalent but in the core-hole
description (when considering the localized core-hole events) the molecular symmetry decreases
to Cov [?']. Therefore, there are a large number of nonequivalent carbon atoms during core
ionization that contribute to the satellite spectrum. The ionization at different carbon sites may
give different contributions to the shake-up spectra [*1]. This concept has been comprehensively
discussed by Rocco et al and Schoell et al [?*4%'7]. The first satellite feature (S1) can be
conventionally assigned to the excitation of an electron from the HOMO to the LUMO. This shake-

Table 4.2: Binding energy of the different components of the C 1s core level spectrum and shake-
up satellites in NitPyn deposited on the TiO2(110) single crystal.

Energy Lorentzian Width ~ Gaussian Width  Intensity

(eV) Q%) (V) (%0)

c-C 284.28 0.08 0.97 30.70
C-H 284.54 0.08 0.97 38.10
CHs 284.82 0.08 0.97 16.80
C-N 286.25 0.08 1.20 11.30
S1 285.40 0.08 0.97 2.90
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up excitation i.e.,the relaxation after the photoemission process, is attributed to the excitation
having same energies and determines the excitation of an outer shell electron from the HOMO to
LUMO levels [?8]. The S: satellite can be related to the first HOMO-LUMO shake-up. Its energy
position is 1.2 eV higher with respect to the C 1s main line. This value is lower than the
corresponding HOMO-LUMO optical gap obtained by spectroscopic measurements (2.3 eV) [1%8].
The HOMO-LUMO shake-up transition is a typical phenomenon for polyaromatic systems such
as perylene—based molecules [*®]. The value of 1.2 eV is in agreement with the value obtained for

tetracene [21'].

The main reason for the difference between the first HOMO-LUMO shake-up and the
HOMO-LUMO optical gap is that the photo-generated core-hole is delocalized over the large
aromatic system. The mechanism of core-hole screening is enhanced due to the delocalization of
the core-hole over a large aromatic system [?'7]. There are several factors that influence the
intensity of the shake-up satellites. The excitation among electrons of the valence bands and the
satellite intensities are correlated, the influential factors can thus be related to the ability of the

system to react to the creation of core-hole. As it will be discussed in detail in further sections of

hv=1000 eV
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Figure 4.8: C 1s core level spectrum of a 2.5 nm nominally thick film of NitPyn deposited

on TiO2(110) single crystal.

63



this chapter, the mentioned factors can be divided into two main groups [?'4]:First, the
intramolecular contribution arising from the capability of the electrons to respond to the alteration
of the electronic structure of the molecule as core-hole screening. Second, the reaction of the whole
system including the molecule of interest and the molecular surrounding, known as intermolecular
contribution [?°]. We also notice the presence of a second satellite feature at 287.40 eV. According
to stoichiometry arguments, this Sz satellite may be related to C—N contributions. Now, we look at
the N 1s core level spectrum the same time. The N 1s core level spectra are of prime importance
in our experiments because N atoms carry the information on the paramagnetic character of NitPyn
due to delocalization of the unpaired electron over N-O groups. The analysis of the N 1s core level
spectrum delivers vital information about its radical. As Figure 4.9 shows, the main line of the N
1s core level spectrum is centered at 401.92 eV which is in close correlation with the energy
position observed for the N 1s main line in the NitPyn thin films deposited on the Au(111) single
crystals [?'!]. NitPyn has an unpaired electron delocalized over the two N-O groups in the nitronyl
nitroxide radical which are chemically equivalent. One single intense peak is expected to be
observed, as in the case of the N 1s core level spectrum in Figure 4.9. The delocalization of the
unpaired electrons within NitPyn causes the electrons to redistribute over the N-O groups. This
structure is known as a mesomeric structure [%°,?21]. In contrast to the Lewis structure which

exhibits a region with relatively high electron densities between two nuclei, the charge density in
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Figure 4.9: N 1s core level spectrum of a 2 nm nominally thick film of NitPyn deposited on TiO2(110).
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this case is distributed over a larger area (over two N-O groups) [???]. Electron delocalization, in
the framework of mesomerism, results in the permanent polarization in the ground state of NitPyn
[?%%]. Electron delocalization over the N-O groups lowers the energy of the molecule, thus, makes
it more stable. Similarly to the C 1s core level photoemission spectrum, two well-separated
features are visible at 1.4 eV and 2.9 eV higher Ebs than the N 1s core level spectrum of the
mesomeric nitrogen (see Figure 4.9). The correspondence between the satellites visible in the N
1s core level spectrum and those in the C 1s XPS spectrum, clearly indicates that the shake-up
excitation between orbitals localized on the aromatic parts of NitPyn strongly couples to the N 1s
excitation of the nitrogen atoms. Comparing the spectrum in the Figure 4.9 with the spectra of the
powder or physisorbed_NitPyn molecules [*1], we observe that they are similar which implies that
the molecules, in the multi-layer films, retain their molecularstructure [?*!]. Figure 4.9 also shows
a signal tail in the lower Eb with respect to the main peak. This signal is assigned to the interfacial
contributions such as nitrogen atoms bound to the titanium atoms of the substrate, (Ti-N), or to the
hydrogen atoms (N-H). These contributions are dominant at the molecule-substrate interface and

we are going to discuss them in the next paragraph.

As it will be discussed in paragraph 4.4.3, the study the growth mode of the thin film shows
that the NitPyn molecule grows first as layer(s) on the bare TiO2(110) single crystal. As it exceeds
a certain thickness, the molecules assemble as islands on top of the previous layers. Therefore, it
is possible to observe the interfacial contributions in also rather thick films. The counterbalance
between molecule-substrate and molecule-molecule interactions determines the extent to which
the growth mode switches from layer-by-layer to island formation. The existence of interfacial
contribution at high coverage hints at the fact that the thin film grows on the TiO2(110) single

Table 4.3: Binding energy of the N 1s core level spectrum and the shake-up satellites in NitPyn
deposited on the TiO2(110) single crystal.

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) Q%) (eV) (%0)
N 401.92 0.1 1.32 87.33
S1 403.32 0.1 1.32 6.67
S 405.20 0.1 1.32 5.00
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crystal by S-K growth mode. Further systematic analysis is required to confirm this claim and will
be presented also by using AFM investigations in the paragraph 4.4.3.

4.4.1.2 Low coverage

In this paragraph, after the investigation of the high coverage Nitpyn thin films, we focus on the
study of the same molecule in the sub-monolayer regime. Figure 4.11 shows the recorded C 1s
core level photoemission spectra obtained for samples of different nominal thicknesses of NitPyn
thin films in the sub-monolayer coverage. Similarly to the C 1s core level spectrum of the
multilayer thin film, the C 1s core level spectrum of sub-monolayer films of NitPyn consists of
four different components. A nice agreement of the relative intensities of the four components of
the C 1s core level spectrum with the stoichiometry of the molecule (See Appendix I, II) implies
that the molecular structure of NitPyn remains intact during evaporation and during deposition on
the surface of the TiO2(110) single crystals.

The nominal thickness of the grown thin films on the rutile single crystals are 0.3 and 0.5 nm. By
considering that pyrene molecule is 11.66 A large, 9.279 A broad, and 3.888 A thick [?*], an
assembly in the range from 3 to 10 A lies in the sub-monolayer regime unless we assume that the
molecules adsorb completely flat on the substrate. Our NEXAFS investigation of the orientation
of Nitpyn with respect to the surface of the substrate in the sub-monolayer coverage (paragraph
4.4.2.2.2), shows that this is not the case [*°]. As Figure 4.10 shows, a significant peak intensity
related to the C 1s and the N 1s core level spectra indicates a successful deposition of the NitPyn
on the surface of the atomically clean TiO2(110) single crystal. We aim at investigating whether
the molecule is adsorbed on the surface via chemical or physical absorption. If the molecular
orbitals of the adsorbed molecules are perturbed, it means that the wave functions of the molecular
orbitals of the molecule hybridized, due to strong chemical interactions between the molecules and
the substrate, or because of weak physical interaction, the wave functions of the molecular orbitals
remain largely unperturbed [??4]. The agreement between the relative intensities of the four
components of the C 1s core level spectrum (Figure 4.11) and the quantitative composition of the
molecule indicates that the deposited molecules in the sub-monolayer coverage, interact with the
surface of the TiO2(110) single crystal but the pyrene substituents of NitPyn remain unperturbed

upon adsorption on the substrate. This observation indicates a lack of strong interaction of the
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Figure 4.10: Survey spectrum of a 0.3 nm nominally thick film of NitPyn deposited on TiO»(110) single

crystal.

pyrene unit of the molecule with the substrate. We conclude that the radical part of the molecule
interacts with the substrate while the pyrene unit of NitPyn is not strongly influenced by the
substrate. The analysis of the N 1s core level spectra of the molecule in the sub-monolayer regime
of thickness provides first-hand information about the molecule-substrate interface, as well as, the

mechanism of NitPyn adsorption.

Figure 4.12 and Figure 4.13 illustrate the N 1s core level spectra of the thin films with
different thicknesses in the sub-monolayer coverage. We are able to identify three contributions
due to the photoelectrons emitted from nitrogen atoms bound to the oxygen atoms (N-O), nitrogen
atoms interacting with the empty d-orbitals of Ti** cations (Ti-N) and nitrogen atoms bound to the
hydrogen atoms (N-H). The XPS N 1s core level spectra are characterized by two phenomena at
the NitPyn- TiO2(110) interface: The Eb of the main peak shifts toward lower values with respect
to the Ep of the main peak of the N 1s core level spectra recorded for NitPyn deposited on the
Au(111) [?9]. This value is 401.9 eV for 1.0 nm thick film on TiO2(110) and 402.2 eV on the
Au(111). The 0.3 eV shift to the lower Ebs for the sub-monolayer coverage is most likely due to
the chemical interaction between N atoms of the NitPyn and the adsorption sites of the TiO2(110)
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Figure 4.11: C 1s core level photoelectron spectra of 0.3 nm (left) and 0.5 nm (right) nominally thick film
of NitPyn deposited on TiO2(110) single crystal.

single crystal. When two atoms bind together, changes in the Ebs not only take place for the valence
electrons but the core electrons also experience changes in Ess. Figure 4.12 and Figure 4.13 show
the complex spectral line in the N 1s core level spectra of 0.3 nm and 0.5 nm nominally thick films
of NitPyn. Two lines at 400 eV and 398 eV that are related to the N-H and Ti-N contributions,
respectively, are identified for the spectrum recorded for nominally 0.3 nm thick film. The
assignments agree with the interpretation of the N 1s core level spectra of a wide variety of organic
molecules adsorbed on the rutile TiO2(110) single crystal surface [2" 225 22"], The study of the thin
films with different thicknesses from 0.3 nm to 1.0 nm (Figure 4.12 and Figure 4.13), shows that
by increasing the film thickness, a peak is visible at 401.9 eV and upon further increasing of the
thickness of the thin film. It is dominant relatively to the other contributions (N-H and Ti-N). The
study of the N 1s core level spectra of the unperturbed NitPyn deposited on gold and sapphire
demonstrate that this peak corresponds to the mesomeric nitrogen atoms [*%¢219], As mentioned in
the paragraph 4.2, sputtering of the surface of the TiO2(110) give rises to the oxygen vacancies
with a broad range of density depending on the cleaning procedure. These oxygen vacancies, even
at very low percentages, in the nearly defect-free surfaces, are the origin of Ti% 3d states
contributions. Vacancies favor adsorption of molecular water either in the intact or dissociated
form. Adsorption of molecular water on the TiO2(110) single crystal surface, leads to the partial
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Figure 4.12: N 1s core level photoelectron spectrum of a 0.3 nm nominally thick film of NitPyn deposited
on TiO(110).

hydroxylation of the surface, and, consequently the coexistence of clean and hydroxylated surface
regions in TiO2(110) single crystals [%,2%].

The behavior of the nitronyl nitroxide radical derivative in solution, could be useful to understand
the behavior of NitPyn during evaporation and deposition on the surface of the substrate.
Ultimately, it can elucidate the mechanism of the adsorption of the molecule at this interfaces.
Ullman and co-workers showed that nitronyl nitroxide radical derivatives in solution tend to
spontaneously lose an oxygen atom of the N-O groups without further decomposition [?%].
According to their report, the radicals are highly stable and losing an oxygen atoms does not lead
to further decomposition of the molecule. The compounds can be reconverted to the initial
structure with appropriate choloroperbenzoic acid treatment [?2’]. All compounds (independently
of their substituent) may be reversibly protonated without decomposition [??¢]. Therefore, at the
interface, the evaporated molecules first lose the oxygen atom located in the N-O group,
spontaneously, without further decomposition, then the nitrogen atom will bind either to the
hydrogen atoms of the O-H group of the hydroxylated surface or to the titanium atoms of the
atomically clean surface. Thus, the initial mode of the adsorption of the organic molecule involves

reaction of the nitrogen atoms with the titanium atoms on the substrate surface, as well as,hydrogen
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Figure 4.13: N 1s core level photoelectron spectrum of a 0.5 nm nominally thick film of NitPyn deposited
on TiO,(110) single crystal.

sites. A (110) surface contains fivefold coordinated Ti atoms along [001], the molecule adsorption

is expected to occur a long [011] direction in bridging configuration.

4.4.1.3 N 1s core level spectra of NitPyn on the TiO2(110) single crystal with different density
of defects

The relation between adsorption of the molecular water and the density of the oxygen vacancy at
the surface or subsurface of rutile has not been entirely elucidated yet. To study the evolution of
adsorbed thin films with varying defect population, thin film of 3 A nominal thicknesses of NitPyn
is deposited on the two different rutile (110) single crystals. The density of the oxygen vacancy at
the two surfaces are 1.5% (nearly perfect surface) and 8.5% (vacancy rich surface) respectively.
By considering the fact that missing one bridging oxygen atom from surface or subsurface of the
TiO2(110) single crystal, introduces one oxygen atom vacancy and two Ti%* states in the surface
or subsurface of the single crystal, the density of the oxygen vacancy equal to 1.5% and 8.5%

correspond to the 3% and 17% of the Ti®* states, respectively.

Comparing the left and the right part of the Figure 4.14 shows that the integrated signal
intensity of the N-H in the heavily reduced surface is higher than the intensity of the signal intensity
on a nearly perfect surface. This finding shows that there is a direct correlation between the density
of the oxygen vacancy and the percentage of the molecules bound to the hydrogen atoms. Defects

are found to alter the characteristic of the NitPyn and promoting adsorption on the hydroxylated
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Figure 4.14: N 1s core level photoelectron spectra of a 0.3 nm nominally thick film of NitPyn deposited
on TiO2(110) single crystal with density of Ti**3d states of (left) 17% and (right) 3%.

sites. This analysis presents an important aspect of the adsorption of NitPyn on the rutile (110)
surfaces, i.e., there is a clear tendency of the molecule to favor binding with the hydrogen atoms
localized at the surface of the substrate.

4.4.1.4 O 1s core level spectra

Figure 4.15 presents the O 1s core level spectrum acquired after deposition of a 2 nm NitPyn on a
Ti02(110) single crystal. The O 1s spectrum is important in our experiments because of the
following reason: As mentioned before, the magnetic momentum carrying unpaired electrons are
delocalized mainly over the two equivalent N-O groups of this pyrene derivative. Therefore, the
O 1s as N 1s core level spectra are used to ascertain the intactness of the paramagnetic nature of
NitPyn. The intensity of the signal related to the oxygen atoms belonging to the substrate, Osub,
decreases upon NitPyn deposition but its E» remain unchanged upon NitPyn adsorption which
confirms that the oxygen vacancies are not filled by NitPyn molecules. Because of the presence of
oxygen atoms both in TiO2(110) single crystals and NitPyn, distinguishing the O 1s core level
spectra originated from the substrates and those arising from the NitPyn in thin layers is difficult.
For sufficiently thick layers so that the thickness of the film is three times larger than the values
of the IMFP of the elements of the substrate, photoelectron spectra contain only contribution of

the photoelectrons from the deposited thin film. Consequently, the observed O 1s core level spectra
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are conventionally assigned to the oxygen atoms of the NitPyn. Considering the difficulty in
precise distinction of different O 1s contributions and in order to facilitate a systematic comparison
of the paramagnetic character of the layers with different range of thicknesses, we discuss mainly

the N 1s core level spectra.

Figure 4.15 shows that, besides the almost symmetrical nature of the surface O 1s signal at 531.08
eV, the spectrum contains two other components at 1.4 eV and 2.3 eV higher Ebs with respect to
the main line, due to photoemission from surface hydroxyls formed from dissociative adsorption
of the molecular water on the oxygen vacancies at the surface of the TiO2(110) single crystal and
lattice O atoms [??6]. They can be distinguished in the hydroxylated substrate before deposition by
their different Ebs. After deposition of a 2 nm thin film, a second feature accompanied by a satellite
is evident at 4 eV higher E» than the main signal and it is assigned to the signal from the O atom

of this pyrene derivative, by using a peak-fit analysis.
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Figure 4.15: O 1s core level spectrum after deposition 2 nm nominally thick NitPyn film.
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4.4.1.5 Different excitation energy

4.4.1.5.1 C 1s core level spectra

In this set of experiments we study the variation of the peak position and the shape of the C 1s core
level spectra of NitPyn deposited on the surface of TiO2(110) with different thickness (from 0.3
nm to 6 nm) and probed with X-ray with a broad spectrum of excitation energies (330, 640 and
1000 eV). It is worth noting that the measured E» depends on several factors such as chemical
state, electronic level or band structure, and dynamic screening effect [?°]. The main reason for
employing a X-ray source with tunable excitation energy is varying the IMFP, A, and thus the
surface and bulk sensitivity of the measurements [2%°]. The other consequence of varying the
photon energy is changing the C 1s cross section. Increasing excitation energy of the incident X-
ray results in increasing the probability of interaction between the electromagnetic wave (which in
this case lies in the X-ray wavelength range) and the atom of interest (carbon atom or nitrogen
atom). Variation in the C 1s cross section also leads to an increase in the number of effects to be
further accounted for. It also provides an opportunity to study the mechanism of core-hole

screening [*°].

Figure 4.16 shows that upon varying the excitation energy, the peak position and the shape
of the C 1s core level spectra remains unchanged. This indicates an absence of the surface core
level shift (SCLS) in the C 1s core level spectra. The SCLS is discussed as the core level Eb
difference between atoms of the surface and the corresponding bulk atoms. In order to unravel the
phenomena leading to these results, the mechanism of photoemission in organic solids should be
considered. These class of solids are prominently governed by non-covalent van der Waals forces
and are characterized by strong intramolecular bonds, weak intermolecular bonds and a dielectric
constant which is not too high [2%°]. As it mentioned previously, no SCLS is observed in the C 1s
XPS spectra of the thin films of NitPyn deposited on TiO2(110) surface. Here we try to count the
phenomena leading to the SCLS in the organic solids.

In a core electron photoemission process, a core-hole is generated once a core electron is
excited from a core level to the vacuum level due to the adsorption of a photon. The photo-
generated core-hole will be localized over the molecule or molecular neighbors. Since localization
of the created hole is accompanied by electrostatic polarization of the surrounding molecules in

the photoemission process. Photoemission Ep is correlated with localization of the hole and hence
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polarization of the vicinity of the hole. The difference between the mechanism of hole creation at
the surface and the same photoemission event in the bulk of the sample results in the difference in
the polarization and hence in the photoemission Ep for the surface and the bulk, as long as, the
effective charge remains localized within the atoms or the molecules. In a quantitative expression,
the electrostatic energies of the localized positive charges created at the surface is different with
the energy of the charges in the bulk. SCLS in the organic solids are possible to be understood in
terms of screening effect. There are three possibilities to address the mechanism of charge
screening in the organic materials: Screening of the created charges (i) by single atom, (ii) by
single molecule and (iii) by whole the system [%°] . In other words, the extent to which the photo-
generated charge is localized may vary over an atom, a single molecule or whole the system

including understudy molecule.

In the first case, the final state should be represented as atomic fully charged state and the
result can be reproduced by using a model based on the point charged configuration [2°]. As no
SCLS being observed in the organic materials, localization of the created charge on the single atom

cannot be the case in these materials.

In the second case, charge screening is possible to be interpreted in terms of charge
redistribution inside the isolated molecule. In this case, the molecule relaxes its geometrical

structure to compensate the metastable charged state.

The last reason for the absence of the SCLS is charge screening by whole the system [%1].
In this case, the role of the intermolecular coupling, is significantly important. One interpretation
for the absence of the SCLS in the organic materials is the occurrence of charge screening in an
efficient way. It would mean that there is no significant difference between the mechanism of the
hole creation at the surface and in the bulk of the organic solids. As a consequence, reaction of the
environment to these photoemission events is the same both at the surface and in the bulk of the
organic thin film. In this case, the charge will be delocalized over entire electronic system due to
high degree of intermolecular coupling and core-hole screening occurs by intermolecular charge
transfer between NitPyn molecules.

Figure 4.17 shows the C 1s core level spectra of a 2.5 nm nominally thick film of NitPyn

taken at different photon energies. A detailed comparison of the XPS signals obtained from
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different range of the surface sensitivity (from 330 eV to 1000 eV). Figure 4.17 shows that the
main line in the C 1s core level spectra is identical and it does not reveal any energy shift or change
in the line shape of the core level spectra related to C-C, C-H or C-Hzwhen the molecule is probed
by x-ray with tunable energy. Now, we investigate variation of the shape of the signal related to
the C-N contribution. The analysis of the Figure 4.17 shows slight variations in both the intensity
as well as the FWHM of the signals related to the C-N contributions. To quantitatively investigate
the variation in the shape of the C-N core level line, the change in the FWHM of the C-N
contribution upon increasing film thickness is studied. As fitting procedure of Figure 4.17 shows,
the FWHM of the C-N contribution decreases from 1.65 eV to 1.45 eV by increasing thickness

from 0.3 nm to 6 nm (see appendix I1).

There are several contributions such as intrinsic life time broadening, experimental
contributions, vibronic and inhomogeneous broadening that influence the line shapes in the XPS
spectra of the molecules [**°]. The contributions like intrinsic life time and experimental
contributions are constant for all the curves. In this particular case, the differences between the

FWHM of the spectra for the sub-monolayer (1.65 eV) and multi-layer coverage (1.45 eV), stems
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Figure 4.16: Photoemission spectra of C 1s core level for NitPyn deposited on the TiO2(110) with incident
photon energies of 330 eV (left), 640 (middle) and 1000 eV (right).
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from different molecular packing in the sub-monolayer film with respect to the thicker layers. The
intensity of the satellites appearing at the higher Ebs, decreases inversely with the excitation energy
indicating that the phenomena are not related to the SCLS but it may be related to the orientation
of the molecules with respect to the surface of the substrate in the different thicknesses of the

vapor-deposited thin film.

In order to understanding the origin of these behaviors, as first step, the mechanism of
NitPyn adsorption on the TiO2(110) single crystal should be considered. Study of the NitPyn-
Ti0O2(110) interface indicates that prior to landing NitPyn on the surface of the substrate, oxygen
atoms from N-O group are released and nitrogen atoms, interact with the adsorption sites [*4].
Consequently, the carbon atoms bound to the nitrogen atoms are withdrawn in different levels,
they experience different environments at the different layers. In particular, at the organic
molecule-single crystal interface, where the nitrogen atoms are covalently bound to the adsorption
sites, the chemical environment of the carbon atoms in the C-N group is different with that in
thesubsequent layers. In thicker layers, the influence of the strong chemical forces originated from
the substrate are diminished and the weak molecule-molecule interactions are the driving force for
film formation. Second, the rest of the carbon atoms in the structure of NitPyn do not interact with

the surface even in the sub-monolayer regimes. NEXAFS study supports the idea of variation of

Table 4.4: Fit results for the energy position and relative intensity of photoemission and satellite
line in the C 1s core level spectra of the NitPyn deposited on TiO2(110) single crystal at 330 eV, 640 eV
and 1000 eV.

Energy (eV) Intensity Energy (eV) Intensity Energy (eV) Intensity
(hv =1000) (%) (hv = 640) (%) (hv =330) (%)

C=C 284.50 30.59 284.50 30.32 284.50 29.14
C-H 284.78 38.32 284.78 38.28 284.78 35.97
C-Hs 285.06 16.81 285.06 16.60 285.06 16.96
C-N 286.41 11.60 286.41 11.27 284.41 11.04
S1 285.65 2.30 285.65 2.53 285.65 6.30
Sz 287.78 0.04 287.78 1.00 287.78 1.00
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Figure 4.17: C 1s core level spectra of a 2.5 nm nominally thick film of NitPyn taken at different photon
energies.
the molecular orientation with respect to the surface of the substrate in different layers of the vapor

deposited thin film as discussed in the paragraphs 4.4.2.1.2 and 4.4.2.2.2.

4.4.1.5.2 The C 1s core shake-up spectra of NitPyn
Here, we aim at extracting information about the ground state, as well as, the electronically excited

states of NitPyn by analyzing the C 1s photoelectron shake-up spectra of the molecule adsorbed
on the TiO2(110) single crystal. Prior to the analysis of the photoemission satellites, it should be
considered that the satellites have been categorized into two main groups. The first class includes
the satellites excitation cross sections relative to the single-hole ionization cross sections that stays
constant while whose excitation cross sections of the second class of satellites decreases with
increase the excitation energy [?*1]. Figure 4.17 illustrates the C 1s core level spectra of the NitPyn
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which has two satellite features visible at the 1.2 eV and 3.2 eV higher Ebs with respect to the
main peak. In order to better compare the satellite intensities, the spectra are normalized to the
intensity of the main peak. Since the energy position of the first satellite overlaps with the main C
1s, precise quantitative analysis of the first satellite is not straightforward. The intensity of these
satellite structures are 3% and 1% of the main peak respectively. These shake-up structures stem
from core-ionized molecules while the core-hole is localized on the carbon atoms located in the
aromatic rings (C-C and C-H) and the carbon atoms belong to the methyl groups (CH3) which is
marked by Si. The other shake-up structure labeled by S2 could be due mainly to the ionized core-
hole localized on the carbon atoms of the C-N group. The first HOMO-LUMO shake-up satellites
correlate with the electronic transitions in the photoemission final states and the optical HOMO-
LUMO gap is related to the electronic transition from valence band in the neutral molecule. In the
basis of the fact that both of S1 and Sz stem from the electronic transition, making comparison
between these two HOMO-LUMO shake-up satellites would be meaningful. This comparison
provides further information about the mechanism of screening of the core — hole in the electronic
structure upon photo-excitation. Rocco et al investigated the variation in the intensity of the two
mentioned HOMO-LUMO satellites as function of the size of the molecule and concluded that the
electronic relaxation leads to stronger decreases in energy for the shake-up final state with the hole
in the HOMO and an electron in the LUMO than optical HOMO-LUMO gap [?*"]. It is the core-
hole screening by a redistribution of the charge in the larger molecules [?*7]. The second HOMO-
LUMO shake-up (S2) for the excitation energies of 330, 640 and 1000 eV is illustrated in Figure
4.17 (lower panel). The satellite features are very similar in all excitation energies. The position of
the satellites remains unchanged by varying the excitation energy. By increasing the excitation
energy, the intensity of the S2 decreases while behavior of the first satellite shake-up is not clear
and thus, is not fully understood. In order to interpret this behavior of the S1 and Sz shake-up
satellites as function of the excitation energy, it has to be mentioned that satellites can be classified

into two groups:

1. The satellites which the excitation cross section remains constant by increasing excitation
energy. This kind of energy dependence have been attributed to the lowest order correlation
called direct shake-up terms. In this case, the dipole photo-emission from the core orbital

is accompanied by a monopole excitation of the valence electron [#1].
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2. The satellites which the excitation cross section relative to the single hole ionization cross
section dramatically decreases with increasing excitation energy. This variation in the
intensity of the satellite as function of energy is attributed to the conjugate shake-up terms.
In this case, the dipole excitation of the core electron to an unoccupied molecular orbital is

in conjunction with the monopole ionization of the valence electron [>].

According to the above classification, one may conclude that in the case of NitPyn, the
intensity of the first HOMO-LUMO shake-up is related to the dipole excitation of a core electron
to the valence orbital while the monopole ionization of the valence electron occurs simultaneously
[231:232], This phenomena has been observed in small molecule such as carbon monoxide [*31-24]

and benzene [#2].

4.4.1.5.1 N 1s core level spectra

The next step of our experiment in the study of the variation of the Ep and the shape of the N 1s
core level spectra of NitPyn deposited on the surface of the TiO2(110) single crystal with different
thickness (from 0.3 nm to 6 nm) probed by X-ray with different excitation energies (640 and 1000
eV). Figure 4.18 shows that the peak position of the N 1s spectra remains unchanged by varying
the excitation energy. Following a variation of the shape of the spectra by increasing the thickness
of the film looks more complicated than the case of the C 1s core level spectra due to the presence
of interfacial contributions. Weight of the mentioned contributions and the manner they alter by
variation film thickness are not identical. Variation in the shape of the N 1s core level spectra is
expected to occur in direct correlation with the variation in the C-N part of the C 1s spectra. The
reason for these alterations is that in contrast to the pyrene part of the NitPyn which is not in direct
contact to the substrate, the nitrogen atoms interact with the adsorption sites of the substrate.
Therefore, the molecules are subjected to very strong influence of the substrate that is attenuated
by increasing thickness of the film. Changes in the FWHM of the N 1s spectra of the N-O group
as a function of film thickness is quantitatively investigated. As Figure 4.18 illustrates, the FWHM
of the N 1s spectra of the mesomeric nitrogen atoms decrease from 1.7 eV to 1.4 eV by increasing
the film thickness. The variation in the FWHM upon increasing thickness of the thin film is related

to the different chemical environments of the molecules in different layers. The other reason for
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Figure 4.18: Photoemission spectra of the N 1s core level for NitPyn deposited on the TiO2(110) with
incident photon energies of 640 eV (left) and 1000 eV (right).

variation of the shape of the mesomeric nitrogen atom is a change in the orientation of the
assembled molecules with respect to the substrate by increasing film thickness. The sensitivity of
the N 1s core level spectra to the perturbation of the organic radical is discussed in the previous
sections. This perturbation can arise from either degradation of the molecule or the strong chemical
interaction between organic radical and the substrate. NitPyn degrades to imino-nitroxide or
diimino derivative products. These products are mirrored by spectroscopic lines at the lower Ebs
relative to the main N 1s peak. Figure 4.19 shows a contribution line at the Ebs between 398 and
400 eV (for both samples) which its percentage is determined by XPS line analysis and it is equal
to 4.8%.
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Figure 4.19: N 1s core level spectra of 0.5 nm (left) and 1.5 nm (right) nominally thick film of NitPyn
deposited on TiO2(110) single crystal (excitation energy= 1000 eV).

4.4.2 NEXAFS measurements

To further characterize the thin film, we perform NEXAFS spectroscopy aiming at the
investigation of the unoccupied states. As it is shown in previous paragraphs of this chapter, XPS
is a very powerful technique employed to analyze materials and thin films by probing occupied
states of the understudy molecules. In order to perform a comprehensive study, we need to combine

these information with those obtained by probing the unoccupied states.

NEXAFS spectroscopy belongs to the broader class of techniques known as X-ray
adsorption spectroscopy (XAS) which deals with the adsorption cross-section near the (1s)
ionization step and directly probes the unoccupied states [**]. Depending on the excitation energy,
the final states can be categorized to the discrete molecular orbitals when the excited electrons are
adsorbed in the antibonding orbitals or may be free vacuum states in the cases that the excitation

energy is sufficient to excite the electrons above the Fermi level.

The energy of the NEXAFS resonances provides information about the environment of
specific chemical elements while the photon energy is scanned in a region several tens of electron
volts above the edge resulting in measuring the adsorbed X-ray intensity [>*°]. In addition, some
information can be gained from NEXAFS spectra about bonding properties as well as local charge
distributions. As discussed, the other useful property of the NEXAFS spectra is to quantitative

determination of the orientation of the molecules forming the thin film with respect to the plane of
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the substrate [*'8]. In our particular case we employed this technique as a complimentary technique
coupled with XPS measurements to perform a comprehensive study of the electronic and magnetic

structures of the metal-free magnets by probing unoccupied states.

4.4.2.1 NEXAFS spectra of multilayer
4.4.2.1.1 C-K edge NEXAFS spectra of multilayer

Here, we aim at the analysis of structural properties of the molecule by studying the C-K edge
NEXAFS spectra. A comparison is made between the NEXAFS spectra of NitPyn and pyrene as
well as pyrene-based molecules in order to interpret the spectral features and assign the resonances
in the NEXAFS spectra, [2%6,2%]. The comparison facilitates the characterization of the C-K edge
NEXAFS spectra. These spectra are characterized by two main regions: the n*region up to around
290 eV and the o*region that lies in the photon energy range above 290 eV (see Figure 4.21). We
will focus on the 1" region resonances, which show sharper features that can be assigned to specific
transitions. In the t ‘region, three sharp resonances are observed at 284.9, 285.5 and 286.2 eV
which have C=C character. This correspond to the transitions from the C 1s initial states of the C
atoms to the LUMOs. There are two other features visible at 287.7 and 289.7 eV. In contrast to the

previous features they have a mixed nature (o (C-H) and 1t (C=C)).

In the 6™ region, which are dominated by relatively broad lines, two resonances are visible.
They have a mixed character (C-C, C=C and C-N) and t — 1 shake-up contributions due mainly
to the transitions from the 1s core levels of the C atoms to the antibonding o ~orbitals of the
molecule [27]. The resonances observed in the o™ region are not as sharp as those visible in the 1"
region. The reason for the difference between line shape in the two different region backs to the
correlation between lorentzian width of the line shape and the final state life time which is
determined by the created core-hole decay. In other words, the decay probability of the electron in
the continuum states increases dramatically leading to a broadening of the line shape of the
NEXAFS spectra in the o™ region [**°].

4.4.2.1.1.1 Orientation analysis with NEXAFS spectroscopy
As we discussed earlier, NEXAFS spectra can be used to determine the average spatial orientation
of the molecular plane in the vapor — deposited thin film with respect to the surface. The transition

energy and the intensity of the features in the NEXAFS spectra is related to the presence of the
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specific elements and their chemical environment, while, some of the specific transition also
depend on the orientation of the transition dipole moment associated with the transition relative to
the polarization vector of the linearly polarized X-ray beam [*®]. In our particular case, by
investigating the C-K edge NEXAFS dichroism, we can calculate the orientation of the molecular
plane of the pyrene unit with respect to the surface of the substrate. We focus on the resonance
observed at the 285.5 eV and as it is shown in Figure 4.20, this calculation yields 48° as the angle
between the pyrene unit of NitPyn and the substrate. The average orientation of the molecular
plane of the pyrene substituent is in agreement with the crystalline structure of NitPyn [**°]. This
arrangement is mainly consequence of the counterbalance between two different driving forces:
the tendency of the molecule to have the major  electron sharing and the intermolecular
interaction of the NitPyn with the surrounded molecules in the structure of the thin film. This has

been also observed in other nitronyl nitroxide radicals [2%°24°] as well as, in small molecules
[241 242].

Figure 4.20: Crystal structure of NitPyn
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Figure 4.21: C-K edge NEXAFS spectra obtained from thin film in multilayer regimes (2.3 nm). The
spectra are taken in grazing incidence for p-pol (red curve) and s-pol (black curve) polarization.

4.4.2.1.2 N-K edge NEXAFS spectra of multilayer

The importance of the N-K edge NEXAFS spectra stems from the fact that N atoms carry
information about the radical nature of the molecule, because of the delocalization of the unpaired
electron over the two equivalent N-O groups. The N-K edge NEXAFS spectra (like the C-K edge
NEXAFS spectra) is characterized by two main regions: The 1t region between 398 and 404 eV,
and the o ‘region that lies in the photon energy range above 404 eV (as shown in the Figure 4.22).
In the n*region, several sharp resonances are observed that are related to the transitions from the
N 1s initial states of the N atoms to the =* antibonding molecular orbitals. This assignment is based
on previous studies on NO [**42%%], amino acids [**] and phthalocyanines [>*7-%4]. In the ¢*
regions, several relatively broad resonances are visible; they are due mainly to the transitions from
the N 1s core levels of the N atoms to the antibonding ™ orbitals of the molecule [2*¢]. The main
reason for the broad shape of the feature is that they have mixed character and various contribution
such as ¢™* (N-C) are included. As discussed, the other reason for the broadening is that the decay
probability of the electron in the continuum states is remarkably higher in comparison to the ©*

region [>°]. All assigned feature in the 398 to 410 eV photon energy interval have analogy with
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Figure 4.22: N-K edge NEXAFS spectra obtained from thin film in multilayer regimes (2.3 nm). The
spectra are taken in grazing incidence for p-pol (red curve) and s-pol (black curve) polarization.

peak energy and behavior of the features in the N-K edge NEXAFS spectra of small organic
molecules [*]. An additional feature is visible in the N-K edge NEXAFS spectra of NitPyn at the
photon energy of 397.2 eV which has not been observed in the other investigated molecules. The
photon energy region below 398 eV is known as “pre-edge®, the resonance corresponds to the
transition of the N-K electrons from 1s orbitals to the singly occupied molecular orbitals (SOMO).
As we discussed, the paramagnetic property of the molecules is related to the presence of the
unpaired electrons delocalized over N-O groups. The feature at 397.2 eV corresponds to the
excitation of electron from 1s orbitals to the SOMO. The direct consequence of this finding is that
the unpaired electron in the N-O groups is not influenced by either evaporation of the molecule or
assembly as condensed film on the TiO2(110). Consequently, we can conclude during the thin film

formation, the paramagnetic properties of the thin film NitPyn molecule are preserved.

4.4.2.2 NEXAFS spectra of the sub-monolayer
4.4.2.2.1 C-K edge NEXAFS spectra of sub-monolayer

The C-K edge NEXAFS spectra of the thin film in the sub-monolayer regime of thickness is
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Figure 4.23: C-K edge NEXAFS spectra obtained from thin film in the sub-monolayer regimes (0.3 nm).
The spectra are taken in grazing incidence for p-pol (black curve) and s-pol (red curve) polarization.

showed in Figure 4.23 for two different polarization directions of the incident light (in plane
polarization and out of plane polarization). The resonances resemble those observed for thick
films. Therefore, many conclusions obtained for thick layers can be generalized to the interface
films regardless of their thickness. By our XPS investigations explained in chapter 4.4.1.2, we
proved that the molecule lands on the surface of TiO2(110) single crystal, and it interacts with the
substrate through nitrogen atoms bound to the TiO2(110). Thereby, the similarity of the C-K edge
NEXAFS spectra originate from the fact that the pyrene substituent of the molecule either in high
or low coverage is not influenced by the substrate. This conclusion is confirmed by comparing the
C 1s core level XPS spectra of the films in the sub-monolayer and multilayer coverage which

illustrates that there is no relevant difference between the C 1s core level spectra in the two cases.
4.4.2.2.2 N-K edge NEXAFS spectra of sub-monolayer

Our finding from the XPS study of the nitrogen atom in the low coverage NitPyn, reveals that the
layer formed at the molecule-substrate interface has a mixture character being mainly dominated
by the molecules whose radical character is perturbed. By considering the mechanism of
adsorption of NitPyn at the molecule-substrate interface and compare it with the adsorption of the

same molecule in the thicker layers, we expect the N-K edge NEXAFS spectra of NitPyn at the
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layer next to the substrate to be different than the spectra of the subsequent layers. The comparison
of Figure 4.24 with the N-K edge NEXAFS spectra of the thicker film of NitPyn shows these
differences clearly. The origin of the differences is the strong chemical interactions between
orbitals of the nitrogen atoms and adsorption sites results in hybridization of the molecular orbital
of NitPyn and, thus, the strong deviation of the nitronyl nitroxide molecular orbitals from their
unperturbed spatial distribution due to adsorption the molecule on top of the TiO2(110) single

crystal.

The direct consequence of perturbation in the NitPyn molecular orbital is that the matrix
element defining the NEXAFS adsorption experiences changes [35]. In particular, in the N-K edge
NEXAFS spectra obtained from thin films in the sub-monolayer regimes, a weak feature is
observed in the photon energy below 398 eV knows as “pre-edge” region. However, this feature
is not the singly isolated feature as observed at 397.2 eV for thick films attributed to the transition
of the N-K electrons to the SOMO. The presence of this weak feature in the “pre-edge” region,
confirms coexistence of the molecule that assembled on the substrate while their paramagnetic
nature is preserved and the molecules that have lost their paramagnetic properties due to the
hybridization of the molecular orbital.
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Figure 4.24: N-K edge NEXAFS spectra obtained from thin film in the sub-monolayer regimes (0.3 nm).
The spectra are taken in grazing incidence for p-pol (black curve) and s-pol (red curve) polarization.
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4.4.3 Growth mode

We use XPS to study the growth mode of thin film of NitPyn on TiO2(110). In this regard, the
attenuation of the Ti 2p core level spectra versus deposition time is measured. The trend of the
decreasing signal from the substrate gives us information about the mechanisms of assembly of
the molecule on the substrate, thus, on the mode of growing the thin film. Figure 4.25 shows the
attenuation of the Ti 2p XPS signal as a function of time during NitPyn deposition on the surface
of the TiO2(110) single crystal at RT. The resulting data are normalized to the corresponding
saturation signal. Therefore, the relative intensity varies in the 0-1 interval. The variation in the
intensity of the Ti 2p signal from the substrate can be classified into two modes. First, on initial
adsorption of molecules, the intensity of the signal of the substrate decreases dramatically. This
indicates that the molecule are forming a layer over this layer. Second, while exceeding a certain
critical thickness (0.7 nm in this case), the intensity decreases gently. This shows that three
dimensional islands are forming over the deposit layer(s). This point is known as S- K transition
Our XPS finding clearly shows that NitPyn grows on TiO2(110) single crystal by the growing of
layer + island i.e. S-K growth mode. To confirm our finding about this growth mode we coupled
ex situ AFM measurement with the mentioned XPS study. Figure 4.26 clearly shows NitPyn island

formation in agreement with our XPS finding.
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Figure 4.25: Attenuation of Ti 2p XP signal corresponding to the saturation signal as function of time
during NitPyn deposition on TiO»(110) at RT.
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Figure 4.26: 2pum X2pum AFM image of a 1 nm nominally thick layer of NitPyn deposited on the surface
of TiO(110) single crystal.

4.5 NitPyn deposition on SiO2/Si(111) surface

This section deals with a comprehensive investigation on the growth of thin films of NitPyn on the
Si02/Si(111) surface and studying the electronic structure of the system and the paramagnetic
behavior of the molecules, in a vast range of film thicknesses. The results from XPS, NEXAFS,
and AFM studies on the electronic structure, paramagnetic character and the mechanism of self-
assembly of the organic molecule on the surface of SiO2/Si(111) are thus compared with those
obtained from the analysis of the NitPyn thin films on the TiO2(110) single crystals. It makes
possible a comprehensive investigation on the difference between growing thin film of metal-free
magnets over highly oriented single crystals and flat amorphous surfaces. In the forthcoming

subsections are mentioned the details of the assay and the results acquired.

4.5.1 XPS measurement

4.5.1.1 Multilayer regime

This section starts with the XPS survey spectrum of a thin film of NitPyn on the native SiO2. Figure
4.27 shows a survey XPS scan of a nominally 6 nm thick film of NitPyn on SiO2/Si(111) wafer.
This spectrum shows that only C, N, O and Si atoms are present in the investigated sample. A

significant intensity of the peaks which are related to the C 1s as well as the N 1s core level spectra
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Figure 4.27: Survey spectrum of a 6 nm nominally thin film NitPyn on the SiO./Si(111).

illustrates that the molecule has been successfully deposited on the clean substrate. Our
stoichiometric calculations of the experimental curves show that the ratio between integral
intensity of the C 1s and the N 1s core level spectra is equal to 23/2 (Appendix 1). Therefore, the
ratio of the integrated signal intensities of the C 1s and N 1s core level spectra meets the expected
stoichiometric ratio. It is interesting to verify whether the electronic structure of the molecules
after deposition remain unchanged with respect to that before evaporation. The C 1s core level

spectra can be used in order to extract information about the electronic structure of NitPyn.

The information is mainly related to the pyrene substituent. Thick films are investigated to
describe the electronic structure as well as the paramagnetic properties of the layer based on
NitPyn. Afterwards, films in the low coverage of thickness are studied. The ratio between the
intensity of the different components of C 1s XP spectra is then calculated. The obtained quantity
identifies the ratio between carbon atoms in different chemical environments. The calculated ratio
is found to be in agreement with the stoichiometry of NitPyn (See Appendix I).

Figure 4.28 shows the C 1s core level photoemission spectrum of a nominally 6 nm thick
film of NitPyn deposited on SiO2/Si(111). The peaks at 284.20 eV, 284.48 eV, 284.70 eV and
286.10 eV are assigned to the C=C, C-H, CHz and C-N respectively [?'°]. The relative intensity of

90



Intensity [a.u.]

200 288 286 284 282
Binding energy [eV]

Figure 4.28: C 1s core level spectrum of a nominally 6 nm thick film of NitPyn deposited on
Si02/Si(111).

the components are 9:7:4:3 for C=C, C-H, CHs, and C-N contributions, respectively. This ratio is
in agreement with the stoichiometry of the molecule. This means that NitPyn deposition occurs
without molecular degradation. Beside the four different components in the C 1s core level spectra,
Figure 4.28 displays two shake-up structures at 1.2 eV and 3.2 eV higher Ebs, relative to the main
line. These features (S1and S2) can be assigned to the HOMO-LUMO shake-up satellite excitations
[2"]. Apart from the C 1s core level spectra, we also look at the N 1s core level spectra of the same
thin film. This allows us to describe the electronic structure of the radical unit of the molecule and

hence the magnetic character of the NitPyn thin film.

Figure 4.29 shows the N 1s core level spectrum of the same NitPyn thin film deposited on SiO2
together with its best fit curves. The N 1s main line is visible at 402.04 eV. In addition, a clear
feature attributed to the first HOMO-LUMO shake up satellite is visible at 1.4 eV higher Ebs than
the main line. According to our previous discussions, (Section 4.4.1.1) the presence of the single
peak in the N 1s core level spectra shows that NitPyn molecules, in the multi-layer, adsorb with
the radical character of the molecules unperturbed. Figure 4.29 also shows a signal at 398.4 eV
corresponding to around 4.8 % of the total intensity. The lower Ebs of the mentioned signal with
respect to the main line indicates that the chemical environment of the contributing nitrogen atoms
is less electronegative than the environment of the nitrogen atoms of the intact nitronyl nitroxide

radical. We can infer that around 4.8 % of the organic molecules undergoes degradation to the
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imino-nitroxide or diimino derivative products during evaporation or deposition or strong chemical
bonding with the substrate. To understand the main source of this weak spectroscopic line
complimentary study by EPR measurements is required. EPR study is performed by Mannini at
the University of Florence [%1].

In this series of EPR measurements, nominally 4 nm thin film are measured and the
obtained spectra are compared with the spectra collected from the residual powder left in the
Knudsen cell after undergoing several cycles of heating/evaporation and the solution from washing
the thin films. As Figure 4.30 shows, the typical EPR signal for an organic radical, centered at g =
2.0067 evidenced the persistence of the paramagnetic character of the deposited molecules. This
observation is in agreement with what was reported for other thick films based on nitronyl
nitroxide radicals [23,2*4]. In these series of experiments, EPR measurements show that, NitPyn
thin films with the nominally thickness of 4 nm have an average linewidth of 8.6 Oe, with a clear
Lorentzian line shape. The observed linewidth for the deposited molecule is somewhat larger than
that of a powder of the pristine radical indicating that some residual low-dimensional magnetic

Table 4.4: Energy position and relative intensity of the C 1s core level spectrum and shake-up
satellites in NitPyn thin film, with nominally 6 nm thickness deposited on the SiO»/Si(111).

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

C-C 284.02 0.08 1.24 29.35
C-H 284.30 0.08 1.24 37.58
CHs 284.58 0.08 1.24 17.31
C-N 286.01 0.08 1.54 11.59
S1 285.50 0.08 1.24 3.14
Sz 287.58 0.08 1.24 1.03
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Figure 4.29: N 1s core level spectra of a 6 nm thick film of NitPyn on SiO2/Si(111).

character is maintained in the deposited structure.In the next steps of the EPR experiments, as

Figure 4.30 shows, the line width and the double integral of the Lorentzian curves are obtained as
function of the angle. A small angular dependence on the linewidth and, more importantly, on the
integrated intensity of the lines is clearly visible. This is possibly due to the formation of locally
ordered domains of the nitronyl nitroxide groups [>*°]. As we discussed in paragraph 4.5.2.1, The
C-Kedge NEXAFS spectra, does not show any preferential orientation for the deposited PPN
molecules. Note that the NEXAFS signal gives structural information integrated over the area
sampled by the incident spot, while ESR is sensitive only to the interaction involving the

paramagnetic function.

Table 4.5: Energy position and relative intensity of the different components of the N 1s
core level spectrum and shake-up satellite of NitPyn, with nominally 6 nm thickness, deposited
on the SiO2/Si(111).

Energy LorentzianWidth  Gaussian Width Intensity

(eV) (eV) (eV) (%)

N 402.04 0.1 1.32 87.33
Naeg 398.94 0.1 1.67 4.80
S1 403.44 0.1 1.32 2.00
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Figure 4.30: Room temperature ESR characterization of the samples. Spectra of a nominally 4 nm thick
film (lower trace-left) and of the residual powder after sublimation (upper trace-left). Spectra obtained by
dissolving the residual powder in CH.Cl; (upper trace-right) and by washing the Si deposited sample in the
same solvent (lower trace-right).

The nature of the deposited radical is investigated by washing the SiO2/Si(111) supported sample
in CH2Cl2, and measuring the spectra of the resulting solution, by which the hyperfine pattern is
observed (Figure 4.30). In addition to the 1:2:3:2:1 intensity pattern expected for a nitronyl
nitroxide radical, weaker intensity lines are observed, which can be safely attributed to the
iminonitroxide radical. This is known to yield a seven line pattern with intensity 1:1:2:1:2:1:1 due
to the superposition of two of the hyperfine lines, resulting from the condition 2aimino = a nitrox
[®*]. Interestingly, the residue after sublimation, once dissolved in solution, provide an ESR
spectrum (Figure 4.30) which is due only to a nitronyl nitroxide radical, without traces of product
degradation. This indicates that iminonitroxide is not formed during the molecular beam
evaporation process, but either after the condensation, or because of the exposure of the prepared
sample to the atmosphere. The former possibility is in line with the reported XPS data, showing a
small amount of degraded molecules, even if one has to consider that ESR is only sensitive to
paramagnetic degradation products. EPR study states that iminonitroxide is not formed during the
molecular beam evaporation process but either after the condensation or because of the exposure

of the thin film to the atmosphere [>4°].
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Figure 4.31: Angular dependence of the linewidth obtained by best fit of the spectra by
Lorentzian line shape for the 4 nm thick film. 6 =0° when the magnetic field is applied
parallel to the Si surface. Angular dependence of the double integral of the Lorentzian
curves obtained by best fit of the spectra of the 4 nm thick film: Intensities are normalized

as 1.00 at 8 =0°, when the magnetic field is applied parallel to the Si surface.

4.5.1.2 Sub-monolayer regime

The low coverage thin film of NitPyn, with a nominal thickness of 0.6 nm is deposited on the
Si02/Si(111) surface. The C 1s core level spectrum of the low coverage films of NitPyn on the
SiO/Si(111) is investigated to unravel the mechanism of adsorption of the molecule on the surface
of a metal-oxide substrate and the study possible variations in the electronic structures of the
molecule, mainly the pyrene substituent in NitPyn, where the molecule directly interacts with the

substrate.

We compare the C 1s core level photoemission spectrum of a nominally 0.6 nm thick film
of NitPyn deposited on the SiO2/Si(111) with that of the thick layers. The contribution of the four
different carbon atoms in NitPyn are evident from the peaks at 284.02 eV. This has contributions
belongs to the C=C. At 0.28, 0.56 and 1.91 eV higher Ebs the contributions are assigned to the C-
H, CHs, and C-N respectively [2}°]. Here, we observe no difference neither in the Ebs nor in the
relative intensity of the signals related to the contributions of the four carbon atoms in the structure
of NitPyn for thick and thin films. This indicates that the pyrene unit is not been perturbed upon
adsorption. Regardless of the character of the molecule—substrate interaction, the specific influence
of substrate on the pyrene unit remains unexploredOne possibility is that the molecule may be

adsorbed on the surface in such a configuration that the pyrene part of the molecule is not bound
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Figure 4.32:C 1s core level spectrum of a nominally 0.6 nm thick film of NitPyn deposited
on SiO2/Si(111).

to the substrate. This has been previously observed with adsorption of NitPyn on the TiO2(110)
single crystals: The N atoms are bound to the adsorption site, while the pyrene unit assembles with
an orientation of approximately 48° with respect to the substrate. The other possibility is that the
pyrene substituents is not influenced by the substrate because NitPyn is physisorbed or weakly
chemisorbed. To further understand this aspect, we will discuss data (paragraph 4.5.2.1). The
NEXAFS spectroscopy results as in the multi-layer regime, Figure 4.32 also displays two core
photoelectron shake-up structures at 1.2 eV (S1) and 3.2 eV (S2) higher Eb relative to the main
line. The feature visible at 285.50 eV (S1) can be attributed to the first HOMO-LUMO shake-up
satellite excitation. As previously done, now we draw our attention to the N 1s core level spectrum
of 0.6 nm thick film of NitPyn deposited on the amorphous SiO2/Si(111) wafer (Figure 4.33). A
clear satellite feature is visible at 403.32 eV. The single peak visible at 402.4 eV indicates an intact
paramagnetic character of the NitPyn molecules. The comparison of this results with those
discussed in section 4.5.1.1 indicates that the paramagnetic character of the NitPyn molecules on
silicon wafers, remain intact not only in the multilayer but also in the sub-monolayer.This
observation is in contrast to the adsorption of the NitPyn on the surface of the TiO2(110) single
crystal in which the paramagnetic properties of initial layers are perturbed. In Figure 4.33 we
observe a signal tail in the Ebs between 398 and 400 eV. The percentage of the peak equals 4.8%.

As discussed, the EPR study states that imino nitroxide is not formed during the molecular beam
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Table 4.6: Energy position and relative intensity of the different components of the C 1s core level
spectrum and shake-up satellites in NitPyn thin film, with nominally 0.6 nm thickness, deposited on

the Si0,/Si(111).

Energy LorentzianWidth Gaussian Width Intensity
(eV) (eV) (eV) (%)

C-C 284.02 0.08 1.24 29.55
C-H 284.30 0.08 1.24 37.52
CHs 284.58 0.08 1.24 17.31
C-N 286.01 0.08 1.54 11.59

S1 285.50 0.08 1.06 3.25

S2 287.58 0.08 1.54 0.98

evaporation process but either after the condensation or because of the exposure of the thin film to

the atmosphere [**].
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Figure 4.33: N 1s core level spectrum of a nominally 0.6 nm thick film of NitPyn deposited

on Si0,/Si(111).



Table 4.7: Energy position and relative intensity of the N 1s core level spectrum and shake-up
satellite of NitPyn thin film, with nominally 0.6 nm thickness, deposited on the SiO»/Si(111).

Energy LorentzianWidth  GaussianWidth  Intensity

(eV) (eV) (eV) (%)

N 402.04 0.1 1.32 87.08
Naeg 398.94 0.1 1.67 4.82
Si 403.32 0.1 1.32 1.73

4.5.2 NEXAFS spectra

NEXAFS spectroscopy allows us to study the electronic structure of the molecule. In addition, it
provides information about the environment of specific chemical elements and is employed to
determine quantitatively the orientation of the molecules forming the thin film with respect to the

plane of the substrate [118].
4.5.2.1 C-K edge NEXAFS spectra of multilayers

C-K edge NEXAFS dichroism can be used quantitatively to determine the average spatial
orientation of the molecular plane with respect to the surface of the substrate. In this particular
case, this is useful to calculate the molecular plane of mostly the pyrene substituent. When a
comparison is made between the in plane and out of plane polarization directions of the incident
light, no significant sharp peak is observed which means that the pyrene unit does not show any
preferential orientation. The direct conclusion from this finding is that the film is assembled with
rather small structural domains. This small domains are oriented almost randomly. This finding is

in contrast to the results of the study NitPyn on the TiO2(110) under the same preparation condition

[35].

To uncover the role of the topography of the substrate on the morphology and structure in
the thin film, we analyzed the results of NitPyn deposited over different substrates. The relatively

small size of the structural domains of NitPyn in the case of the deposition of the molecules on the
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Figure 4.34: C-K edge NEXAFS spectra of a 15nm nominally thin film of NitPyn. The
spectra are taken in grazing incidence for s-pol (red) and p-pol (black) polarization.

surface of the flat amorphous SiO2/Si(111) shows the crucial effect of the geometry of the substrate
on the nucleation of the islands in thin film formation. In order to understand to which extend the
mechanism of thin film formation is controlled by the substrates, further studies are required. The
comparison of our finding on NitPyn thin films deposited on the SiO2/Si(111) surface with those
obtained TiO2(110) single crystals shows that the topography of the TiO2(110) single crystal act

as a template for morphology and structure in organic thin films.
4.5.3 Growth mode

The growth mode of the thin film of NitPyn on SiO2/Si(111) can be identify by thickness dependent
XPS measurements. The modes of growth can be identified by analyzing the trend of attenuation
of the signal originated from the substrate with increasing thickness of the deposited films. For
this purpose, the attenuation of the Si 2p core level spectra versus deposition time (i.e. thickness
of the deposited thin film) is measured. The Si 2p signal decreases by increasing the thickness of

the deposited layer.
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The trend of decreasing of the signal from the substrate indicates the mechanism of assembly of
the organic molecule on the substrate, and hence the mode of growing the thin film. The obtained
data are normalized to the intensity of Si 2p signal from the clean substrate. Therefore, the relative
intensity varies in the 0-1 interval. The variation in the intensity of the Si 2p signal can be classified
into two groups. One of which shows a significant decrease in the signal intensity and the second
shows only a slight decrease in intensity. The significant decrease caused by adsorption of the
molecule indicates that the molecules are forming layers. The slow decrease in the signal intensity
IS observed after exceeding a certain critical thickness, nominally 1 nm (S-K transitions, see
paragraph 2.3) in the case of NitPyn deposited on the SiO2/Si(111) surface, showing that three
dimensional islands are forming over the deposited layers (see Figure4.35). Our XPS finding
clearly shows that NitPyn grows on the SiO2 /Si(111) by layer + island; S-K growth mode. Figure
4.36 shows a 2um x2 um AFM image of a 40 nm nominally thick layer of NitPyn on SiO2/Si(111).
Figure 4.36 clearly depicts islands, confirming our XPS finding.
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Figure4.35: Attenuation of Si 2p XP signal corresponding to the saturation signal as
function of time during NitPyn deposition on SiO,/Si(111) at RT.
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Figure 4.36: 2um X2 um AFM image of a 40 nm nominally thick layer of NitPyn deposited on the surface
of SiO2/Si(111).

4.6 PPN deposition on SiO2/Si(111)

In the present experiment we focus our effort on the growing of thin films of PPN on SiO2 /Si(111).
XPS, NEXAFS and AFM measurements of the vapor-deposited thin films are performed to gain
information on the electronic structure, paramagnetic character and morphological behavior of the
PPN molecule, as well as, to understand the mechanism of thin formation of PPN on the surface
of SiO2/Si(111). We also examine the vacuum and air stability of the PPN thin film. A
comprehensive study of the thin film of PPN and a systematic comparison of the physical and
chemical properties of the PPN molecule with NitPyn, as well as, the understanding of the origin

of these interesting properties provides first-hand information about the two molecules.

In this regards, first, we concentrate on the analysis of the thick films of PPN to describe
the electronic structure and the paramagnetic properties in the absence of substrate influence. Thin
films in the multi-layer range are then used as a references for the investigation of the behavior of

the molecule at the molecule-substrate interface.
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4.6.1 XPS Measurement

4.6.1.1 Multilayer regime

This section starts by analyzing the XPS survey spectrum of the PPN deposited on the SiO2/Si(111)
substrate. Figure 4.37 shows the XPS survey scan of a nominally 1 nm thick film of PPN. We
concentrate on the study of the carbon and nitrogen contributions. The presence of the intense
peaks in the survey spectrum visible at the 288 eV and 404.5eV corresponding to the carbon atoms
and the nitrogen atoms, respectively. This indicates the successful deposition of the PPN on the
clean SiO2/Si(111) surface. Our stoichiometric calculations of the experimental curves shows a
ratio of the C 1s and the N 1s intensity to be equal to 6.2 which is very close to the expected
stoichiometric ratio of 6.5 (see appendix I).

In order to investigate the core level spectra of the different atoms consisting the PPN
molecule, the detailed XPS spectra are analyzed by means of a curve—fitting. This analysis pave
the way to understand the electronic structure, the type of the molecule — substrate interactions and
the stability of the deposited thin films. The procedure of peak fitting has been explained in the
section 4.4.1.1 of this thesis. The molecular structure of PPN consists of three main parts: a pyrene
part which is a stable and efficient fluorophore, a radical part which play the role of a spin carrying
unit and a pyrazole bridging block which plays the role of a spacer and it covalently links to the
pyrene and to the radical unit [**8]. Linking the spin carrying unit of the PPN, which is used as an
efficient quencher of fluorescence, to the fluorophore, remarkably enhances the sensor capability
of the PPN molecule [*9].

The primary purpose of this set of experiments is to understand whether the electronic
structure and the radical nature of the molecule after deposition remain unperturbed. For this
purpose, the C 1s and N 1s core level spectra are quantitatively investigated. In this regard, the C
1s core level spectra of the thin film of PPN deposited on the SiO2/Si(111) surface are collected
and the ratio between the intensity of the different components of the C 1s XP spectra are identified
by peak fitting. As Figure 4.38 shows, the C 1s core level spectra are characterized by two lines.
The main line, displayed in the lower Ebs, can be assigned to the contributions related with the
aromatic rings (C-C and C-H) and the methyl groups (CHs) and the second line, visible at rather
higher Ebs with respect to the main line, it is assigned to the C-N contributions. The peaks visible
at the 285.36 eV, 285.74 eV, 286.02 eV and 287.45 eV are assigned to the C=C, C-H, CHzand, C-
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N, respectively [21°]. The relative intensity of the components are 28%, 42%, 15% and 15% for
C=C, C-H, CHsand C-N respectively. This ratio is in agreement with the stoichiometry of the
molecule which means that PPN deposition occurs without molecular degradation. Figure 4.38
shows two wide satellite structures visible at 286.94 eV (S1) and 289.75eV (Sz). The first feature
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'g' \‘ C1s /
H N
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Figure 4.37: Survey spectrum of a 1 nm nominally thin film PPN on the SiO,/Si(111).

(S1) at 1.2 eV higher than the Ep of the main line can be assigned to the first HOMO-LUMO shake-
up satellite. The second feature (S2) is visible at 2.8 eV higher Ebs with respect to the main line

and according to stoichiometry arguments, this satellite may be related to C—N contributions.

Now, we look at the N 1s core level spectra of PPN deposited on the SiO2/Si(111) surface.
The analysis of the N 1s core level spectra provides first-hand information about the nature of the
radical and, consequently, the paramagnetic character of the molecule, due to the delocalization of
the unpaired electron over the N-O group. Referring to the chemical structural formula of PPN,
we observe three chemically different nitrogen atoms. Figure 4.39 shows the N 1s core level
spectrum of a nominally 3.3 nm thick film of PPN deposited on a SiO2/Si(111) surface together
with its best fit curves. The different nitrogen atoms in the PPN structure have been categorized
into two main groups: the nitrogen atoms belonging to the nitronyl nitroxide radical and those

belonging to the pyrazole ring. The spectrum shows a main line visible at 402.4 eV and it is
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assigned to the signal of the photoelectrons from N atoms belonging to the nitronyl nitroxide
radical. The environment of the N atoms in the radical unit of PPN and NitPyn are identical, This
fact is verified by the finding that the photoelectron emitted from the N atoms of the nitronyl
nitroxide radical in the PPN molecule are at the same Eb observed for the N 1s main line in the
NitPyn thin film depositedon the Au (111) single crystal [?1]. Thus, the obtained result for the N

Table 4.8: Energy position and relative intensity of the C 1s core level spectrum and shake-up
satellites of a nominally 3.3 nm thick film of PPN deposited on the SiO»/Si(111).

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) (eV) (eV) (%0)

c-C 285.36 0.08 1.90 26.54
C-H 285.74 0.08 1.90 37.86
CHs 286.02 0.08 1.90 15.15
C-N 287.45 0.08 2.35 14.41
S1 286.94 0.08 1.90 3.79
S 289.75 0.08 2.35 1.88

atoms in the radical unit of the NitPyn can be generalized to the PPN. Fitting the feature of the N
1s core level spectra belonging to the pyrazole ring visible at 399.9 eV results in two peaks, N1 and
N, in Figure 4.39, at 400.15 eV and 399.65 eV, respectively. The differences in the E,s of Ny and N ;2 (0.5
eV) stems from their different environment in the pyrazole ring. Comparing the N 1s core level spectra with

those of the PPN powder (see appendix I1), one can conclude that the molecules are deposited on the silica
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Figure 4.38: C 1s core level spectra of a nominally 3.3 nm thick film of PPN deposited on
Si02/Si(111).
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Figure 4.39: N 1s core level spectrum of a nominally 3.3 nm thick film of PPN deposited on
SiO2/Si(111).

surface retain their radical nature,during evaporation and deposition. In addition to the main line
in the N 1s core level spectra of PPN, a feature (S1) is visible at 1.6 eV higher Eb with respect to
the main line (attributed to the N atom belonging to the radical part). As mentioned in the section

4.4.1, S1is a shake-up satellite. According to the assignment of the shake-up satellite in the NitPyn
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spectrum, S1 can be assigned to the HOMO — LUMO transition. We also notice the presence of a
second satellite feature at 403.32 eV. In accordance with stoichiometry arguments, the S2 satellite
may be related to the N atom belonging to the pyrazole ring contributions. The preserved
paramagnetic nature of the deposited molecule on the surface of the substrate is related to the
mechanism of the molecules-substrate interaction. In the case of PPN, the molecules are bound to
the substrate by a weak physisorption that does not perturb the molecular orbital of the molecules
at the interface. Figure 4.39 shows a further contributions at 398.58 eV. This contribution
corresponds to 6.5% of the total intensity and is attributed to the degradation of the organic
molecule. From the position of this contribution with respect to the main N 1s XPS line we can
infer that the chemical environment of the contributing photoemitted electrons is less
electronegative than in the intact nitroniyl nitroxide radical and the nitrogen atoms of the pyrazole

ring. This finding indicates that a part of PPN (around 6.5 %) undergoes degradation either during

Table 4.9: Energy position and relative intensity of the different contributions in the N 1s core level
spectrum and shake-up satellites of a nominally 3.3 nm thick film of PPN deposited on the
SiO,/Si(111).

Energy Lorentzian Width  GaussianWidth Intensity

(eV) (eV) (eV) (%)

N-O  402.04 0.1 2.25 61.80
\ 398.94 0.1 1.46 13.50
\ 403.32 0.1 1.46 13.50
Ngeg ~ 398.58 0.1 1.58 6.53
St 401.72 0.1 1.46 1.52
S 402.67 0.1 2.2.5 3.10
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evaporation of the molecule or when the molecule assembles on the surface to form a thin film.

To understand the nature of this weak spectroscopic line, a complimentary study by EPR

— film
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333 334 335 336 337 333 334 335 336 337
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Figure 4.40: (Left) EPR spectrum obtained from the solution of the PPN residual powders present in the
cell after several cycles of evaporation. (Right). EPR spectrum of a solution obtained from washing one of
the thin films with toluene.

measurements is undertaken in collaboration with the research group of professor Baumgarten in
Mainz. The EPR study is conducted on the residual powder left in the Knudsen cell after
undergoing several cycles of heating as well as on the solution obtained by washing the organic
layers from the substrate with toluene in order to investigate that in which part of thin film
formation degradation takes place.

The EPR spectrum obtained from the solution of the PPN residual powders present in the
cell after several cycles of evaporation exhibits an isotropic five line pattern due to the presence of
the two equivalent nitrogen nuclei of the imidazolyl moiety (Figure 4.40- left). The relative
intensity of the lines follows the typical 1:2:3:2:1 pattern. This result indicates that the evaporation
does not affect the nitronyl nitroxide radical. As Figure 4.40- right shows and by considering the
EPR spectrum of the powder before evaporation as reference, the EPR spectra related to the
solution after washing the thin films from the substrate, mixture of nitronyl nitroxide (5 lines with
two equivalent nitrogens) and imino nitroxide (7 line feature from two different nitrogen hyperfine
couplings) which indicate the presence of the same patterns observed in the case of the powder,
and in addition, some patterns which are attributed to the presence of the imino nitroxide radical.
The results from this study indicate the formation of imino nitroxide radical as a consequence of

the release of the oxygen atoms from the nitronyl nitroxide radical. Comparison of the EPR spectra
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obtained from the residual powder after undergoing several cycles of heating with those obtained
from the powder before heating as well as the spectra collected after washing the thin films from
the substrate, shows that the imino nitroxide radical is not formed during the molecular beam
evaporation process but after the condensation or because of the exposure of the thin film to either
ambient atmosphere or x-ray radiation [?°!]. A spectral simulation [?°°] of the mixture of nitronyl
nitroxide (5 lines with two equivalent nitrogens) and imino nitroxide (7 lines) and their added sum
leads to an estimate of approximately 5% impurity of imino nitroxide. It confirms the quantitative

correlation between EPR measurements and XPS study on the deposited PPN.

4.6.1.2 Sub-monolayer regime

The C 1s core level spectra of PPN in the sub-monolayer regime are investigated to understand the
mechanism of adsorption of PPN on the metal-oxide surfaces and the role of the molecule-
substrate interaction on the properties of the deposited molecule.

Figure 4.41 shows the C 1s core level photoemission spectrum of a nominally 0.5 nm thick film
of PPN deposited on SiO2/Si(111) surface together with its best fit curves. The integrated signal
intensities of the different components of the C 1s core level spectra are then quantitatively
analyzed. The relative intensity of the different components of the C 1s XPS spectrum agrees with
the stoichiometry of the PPN molecule (see appendix I). This agreement indicates that the PPN
molecules are deposited on the surface of the SiO2/Si(111) at low coverage without any alteration
in the electronic structures and in the radical nature of the molecule. This finding leads us to
conclude that the pyrene unit of PPN does not undergo a strong chemical interaction with the

substrate.

Figure 4.41 shows two satellite structures visible at 285.98 eV and 288.93 eV which are denoted
as S1 and S2 respectively. Si1 can be assigned to the first HOMO-LUMO shake-up. By considering
the difference in the BE of the shake-up satellite and the main C 1s core level line, on enhanced
screening of the created core-hole due to its delocalization over the large aromatic system can be
deduced [*°8].

Figure 4.42 shows the N 1s core level spectrum of a nominally 0.5 nm thick film of PPN

deposited on the SiO2/Si(111) surface. The presence of the line related to the mesomeric nitrogen
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atoms (N-O), shows that the paramagnetic nature has been preserved from the molecule to the thin
film. A quantitative analysis of the components of the XPS spectra shows that their relative
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Figure 4.41: C 1s core level spectrum of 0.5 nm thick film of PPN on SiO./Si(111).
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Figure 4.42: N 1s core level spectrum of a nominally 0.5nm thick film of PPN deposited on

Si02/Si(111).

intensity in the N 1s core level spectra agrees well with the stoichiometry of the PPN molecule.

This fact that the molecule preserve both its electronic structure and the paramagnetic nature at the

molecule-SiO2/Si(111) wafer interface is interesting. Because intactness of the sensing properties
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of the PPN molecules, which is in correlation to the electronic structure and the paramagnetic
character of PPN, at the sub-monolayer regime of thickness pave the way to fabrication of the high

sensitive systems with ultra-low thickness.

4.6.1.3 Thickness dependent core level spectra

In this section we focus on the interaction between the PPN molecules and the SiO2/
Si(111) substrate by means of XPS. Comparing the XPS spectra of the thin films in different layers
elucidates the differences in the electronic structures of the deposited molecules at the molecule-
substrate interface and at the surface of the thin films. This study also provides information about

variation in the radical character of the molecule upon increasing the film thickness.

Figure 4.43 (left) shows the thickness dependent C 1s core level spectra of the PPN thin film
deposited on SiO2/Si(111) surfaces. Upon increasing film thickness, a shift in the energy position
towards higher Ebs is observed. This shift in the Eb is due to the screening of the core hole in the
layer next to the substrate is assisted by the substrate. In other words, the generated core hole in
the layer on top of the substrate shows a coulombic interactions with the image charge localized
on the surface of the substrate. By increasing the thickness of the film and thus the distance
between imagine charge and photo generated core-hole, the strength of this coulombic interaction
decreases. The mechanism of core-hole screening for subsequent layers varies only slightly. This
is evident from the slight variation in the Ebs of the photoelectrons related to the carbon atoms in
the different deposited layers in Figure 4.43 (left). The other reason for shift in the Eb in the spectra
and slight broadening of the XPS lines in the thinnest film maybe charging phenomena. By
considering insulator nature of the SiO2/Si(111) surfaces, the charge resulted from the electron
process is not immediately neutralized by electron flux. On the other words, neutralization is
partial and a net charge accumulated at the surface of the substrate. The surface potential leads to
an emerging electric field at the surface of the substrate which varies the Ekin of the
photoelectrons.

We can see the thickness dependent N 1s core level spectra of the PPN thin film deposited
on SiO2/Si(111) surfaces in the Figure 4.43 (right). A slight inhomogeneous broadening is
observed in the N 1s core level spectra upon increasing thickness. This may be due to the different

structural and morphological environment in different layers of the thin film. Increasing the
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Figure 4.43: Thickness dependent C 1s (left) and N 1s (right) core level spectra of the PPN thin films
deposited on SiO/Si(111) surfaces.

thickness of the PPN films shows slight shift in the energy position of the C 1s and N 1s XPS main
lines but the shape of both C 1s and N 1s core level spectra does not change. The similarity in the
shape of the C 1s core level spectra at the molecule-substrate interface, in which the interfacial
effects should be remarkable, with the C 1s core level spectra of the thicker layers indicates that
the pyrene unit of PPN is not influenced by the flat and amorphous SiO2/Si(111) surface.
Otherwise, it is expected that an alteration in the C 1s core level spectra at the molecule-substrate
interface as a consequence of the perturbation in the molecular orbitals of the pyrene substituent

is being observed.

4.6.1.4 Stability of the PPN

Metal-free molecular magnets are generally considered unstable molecules due to the high density
of the unpaired spins in the structure of the molecule. Synthesizing metal-free magnets that are
stable either in the vacuum or in the ambient atmosphere can be a great achievement in the field
of molecular magnetism. Identifying stable organic magnetic molecules in the UHV condition and
ultimately in the air atmosphere provides a possibility for the technological applications of the

purely organic magnets. Thus, in this section, we focus on the investigation vacuum and air
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stability of PPN thin films. The next step after comparing the recent findings on PPN thin films
with those obtained from NitPyn thin films, is to unravel the source of these differences. Studying
electronic structure of the evaporated PPN and NitPyn indicates that differences arise from the

presence of the pyrazole ring in the structure of the PPN.

4.6.1.4.1 Vacuum stability

Figure 4.44 shows the C 1s core level photoemission spectrum of a nominally 1.3 nm thick film
of PPN deposited on the SiO2/Si(111) substrate kept at 10 mbar for 30 min. The integrated signal
intensities of the different components of the C 1s core level are quantitatively studied. The relative
intensity of the different components of C 1s XP spectra (See Appendix I1) is in agreement with
the stoichiometry of the PPN molecule (see Appendix I). This indicates that keeping PPN
molecules in vacuum (10 mbar) for 30 min does not show any significant influence on the shape
of the C 1s core level spectra and consequently on the pyrene unit of PPN. Here we conclude that
the pyrene unit of PPN does not undergo interaction with the environment even at pressure higher
than UHV condition. We further studied the N 1s core level spectra, to understand if there is a
reaction between the radical part of the molecule and the environment. It is worth noting that a
possible interaction of the radical part leads to the degradation of the paramagnetic character of
the molecule.

Figure 4.45 shows a N 1s core level spectrum of a nominallyl.3nm thick film of PPN deposited
on the surface of SiO2/Si(111) after 30 min in the vacuum condition. The signals are attributed to
the mesomeric nitrogen atoms and the nitrogen atoms belonging to the pyrazole ring in the N 1s
core level spectra. The relative intensity of the integrated signals as well as the Ebs of the
photoelectrons are in agreement with those from core level spectra of the fresh thin films. This
PPN seems to preserve its electronic structure and its radical nature in low vacuum. The thin film
is kept in vacuum varying the period of time, from 30 to 1200 minutes. The stability of the thin
film is examined against time to track a possible variation in the electronic structure of the PPN
thin film. We focused on the radical unit, the most sensitive part of the molecule, by investigating

the N 1s core level spectrum of the PPN thin film after 1200 min post deposition.

As it is shown in the Figure 4.46, no significant variation in the relative intensity of the
integrated signals as well as in the BEs of the photoelectrons attributed to the different components

of the nitrogen atoms of the PPN upon keeping the thin film in UHV conditions are observed (See
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Table 4.11 and Table 4.12). We can infer that the molecule remains electronically and magnetically

stable with time in vacuum conditions. This finding is supported by a quantitative analysis of the
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Figure 4.44: C 1s core level spectrum of a nominallyl.3nm thick film of PPN deposited on
Si0,/Si(111) after 30 min in the vacuum condition.
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Figure 4.45: N 1s core level spectrum of a nominallyl.3nm thick film of PPN deposited on

Si0,/Si(111) after 30 min in the vacuum condition.
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N 1s core level spectra (Table 4.12) which shows that the relative intensity of the different

components agrees with the stoichiometry of PPN after 1200 min post deposition (See Appendix

).

Table 4.10: Energy position and relative intensity of the different contributions in the N 1s core
level spectrum and shake-up satellites of a nominally 1.3 nm thick film of PPN deposited on the
Si0,/Si(111) after 1200 min in vacuum.

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

N-O 402.04 0.1 2.25 61.80
N, 398.94 0.1 1.46 13.50
N;  403.32 0.1 1.46 13.50
Neeg  398.58 0.1 1.58 6.53
S1 40172 0.1 1.46 1.52
S,  402.67 0.1 2.25 3.10

Figure 4.47 shows the intensity of the C 1s and Si 2p core level spectra versus post-
deposition time. The intensity of the photoelectron signals are normalized to the intensity of the
photoelectron spectra of the fresh film (t = 0). The relative increase in the intensity of the C 1s core
level signal is accompanied by a decrease in the intensity of the Si 2p core level signal. Figure 4.47
shows an increasing around 10 % in the intensity of the C 1s core level spectra which can be largely
attributed to the adsorption of the contamination present in the chamber on the surface of the thin

film.

As Figure 4.47 shows variations in both C 1s and Si 2p XPS spirals are limited to the range
of 10%. A portion of this fluctuation lies is in the data error range and can be neglected. Very small
variation in the intensity of the photoelectron signals, clearly confirms the vacuum stability of the
thin film of PPN. The only exception is the dramatic rise in the intensity of the C 1s spectra after
1200 min. This could be caused by the re-adsorption of molecules present in the analysis chamber.
We did not observe any change in the relative intensities of the contributing components of both

C 1s and N 1s core level spectra (Figure 4.46). This finding leads us to the conclusion that
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desorption of the organic magnet from the surface of the SiO2/Si(111) takes place without further

variation in the structure of the deposited molecule.
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Figure 4.46: N 1s core level spectrum of a nominallyl.3 nm thick film of PPN deposited on
Si0,/Si(111) after 1200 min in vacuum.
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Figure 4.47: Temporal evolution at RT of the Si 2p and C 1s XPS signals for a 1.3 nm nominally thin
film after deposition.
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4.6.1.4.2 Air stability

Purely organic magnets in technological applications need to be versatile: Once checked the
vacuum stability, we go ahead to check their stability in air. Figure 4.48 shows the C 1s core level
photoemission spectrum of a nominally 1.3 nm thick film of PPN deposited on the SiO2/Si(111)
substrate kept at the ambient pressure for 25 h. The integrated signal intensities of the different
components of C 1s core level are then quantitatively analyzed (see Appendix I). We see that the
relative intensity of the different components of C 1s XP spectra agrees with the stoichiometry of
the PPN molecule. This observation indicates that the C 1s core level spectrum, mainly dominated
by the pyrene unit, remains unchanged with respect to the fresh film upon keeping PPN molecules
in air atmosphere. We can deduce that the pyrene unit of the PPN molecule does not undergo
interaction with the environment in air. Next we go on to examine the most sensitive part of the
molecule: the radical unit, exposed to air atmosphere. We know from our previous experiments on
the radical part of PPN that any interaction of this part with other species or its environment leads
to the degradation of the molecule and perturbs the stability of the molecule which is reflected in
the complexity of the N 1s core level spectra.Figure 4.48shows the corresponding N 1s core level
photoemission spectrum of PPN film. The presence of the mesomeric nitrogen atoms (N-O) and
the nitrogen atoms belonging to the pyrazole ring (N 1 and N2) and the analysis of the N 1s core
level components (in appendix I1) shows that the radical nature of the PPN molecule is preserved

in air condition.
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Figure 4.48: C 1s core level spectra of a nominally1l.3 nm thick film of PPN deposited on
Si02/Si(111) after 25h air exposure.

Intensity [a.u.]

202 290 288 286 284 282
Binding Energy [eV]

Figure 4.49: C 1s core level spectra of a freshly evaporated film of PPN deposited on the SiO2/Si(111)
(blue curve) and after 25 h of air exposure (red curve).
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Figure 4.50: N 1s core level spectra of a freshly evaporated film of PPN deposited on the SiO,/Si(111)
(blue curve) and after 25 h of air exposure (red curve).

Figure 4.49 and Figure 4.50 show the C 1s and N 1s core level spectra of a freshly
evaporated film of PPN deposited on the SiO2/Si(111) and the same thin film after 25 h of air
exposure, respectively. These Figures facilitate the comparison of C 1s and N 1s core level spectra
of the thin films upon air exposure. None of the mentioned spectra shows significant variations.

The molecule appears to be stable upon exposure to air in this period of time.

4.6.2 NEXAFS

NEXAFS spectroscopy is employed to gain information on the unoccupied states We can
investigate certain characteristics like bonding properties, local charge distributions and
environment of the specific chemical elements, that could not be investigated by XPS
measurement [3°]. We also explore the electronic structure and, in this particular case, the
paramagnetic character of thin films. These measurements are done by probing the unoccupied
states while scanning the photon energy in a region several tens of eV above the edge resulting in
measurement of adsorbed X-ray intensity. The intensity of the individual resonant peak in

NEXAFS is directly related to the X-ray adsorption cross-section of an atom [**°].

4.6.2.1 C-K edge NEXAFS spectra
The polarization dependent C-K edge spectra yield information mostly on the pyrene orientation
with respect to the substrate [*°]. The interpretation of the NEXAFS spectral features of the
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molecule and the assignment of the peaks in the C-K edge NEXAFS spectra, is based on a
comparison between the NEXAFS spectra data of NitPyn and pyrene as well as pyrene-based
molecules [2%6,287]. The C-K edge NEXAFS spectra are characterized by two main regions: the 1"
region up to around 290 eV and the o*region that lies in the photon energy range above 290 eV.
The photon energy interval from 280 to 320 eV is chosen to completely span the C-K edge and all

* * ..
1 and o transitions.

In the 1t region, sharp resonances are observed at 284.8, 285.4, 285.7 and 286.2 eV which
have C=C character corresponding to the transition of the C 1s initial states of the C atoms to the
LUMOs [2%¢]. Two other features visible at 287.8 and 288.9 eV have a mixed nature (o (C-H) and
7 (C=C)) [?"]. In the o™ region (above 290 eV), which are dominated by relatively broad shapes,
two resonances are visible. These have a mixed character (C-C, C=C, and C-N) and 1t — t_shake-
up contribution due mainly to the transition from the 1s core levels to the o “orbitals [?7]. In
addition, a significant shoulder is visible at 286.6 eV that may be related to the contribution due to

the carbon atoms of the pyrazole ring [>#].

4.6.2.1.2 Orientation analysis of NEXAFS spectroscopy

The C-K edge NEXAFS spectra is useful to determine the average orientation of the molecular
plane mostly of the pyrene unit, with respect to the surface of the substrate. The transition energy
and the intensity of the features in the NEXAFS spectra is related to the presence of specific
elements and their chemical environments. The transitions are also depend on the orientation of
the transition dipole moment, associated with the transition relative to the polarization vector of
the linearly polarized X-ray beam [*¥]. We have focused on the study of the resonance observed
at the 286.2 eV which yields a value of 83° in the angle between the molecular plane of the pyrene
substituent and the surface of the substrate. The spatial average orientation of the pyrene
substituent molecular plane is in agreement with PPN crystal structure [**¢]. We assume that the
PPN unit cell in the thicker films is arranged with the b-axis (the long axis) almost perpendicular
to the substrate surface [*®]. This orientation is very often adopted by molecules in organic thin

films deposited on metal oxides [*°,%2,247 248],
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Figure 4.51: C-K edge NEXAFS spectra obtained from a 12 nm nominally thick film of PPN deposited
on Si0O,/Si(111). The spectra are taken in grazing incidence for p-pol (black curve) and s-pol (blue curve)

polarization.

Figure 4.52: The unit cell of the PPN molecule.
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4.6.2.2 N-K edge NEXAFS spectra

We look at N-K edge NEXAFS spectra of PPN. The analysis of the N-K edge NEXAFS spectra
of the molecule, provides valuable information about the paramagnetic character of the molecule,

due to the delocalization of the unpaired electron over the N-O group.

In the 7*region, several sharp resonances are observed that are related to the transitions
from the N 1s initial states of the N atoms to the n*antibonding molecular orbitals (see Figure
4.53). This assignment is done based on previous studies on NO [?*+2%5], amino acids [24¢] and
phthalocyanines [24"-2*°]. In the o™regions, several relatively broad resonances are visible; they are
due mainly to the transitions from the N 1s core levels of the N atoms to the antibonding c*orbitals
of the molecule [>°]. There are two reasons for the broad shape of the feature. First, they have
mixed character and various contributions such as ¢*(N-C) are included, and second, the decay
probability of the electron in the continuum states is remarkably higher in comparison to the ©*

region [%7]. All the assigned feature in the 398 to 410 eV photon energy interval have analogy
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Figure 4.53: N-K edge NEXAFS spectrum obtained from a 12 nm nominally thick film of the PPN on
Si02/Si(111) surface. The spectrum is taken in grazing incidence for p-polarization.
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with peak energy and the behavior of the features in the N-K edge NEXAFS spectra of small
organic molecules [*]. The photon energy region below 398 eV is known as “pre-edge “and is
characterized by a signal at the photon energy of 397.2 eV which corresponds to the transition of
N-K electrons from 1s orbitals to the SOMO. The consequence of the presence of SOMO in
deposited thin film is that the molecules preserve their unpaired electrons and then, their
paramagnetic properties during evaporation and, ultimately, as condensed thin film of PPN.

4.6.3 Growth mode

The mechanisms of assembly of the PPN on the surface of the substrate, thus, the mode of growing
the thin film is obtained by XPS. In this regard, the attenuation of the intensity Si 2p core level
spectra upon PPN deposition is measured. The intensity of the signal from the substrate is plotted
against the thickness of the deposited layer. The resulting data are normalized to the intensity of
Si 2p signal from a clean substrate. Therefore, the relative intensity varies in the 0-1 interval. The
intensity of the Si 2p signal, initially, decreases rapidly due to the adsorption of the molecules,
indicating that the molecules are assembled as sequential layers on top of a flat substrate. When

the nominal thickness of the thin film reaches 0.7 nm, the trend of the decreasing intensity of the
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Figure 4.54: Attenuation of Si 2p XP signal corresponding to the saturation signal as
function of time during PPN deposition on SiO»/Si(111) at RT.
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114.20 nm

0.00 nm

Figure 4. 55: 2um X2pum AFM image of a 12 nm nominally thick layer of PPN deposited on the surface of
SiO; /Si(111).

Si 2p core level signal changes indicating islands formation over the deposited layer(s). The XPS
data shows that PPN grows according to the layer + island, i.e. S-K growth mode. In the next step
of these set of experiments in order to study the surface of the thin film of PPN deposited on the
Si02/Si(111) as well as to investigate the growth mode of the thin film, we have performed AFM
analysis. Figure 4. 55 shows a 2um x2um AFM image of a 12 nm nominally thick layer of PPN
deposited on on the SiO2/Si(111). The AFM image clearly shows the presence of islands which
supports our XPS finding.

4.7 PPN deposition on TiO2(110) single crystal

In this section we present our results on PPN thin films grown on the rutile TiO2(110) single
crystals. We study the electronic structure and radical nature of the molecule on a vast
range of thicknesses. We also study the growing mechanism of PPN thin film on the
rutile TiO2(110) single crystals by means of XPS and AFM measurements. We further
examine the thickness dependent electronic structure of the PPN deposited on the metal-oxide

substrate.

4.7.1 Multilayer

This section starts with the study of the XPS survey spectrum of the thin film of PPN deposited on
the TiO2(110) single crystal.
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Figure 4.56 shows a survey XPS scan of a nominally 4 nm thick film of PPN deposited on the
TiO2(110) single crystal. This spectrum shows contributions of C, N, O and Ti core level spectra.
The intense peaks in the survey spectrum visible at the 288 eV and 404.5 eV corresponding to
carbon atoms and the nitrogen atoms, respectively, indicates the successful deposition of the PPN
on the TiO2(110) surface. Our stoichiometric calculations at the experimental curves indicates an
intensity of C 1s and the N 1s equal to 6.8 which is very close to the stoichiometric ratio 6.5 (see

appendix I).

As discussed in the paragraph 4.6.1.1, PPN consists of three parts: a pyrene substituent
which is a fluorophore, a radical which plays the role of the quencher and a pyrazole bridging
block which is a spacer covalently linked to the radical unit [**®]. The C 1s spectroscopic lines are
investigated to understand the PPN electronic structure. The effect of the molecule-substrate
interaction on the electronic structure and on the radical character of the organic magnets is
discussed in the previous sections. An analysis of the molecular orbitals of the constituent elements

in the molecule and its electronic structure, elucidates the nature of the molecular interaction with
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Figure 4.56: Survey spectrum of a nominally 4 nm thin film of PPN on rutile TiO2(110) single crystal.
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its environment. In this regard, after collecting the C 1s core level spectra of thin film of PPN
deposited on the TiO2(110), the ratio between the intensity of the different components of C 1s
XPspectra is quantitatively investigated. Figure 4.57 shows a C 1s core level spectrum of a
nominally11.8 nm thick films of PPN deposited on TiO2(110). The C 1s core level spectra can be
related to the contributions of the carbon atoms with different environments including C-C, C-H,

CHs, and C-N [*4]. The ratio of the intensity of the signal from different carbon atoms (27%, 42%,
15% and 15% for C=C, C-H, C-Hs, and C-N respectively) agrees well with the stoichiometry of
the molecules. Conclusively indicating that PPN has been deposited on the TiO2(110) without

molecular degradation (See Appendix I).

The process of PPN adsorption on the surface of the TiO2(110) single crystal and the effect
of the magnetic molecule-substrate interactions on its radical nature is studied by quantitative
analysis of the different kind of nitrogen atoms in PPN (nitrogen atoms belonging to the nitronyl
nitroxide radical and belonging to the pyrazole ring). This investigation consists of the study of
the relative intensity of the photoelectron signals related to the different nitrogen atoms and their
Ebs in the thin films with different thicknesses. We have elucidated the influence of adsorption of
the NitPyn on the TiO2(110) single crystal. PPN is, in many aspects, in the particular paramagnetic
nature, very similar to the NitPyn. A characterization of the electronic structure and radical nature

of NitPyn paves the way for understanding the PPN/TiO2(110) single crystal system.

Table 4.11: Energy position and relative intensity of the different contributions in the C 1s
core level spectrum and shake-up satellites of a nominally 11.8 nm thick film PPN deposited on
the TiO2(110) single crystal.

Energy Lorentzian Width ~ Gaussian Width  Intensity

(eV) (eV) (eV) (%)
C-C 284.02 0.08 1.24 29.35
C-H 284.30 0.08 1.24 37.58
CHs 284.58 0.08 1.24 17.31
C-N 286.01 0.08 1.54 11.59
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Figure 4.58 illustrates the N 1s core level photoemission spectrum of a nominally 11.8 nm
thick film of PPN deposited on a TiO2(110) single crystal kept at RT. The N 1s line consists of
two main contributions at 402.17 eV and at the 400.27 eV nitrogen atoms belonging to the pyrazole
ring. The integrated intensities of the photoelectron signals related to the nitrogen atoms in the
pyrazole ring are identical. This similarity arises from the equivalency of the two nitrogen atoms
in the pyrazole ring and it is well in agreement with the stoichiometry of PPN The presence of the
contribution related to the mesomeric nitrogen atoms (N-O) coupled with the relative intensity of
the spectrum of this nitrogen atoms in the N 1s core level spectrum, which agrees with the
stoichiometry of the molecule, shows that the paramagnetic nature has been preserved from
molecule to the thin film. This finding indicates that the molecule preserve both its electronic
structure and paramagnetic nature. The intactness of the electronic structure and the radical nature
of the self-assembled molecule originates from the dominating physisorption of the molecule and
van-der Waals nature of the molecule-molecule interaction in thicker layers. Apart from the main
lines in the N 1s core level spectrum, two well-separated satellite features are visible at 1.4 eV
(S1) and 2.45 eV (S2) higher Eps than that of N 1s spectrum of the mesomeric nitrogen atoms and
pyrazole nitrogen atoms respectively. These features are attributed to HOMO-LUMO shake up
satellites.

Intensity [a.u.]

288 286 284 282

202 290

Binding energy [eV]

Figure 4.57: C 1s core level spectrum of a nominally 11.8 nm thick film of PPN deposited on
TiO2(110) single crystal.
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Figure 4.58: N 1s core level spectrum of a nominally 11.8 nm thick film of PPN

deposited on the TiO2(110) single crystal.

In this section, we focus on the interaction between the PPN molecules and
the TiO2(110) single crystal by means of XPS. Comparing the XPS spectra of the thin films in
different layers elucidates the differences in the electronic structures of the deposited molecules at

the interface with the substrate and at the surface of the thin films. This study also provides

Table 4.12: Energy position and relative intensity of the N 1s core level spectrum and
shake-up satellites of a nominally 11.8 nm thick film PPN deposited on the TiO2(110).

Energy  LorentzianWidth  GaussianWidth  Intensity

(eV) (eV) (eV) (%0)

N-O  402.17 0.1 2.25 61.80
N2  400.28 0.1 1.46 13.50

N;  399.78 0.1 1.46 13.50

Noeg ~ 398.58 0.1 1.58 6.53
S1 40172 01 1.46 1.52

S;  402.67 0.1 2.2.5 3.10
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Figure 4.59: C 1s core level spectrum of a nominally 0.8 nm thick film of PPN deposited on
TiO2(110) single crystal.

information about varying the radical character of the molecule upon increasing thin film
thickness. Figure 4.61 (left) shows the thickness dependent C 1s core level spectra of the PPN thin
film deposited on TiO2(110) single crystals. A shift in the C 1s core level spectra toward higher
Ebs by increasing thickness of the deposited films is observed. This phenomena is exactly like the
shift in the C 1s core level spectra in deposition PPN on the SiO2/Si(111) surface and it is explained
in paragraph 4.6.1.3 in detail. The origin of the shifts is substrate assisted core hole screening of

Table 4.13: Binding energy of the N 1s core level spectrum and shake-up satellites of a
nominally 0.8 nm thick film PPN deposited on the TiO2(110) single crystal.

Energy  LorentzianWidth GaussianWidth  Intensity

(eV) (V) (eV) (%0)

N-O 40224 0.1 1.63 48.59
N, 400.25 0.1 1.14 14.61

O\ 399.73 0.1 1.14 14.62

Noeg ~ 398.51 0.1 1.14 4.71
S 400.84 01 1.14 6.54

S 402.84 0.1 1.63 4.52
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Figure 4.60: N 1s core level spectrum of a nominally 0.8 nm thick film of PPN deposited on
TiO2(110) single crystal.

the layer next to the substrate as explained in the paragraph 4.6.1.3. No significant change in the
shape of the C 1s core level spectra upon increasing the thickness of the film is observed which
clearly indicates that the pyrene part of PPN is not strongly influenced by interacting with the
substrate. In the case of the N 1s core level spectra, a remarkable changes in the shape of the spectra
is observed when thickness increases from the sub-monolayer to the multi-layer regime.
Thereafter, the shape of the spectra remains unchanged. We can infer from this observation that
PPN is chemisorbed on the surface of the TiO2(110) single crystals. The origin of the slight
inhomogeneous broadening observed in the N 1s core level spectra upon increasing thickness may
be related to the different structural and morphological environment in different layers of the PPN
thin film. The other reason for this broadening can be typical charging phenomena occurring in
photoemission in organic crystals [3°]. Shift in the C 1s and N 1s core level spectra upon increasing
thickness of the NitPyn thin film deposited on the same substrate is not evidenced which clearly
indicates larger stability of PPN with respect to the NitPyn. The shift in the core level spectra
observed in NitPyn may be due to the high volatility of the molecule in the layers even next to the

substrate.
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Figure 4.61: Thickness dependent C 1s (left) and N 1s (right) core level spectra of the PPN thin films
deposited on TiO2(110) single crystals.

4.7.2 Growth mode

The growth mode of the deposited thin film of PPN on TiO2(110) single crystal can be evaluated
by thickness dependent XPS measurements. As mentioned in Chapter 2, three different mode of
growth can be identified by analyzing the trend of attenuation of the signal originating from the
substrate with increasing thickness of the deposited thin film. For this purpose, the attenuation of
the Ti 2p core level spectra versus deposition time is measured. Decreasing the Ti 2p signal of the
substrate upon increasing thickness of the deposited layer, gives us information about the
mechanisms of assembly of the molecules on the substrate thus the growth mode of the thin film.
Figure 4.62 shows the attenuation of the Ti 2p XPS signal, as a function of time during PPN
deposition on the surface of the TiO2(110) single crystal at RT. The resulting data are normalized
to the corresponding clean substrate signal. Therefore, the relative intensity varies in the O-

1linterval. Variation in the intensity of Ti 2p signal can be classified into two regions.
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Figure 4.62: Attenuation of Ti 2p XP signal corresponding to the saturation signal as
function of time during PPN deposition on the TiO,(110) at RT.

The initial adsorption of the molecules causes the intensity of the signal from the substrate to
decreases significantly, indicating that the molecules are forming a layer over a layer. On
exceeding a certain critical thickness (nominal thickness of 3 nm) in the case of PPN the intensity
decreases gently indicating that three dimensional islands are forming over the deposited layers.
The deposition time at which the trend of decreasing intensity changes determines the number of

layers formed before island formation begins.
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Figure 4.63: 2um X2um AFM image of a 4 nm nominally thick layer of PPN deposited on the surface of
Ti02(110) single crystal.
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Our XPS finding clearly shows that PPN on the surface of TiO2(110) single crystal is
deposited by layer + island i.e., S-K growth mode. Figure 4.63 clearly shows, island formation on
the uppermost layers of the deposited PPN thin film on the surface of TiO2(110) single crystal

which verifies the S-K growth mode.

4.8 Bisnitroxide Diradical

The analysis of bisnitroxide diradical films deposited on the SiO2/Si(111) surface and of TiO2(110)
single crystals starts with the analysis of the XPS survey spectrum.

Figure 4.64 shows the survey spectra before and after deposition of a bisnitroxide diradical
thin film on the SiO2/Si(111) surface. The intensity of the peaks related to the C 1s and the N 1s
core level spectra in the survey spectrum after thin film deposition illustrates that the molecule has
been deposited on the clean substrate. Further calculations show that the ratio between the integral
intensity of the C 1s and the N 1s core level spectra is equal to 10.72 (Appendix I). The chemical
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Figure 4.64: Survey spectra of bisnitroxide diradical thin film on the SiO./Si(111) before (red curve) and
after 2.5 h deposition (black curve).

132



Cils

e

C1s A

LT
Oﬁboom%O

3,

Intensity [a.u.]
o oo 089
gon@® & goes
Intensity [a.u.]

292 288 284 280 292 288 284 280

Binding energy [eV] Binding energy [eV]

C1s 6;‘%5
S
S,
=
5
c
ki
E
292 288 284 280

Binding energy [eV]

Figure 4.65: C 1s core level spectra of bisnitroxide diradical powder (upper panel —right), deposited

on the TiO2(110) single crystal (upper panel —left) and deposited on the SiO./Si(111) (lower
panel).

formula of bisnitroxide diradical (C 1s H2s N2 O4) exhibits the presence of the 18 carbon atoms and
2 nitrogen atoms in the molecule. The ratio of the integrated signal intensities of the C 1s and N

1s core level spectra meets the expected stoichiometric ratio (C 1s/ N 1s = 18/2) which is equal to
9.

The very low intensities of the N 1s signal in the survey spectra of a thin film of bisnitroxide
diradical molecule on the SiO2/Si(111) surface and on the TiO2(110) single crystals, considering
the remarkable evaporation time (2.5h), with evaporation rate of approximately 6A/min, is the
source of many questions about the mechanism of deposition of the molecule on the surface of the
Si02/Si(111) and on the TiO2(110) single crystals. As it is shown in the Figure 4.66, there is no
significant difference between the main lines of the C 1s core level spectra of the molecule
deposited on the different substrates while a small variation in the shape and in the intensity of the
feature that is attributed to the C-N contributions, is observed. Figure 4.66 shows the N 1s core
level spectra of the bisnitroxide diradical powder and the thin films deposited on the TiO2(110)

single crystal and on the SiO2/Si(111) surface. In contrast to the C 1s core level spectra, significant
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variations in the N 1s core level spectra are observed when comparing the powder and the
molecule. These variations are mirrored in different ways such as the appearance of an additional
feature in rather higher Ebs at 1.1eV in the spectrum of the molecule deposited on the surface of
the SiO2/Si(111) wafer and a remarkable broadening of the main N 1s core level spectra of the
deposited molecule with respect to the powder. This finding would hint at the fact that the N-O

groups undergo degradation.
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Figure 4.66: N 1s core level spectra of bisnitroxide biradical powder (upper panel —right),
deposited on the TiO2(110) single crystal (upper panel — left) and deposited on the
SiO2/Si(111) (lower panel).
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

The central topic of this work is the thin film processing in purely organic magnetic molecules in
the shadow of a quantitative study of the electronic structures and magnetic properties of this class
of quantum magnets by means of soft X-ray spectroscopic techniques and atomic force
microscopy. Several metal-free magnets are deposited on well-defined metal oxide surfaces by
using OMBD. The mechanism of growth of these organic systems is the focus of a widespread

interest due to their crucial importance in developing organic magnetic devices.

An important aspect that is addressed is to explore the possibility to use OMBD under
controlled conditions for nano-scale assembly of purely organic magnets on the solid surfaces. For
this purpose, different spectroscopic techniques such as XPS and NEXAFS were employed to
explore electronic structure, as well as, the paramagnetic function of the thin films of the organic
radicals. The nice agreement between stoichiometry of the assembled thin film and the molecule
coupled with the preserved radical nature of the deposited films indicates that OMBD is a suitable

technique for nano-scale assembly of purely organic magnets.

This work provides an insight into the electronic structure of thin films of organic magnetic
molecules both at the film surface, as well as, at the interfaces with the substrates. In this context,
also the significant role of the physical and the chemical properties of the substrates is studied.

It has been shown that due to the co-existence of the ideal and hydroxylated surface, the
mechanism of adsorption of the first NitPyn molecular layer on the TiO2(110) single crystal
surface is a mixture of strong chemisorption and weak physisorption. The molecules bound to the
titanium or hydrogen atoms at the TiO2(110) single crystal surface undergo strong chemisorption.
Consequently, their initial paramagnetic character is lost, while the rest of the adsorbed molecules

keep their molecules. This layer acts as a buffer for growing further intact magnetic molecules.
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In contrast to the complex nature of the adsorption on the TiO2(110) single crystal, the
adsorption of NitPyn on the SiO2/Si(111) surface has only a physisorption character. By varying
the excitation energy of the light, ultimately, probing different depths we found an inhomogeneous
broadening in the N 1s core level spectra which is related with the local morphological and

structural alteration in the thin films.

The second molecule investigated in this work is PPN. It is also based on the nitronyl
nitroxide radical attached to a fluorophore core. Our finding demonstrates that the electronic
structure, as well as, the radical character of the PPN orbitals are unperturbed after vapor-
deposition of the molecule on the metal-oxides. The consequence of this intactness is that the

sensing capabilities of PPN are maintained in the film.

UHV and air stability of PPN is also examined by investigating the electronic and the
radical nature of the film kept in the UHV and in the ambient condition. This study shows no
significant alteration in the electronic structure and in the radical function upon air or UHV aging.

NEXAFS spectroscopy allowed us to elucidate the paramagnetic character of the systems

and gain quantitative information on the spatial orientation of the self-assembled molecules.

NitPyn deposited on the SiO2/Si(111) surface does not show any preferential orientation in
contrast to the TiO2(110) single crystal. The comparison between different substrates shows that
the morphology of the substrates have different effects on the spatial orientation of the deposited

molecule.

The same study on PPN deposited on the SiO2/Si(111) surface reveals that the b-axis of the
PPN unit cell in the multi-layer regime is oriented almost perpendicular to the plane of the surface.

This orientation is very often adopted by molecules in organic thin films deposited on metal oxides.

Our study on the paramagnetic nature of the molecule is also carried out by investigating
the N-K edge NEXAFS spectra of both the NitPyn and PPN. NEXAFS spectra show sharp
resonances corresponding to the transition of the excited electrons from core-level to the singly
occupied molecular orbital (SOMO) indicating that the magnetic function is preserved going from
the molecule to the thin film.
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The growth mechanism and morphology of the thin film systems are examined by means
of the atomic force microscopic techniques. AFM images clearly shows island formation. These

images are in agreement with the XPS measurements indicating S-K growth mode.

All these properties shows that thin films of purely organic magnetic molecules with well-
controlled properties are promising candidates for designing and developing a new generation of

devices operating at molecular dimensions.

5.2 Outlook

The work presented in this thesis demonstrates the possibility of highly controlled deposition and
growth of thin films from purely organic magnets. These findings have shown the importance of
precise control of the assembly of (magnetic) molecules to form thin films. In addition, various
mechanisms of interactions at the interface could be worked out by comparison of different
systems, which can lead to a more comprehensive understanding of the organics — metal oxide

interfaces.

However, more systematic studies combined with different measurement techniques in
parallel with theory for more precise calculations are required for achieving a systematic

understanding and control of the thin films of this class of materials.

An important achievement to improve device performance can be employing alternative
structures with controllable magnetic properties at RT, such as functionalized graphene, in order
to prepare low dimensional mesoscopic quantum magnets. The other alternative is growing purely
organic magnets on the novel surfaces such as topological insulator. On these substrates, due to
their novel properties such as extraordinary spin-orbit coupling or RT superconductivity, the

magnetic properties of the organic molecules can be governed by applying current to the substrate.
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Chapter 7

Appendix |
A) NitPyn (C2sH21N202)

Deposited on TiO2(110) single crystal
C =30616/0.25 = 122464

N = 4354/ 0.4 = 10885

C/IN=11.25

Powder

C =34029963/0.25 = 1361198.52

N =50757/0.4 = 126892.5

C/N =10.72

Deposited on SiO2/Si(111)

C =63193/0.25 = 252772

N =7673/0.4 = 22146

C/IN=11.41

B) PPN (C26H23 N4 O2)

Deposited on TiO2(110) single crystal
C =3141292/0.25 = 12565168

N = 718009.60 /0.4 = 1795024
CIN=7

Powder
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C =94750.646/0.25 = 19002.584

N =1165.80/0.4 = 2914.51

C/N =6.52

Deposited on SiO2/Si(111)

C =64108/0.25 = 256432

N = 16544 /0.4 = 41360

C/IN=6.2

C) Bisnitroxide Diradical (C1s Hzs N2 Oa)
Deposited on TiO2(110) single crystal
C =34029963/0.25 = 1361198.52

N =50757/0.4 = 126892.5

C/N =10.72

Powder

C =85926.122/0.25 = 343704.5

N = 12085.137/0.4 = 30212.84

C/N =11.37

Deposited on SiO2/Si(111)

C =63193/0.25 = 252772

N =7673/0.4 = 22146

CIN=114
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Appendix 11
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Figure A.1: Ti 2p core level spectrum of clean TiO2(110) single crystal.

Table A.1: Binding energy of the Ti 2p core level spectrum of clean TiO,(110) single crystal.

Energy Lorentzian Width GaussianWidth  Intensity
(eV) (eV) (eV) (%)
Ti**(2p 312) 458.50 0.70 1.45 44.71
Ti**(2p 112) 464.20 0.70 2.52 23.18
Ti**(2p 312) 456.60 0.70 1.41 14.29
Ti**(2p 12) 462.50 0.70 1.66 3.05
TiZ*(2p 32) 455.83 0.70 1.35 2.46
Ti?*(2p 112) 461.93 0.70 1.22 1.08
Ti2 O3 460.05 0.70 1.13 6.30
S1 461.68 0.70 1.45 2.73
Sz 468.68 0.70 1.45 2.18
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Figure A.2: XPS spectrum of clean TiO2(110) single crystal.

Table A.2: Binding energy of the Ti 2p core level spectrum of clean TiO,(110) single crystal.

Energy Lorentzian Width Gaussian Width Intensity
(eV) (eV) (eV) (%)
Ti**(2p 312) 458.50 0.70 0.96 64.96
Ti**(2p 112) 464.20 0.70 1.55 24.96
S1 462.95 0.70 0.96 2.87
Sz 472.89 0.70 2.40 7.20
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Figure A.3: Ti 2p core level spectrum of clean TiO2(110) single crystal.

Table A.3: Binding energy of the Ti 2p core level spectrum of clean TiO2(110) single crystal.

Energy Lorentzian Width GaussianWidth Intensity

(eV) (eV) (eV) (%)

Ti*(2p az)  458.50 0.53 1.06 70.03
Ti*(2p 12) 464.21 0.53 1.84 28.06
S 461.95 0.53 1.06 07.04

S 472.49 0.53 1.06 1.70
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Figure A.4: C 1s core level spectrum of nominally 2 nm NitPyn deposited on TiO2(110) single crystal.

Table A.4: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites in NitPyn deposited on TiO2(110) single crystal.

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%0)
C-C 284.40 0.08 1.12 31.30
C-H 284.68 0.08 1.12 39.10
CHs 284.96 0.08 1.12 17.20
C-N 286.39 0.08 1.45 12.40
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Figure A.5: C 1s core level spectrum of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal.

Table A.5: Binding energy of the different components of the C 1s core level spectrum and shake-up

satellites of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal.

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) (eV) (eV) (%)
C-C 284.02 0.08 1.32 31.30
C-H 284.30 0.08 1.32 39.10
CHs 284.58 0.08 1.32 17.20
C-N 286.01 0.08 1.68 12.40
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Figure A.6: N 1s core level spectrum of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal.

Table A.6: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal.

Energy Lorentzian Width  Gaussian Width Intensity

(@V) @V) @V) (%)
C-N 401.92 0.1 1.32 47.58
N-H 400.03 0.1 2.35 33.40
Ti-N 398.02 0.1 1.32 10.60
S1 403.32 0.1 1.32 4.48
Sz 405.15 0.1 1.32 3.88

160



Figure A.7: N 1s core level spectrum of nominally 3 nm NitPyn deposited on TiO(110) single crystal.

Table A.7: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 3 nm NitPyn deposited on TiO(110) single crystal.

Energy  LorentzianWidth GaussianWidth  Intensity

(eV) (eV) (eV) (%0)

N-H  400.03 0.1 2.35 83.37
Ti-N 397.75 0.1 1.33 13.47
S1  402.93 0.1 2.03 3.16
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Figure A.8: O 1s core level spectrum of nominally 2 nm NitPyn deposited on TiO(110) single crystal.

Table A.8: Binding energy of the different components of the O 1s core level spectrum and shake-up
satellites of nominally 2 nm NitPyn deposited on TiO2(110) single crystal.

Energy LorentzianWidth  GaussianWidth Intensity

(eV) (eV) (eV) (%0)

0 529.75 0.1 114 60.72

O-H 531.14 0.1 0.93 1.02

O (Nitpyn) ~ 531.13 0.1 1.39 30.86
Terminal O 532.05 0.1 1.71 1.71
S 532.54 0.1 0.93 1.43
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Figure A.9: O 1s core level spectrum of clean TiO,(110) single crystal.

Table A.9: Binding energy of the different components of the O 1s core level spectrum and shake-up

satellites of clean TiO2(110) single crystal.

Energy  LorentzianWidth GaussianWidth  Intensity

(eV) (eV) (eV) (%0)
o) 529.75 0.1 1.47 97.94
O-H 53114 0.1 1.19 2.06
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Figure A.10: N 1s core level spectrum of hominally 2.3 nm NitPyn deposited on TiO2(110) single crystal

(excitation energy = 1000 eV).

Table A.10: Binding energy of the different components of the N 1s core level spectrum and shake-up

satellites of nominally 2.3 nm NitPyn deposited on TiO.(110) single crystal(excitation energy = 1000 eV).

Energy  Lorentzian Width  Gaussian Width  Intensity
(eV) (eV) (eV) (%)
C-N 402.04 0.1 141 7751
N-H 400.15 0.1 2.12 9.07
Ti-N 398.15 0.1 1.41 4.63
S1 403.44 0.1 1.41 4.86
Sz 405.21 0.1 1.41 3.92
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Figure A.11: N 1s core level spectrum of hominally 2.3 nm NitPyn deposited on TiO2(110) single crystal

(excitation energy = 640 eV).

Table A.11: Binding energy of the different components of the N 1s core level spectrum and shake-up

satellites of nominally 2.3 nm NitPyn deposited on TiO,(110) single crystal (excitation energy = 640 eV).

Energy Lorentzian Width  GaussianWidth  Intensity
(eV) (eV) (eV) (%)
C-N 402.04 0.1 1.39 77.13
N-H 400.15 0.1 1.39 10.26
Ti-N 398.15 0.1 2.17 11.07
S1 405.21 0.1 1.39 1.54
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Figure A.12: N 1s core level spectrum of hominally 0.5 nm NitPyn deposited on TiO2(110) single crystal
(excitation energy = 1000 eV).

Table A.12: Binding energy of the different components of the N 1s core level spectrum and
shake-up satellites of nominally 0.5 nm NitPyn deposited on TiO»(110) single crystal (excitation energy =

1000 eV).
Energy LorentzianWidth  Gaussian Width Intensity
(eV) (eV) (eV) (%)
C-N 402.04 0.1 1.35 28.43
N-H 400.15 0.1 3.12 52.68
Ti-N 398.45 0.1 1.35 4.79
S1 403.44 0.1 1.35 3.92
Sz 405.33 0.1 1.35 2.51
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Figure A.13: N 1s core level spectrum of hominally 1.5 nm NitPyn deposited on TiO(110) single crystal
(excitation energy = 640 eV).

Table A.13: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 1.5 nm NitPyn deposited on TiO2(110) single crystal (excitation energy = 640 eV).

Energy LorentzianWidth Gaussian Width Intensity

(eVv) (eVv) (eVv) (%)

C-N 40204 0.1 1.23 81.49
N-H  400.15 0.1 1.84 10.67
Ti-N 39845 0.1 1.23 4.92
S1 403.44 0.1 1.23 2.54
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Figure A.14: C 1s core level spectrum of nominally 2.3 nm NitPyn deposited on TiO»(110) single crystal
(excitation energy = 1000 eV).

Table A.14: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 2.3 nm NitPyn deposited on TiO2(110) single crystal (excitation energy = 1000
eV).

Energy Lorentzian Width GaussianWidth Intensity
(eV) (eV) (eV) (%)
C-C 28450 0.08 1.23 30.59
C-H 284.76 0.08 1.23 38.33
CHz 285.04 0.08 1.23 16.83
C-N  286.47 0.08 1.52 14.25
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Figure A.15: C 1s core level spectrum of nominally 2.3 nm NitPyn deposited on TiO2(110) single crystal
(excitation energy = 640 eV).

Table A.15: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 2.3 nm NitPyn deposited on TiO2(110) single crystal (excitation energy = 640 eV).

Energy LorentzianWidth  Gaussian Width Intensity

(V) (eV) (eV) (%0)
C-C 28450 0.08 1.28 28.74
C-H 28476 0.08 1.28 35.85
CHs 285.04 0.08 1.28 15.79
C-N  286.49 0.08 1.58 12.79
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Figure A.15: C 1s core level spectrum of nominally 2.3 nm NitPyn deposited on TiO2(110) single crystal

(excitation energy = 330 eV).

Table A.15: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 2.3 nm NitPyn deposited on TiO,(110) single crystal (excitation energy = 330 eV).

Energy LorentzianWidth  Gaussian Width Intensity

(eV) (eV) (eV) (%0)
C-C 284.50 0.08 0.96 31.47
C-H 284.78 0.08 0.96 39.26
CHs 285.06 0.08 0.96 17.28
C-N 286.49 0.08 1.19 11.98
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Figure A.16: C 1s core level spectrum of nominally 0.5 nm NitPyn deposited on TiO(110) single crystal
(excitation energy = 1000 eV).

Table A.16: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal (excitation energy = 1000
eV).

Energy  LorentzianWidth ~ Gaussian Width Intensity

(eV) (eV) (eV) (%0)
c-C 284.40 0.08 1.47 31.30
C-H 284.68 0.08 1.47 39.10
CHs 284.96 0.08 1.47 17.20
C-N 286.39 0.08 1.82 12.40
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Figure A.17: C 1s core level spectrum of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal
(excitation energy = 640 eV).

Table A.17: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 0.5 nm NitPyn deposited on TiO,(110) single crystal (excitation energy = 640 eV).

Energy  LorentzianWidth GaussianWidth  Intensity

(eV) (eV) (eV) (%0)
c-C 284.40 0.08 1.40 27.20
C-H 284.68 0.08 1.40 34.00
CHs 285.96 0.08 1.40 14.95
C-N 286.39 0.08 1.73 12.51
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Figure A.18: C 1s core level spectrum of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal

(excitation energy = 330 eV).

Table A.18: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 0.5 nm NitPyn deposited on TiO2(110) single crystal (excitation energy = 330 eV).

Energy  LorentzianWidth GaussianWidth  Intensity
(eV) (eV) (eV) (%)
C-C 284.40 0.08 1.03 30.26
C-H 284.68 0.08 1.03 37.93
CHs 285.96 0.08 1.03 16.66
C-N 286.39 0.08 1.28 13.32
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Figure A.19: C 1s core level spectrum of nominally 6 nm NitPyn deposited on SiO,/Si(111) (excitation
energy = 1000 eV).

Table A.19: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 6 nm NitPyn deposited on SiO»/Si(111) (excitation energy = 1000 eV).

Energy  LorentzianWidth GaussianWidth  Intensity

(eV) (eV) (eV) (%0)
c-C 284.02 0.08 1.26 30.53
C-H 284.30 0.08 1.26 38.00
CHs 284.58 0.08 1.26 16.56
C-N 286.01 0.08 1.56 14.71
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Figure A.20: C 1s core level spectrum of nominally 6 nm NitPyn deposited on SiO2/Si(111) (excitation
energy = 640 eV).

Table A.20: Binding energy of the different components of the C 1s core level spectrum and shake-up

Intensity [a.u.]

8
Binding energy [eV]

286

284 282

satellites of nominally 6 nm NitPyn deposited on SiO»/Si(111) (excitation energy = 640 eV).

Energy  LorentzianWidth  Gaussian Width Intensity

(eV) (eV) (eV) (%)
C-C 284.02 0.08 1.08 31.39
C-H 284.30 0.08 1.08 39.32
CHs 284.58 0.08 1.08 17.26
C-N 286.01 0.08 1.34 12.03
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Figure A.21: C 1s core level spectrum of nominally 6 nm NitPyn deposited on SiO./Si(111) (excitation

energy = 330 eV).

Table A.21: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 6 nm NitPyn deposited on SiO,/Si(111) (excitation energy = 330 eV).

Energy  LorentzianWidth  Gaussian Width Intensity

(eV) (eV) (eV) (%)
C-C 284.02 0.08 1.08 31.39
C-H 284.30 0.08 1.08 39.32
CHs 284.58 0.08 1.08 17.26
C-N 286.01 0.08 1.34 12.03
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Figure A.22: N 1s core level spectrum of nominally 6 nm NitPyn deposited on SiO,/Si(111) (excitation

energy = 640 eV).

Table A.22: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 6 nm NitPyn deposited on SiO2/Si(111) (excitation energy = 640 eV).

Energy LorentzianWidth GaussianWidth Intensity

(eV) (eV) (eV) (%0)
C-N  402.04 0.1 1.09 70.81
403.44 0.1 1.09 1.00
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Figure A.23: C 1s core level spectrum of nominally 6 nm NitPyn deposited on SiO,/Si(111) (excitation

energy = 1000 eV).

Table A.23: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 6 nm NitPyn deposited on SiO2/Si(111) (excitation energy = 1000 eV).

Energy LorentzianWidth GaussianWidth Intensity

(eV) (eV) (eV) (%0)
C-N  402.04 0.1 1.09 70.81
S 403.44 0.1 1.09 1.00
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Figure A.24: C 1s core level spectrum of nominally 15 nm NitPyn deposited on SiO2/Si(111) (excitation

energy = 330 eV).

Table A.24: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally15 nm NitPyn deposited on SiO,/Si(111) (excitation energy = 330 eV).

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

C-C  284.02 0.08 1.36 29.46
C-H 28430 0.08 1.36 36.90
CHs 28458 0.08 1.36 16.43
C-N  286.01 0.08 1.47 11.12
S1 28550 0.08 1.36 3.17
S,  287.30 0.08 1.47 1.86
Ss  289.30 0.08 1.36 1.06
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Figure A.25: C 1s core level spectrum of nominally 15 nm NitPyn deposited on SiO»/Si(111) (excitation

energy = 640 eV).

Table A.25: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 15 nm NitPyn deposited on SiO./Si(111) (excitation energy = 640 eV).

Energy Lorentzian Width  Gaussian Width Intensity
(eV) (eV) (eV) (%)
Cc-C 284.02 0.08 1.30 29.43
C-H 284.30 0.08 1.30 36.87
CHs  284.58 0.08 1.30 16.56
C-N 286.00 0.08 1.44 10.89
S1 285.50 0.08 1.30 3.70
S2 287.30 0.08 1.44 1.73
S3 289.30 0.08 1.30 0.83
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Figure A.26: C 1s core level spectrum of nominally 15 nm NitPyn deposited on SiO»/Si(111) (excitation
energy = 1000 eV).

Table A.26: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 15 nm NitPyn deposited on SiO/Si(111) (excitation energy = 1000 eV).

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

C-C  284.02 0.08 1.29 29.81
C-H 28430 0.08 1.29 37.19
CHs 28458 0.08 1.29 16.36
C-N  286.00 0.08 1.66 10.89
S1 28550 0.08 1.29 4.03
S,  287.30 0.08 1.66 1.20
Ss  289.30 0.08 1.29 0.53
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Figure A.27: N 1s core level spectrum of nominally 15 nm NitPyn deposited on SiO2/Si(111) (excitation

energy = 640 eV).

Table A.27: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 15 nm NitPyn deposited on SiO»/Si(111) (excitation energy = 640 eV).

Energy LorentzianWidth GaussianWidth Intensity

(eV) (eV) (eV) (%0)
C-N  402.04 0.1 1.29 88.55
403.44 0.1 1.29 11.45
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Figure A.28: N 1s core level spectrum of nominally 15 nm NitPyn deposited on SiO2/Si(111) (excitation
energy = 1000 eV).

Table A.28: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 15 nm NitPyn deposited on SiO/Si(111) (excitation energy = 1000 eV).

Energy LorentzianWidth GaussianWidth Intensity

(eV) (eV) (eV) (%0)
C-N  402.04 0.1 1.54 94.97
S 403.44 0.1 154 5.03
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Figure A.29: C 1s core level spectrum of PPN powder
Table A.29: Binding energy of the different components of PPN powder
Energy Lorentzian Width  Gaussian Width  Intensity
(eV) (eV) (eV) (%)
C-C 285.36 0.08 1.90 23.68
C-H 285.74 0.08 1.90 33.75
CHz 286.02 0.08 1.90 13.52
C-N  287.45 0.08 2.35 12.68
S1 286.94 0.08 1.90 3.38
S:  289.75 0.08 2.35 1.68
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Figure A.30: N 1s core level spectrum of PPN powder

Table A.30: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of PPN powder.

Energy Lorentzian Width Gaussian Width Intensity

(eV) (eV) (eV) (%0)
N-O 402.17 0.1 2.25 61.80
N1 400.28 0.1 1.46 13.50
\P! 399.78 0.1 1.46 13.50
Naeg 398.58 0.1 1.58 6.53
S1 401.72 0.1 1.46 1.52
S 402.67 0.1 2.25 3.10
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Figure A.31: C 1s core level spectrum of nominally 0.5 nm PPN deposited on TiO2(110) single crystal

(excitation energy = 640 eV).

Table A.31: Binding energy of the different components of the N 1s core level spectrum and shake-up

satellites of nominally 2.3 nm NitPyn deposited on TiO2(110) single crystal(excitation energy = 1000 eV).

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) (eV) (eV) (%0)

C-C 28390 0.08 1.18 27.01
C-H 28418 0.08 1.18 42.39
C-Hs 28556 0.08 1.18 15.41
C-N 28589 0.08 1.45 10.94
S1 285.38 0.08 1.18 3.39
S 288.33 0.08 1.45 1.00
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Figure A.32: C 1s core level spectrum of nominally 6 nm PPN deposited on TiO»(110) single crystal.

Table A.32: Binding energy of the different components of the C 1s core level spectrum and shake-up

satellites of nominally 6 nm PPN deposited on TiO>(110) single crystal.

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) Q%) (V) (%0)

C-C  284.36 0.08 121 26.88
C-H 28464 0.08 1.21 42.26
C-Hs  286.02 0.08 1.21 15.19
C-N  286.35 0.08 1.49 11.55
S 285.84 0.08 1.21 3.13
S 288.80 0.08 1.49 1.00
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Figure A.33: N 1s core level spectrum of nominally 6 nm PPN deposited on TiO,(110) single crystal.

Table A.33: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 6 nm PPN deposited on TiO2(110) single crystal.

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

N-O 401.22 0.1 1.61 54.65
N2 399.23 0.1 1.13 15.08
Ny  398.71 0.1 1.13 14.08
Nueg 397.50 0.1 1.13 4.42
S1 400.82 0.1 1.13 4.70
S,  402.82 0.1 1.61 7.06
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Figure A.34: N 1s core level spectrum of nominally 0.5 nm PPN deposited on SiO»/Si(111) .

Table A.34: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 0.5 nm PPN deposited on SiO./Si(111) .

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

N-O 401.53 0.1 1.49 50.94
N2 399.64 0.1 1.20 16.39

N1 399.14 0.1 1.20 16.39
Nueg 397.94 0.1 1.20 2.05
S1 400.09 0.1 1.20 5.74

S; 403.13 0.1 1.49 8.94
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Figure A.35: N 1s core level spectrum of nominally 2 nm PPN deposited on SiO»/Si(111) .

Table A.35: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 2 nm PPN deposited on SiO/Si(111) .

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

N-O 401.73 0.1 1.67 45.79
N2 399.84 0.1 1.33 18.19

N1 399.24 0.1 1.33 18.19

Nueg 397.94 0.1 1.05 7.71
S1 400.09 0.1 1.33 4.46

S,  403.13 0.1 1.67 5.66
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Figure A.36: N 1s core level spectrum of nominally 5 nm PPN deposited on SiO»/Si(111) .

Table A.36: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 5 nm PPN deposited on SiO»/Si(111) .

Energy Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eV) (%)

N-O 402.04 0.1 1.79 47.31
N,  400.15 0.1 1.44 18.88

N, 399.65 0.1 1.44 18.31
Ngeg 398.64 0.1 1.44 8.21
S; 40159 0.1 1.44 3.84

S,  403.64 0.1 1.79 3.44
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Figure A.37: C 1s core level spectrum of nominally 0.5 nm PPN deposited on SiO»/Si(111) .

Table A.37: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 0.5 nm PPN deposited on SiO./Si(111) .

Energy  Lorentzian Width  Gaussian Width Intensity

(eV) (eV) (eVv) (%0)

C-C 284.62 0.08 1.34 25.63
C-H 284.90 0.08 1.34 40.20
C-Hs 285.18 0.08 1.34 14.64
C-N 286.61 0.08 1.66 14.62
S1 286.10 0.08 1.34 2.94
S 289.05 0.08 1.66 1.91
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Figure A.38: C 1s core level spectrum of nominally 2 nm PPN deposited on SiO2/Si(111) .

Table A.38: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 2 nm PPN deposited on SiO/Si(111) .

Energy Lorentzian Width Gaussian Width Intensity

(eV) (eV) (eV) (%)

C-C 284.70 0.08 1.35 25.82
C-H 284.98 0.08 1.35 40.66
C-Hs 285.26 0.08 1.35 14.61
C-N  286.71 0.08 1.67 11.59
S1 286.20 0.08 1.35 4.68
S 289.15 0.08 1.67 2.65
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Figure A.39: C 1s core level spectrum of hominally 5 nm PPN deposited on SiO2/Si(111) .

Table A.39: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites of nominally 5 nm PPN deposited on SiO»/Si(111) .

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) (eV) (eV) (%)

C-C 284.98 0.08 1.42 24.84
C-H 285.26 0.08 1.42 39.98
C-Hs 285.54 0.08 1.34 14.18
C-N 286.97 0.08 1.75 12.91
S1 286.46 0.08 1.42 5.46
S2 289.41 0.08 1.75 3.12
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Figure A.40: N 1s core level spectrum (the first one) of nominally 5 nm PPN deposited on SiO2/Si(111) .
The sample was mounted in low vacuum for 30 min.

Table A.40: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites (the first one) of nominally 5 nm PPN deposited on SiO»/Si(111) .

The sample was mounted in low vacuum for 30 min.

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) (eV) (eV) (%0)

N-O  401.70 0.1 1.45 49.80
N:  399.81 0.1 1.16 15.78
N,  399.31 0.1 1.16 16.19
Noeg ~ 398.11 0.1 1.16 4.88
S;  401.25 0.1 1.16 5.26
S1 403.30 0.1 1.45 8.09
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Figure A.41: N 1s core level spectrum (the last one) of nominally 5 nm PPN deposited on SiO2/Si(111) .
The sample was mounted in low vacuum for 30 min.

Table A.41: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites (the last one) of nominally 5 nm PPN deposited on SiO./Si(111) .

The sample was mounted in low vacuum for 30 min.

Energy Lorentzian Width  Gaussian Width  Intensity

(eV) (eV) (eV) (%)

N-O 401.70 0.1 1.50 51.47
\ 399.81 0.1 1.20 15.65
[\ 399.31 0.1 1.20 16.18
Naeg 398.11 0.1 1.20 5.21
S 401.25 0.1 1.20 4.82
S 403.30 0.1 1.50 7.66
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Figure A.42: C 1s core level spectrum (the first one) of nominally 4 nm PPN deposited on SiO»/Si(111) .
The sample was mounted in low vacuum for 30 min.

Table A.42; Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites (the first one) of nominally 4 nm PPN deposited on SiO2/Si(111) .

The sample was mounted in low vacuum for 30 min

Energy Lorentzian Width  Gaussian Width Intensity

(eVv) (eVv) (eV) (%0)
c-C 284.55 0.08 1.28 25.81
C-H 284.83 0.08 1.28 40.51
C-Hs 285.11 0.08 1.28 14.73
C-N 286.54 0.08 1.58 12.38
S1 286.03 0.08 1.28 4.49
S 288.98 0.08 1.58 2.07
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Figure A.43: C 1s core level spectrum (the first one) of nominally 4 nm PPN deposited on SiO»/Si(111) .
The sample was mounted in low vacuum for 30 min.

Table A.43: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites (the first one) of nominally 4 nm PPN deposited on SiO2/Si(111) .

The sample was mounted in low vacuum for 30 min

Energy LorentzianWidth GaussianWidth Intensity

(eV) (eV) (eV) (%)

C-C 284.55 0.08 1.28 25.94
C-H 284.83 0.08 1.28 40.58
C-Hs 285.11 0.08 1.28 15.61
C-N 286.54 0.08 1.58 12.43
S1 286.03 0.08 1.28 4.18
S2 288.98 0.08 1.58 1.26
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Figure A.44: C 1s core level spectrum (the last one) of nominally 4 nm PPN deposited on SiO,/Si(111) .
The sample was mounted in low vacuum for 30 min.

Table A.44: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites (the last one) of nominally 4 nm PPN deposited on SiO,/Si(111) .

The sample was mounted in low vacuum for 30 min

Energy LorentzianWidth GaussianWidth Intensity
(eV) (eV) (eV) (%)
C-C 284.55 0.08 1.28 25.38
C-H 284.83 0.08 1.28 39.84
C-Hs 285.11 0.08 1.28 15.53
C-N 286.54 0.08 1.58 12.49
S1 286.03 0.08 1.28 4.33
S2 288.98 0.08 1.58 2.44

199



Intensity [a.u.]

408 400
Binding energy [eV]

Figure A.45: N 1s core level spectrum (the first one) of nominally 1 nm PPN deposited on SiO»/Si(111) .
The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Table A.45: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites (the first one) of nominally 1 nm PPN deposited on SiO2/Si(111) .

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Energy LorentzianWidth Gaussian Width Intensity

(eV) (eV) (eV) (%)
N-O 401.77 0.1 1.60 58.14
N1 399.87 0.1 1.28 13.91
N2 399.38 0.1 1.28 17.21
Nadeg 398.18 0.1 1.28 1.70
S1 401.32 0.1 1.28 2.36
Sz 403.37 0.1 1.60 6.68
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Figure A.46: N 1s core level spectrum (the last one) of nominally 1 nm PPN deposited on SiO»/Si(111) .
The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Table A.46: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites (the last one) of nominally 1 nm PPN deposited on SiO,/Si(111) .

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Energy LorentzianWidth GaussianWidth Intensity

(eV) (eV) (eV) (%)

N-O 401.77 0.1 1.60 60.76
N1 399.87 0.1 1.28 13.80

N2 399.38 0.1 1.28 17.24

Ndeg 398.18 0.1 1.28 1.48
St 401.32 0.1 1.28 2.36

Sz 403.37 0.1 1.60 6.68
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Figure A.47: N 1s core level spectrum (the added one) of nominally 1 nm PPN deposited on SiO2/Si(111)

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Table A.47: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites (the added one) of nominally 1 nm PPN deposited on SiO»/Si(111) .

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Energy LorentzianWidth GaussianWidth Intensity

(eV) (eV) (eV) (%)

N-O 401.77 0.1 1.63 58.89
N1 399.88 0.1 1.14 14.36

N2 399.38 0.1 1.14 14.34

Ndeg 398.18 0.1 0.82 1.42
S1 401.32 0.1 1.14 2.95

Sz 403.37 0.1 1.63 8.04
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Figure A.48: C 1s core level spectrum (the first one) of nominally 1 nm PPN deposited on SiO»/Si(111) .
The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Table A.48: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites (the first one) of nominally 1 nm PPN deposited on SiO2/Si(111) .

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Energy LorentzianWidth GaussianWidth Intensity
(eV) (eV) (eV) (%)
C-C 284.50 0.08 1.32 25.37
C-H 284.78 0.08 1.32 39.62
C-Hs 285.06 0.08 1.32 14.19
C-N 286.49 0.08 1.80 16.03
St 285.98 0.08 1.32 2.53
Sz 288.93 0.08 1.80 2.27
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Figure A.49: C 1s core level spectrum (the last one) of nominally 1 nm PPN deposited on SiO,/Si(111) .
The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Table A.49: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites (the last one) of nominally 1 nm PPN deposited on SiO,/Si(111) .

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Energy LorentzianWidth GaussianWidth Intensity
(eV) (eV) (eV) (%)
C-C 284.50 0.08 1.33 25.12
C-H 284.78 0.08 1.33 39.42
C-Hs 285.06 0.08 1.33 14.39
C-N 286.49 0.08 1.65 14.70
St 285.98 0.08 1.33 4.37
S2 288.93 0.08 1.65 1.99

204



Figure A.50: C 1s core level spectrum (the added one) of nominally 1 nm PPN deposited on SiO,/Si(111)

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Table A.50: Binding energy of the different components of the C 1s core level spectrum and shake-up
satellites (the added one) of nominally 1 nm PPN deposited on SiO2/Si(111) .

The sample was mounted in low vacuum for 30 min and in the air exposure for 25 h.

Energy LorentzianWidth GaussianWidth Intensity
(eV) (eV) (eV) (%)
C-C 284.50 0.08 1.31 25.15
C-H 284.78 0.08 1.31 39.40
C-Hs 285.06 0.08 1.31 14.35
C-N 286.49 0.08 1.84 14,91
S1 285.98 0.08 1.33 4.13
S2 288.93 0.08 1.84 2.05
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Figure A.51: N 1s core level spectrum of nominally 3 nm PPN deposited on SiO,/Si(111) (excitation

energy = 640 eV).

Table A.51: Binding energy of the different components of the N 1s core level spectrum and shake-up

satellites of nominally 3 nm PPN deposited on SiO»/Si(111) (excitation energy = 640 eV).

Energy LorentzianWidth  GaussianWidth  Intensity

(eV) (eV) (eV) (%)
N-O 401.92 0.1 1.99 51.22
N1 400.03 0.1 1.59 19.53
N2 399.54 0.1 1.59 19.49
Ndeg 398.33 0.1 1.59 0.00
St 401.47 0.1 1.59 3.63
S2 403.52 0.1 1.99 6.13
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Figure A.52: C 1s core level spectrum of nominally 3 nm PPN deposited on SiO,/Si(111) (excitation energy

=330eV).

Table A.52: Binding energy of the different components of the C 1s core level spectrum and shake-up

satellites of nominally 3 nm PPN deposited on SiO./Si(111) (excitation energy = 330 eV).

Energy  Lorentzian Width Gaussian Width Intensity
(eV) (eV) (eV) (%)
C-C 285.07 0.08 1.29 27.18
C-H 285.35 0.08 1.29 42.92
C-Hs 285.63 0.08 1.29 16.46
C-N 287.06 0.08 1.59 8.91
S1 286.55 0.08 1.29 2.15
S2 289.40 0.08 1.59 2.38
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Figure A.53: C 1s core level spectrum of nominally 3 nm PPN deposited on SiO»/Si(111) (excitation energy

= 640 eV).

Table A.53: Binding energy of the different components of the C 1s core level spectrum and shake-up

satellites of nominally 3 nm PPN deposited on SiO,/Si(111) (excitation energy = 640 eV).

Energy  LorentzianWidth GaussianWidth  Intensity
(eV) (eV) (eV) (%)
C-C 285.07 0.08 1.42 25.29
C-H 285.35 0.08 1.42 391
C-Hs 285.63 0.08 1.42 14.99
C-N 287.06 0.08 1.98 12.61
St 286.55 0.08 1.42 3.57
S2 289.40 0.08 1.98 3.82
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Figure A.54: C 1s core level spectrum of nominally 3 nm PPN deposited on SiO2/Si(111) (excitation
energy = 1000 eV).

Table A.54: Binding energy of the different components of the C 1s core level spectrum and shake-up

satellites of nominally 3 nm PPN deposited on SiO./Si(111) (excitation energy = 1000 eV).

Energy Lorentzian Width Gaussian Width Intensity
(eV) (eV) (eV) (%)
Cc-C 285.07 0.08 1.63 25.06
C-H 285.35 0.08 1.63 39.37
C-Hs 285.63 0.08 1.63 14.19
C-N 287.06 0.08 2.02 13.04
St 286.55 0.08 1.63 4.33
Sz 289.40 0.08 2.02 4.00
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Figure A.55: N 1s core level spectrum of nominally 12 nm PPN deposited on SiO2/Si(111) (excitation
energy = 640 eV).

Table A.55: Binding energy of the different components of the N 1s core level spectrum and shake-up
satellites of nominally 12 nm PPN deposited on SiO/Si(111) (excitation energy = 640 eV).

Energy Lorentzian Width Gaussian Width Intensity

(eV) (eV) (eV) (%)
N-O 402.17 0.1 1.95 46.79
N1 400.28 0.1 1.31 20.55
N2 399.78 0.1 1.31 20.55
Ndeg 398.58 0.1 1.07 7.21
St 401.72 0.1 1.54 1.63
S 402.67 0.1 1.95 3.27
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Figure A.56: C 1s core level spectrum of nominally 12 nm PPN deposited on SiO,/Si(111) (excitation
energy = 330 eV).

Table A.56: Binding energy of the different components of the C 1s core level spectrum and shake-up

satellites of nominally 12 nm PPN deposited on SiO2/Si(111) (excitation energy = 330 eV).

Energy LorentzianWidth Gaussian Width Intensity

(eV) (eV) (eV) (%0)

c-C 285.16 0.08 1.34 27.61
C-H 285.44 0.08 1.34 43.45
C-Hs 285.72 0.08 1.34 15.80
C-N 287.15 0.08 1.66 8.21
S1 286.64 0.08 1.34 2.47
S 289.45 0.08 1.66 2.45
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Figure A.57: C 1s core level spectrum of nominally 12 nm PPN deposited on SiO2/Si(111) (excitation

energy = 330 eV).

Table A.57: Binding energy of the different components of the N 1s core level spectrum and shake-up
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satellites of nominally 12 nm PPN deposited on SiO/Si(111) (excitation energy = 330 eV).

Energy LorentzianWidth  Gaussian Width Intensity
(eV) (eV) (eV) (%)
C-C 285.16 0.08 1.38 26.06
C-H 285.44 0.08 1.38 40.65
C-Hs 285.72 0.08 1.38 14.77
C-N 287.15 0.08 1.70 11.11
S1 286.64 0.08 1.38 4.00
Sz 289.45 0.08 1.70 3.50
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Figure A.58: C 1s core level spectrum of nominally 12 nm PPN deposited on SiO2/Si(111) (excitation
energy = 1000 eV).

Table A.58: Binding energy of the different components of the C 1s core level spectrum and shake-up

satellites of nominally 12 nm PPN deposited on SiO/Si(111) (excitation energy = 1000 eV).

Energy Lorentzian Width ~ GaussianWidth Intensity

(eV) (eV) (eV) (%)

C-C 285.16 0.08 1.43 25.19
C-H 285.44 0.08 1.43 39.52
C-Hs 285.72 0.08 1.43 14.39
C-N 287.15 0.08 1.77 12.54
S1 286.64 0.08 1.43 4.40
S2 289.45 0.08 1.77 4.03
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