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Abstract

Organic semiconductors (OSs) attract interest as innovative materials in modern elec-
tronic devices, particularly due to their high flexibility and low production costs. The
fabricated OS layer on metal electrode forms the important metal-organic interface, which
has decisive influence on the electronic properties of the device. The performance of these
devices can be enhanced by insertion of charge injection layer (CIL) to the metal-OS inter-
face, which would reduce the barrier for the charge transfer in the device. Self-assembled
layers of tricarboxylic acids can be utillized as CILs as they provide electric dipoles re-
quired for decreasing energy barrier between metal-OS materials. The thesis deals with
fabrication of such a OS/CIL/metal systems and their characterization by low-energy
electron microscopy (LEEM), micro-diffraction, X-ray photoelectron spectroscopy (XPS)
and scanning tunnelling microscopy (STM) techniques. The first part of the thesis outline
the basic concepts connected to molecular self-assembly phenomenon, tricaboxylic acids
and multilayers. The next part is dedicated to the preparation procedure of the crystalline
substrates and to the techniques used for fabrication and characterization. Following part
deals with phase transformations of CIL and OS layers induced by annealing and electron
beam. Final part presents the characterization of OS/BTB/Ag systems.

Abstrakt

Organické polovodice (OS) predstavuji originalni materidly pro vyuziti v modernich elek-
tronickych zafizenich, zejména diky své vysoké flexibilité a nizkym vyrobnim nakladam.
Pti jejich aplikaci na kovovou elektrodu vznika klicové rozhrani mezi kovem a organ-
ickym materidlem, které zasadné ovliviiuje elektronické vlastnosti zarizeni. Vykonnost
téchto zatizeni lze dale zlepsit vloZenim vrstvy pro injekei ndboje (CIL) na rozhrani
kov-organicky materidl. Tato vrstva snizuje bariéru pro prenos naboje, ¢imz zvysuje
efektivitu zarizeni. Samousporadané vrstvy trikarboxylovych kyselin se jevi jako vhodné
materidly pro vytvoreni vrstev CIL, jelikoz vytvareji elektrické dipély potiebné k redukei
energiové bariéry mezi kovem a organickym materidlem. Tato prace se zabyva tvor-
bou systémi OS/CIL/kov a jejich charakterizaci metodami nizko-energiové elektronové
mikroskopie (LEEM), mikrodifrakei, rentgenové fotoelektronové spektroskopie (XPS) a
rastrovaci tunelovaci mikroskopie (STM). Prvni ¢ast prace popisuje zakladni koncepty
spojené s jevy molekularni samoorganizace, trikarboxylovych kyselin a multivrstev. Dalsi
¢ast je vénovana pripravé krystalickych substratii a pouzitym metodam pro vyrobu a
charakterizaci vrstev. Nasledujici ¢ast se zabyva fazovymi transformacemi CIL a OS

vrstev vyvolanymi zihdnim a elektronovym paprskem. Zavére¢na ¢ast prezentuje charak-
terizaci systémt OS/BTB/Ag.
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1. INTRODUCTION

1. Introduction

In the recent years, the development of the electronic devices with shrinking dimensions
but growing efficiency is still highly demanded. Fabrication of such nano- or micro-
dimensional devices is usually done by common top-down methods, e.g. photolitography,
which is prevalently used in silicon-based technology. But miniaturization trend requests
for expensive instrumentation and cleanroom environment and therefore the price for the
fabricated inorganic materials becomes very high [1]. Thus novel materials and fabrication
approaches are extensively studied to overcome these disadvantages.

Serious efforts have been made to bring devices employing organics onto the mar-
ketplace. Their low-cost fabrication and flexibility are attractive parameters for use in
electronics. The direction into utilization of organic molecules is a promising way, because
they can grow nanodimensional structures using bottom up approaches, in particular, self-
assembly.

Self-assembly was described by Cram, Lehn and Pedersen through their foundational
work in supramolecular chemistry. It deals with the way how molecules interact with
each other and how they create higher order assemblies [2]. One of its important con-
cepts is supramolecular self-assembly. It is, in general, a process by which an organized
structure spontaneously forms from individual components. In case of supramolecular
chemistry, the individual components are molecules in supramolecular phase, which are
self-assembled in the liquid. The invention of the scanning tunnelling microscopy (STM)
by Binning and Rohrer (Nobel price 1986) allowed to study molecular self-assembly on
the conductive substrates under a variety of environments like ultrahigh vacuum, ambient
conditions or the solid-liquid interface with atomic precision [3,4].

Self-assembled layers of organic molecules in the devices can provide useful and ad-
vantegous properties. The electronically interesting type of organic molecules are organic
semiconductors (OSs). They can be used as organic thin films on the metal electrode
making electronic device. The important property deciding the electronic performance
of the device is the OS —metal interface, which affects the charge extraction and injec-
tion at electrodes. The resultant properties of the interface are influenced by the crys-
talline structure and electronic properties of the OS and metal electrode, therefore, their
proper combination is crucial and thus researched in great detail [5]. One of the first
developments was the novel flat-panel display technology based on organic light-emitting
diodes (OLED) [6-9], then followed by other numerous devices, such as field-effect tran-
sistors [10L/11], solar cells [12], memories [13], photoswitches [14]. Pressure, thermal and
magnetic sensors have already been implemented in commonly-used electronics as well.

The device electronic performance is defined by the current of free charge carriers
flowing through the system. The barrier for charge carrier transport can be lowered by
insertion of charge injection layer (CIL) at the electrode-OS layer interface, which can
improve overall device efficiency [15]. One of the prospective CIL materials for functional-
izing the metallic electrodes can be carboxylic acids (CA). Monolayers of CA are charac-
terized by intermediate interaction strength to the metal substrates. Such functionalized
substrate provides with forming OS overlayers and preserving strong bond between OS
and substrate. Additionally, the removal of the proton/hydrogen atom from a carboxylic
moiety (deprotonation or dehydrogenation) leads to a change in the chemical nature of
the functionalized moieties and also modifies the intermolecular bonding in self-assembled



surface phases, which allows to tune the interaction strength |[16H18]. The deprotonation
can be easily done by thermal treatment or under influence of low-energy electrons [19).

Dicarboxylic or tricarboxylic acids possesses the appropriate properties to studying
the kinetics of phase transformations [20]. The understanding of the kinetics, growth
dynamics and phase transformations on these simple systems is an encouraging way for
the development of future organic electronics. Gathered information would enable to
formulate advanced growth models necessary for large scale fabrication of self-assembled
layers.

This thesis deals in detail with functionalizing of silver substrates by tricarboxylic
acids with emphasis on studying the phase transformations and their utillisation as charge
injection interlayers in OS/metal systems using complementary characterization methods;
low-energy electron microscopy (LEEM), low-energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS) and scanning tunnelling microscopy (STM).

The thesis is divided into five chapters. The first chapter is dedicated to the state of
the art and definitions of basic concepts related to the thesis topic. The second chapter
deals with the description of the used experimental methods and sample preaparation.
The third chapter shows and describes results. The last two chapters are devoted to
references and to author publication outputs.



2. STATE OF THE ART

2. State of the art

This chapter introduces the concept of molecular self-assembly and non-covalent interac-
tions, especially van der Waals bonding, hydrogen bonding and m—effects. It then discusses
the tricarboxylic acids and their deprotonated phases as a potential charge injection layers.
The last part is dedicated to bicomponent systems and multilayers.

2.1. Molecular self-assembly

Self-assembly of organic molecules adsorbed on surfaces under ultra-high vacuum (UHV)
conditions are attracting significant attention over the last two decades due to its potential
applications in nanotechnology and materials sciences [21,22]. Molecular self-assembly is
a process in which molecules spontaneously organize themselves into defined structures
under appropriate conditions. These structures can range from one-dimensional chains
to two-dimensional networks, and even three-dimensional architectures. Molecular self-
assembly is directed by intermolecular non-covalent interactions, such as van der Waals
forces, hydrogen bonding, m-interaction, and electrostatic interactions, etc. [23-27]. The
final formation of well-defined structures on a surface is governed in addition by chemical
and physical forces between substrate and adsorbed molecules, where the surface reactivity
associated with material and crystallography plays a crucial role [21,22|28,29]. The self-
organized molecules into highly ordered structures on solid surfaces can be harnessed for
the fabrication of nanoscale devices, sensors, and electronic components.

One important example of molecular self-assembly on surfaces is the formation of self-
assembled monolayers (SAMs), in which a single layer of molecules is adsorbed onto a
surface, making a highly ordered and densely packed array [30,31]. The order in these
two-dimensional systems is produced spontaneously as the system approaches equilibrium
[32,33]. The SAMs of molecules can be produced under ambient conditions, but the UHV
enviroment, in comparison to liquid solution, offers a higher level of control over the
structure and properties of the resulting monolayer [34]. A variety of different molecules,
including alkanethiols, silanes, and phosphonic acids, self-assemble into SAM [30,32].
Each of them posseses unique properties, including their ability to modify the surface
properties of materials, such as wettability, adhesion, and electrical conductivity, which
applications ranging from lubrication, corrosion, catalysis and optics to biomedicine and
artificial enzymes. Their well-ordered arrays and ease of functionalization make them
ideal for applicability in many fields [35,36].

Lot of attention is brought to self-assembed layers and thin films made of organic
semiconductors (OS), which attract with their special physical and electronic properties,
and low-cost production. OS is organic material that has semiconducting properties in
contact with a metal electrode. They have quite different conduction mechanisms to
inorganic semiconductors; for example, in the case of small molecules the charge car-
riers are typically localised to single molecular orbitals, known as the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Almost all
organic solids are insulators, but when their constituent molecules have m-conjugate sys-
tems, charge carriers can move via m-electron overlaps, especially by hopping, tunnelling
and related mechanisms [37]. The thin films of OS are utilized in a novel flat-panel dis-
play technology based on organic light-emitting diodes (OLED) [6-9], followed by other
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numerous devices, such as field-effect transistors [10}[11], solar cells [12], memories [13],
photoswitches [14], etc.

Molecular self-assembly is an interesting phenomenon that allows to grow ordered mo-
lecular layers on metal surfaces. Ordering and orientation of the molecules are controlled
by a delicate balance between intermolecular non-covalent and weak molecule/substrate
interactions. The hydrogen and metal-ligand coordination bonding were introduced as
common examples of non-covalent bonding, which are often observed in self-assembly
of carboxylic acids. Carboxylic moieties can be deprotonated to change their chemical
nature and also intermolecular bonding, following by modification of the self-assembled
phases.

2.2. Non-covalent interactions

Structure formation is governed by the balance between intermolecular and molecule-
substrate interactions. Deposited molecules on the substrate need to overcome a diffusion
barrier on the surface to form self-assembled structures. If their energy is lower, they get
trapped in a kinetically limited state and form self-organised structures. Diffusion can be
increased by applying temperature on the substrate surface. The thermal energy trans-
fered to molecules must be lower than their binding energy to prevent their desorption
from surface. If the energy is sufficiently high, the molecules reach thermodynamic equi-
librium and form self-assembled structures [38]. Organic molecules on metallic crystals
can form self-assembled structures at RT or after slight annealing, which is used in case
of carboxylic acids on Ag surfaces.

Intermolecular interaction is crucial for ordered molecular structures, which is governed
by interaction strength. For “strong” interactions, the molecules tend to stick together
irreversibly once they met, which prevents the formation of an energetically optimal or-
dered structure. However, the interaction strength between molecules must be reasonably
high to maintain structure stability. To fulfill the conditions for structure formation,
the proper combination of intermolecular and molecule-substrate interactions must be
chosen, which is found in range of relativelly weak to intermediate interaction strengths.
Therefore, the non-covalently interacting systems are used [39]. The interaction strenghts
between molecules are compared in Figure 2.1l The non-covalent interactions can be di-
vided into cathegories, such as electrostatic, van der Waals (vdW), and m—effects. The
type of interaction present in system depends on the specific molecule and metal surface.
The cathegories are described in sections below.
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Figure 2.1: Interaction types and their bond strength. Adapted with permission from
Ref. [40]. Copyright 2012 Wiley—-VCH.

2.2.1. Electrostatic interactions

The electrostatic interaction arises from attractive electrostatic force between oppositely
charged particles. The first type is an ionic interaction that is present between ions
or molecules with sharply different electronegativities. The second is hydrogen bonding
[1,132,141,142] a specific type of dipole-dipole interaction that arises from the interaction
between a hydrogen atom bonded to an electronegative atom (such as oxygen, nitrogen,
or fluorine) and a lone pair of electrons on another electronegative atom. The last type
of electrostatic interaction is the halogen bonding, which is a similar to H-bond, where
the phalogen atoms has a positive and a negative part, they can bind together.

Hydrogen bonding in self-assembly

The hydrogen—bonds (H-bonds) are often involved in self-assembly due to their reversibil-
ity, selectivity, directionality and strength [3]. H-bonds can be divided into three cate-
gories: strong, moderate and weak hydrogen bonds. The example of strong hydrogen
bond is HF;, which are characterized by linear geometry of hydrogen and two fluorine
atoms. The moderate hydrogen bonds deviate from linearity by slight bending, the exam-
ples of such bound molecules are alcohols, DNA and acids [43]. Particularly, in carboxylic
acids, the hydrogen bond is formed between the H atom, in the hydroxyl group of one
molecule, and the oxygen atom, in the carbonyl group of the adjacent molecule. Typi-
cally, two such bound molecules can form a dimer or chain, where molecules form two
equivalent bonds [40,44]. The example of such carboxylic acid dimer are trimesic acid
(TMA) molecules on metal surfaces [45-48]. Weak hydrogen bond are even less linear
and can form perpendicular interactions, for example the C-H- - - 7 interactions between
benzene rings when the C-H bonds points directly towards the conjugated system [40].
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2.2.2. Van der Waals (vdW) interactions

Another important non-covalent interaction in self-assembly is the van der Waals inter-
action. Van der Waals interactions are relatively weak electric force between molecular
dipoles, that arise from fluctions of the electron distributions of the nearby molecules.
A first type is a dipole—dipole interaction formed between two molecules with perma-
nent electric dipoles. The dipole is generated from distortions in the distribution of the
electric charge in the molecule structure, where one side becomes more positive and the
other more negative. The dipole ensemble is averaged over different rotational orienta-
tions of the dipoles, which results in an attractive force (Keesom force). The second
type is a dipole —induced dipole which arises from an interaction between molecules with
a permanent dipole and a non-polar molecule. Such a non-polar molecule becomes po-
larized by an induced dipole which causes an attractive or repulsive force (Debye force)
depending on the dipole orientation. The last type represents an attractive interaction
between two induced dipoles, the so-called London force. It is present in the formation of
highly organized structures, such as molecular crystals and supramolecular networks on
surfaces [40,49,50].

VdW interactions in self-assembly

Van der Waals forces play a crucial role in the self-assembly of molecules on surfaces. These
interactions can lead to the formation of well-ordered supramolecular architectures. For
example, dispersion forces are present in the self-assembly of large, non-polar molecules,
such as fullerenes, which can form ordered structures on surfaces through weak dispersion
interactions [51,52]. Dipole—dipole interactions play a significant role in the self-assembly
of polar molecules on surfaces [53,/54]. The orientation of the dipoles can determine the
molecular arrangement, and the intermolecular distance can be controlled by the metal
surface templating effect [40].

2.2.3. m—interactions

7 —interactions represent interactions between 7 —systems of aromatic structures and
molecules. An aromatic structure such as benzene displays an uneven electron distribution
even though it does not have a net dipole. Because an sp? carbon is more electronegative
than hydrogen, benzene exhibits a negative potential on the 7 face and positive potential
around the periphery, which is shown in Figure 2.2h. This electron distribution, referred
to as a quadrupole, allows aromatic moieties to engage in electrostatic interactions with
a charge (cation — 7 interaction e.g., shown in Figure ), a partial charge, a dipole (e.g.
polar — interaction e.g., shown in Figure 2.2f), or another quadrupole (7 —7 interaction

e.g., shown in Figure 2.21) [40./55].
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Figure 2.2: (a) Charge distribution in benzene dipole, where the face and periphery are
positively and negatively charged. Examples of (b) polar— interaction between water
molecule and benzene, (c) cation —7 interaction between sodium cation and benzene, and
(d) m— interaction between two benzene rings.

Polar — 7 interactions occur between the permanent dipole moment of polar molecules
and the quadrupole moment of aromatic 7 —systems. The electron-rich 7 face attracts the
partial positive charge of polar molecules, like water. These interactions are important in
biological processes, such as protein folding and ligand recognition, and also aid molecular
self-assembly in materials science. Their selective nature makes them key in various
chemical and physical phenomena [56].

Cation — 7 interaction includes cations that strongly bind to simple aromatic systems.
The examples of such an interaction can be found between simple cations like KT [57] or
more complex NHJ [58] or protonated benzene (CgHZ) with benzene 7 face [59].

m—7 interactions, which occur between aromatic molecules that are oriented parallel
to each other, can also contribute to molecular self-assembly on surfaces [60,/61]. One
example of m— 7 stacking-based molecular self-assembly in UHV is the formation of well-
ordered networks of tetrakis(4-bromophenyl)porphyrin molecules on metal surfaces [62)].

m—interactions in self-assembly

m—interactions facilitate the spontaneous organization of molecules into highly ordered
arrangements. Specifically, 7 —7 interactions, through m—stacking, induce the parallel
alignment of aromatic systems, promoting stable and well-ordered molecular configura-
tions. Cation—7 interactions further stabilize the self-assembly process, while polar—m
interactions contribute to the precise orientation and stabilization of molecular complexes.
Collectively, these interactions provide the necessary directional and selective forces for
the construction of well-defined nanostructures, which are essential for various applica-
tions in materials science, organic electronics, and nanotechnology [55,56,59./60].

2.3. Tricarboxylic acids

Tricarboxylic acids, such as trimesic acid (TMA), and 1,3,5-tris(4-carboxyphenyl)ben-
zene (BTB), are a group of organic compounds characterized by the presence of three
carboxyl groups (-COOH) attached to a central carbon backbone, often in an aromatic
configuration. Tricarboxylic acids contain both a hydrogen bond donor and acceptor
group, allowing them to self-complement through hydrogen bonding |40]. These acids,
while well-known for their biological roles, have gained significant attention in the field
of surface science. The carboxyl groups in these molecules are versatile and can engage
in various types of interactions with surfaces, for example, they interact with metals by
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vdW interaction and within interlayer by moderate H-bonding, which allows to form self-
assembled structures at elevated temperature. This combination of interactions makes
them highly suitable for functionalization of surfaces and modify material properties |63,
64).

A distinctive feature of tricarboxylic acids is their ability to undergo deprotonation un-
der suitable conditions. This process involves the loss of a proton (H') from one or more
of the carboxyl groups, resulting in the formation of negatively charged carboxylate anions
(-COO™). This process lowers the electrical barrier between the metal electrode and the
organic material, improving charge transport. When used as charge injection layers (CILs)
at the interface between the electrode and the organic semiconductor, these acids enhance
charge injection, ensuring better charge balance and more efficient operation of the device.
They can be used to improve the efficiency of charge injection in devices such as organic
light-emitting diodes (OLEDs) and organic solar cells (OSCs). In organic electronics, ef-
ficient charge injection is crucial for maximizing device performance and longevity. From
a manufacturing perspective, precise control over the thickness and homogeneity of the
CIL is necessary to prevent electrical shorts or excessive resistive losses. Uniform layer
deposition over large areas, especially in scalable production methods, remains a signifi-
cant hurdle. Moreover, optimizing the charge injection process requires careful selection
of CIL materials that exhibit favorable electronic properties while maintaining stability
and compatibility within the multilayer system [65,66].

Through these functionalities, like surface modification, deprotonation and charge in-
jection, tricarboxylic acids play a pivotal role in the development of advanced materials
and functionalized surfaces, contributing to the progress of energy storage, sensing tech-
nologies, and organic electronics. Their potential to enhance both the structural proper-
ties and the performance of metal surfaces in various applications makes them valuable
components in surface science and materials engineering.

2.4. Multilayers

Multilayer architectures in organic electronic devices, encompassing both homostructures
and heterostructures, are pivotal in enhancing device performance and functionality. A
critical component in these architectures is the charge injection layer (CIL), which is
positioned at the interface between the metal electrode and the organic semiconductor [67].

In heterostructures, where each layer is composed of different materials, the CIL allows
for precise tuning of energy level alignment and facilitating efficient electron or hole injec-
tion. This tailored approach enables the optimization of device performance by addressing
mismatches in work functions between the electrode and the organic layer. In contrast,
homostructures, which utilize the same material throughout, benefit from the inclusion of
a CIL through improved interfacial properties without sacrificing the structural simplicity
of the device [68].

Despite these advantages, the integration of CILs in multilayer systems presents sev-
eral scientific and technological challenges. Achieving seamless interface engineering be-
tween the CIL, metal electrode, and organic semiconductor is essential, as mismatches
in energy levels or improper interface chemistry can lead to charge trapping or injection
inefficiencies. Additionally, the stability of CIL materials remains a concern, as many are
susceptible to environmental degradation through oxidation or moisture exposure. En-

10
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suring chemical compatibility with both the electrode and organic semiconductor is also
crucial to avoid undesirable reactions that could compromise device performance [69,70].

The successful integration of CILs in multilayer architectures holds immense promise
for applications in organic light-emitting diodes (OLEDs), organic solar cells (OSCs),
and organic field-effect transistors (OFETs). By addressing the challenges of interface
engineering, material stability, and precise layer deposition, CILs can enable the develop-
ment of highly efficient, stable, and scalable organic electronic devices for use in advanced
display technologies, energy conversion systems, and beyond.

11



3. Experimental part

This chapter presents the complete experimental process in UHV chambers starting with
sample preparation and analysis.

3.1. Experiment setup

All experiments are conducted within a sophisticated ultra-high vacuum (UHV) system
at the CEITEC Nano Research Infrastructure, Czech Republic. The system includes
dedicated chambers for sample preparation (cleaning and deposition) and surface analysis
(Figure [3.1p). Samples are silver (Ag) single crystals with either a (111) or (100) surface
orientation purchased from Mateck and SPL companies, and are mounted in specially
designed holders with protrusions referred to as “ear” or “nose” (Figure [3.1p).

To begin, the crystal is placed in a sample holder and inserted into a trolley (Figure
3.1¢), which is then loaded into a vented load-lock chamber (Figure B.1d). The load-lock
is pumped down to a low pre-vacuum pressure of approximately 107 mbar, allowing the
valve to the UHV system to be safely opened for trolley transfer. The trolleys serve as
primary storage units for the samples and are also used to transport samples between
chambers.

Figure 3.1: (a) UHV system line (marked by yellow), (b) silver crystal Ag(111) in the
sample holder, (c) sample in the trolley and (d) loadlock chamber.

12
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Within the cluster line, UHV conditions are maintained at approximately 10~° mbar.
Sample transfer within the UHV environment is performed using integrated transfer rods,
manipulators, and wobble sticks, ensuring seamless operation across the various compo-
nents of the extended system.

3.2. Surface preparation

The sample introduced into UHV cluster contains impurities on the surface. All such sam-
ples must undergo the proper cleaning procedure, which typically consists of sputtering
and annealing.

3.2.1. Cleaning

All samples need to be cleaned before experiment to get rid off contaminants from the
ambient or previously fabricated structures and impurities of the crystalline material. One
cleaning cycle consists of one sputtering and one annealing step. The samples are cleaned
by 23 cycles before experiment. The freshly loaded sample into the UHV system needs
to be cleaned by 57 cycles.

The sputtering uses accelerated argon ions that sputter the sample surface. The
impacted ions remove the parts of the top few layers on the sample surface. The process
is realized in the preparation chamber, where the sputter gun is pointing to the sample
(Figure|3.2lmarked with red). To sputter the sample, the chamber first must be filled with
argon gas to pressures around 10~%mbar. The argon gas is ionized in the ion source, from
which the ions are emitted and focused to the sample surface by an applied voltage. The
parameters for sputtering silver substrates in our chamber is set to accelerating voltages
of 1.5—-2 kV with an emission of 10mA and a total total duration of 15min. The high
voltage 2kV is used for the first cleaning cycle, when the sample is inclined in high angle
to the sputter gun (around 55° to surface normal). The idea behind is to gently “scratch”
the impurities from the surface without planting ions in the substrate and, therefore,
slowly accumulating contaminant material in it. For the next cycles, we usually use low
voltage, e.g., 1.5kV with the sample aligned perpendicular to sputter gun, which ensures
the sputtering of the whole surface area.
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Figure 3.2: Preparation chamber for sputtering and annealing the samples.

The following step after sputtering is annealing. The annealing is executed in the
same preparation chamber. The sample is mounted on a manipulator with a tungsten
filament mounted in a compartment underneath the sample holder position. The filament
is heated and emits electrons, which bombard the back of the sample, that is at high
voltage of 1kV. The electron bombardment produces heat, which transfers to the sample.
This configuration in our system allows to reach temperatures up to 1500 °C. The silver
surface is reconstructed and smoothened nicely at temperatures around 520 °C held for
1min. The annealing parameters like filament emission and current vary according to
the filament condition, therefore, the temperature given by a pyrometer is considered the
leading parameter (marked in orange in Figure . After annealing, the sample is slowly
cooled down by decreasing the filament emission and current untill switching off. To make
the cooling process more effective, the sample stage is additionally cooled by pumping
pressure air through designated cooling lines of the stage.

The last cycle is important for forming the final surface structure, therefore, the precise
control of the annealing temperature and a slow cooling is needed. We gradually decrease
the emission current by 0.5mA every 2—3min till reaching 1mA. Then the filament
current is decreased further by 0.5 A till switching off. We leave the sample in the stage
to cooldown to room temperature (RT), which takes 45 to 60 min. The effectivity of
the cleaning and the final sample purity can be easily checked by X-ray photoelectron
spectroscopy (XPS) or low-energy electron microscopy (LEEM) techniques, described
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further below. If the sample is nicely clean, the surface can be used for experiments, e.g.,
for deposition of molecules.

3.2.2. Deposition

The clean sample is next transfered into the so-called deposition chamber (Figure .
The deposition chamber is equipped with effusion cells, which are pointing up to the
sample stage. An effusion cell allows to deposit molecules in form of molecular flux. The
cell comprises a crucible with molecular powder. The powder in the crucible is heated,
which causes its sublimation. The molecular flux gets to the sample surface, where the
molecules can adsorb and form molecular structures or layers. In our expriments, for
example, one monolayer of BTB molecules is obtained at a temperature of 210°C for
20-60 min depending on the material amount loaded in the crucible. The material
degradation in the crucible influences the molecular flux also, therefore the deposition time
has to be altered. Different deposition rates allow to form different structures depending
on the surface kinetics, which we show in the results for BTB on Ag(111). The parameters
for the deposition of other molecules is described in the corresponding experiments.

Figure 3.3: Deposition chamber with attached effusion cells.

3.3. Sample analysis

The prepared samples were studied by low-energy electron microscopy (LEEM), X-ray
photoelectron spectroscopy (XPS) and scanning tunnelling microscopy (STM). Their prin-
ciples are described in the following parts.

3.3.1. Low-energy electron microscopy (LEEM)

LEEM is a surface sensitive technique that uses low-energy electrons (0—100eV) to image
processes on surfaces with a lateral resolution in the nanometer range. It also allows us
to study the growth of thin films, molecular adsorption, and phase transitions in real
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3.3. SAMPLE ANALYSIS

time. It is a powerful tool for the complex analysis of samples using many implemented
measuring modes, described in the text below [71H76].

Principle

The scheme of the LEEM optics is depicted in Figure Primary electrons are extracted
by a grounded grid from the electron gun, which is at floating potential of —15kV. The
extracted electrons travel through electromagnetic lenses and enter the prism, which is a
90° magnetic deflector that serves as a beam splitter and an imaging energy filter. There,
the electrons are deflected into the objective lens and approach the sample. The objective
lens aligns the electrons into a parallel beam that impacts the sample surface. Between
the objective and the sample there is a strong electric field (—=15kV), that reduces the
electron energy to a few eV. Such an electron energy is surface-sensitive, which allows
to study delicate organic molecules with limited influence of irradiation or damage. The
reflected electrons from the sample are accelearated back to the original 15keV energy
and directed by the objective lens into the prism. In the prism, the electron optical path
is deflected again into the projector lens. The projector lens is a set of imaging lenses and
deflection coils that form an image on the 2D detector. The final signal is collected by
the detector.

Sample
=15 kv

Objective
lens

Objective A
stigmator ¢ <
Entrance mmmmmees  Selected area

Micro- slit aperture Projector lenses
diffraction P1 P2 P3 PAA  P4B Detector

Figure 3.4: Schematic layout of the LEEM optics [77].
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Figure [3.5] shows the LEEM instrument used in this work. The transfer chamber
with attached load lock is marked in yellow. The column (marked in red) consists of the
electron source, gun and condensor lenses. The electrons continue into the prism (marked
in orange) and there get reflected by 90° on the sample inserted in the stage (marked in
green). Then the electrons from the sample are reflected again in the prism and approach
the detector (below the table and the orange highlighted part).

LEEM can acquire data by many imaging methods, for example, bright-field (BF),
dark-field (DF), p-diffraction, photoemission electron microscopy (PEEM) and mirror
electron microscopy (MEM). Figure shows also the attached UV source for PEEM
(marked in blue) and the appertures for filtering of the electron signal in BF/DF and p-
diffraction modes (marked in magenta and cyan). The mentioned methods are described
in the following sections.
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3. EXPERIMENTAL PART

Figure 3.5: Low-energy electron microscope with marked components. Electron gun and
electromagnetic lenses (red), main chamber with prism (orange), chamber with sample
(green), transfer chamber (yellow), UV lamp (blue), BF/DF (cyan) and p-diffraction
(magenta) apertures.

Photoemission electron microscopy (PEEM)

PEEM is a surface-sensitive imaging technique that combines cathode lens microscopy
with the principles of the photoelectric effect. Images are formed by projecting photo-
electrons emitted from a material’s surface onto a two-dimensional detector. When the
surface is illuminated with ultraviolet (UV) light or X-rays (in the case of X-PEEM),
photoelectrons are released, carrying detailed information about the chemical, electronic,
and structural properties of the surface. These photoelectrons are then focused using
electrostatic or magnetic lenses to produce high-resolution images.

PEEM is particularly valuable for studying inhomogeneous sample areas, with data
obtainable from 1pum regions. This capability makes it an useful tool for analyzing
complex materials and surfaces. For example, Figure [3.6 illustrates PEEM images of
(a) 1,4,5,8,9, 12-hexaazatriphenylene hexacarbonitrile (HAT-CN) molecules on a 6-BTB
layer on Ag(111) and (b) a mixture of BTB and pentacene molecules on Ag(111). Addi-
tionally, PEEM provides unique contrast mechanisms that complement those of LEEM,
further expanding its applications.

17



3.3. SAMPLE ANALYSIS
(@)

SFm
Figure 3.6: PEEM images of (a) the HAT-CN islands (dark) on BTB layer (grey) and
(b) mixed phase of BTB and pentace on Ag(111).

Low-energy electron diffraction (LEED)

The parallel beam of low energy electrons interacts with the sample and forms a diffraction
pattern (LEED), which reflects the periodicity present at the surface. The diffraction
pattern contains information about the illuminated surface area. Microdiffraction (u—
LEED) uses a beam aperture of diameter around 185 nm, which constrains the incoming
beam, and thus, the illuminated surface area. Then the diffraction pattern corresponds
only to the illuminated surface area in the real space. An example of the microdiffraction
patterns of 6-BTB on Ag(111) is in Figure showing two rotational domains, whose
assembly forms diffraction pattern in Figure 3.7pb.

@)
10 eV

Figure 3.7: a) Micro— and b) diffraction patterns of 6~BTB phase on Ag(111).

Mirror electron microscopy (MEM)

MEM provides information mainly on the local surface potential. The electrons are dec-
celerated by the electric field above the surface of the sample to 0eV a few tens of nm
in front of the sample surface. The contrast arises from differences in the electric field at
the surface of the sample. MEM is sensitive to topography, it can be used together with
a spin polarizer for depicting magnetic domain patterns and for the determination of
the work function (WF) in selected areas on the surface. MEM is a sensitive technique for
imaging using electrons without beam damage, but due to energy dispersion by electron
scattering, the resolution of the obtained image is decreased. A MEM image of MoS, is
visualized in Figure [3.8] with visible step-edges from the cleavage. The arrows indicate
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the stripes of relatively low work function, most likely due to a composition fluctuation
in the bulk of the sample that extends to the surface [78§].

Figure 3.8: MEM image of MoS, sample with visible step-edges from the cleavage and
difference in work function (indicated by arrows). Taken from [7§].

Bright-field (BF)

Bright-field imaging is a technique, which employs only specularly reflected electrons
to image the sample. All other electrons are blocked by a contrast aperture. Bright-
field imaging is the most utilised approach for imaging in LEEM. The contrast in BF
imaging is formed by various contrast mechanisms. Phase contrast is associated with
electron interference, which can occur between electron reflection at the film/substrate
interface and film surface. The intensity of the reflected electrons depends on the location
of the impacted film interface. Therefore, the electron intensity changes as a function of
electron energy and film thickness (Fabry—Perot effect). The difference in intensity images
the thickness of atomic layers of films on a substrate. A similar effect allows detecting
atomic steps (Fresnel diffraction) from electrons reflected at the lower and upper terraces
around a sample step. This gives rise to an oscilatory pattern of the reflected intensity
around the step location. The step-edge is typically seen as a single line in non-abberation
corrected optics [73]. The contrast formation is also associated with electron diffraction
from the crystalline structures on the sample (diffraction contrast), variations in electron
absorption by different structures and regions (absorption contrast), or differences in
the work function across various areas of the sample, which affect electron emission and
contribute to work function contrast.

An example of BF images of the clean Ag(111) substrate surface with step-edges is in
and covered by BTB molecules in Figure|3.9b, c. BTB molecules tend to attach to the
step-edges and the center of terraces, where they form molecular islands. A dependence
of the electron energy on intensity is nicely shown in the BF images (b) and (c), where
the intensity for image (b) is formed at an electron energy of 16 eV. This setup amounts
to dark islands of BTB molecules and bright Ag surface. At an electron energy of 7eV,
visualized in image (c), the intensity is inverted.
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Figure 3.9: Bright field images of (a) clean Ag(111) surface at 6eV and covered by BTB
molecules at (b) 16eV and (c¢) 7eV. Surface of Ag(111) contains step edges due to slight
miscut angle from the ideal plane. The image intensity is dependent on the electron energy.
At energy 16eV the molecules are dark and Ag surface bright; at 7eV the intensity is
inverted.

Dark-field (DF)

Dark-field imaging generates contrast by detecting electrons scattered or diffracted from
the sample’s surface in specific directions while excluding the rest of the electrons including
the non-scattered ones. Regions that scatter electrons at specific angles appear bright
against a dark background. This technique is particularly useful for investigating surface
reconstructions, layer stacking , and defects such as steps, stacking faults, and twinning
[73//80]. Illustrative data of BTB on Ag(111) are in Figure[3.10] (a) The diffraction pattern
contains two rotational domains (red and green). (b) BF image shows bright BTB islands
and gray Ag(111). The domain contribution in island formation is visually distinguished
by green and red color in DF image (c), where remaining black areas correspond to
Ag(111) surface.

(@ Diffraction (b) Bright-field (c) Dark-field
10 eV ¥

tains two rotational domains (red and green), which are visualized in real space in the
DF image (c). It is also associated with the BF image (b), that shows bright molecular
islands and dark Ag(111) surface.

Focus and electron energy

The incident electron energy and beam focus are critical for accurately determining sur-
face structures in LEEM Bright-Field (BF) imaging. The image brightness depends on
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various factors, including electron energy, interference effects, and the absorption and re-
flection properties of different regions. Achieving the correct focus is essential for defining
structures clearly, as demonstrated in Figure which shows the BTB on the Ag(111)
system at different focus settings—on the substrate (a, b) and on the molecular layer
(c—e). The contrast formation varies with the 3D structures, and each focus produces a
distinct surface appearance. Therefore, in this case, to fully characterize the system, mul-
tiple BF images at different electron energies and focus settings are necessary to capture
a comprehensive view of the surface morphology.

Focused on substrate

Figure 3.11: BF images of the surface area at various focal depths illustrate the impact
of different electron energies. First row images (a, b) are focused on the substrate surface
and second row images (¢ —e) are focused on the molecular layer.

3.3.2. X-ray photoelectron spectroscopy (XPS)

XPS is a surface-sensitive technique that provides detailed information about the chem-
ical composition of a surface, as well as the chemical bonds between the adsorbate and
the substrate. When combined with LEEM, these two techniques offer complementary in-
sights, allowing for understanding of both the surface structure and chemical composition.
Together, XPS and LEEM are powerful tools for in-depth surface characterization.

Principle
The schematics of an XPS instrument is depicted in Figure [3.12h. X-rays are generated

through the interaction of an electron beam with an X-ray anode. Commonly used anode
materials include magnesium (Mg) and aluminum (Al), which emit characteristic Ko
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lines at energies of 1253.6eV (Mg) and 1486.6 eV (Al), respectively. The generated X-ray
photons then irradiate the specimen surface, which can penetrate into a depth 110 um.
There they interact with atoms, which causes emission of photoelectrons according to the
photoelectric effect. The energy level diagram in Figure illustrates the excitation
of the electron from a C 1s orbital to the spectrometer analyzer. In principle, a sufficient
amount of energy is required to overcome both the orbital binding energy and the sample’s
work function, allowing the electron to reach the vacuum level (Ey) with a specific kinetic
energy (KE). However, the measured kinetic energy in the instrument is related to work
function of spectrometer, which value is precisely defined. If the spectrometer and sample
are in contact, their Fermi levels (Ep) are aligned and the kinetic energy (KEmeasured) of
the emitted photoelectron can be determined by:

KEmeasured = hv — BE — q)Spectrometer,

where hv is photon energy, BE is the binding energy of the atomic orbital from which
electron originates, and Pgpectrometer 1S the spectrometer work function [81]. The emitted
photoelectrons from the sample are then distributed according to kinetic energy in the
hemispherical electron energy analyzer and collected by the detector. The result is an in-
tensity distribution/plot showing the characteristic peaks for the material of the sample.
The position and height of the peak can be used to identify and determine the concentra-
tion of the elements in the surface. The position of peak components is giving information
about chemical bonding to the substrate or to other adsorbents.

(a) X-ray anode Hemisphere analyzer (b)

st fi Sample e Spectrometer

Electron ”
beam E, ¥——-.. € icusuind

Detector B S Py
EF Spectromel

Photoelectrons hv
BE rr,J
C1s O

Electron gun Sample in stage

Figure 3.12: a) Scheme of the XPS instrument measuring process and (b) the energy level
diagram illustrating the photoelectron emission.

The XPS instrument used in this work is visualized in Figure [3.13] The X-ray source
is marked in red, the hemispherical analyzer in orange, the detector is marked in blue.
Our instrument allows to measure the work function using ultraviolet photoelectron spec-
troscopy (UPS); the device is marked in green.
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Figure 3.13: X-ray photoelectron spectroscope with marked components. Hemispherical
analyzer (orange), detector (violet), X-ray (red) and ultraviolet (green) sources.

3.3.3. Scanning tunnelling microscopy (STM)

Scanning tunnelling microscopy is a technique that utilizes the quantum tunneling effect
between a sharp metallic tip and a conductive specimen (see Figure ) As the tip
scans the surface, a feedback loop is employed to maintain a constant tunneling current,
thereby providing detailed information about the surface’s electronic structure and to-
pography with atomic resolution (see Figure ) This capability allows for the direct
visualization of individual atoms and molecules (see Figure [3.14k). STM is particularly
valuable for the study of molecular adsorbates, the characterization of nanostructures,
and the identification of structural defects, including vacancies, step edges, and disloca-
tions. This technique also enables the probing of the electronic properties of materials
through the measurement of the local density of states (LDOS) by analyzing the tunnel-
ing current as a function of bias voltage. This makes STM a versatile method for both
imaging surface topography and investigating the electronic properties of materials at the
atomic level.

STM can be operated in various modes, such as constant current mode and constant
height mode (see Figure [3.14d). While the constant current mode ensures that the tun-
neling current remains fixed during the scan, the constant height mode provides faster
imaging by maintaining a fixed tip height over the surface.
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Figure 3.14: Schematic representation of an STM instrument. (a) Electron tunneling
between tip and conductive sample, (b) tip scanning of the sample, (c) example of an
STM image as a function of lateral coordinates x and y and (d) two modes of operation
with constant current or constant height.

Our experiments were measured in constant current regime. The frame size usually
ranged around 50 x 50nm? with scanning speed around 10min per one scan. In case of
second layer measurements, the scan speed was chosen to be 5 min per scan. The scanning
parameters, like tunneling current and bias voltage, were often chosen to be 50 pA and
0.3-1.1V. The tip quality was modified by tip-pulses. When the pulsing does not help,
the STM tip was sputtered by argon ions and calibrated on clean Au sample. Our STM
instrument is depicted in Figure It is capable to conduct both topographical and
spectroscopic measurements (STS).
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Figure 3.15: Scanning tunnelling microscope with zoomed in sample stage.
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. hase transformations of the
organic layer

We have studied the phase transformations of tricarboxylic acids on Ag substrates to
make CIL. We will first overview the main phases on both Ag substrates, provide XPS
and LEEM/LEED and STM data for intact, partially deprotonated and fully deproto-
nated phases with corresponding models. Main focus is on fully deprotonated phase
0, which is an ideal compact and robust layer for OS overlayer deposition. The re-
sults of 6-BTB on Ag(111) and Ag(100) are already published with me as the first au-
thor. My contrubution in publication was preparation of samples, performance of labora-
tory (LEEM/LEED, XPS, STM) measurements on Ag(111), data evaluation and initial
manuscript writing. The results for intact and partially deprotonated phases will be part
of prepared manuscript. In next section we will introduce “unwanted” co-deposition of
BTB with HAT-CN and TCNQ in deposition chamber, and defects in BTB structure.
We will present experimental data of TMA molecule on Ag(111), which was investigated
as a potential CIL, but it does not form compact and fully deprotonated layer important
for second layer deposition. Next chapters are devoted to phase transitions by molecular
depositions of BTB and HAT-CN, and effects of low-energy electron beam on organic
molecular layer TMA, BTB and HM-TP.

In the last part, we will present the data of the multilayer features and growth on
the compact o layer. Firstly, we analysed the second layer of BTB, which reconstructs
in honeycomb at RT and stripe structures after annealing. The phase transformation of
BTB in second layer is part of the prepared manuscript with me as first author. Secondly,
we deposited and characterized the prototypic OS electron donors, HM-TP and pentacene
molecules, and electron acceptor, HAT-CN molecule, in LEEM/LEED, XPS and STM.
The results of the OS molecules in second layer are published with § paper, where we
discussed the robustness and temperature stability against mixing.

4.1. BTB phases on silver

Weakly interacting BTB molecules (Figure on metals self-assemble into well-defined
structures, which is governed by intermolecular hydrogen bonds.

Figure 4.1: Chemical structure of organic molecule BTB.

The molecular arrangement can be modified by annealing, which can rearrange and
deprotonate BTB structure. Deprotonated structure has changed chemistry, which in-
fluences the favored self-assembled formation. The Figure shows the transformation
of BTB layer by annealing, demonstrated by diffraction patterns on (a) Ag(111) and
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(b) Ag(100) substrates. Diffraction patterns help recognize the formed structures, which
we want to introduce. Their proper characterization and description are availabe later,
in section The first diffraction pattern («) is related to intact BTB molecules de-
posited on both Ag surface, which forms honeycomb structure. The annealing of the «
structure rearranges the BTB molecules into 3 phase. For longer annealing, the diffraction
pattern of § phase is formed, which corresponds to fully deprotonated BTB structure. For
Ag(111), one additional diffraction pattern is defined between /3 and ¢ phases, therefore
named v, which is related to partially deprotonated BTB non-spaced ribbon structure
at deprotonation degree = (0.4-0.6). The BTB degree of deprotonation can be deter-
mined by XPS spectra, which we show in following section.

Figure 4.2: Diffraction patterns of BTB phases on (a) Ag(111) and (b) Ag(100) after
deposition and annealing.

XPS analysis

To determine deprotonation degree of the BTB layer on Ag, we measured O 1s and C1s
spectra by XPS and obtained chemical composition of fully protonated (o and § phases),
intermediate (v phase) and fully deprotonated (0 phase) BTB layers. The O ls spec-
tra are in Figure where the data of BTB deposited on Ag(111) are in left column,
and on Ag(100) are in right column. Measured spectra are sorted from protonated to
deprotonated with used annealing temperatures.

The O 1s spectrum of the protonated BTB can be fitted by two pairs of peaks: the
first pair (O1) at 533.8 4+ 532.5eV (light blue and blue in Figure and the second pair
(02) at 532.0+531.1eV (light green and green in Figure[£.3). The intensity ratio of these
pairs was 2 : 1. Within the pair, the intensities of the components have a ratio of 1 : 1; the
higher binding energy component can be associated with hydroxyl, and the lower binding
energy component with carbonyl oxygen. For annealed samples, we have added a peak
component (O3) associated with a deprotonated carboxyl group (red in Figure [4.3); a
single component is due to the symmetric chemical state of both oxygen atoms. From the
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spectra it is visible, that BTB slightly deprotonate on Ag(100) at RT due to its higher
surface reactivity. The degree of deprotonation of carboxyl groups can be determined as a

ratio of carboxylate (O3) to the total intensity of O 1s peak. The peak fitting parameters
are summarized in Tables [4.1] for Ag(111) and Ag(100).

Figure 4.3: O 1s photoelectron spectra of BTB layers on Ag(111) and Ag(100) at different
annealing temperatures related to fully protonated (top left), slightly deprotonated (top
right), partially deprotonated (mid) and fully deprotonated (bot) states. The spectra
were fitted by up to 5 Voigt components and a Shirley background. Reprinted with
permission from ACS Appl. Mater. Interfaces 2024, 16, 18099—18111. Copyright 2024
The Authors [64]. Published by American Chemical Society. This publication is licensed
under CC-BY 4.0.

The O 1s spectrum of the protonated BTB can be fitted by two pairs of peaks: the
first pair (O1) at 533.8 4+ 532.5¢V (light blue and blue in Figure and the second pair
(02) at 532.04 531.1eV (light green and green in Figure[£.3). The intensity ratio of these
pairs was 2 : 1. Within the pair, the intensities of the components have a ratio of 1 : 1; the
higher binding energy component can be associated with hydroxyl, and the lower binding
energy component with carbonyl oxygen. For annealed samples, we have added a peak
component (O3) associated with a deprotonated carboxyl group (red in Figure [4.3); a
single component is due to the symmetric chemical state of both oxygen atoms. From the
spectra it is visible, that BTB slightly deprotonate on Ag(100) at RT due to its higher
surface reactivity. The degree of deprotonation of carboxyl groups can be determined as a
ratio of carboxylate (O3) to the total intensity of O 1s peak. The peak fitting parameters
are summarized in Tables [4.1] for Ag(111) and Ag(100).
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Table 4.1: Peak-fitting parameters of the O 1s peak for BTB deposited on Ag(111) and
Ag(100) substrate. Peak binding energy (BE) and FWHM of the Gaussian part are
given for the as-deposited BTB layer (Protonated), BTB annealed at 175°C and 120°C
(Intermediate), and annealed at 235°C and 220°C (Deprotonated). Voigt function was
used for fitting; the width of the Lorentzian component was 0.1eV.

The C1s spectra were measured after annealing up to a temperature of 280 °C. The
spectra measured for protonated, intermediate, and fully deprotonated BTB phases are
given in Figure for both Ag(111) and Ag(100) substrates. The main component of
C 1s spectra at 285 eV can be associated with carbon atoms in phenyl rings and the small
component at higher binding energies (287 -289¢V) with carboxylic carbon. The fitting
of the C 1s spectra is not straightforward due to the presence of shake-up satellites.
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Figure 4.4: C1s photoelectron spectra of BTB layers on Ag(111) and Ag(100) at different
annealing temperatures related to protonated (black), partially deprotonated (blue) and
deprotonated (red) states.

4.1.1. Normal deposition rate

We studied molecular phases in real and reciprocal space using LEEM /LEED techniques.
We first deposited BTB molecules at deposition rate around 1 ML per 5-15min on Ag
surfaces and acquired LEEM /LEED (namely (u-)diffraction, bright-field and dark-field)
and STM data of the BTB layer. Then we annealed to rearange and deprotonate the
BTB layer in LEEM, where we in-situ observed phase transformation in diffraction (or
BF) mode. For each pattern, we stopped the annealing and measured BF, p-diffraction
and STM. DF images were measured for diffraction spots that were clearly defined and
adequately spaced. We differentiated four BTB phases for Ag(111) and three for Ag(100).

The detailed data analysis and models of all BTB phases on Ag(111) and Ag(100) are
described in the following subsections.

a phase

Freshly deposited BTB molecules on metals typically form a layer of honeycomb structure,
which is made from fully protonated molecules ( =0) [40,63]. We obtained such structure
at submonolayer coverage on Ag(111) and Ag(100) substrates. We present LEEM/LEED
and STM data and model of & honeycomb structure on Ag(111) in Figure 4.5 The bright
field image in Figure shows gray Ag(111) surface covered by bright BTB molecules in
honeycomb phase. The BTB molecules preferentially attach to the step-edges and also in
centers of large terraces. The diffraction at 13eV in Figure consists of four concentric
hexagonal rings with inner two with high spot intensity. The STM image in Figure [4.5
shows honeycomb structure on Ag(111) surface with extended (red) and apparent (orange)
unit cells. The orange unit cell contains two BTB molecules touching by one protrusion.
According to model, the extended unit cell corresponds to the honeycomb structure as is
shown by the diffraction superlattice model in Figure and real-space lattice in Figure
[d.5k. The diffraction superlattice model shows two colored rotational domains with six-
fold symmetry. The related real-space lattice model displays BTB superstructure lattice,
which is commensurate to Ag lattice. The modelled red unit cell equals to 2,19 in
matrix notation.
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Figure 4.5: Honeycomb-like structure (o) of BTB on Ag(111). The measured (a) bright
field image at 6V and (b) diffraction pattern at 13eV. (¢) STM images of the honeycomb
structure formed on Ag surface. The extended unit cell in STM image is marked by red
and apparent by orange. (d) The related model of diffraction pattern for 13eV and (e)
real-space lattice with the unit cell position on Ag substrate. Scanning parameters: 1.5V,
50 pA.

In case of other substrate facet, Ag(100), the diffraction, BF and STM images are
presented in Figure Bright-field image at 5eV in Figure shows bright molecular
islands located preferentially on the step-edges and in the centers of the terraces and dark
gray Ag surface. The diffraction pattern in Figure consists of four concentric rings
exhibiting twelve-fold symmetry at 13eV. STM image in Figure displays ordered BTB
molecules arranged into honeycombs with apparent (orange) unit cell. The structural
model for this phase was not prepared due to the lack of diffraction patterns and STM
images of sufficient quality.
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4.1. BTB PHASES ON SILVER

Figure 4.6: Honeycomb-like structure of BTB on Ag(100). The measured (a) bright field
image at 5eV and (b) diffraction pattern at 13eV. (¢) STM images honeycomb structure
with apparent unit cell. Scanning parameters: 1.0V, 50 pA.

£ phase

The annealing of « layer results in § phase, which can be also formed by compression
of BTB molecules at high coverages (see section . The structure of the § phase
on Ag(111) and Ag(100) is characterized by spaced ribbons on both surfaces [40]. The
ribbon structures on both Ag surfaces are comparable, so we expect the similar degree
of deprotonation. However, the determination of correct degree of deprotonation for this
phase is not easy without further knowledge. We postpone this question to section [5.1.2]
where we discuss this thoroughly together with BTB ribbon structure obtained in the
second layer.

The measured data of S~BTB on Ag(111) are in Figure [£.7 BF image in Figure
shows bright BTB islands on dark Ag surface. The diffraction pattern in Figure
4.7b shows regularly ordered spots in circles. Circularly shaped pattern implies a many
structure orientations. The diffraction circle close to the central spot suggests a large
unit cell. The pattern has six-fold symmetry and consists of six rotational domains. Each
domain is mirror-symmetrical relatively to its radial line. The complexity is increased by
the fact that its diffraction pattern overlays with diffraction pattern of @ honeycombs. The
structure of the [ phase is displayed in STM image in Figure [4.7c. The BTB molecules
are arranged into spaced ribbon-like structure. The structure of apparent (orange) unit
cell is marked within two neighbouring ribbons. The extended unit cell (red) dimensions
were calculated from the reciprocal and lattice 8 phase models (shown in Figure and
e). The red unit cell in matrix notation is determined to 22 ;t .
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4. PHASE TRANSFORMATIONS OF THE ORGANIC LAYER

Figure 4.9: Partially deprotonated v~BTB layer on Ag(111). (a) BF image of v~BTB
bright molecular islands. (b) The diffraction pattern and corresponding (c¢) STM image
showing ordered BTB into non-spaced ribbons. The model of  phase in (d) reciprocal
space and (e) real space shows the highlighted unit cell. Scanning parameters: 1.4V,
50 pA.

4.1.2. ) phase

The fully deprotonated ( =1) BTB phase (6-BTB) is the final transformed phase. Tt
was created by annealing the BTB phase on Ag(111) around 235 °C. The molecular-scale
topography of the 6—BTB phase obtained by STM shows the BTB molecules as bright
protrusions of three-point stars in a hexagonally close-packed structure. The carboxylate
(-COO) groups situated at the tips of the stars thereby point to the centers of neighboring
molecules. This is shown in detail in Figure [£.10p, with the superstructure unit cell
highlighted as a blue rhombus. Our combined STM, XPS, and LEEM data clearly indicate
that this phase is fully deprotonated. Figures[4.10b—d show image details of the molecular
structure on step edges and domain boundaries. Figure shows the arrangement of
the molecules along and over a single substrate step edge. All of the molecules at the
upper side of the step edge show the same structure, with one point of the star protrusion
missing. The arms of BTB molecules are partially flexible and thus can bend toward the
lower terrace. This behavior is even more pronounced at a kink site where the BTB seems
to have lost a complete arm. The kink also exactly follows the BTB shape and thus allows
seamless growth of the compact 0-BTB layer over the step edge. In this way, the single
domain extends over several monatomic steps, as shown in Figure [£.10d. This is evident
from a line scan (see inset of Figure [£.10d) along the white line that shows a step height of
244 pm, which is slightly higher but in line with the step height of the Ag(111) substrate
(236 pm). The molecular arrangement at the domain boundary is shown in Figure [£.10k.

35






4. PHASE TRANSFORMATIONS OF THE ORGANIC LAYER

of the 0-BTB phase is presented in Figure [{.11h. The microdiffraction measurement
reveals that the 6~BTB phase exists in two rotational domains on the Ag(111) surface: the
model of the large-area diffraction pattern decomposed into two single-domain diffraction
patterns is given in Figure[d.11p. The modeling of the 6-BTB diffraction pattern provides
a 2 1 unit cell. These two domain orientations were also identified in our STM images;
see Figure [1.10c. In addition, each of these domains has an additional structural domain
with the same unit cell but a mirrored orientation of molecules within them (see, e.g.,
Figure [4.10k). In the microdiffraction data and diffraction model, these two mirrored
domains are indistinguishable. The bright-field LEEM image (Figure [4.11f) portrays
submonolayer coverage 0—BTB islands as a bright area on the dark background, which
represents the bare substrate; the average area of the BTB islands is 0.3 & 0.1 um?.
LEEM darkfield imaging, in which the image is formed only by electrons associated with
a single diffraction spot different from the central one, allows real-space visualization of
the rotational domains. For submonolayer coverage, individual 6—BTB islands grow in
single-domain orientation. However, if the surface is completely covered (Figure ),
we observe a larger number of smaller rotational domains within the —BTB layer; the
upper bound of the average area of these domains is 0.011£0.004 m?, i.e., much smaller
compared with the island size in the submonolayer coverage. The smaller domain size is
probably caused by a limited BTB transport via surface diffusion, which is hindered in
the full monolayer [82]. Still, the 6~BTB surface shows a superior long-range order with
a minimum of defects as the two domains are well matched at their boundary (see Figure
[£.10F), and single domains extend across the step edges (see Figure [£.10b,d).
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4.1. BTB PHASES ON SILVER

BTB + HAT-CN

The first unwanted mixture was obtained during deposition BTB on Ag(111) at low
deposition rate 1 ML per 1 hour. The results from LEEM/LEED, STM and models are in
Figure The diffraction pattern in Figure suprisingly displays two phases; two
concentric rings of weak spots related to f—BTB, and one domain pattern with six-fold
symmetry, which could be associated to the HAT-CN , which we considered in our
case. BF image in Figure shows bright gray Ag(111) surface covered by gray and
dark molecular islands related to BTB and HAT-CN molecules. The molecular islands
were identified from DF image, where the black colour depicts Ag surface covered by red
S-BTB and green HAT-CN structures. The following modeling of the HAT-CN + BTB
provides with superlattice diffraction pattern in Figure . The dimensions of the unit
cell are estimated to (5 x 5). The lattice model in Figure shows the superstructure
commensurate to Ag(111) and unit cell consisting of two molecules forming BTB (red)
-HATCN (green) pair, which is also marked in structure measured by STM. STM image
in Figure shows tight non-spaced rows in the structure made of molecular pairs.
(a) (b)

Diffraction

Dark-field image

(c) Superlattice diffraction model (d) Lattice model

3:3:3:?:3532223:3:353:?:5:5:353:3:3:3:353:?:3:3:
Figure 4.17: BTB deposited at low deposition rate on Ag(111) with HAT-CN contami-
nation. (a) Diffraction image consists of two overlapping patterns related to HAT-CN
and S-BTB. (b) DF/BF image the molecular islands on black (bright gray) Ag surface,
whereas red (gray) correspond to f-phase and red (dark) to HAT-CN. The model for
HAT-CN + BTB structure in (¢) reciprocal and (d) real space. (e) The STM image shows
BTB (red) and HAT-CN (green) molecule in the marked unit cell. Scanning parameters:
1.0V, 50 pA.

We hypothesize, that the HAT-CN unintentionally got on substrate during long BTB
deposition from the chamber enviroment. Regarding to literature , the HAT-CN on
Ag(111) was reported to reconstruct in (7 x 7) superstructure. Also our previous results
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show that the pure HAT-CN on Ag(111) reconstruct in such hexagonal structure (see
Figure [4.18)). Therefore, we suggests that the resultant structure is mixture of HAT-CN
and BTB.

Figure 4.18: Pure HAT-CN deposited on Ag(111) showing its 7x7 unit cell (red) and
unit cell of HAT-CN + BTB 5x5 (black). Scanning parameters: 2.6 V, 40 mA.

BTB + TCNQ

We deposited BTB at low deposition rate about 1 ML per 210min on Ag(111). Then
we did LEEM/LEED and STM in combination with annealing to get and describe the
grown phases in reciprocal and real space. The measured data are sorted in Figure [4.19]
where the first row corresponds to results obtained at RT followed by data after gradual
annealling. The obtained results show unusual phases different to ones formed by BTB
molecules. The diffraction patterns consist of circular patterns with six-fold symmetries.
Bright-field images show two types of molecular islands in bright gray and gray colours
on dark Ag substrate. STM images display ordered structure made of two features, lying
BTB molecules in tringular (mercedess-like) shape, and “oval-shaped molecules”. For
long annealing in the last row of images, the data show already known fully deprotonated
BTB layer, that in BF contain only bright molecular islands on dark gray Ag, and in
diffraction two rotational domains.
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4.3. PHASE TRANSITION BY MOLECULAR DEPOSITION

HAT-CN can facilitate the deprotonation of the BTB layer, thereby altering the organi-
zation of the organic layers.

4.3.1. Homogenous BTB deposition on BTB layer

BTB molecules exhibit a preference for interacting with the Ag surface through their
carbonyl oxygens. The type of formed structures is influenced by amount of deposited
molecules. Less BTB molecules provides more free space on the surface for making BTB
honeycombs (a) and more BTB molecules result in compressed ribbon structure (/).
The « phase is usually formed at coverages below 0.5 ML, while the S phase appears at
higher coverages. The diffraction pattern, bright-field and STM images of both structures
are shown in Figure [4.25 Diffraction patterns correspond to Figure a and Figure
£ phases. The BF images show the approximate molecular coverages. BF in image
Figure [4.25p shows dark Ag surface with bright BTB molecules attached to step-edges
and terrace centers. Figure BF image displays bright multilayered BTB structures
on top of gray molecular islands without visible Ag areas. The STM images depict Figure
honeycombs at open surface (o) and Figure[£.25p compressed molecules into spaced-
ribbons ().

Figure 4.25: BTB structure formation according to surface coverage. Diffraction, BF and
STM images of (a) open (honeycomb) and (b) compressed (ribbon) structures.

4.3.2. Heterogenous HAT—-CN deposition on BTB layer

The phase transition of an organic layer can be initiated by the deposition of additional
molecules on its surface, which subsequently alters the structural arrangement of the layer.
For instance, the deposition of an HAT-CN overlayer onto a BTB layer on Ag induces
the deprotonation of BTB molecules. The Figure [4.26| shows O 1s and N 1s photoelectron
spectra of the full layer of a—~BTB on Ag(111) (noted as black) and after deposition of
HAT-CN overlayer (noted as blue). In the O 1s spectrum the component O3 associated
to deprotonated carboxyl group appears. The N 1s spectrum serves as an indicator of

50



4. PHASE TRANSFORMATIONS OF THE ORGANIC LAYER

the amount of deposited HAT-CN; the higher amounts of HAT-CN on o—BTB layer
increase the N 1s peak signal and decrease the signal of peak components O1+ 02 in O 1s
spectrum. The O1+ O2 peaks are associated to hydroxyl and carbonyl oxygen in BTB
molecules. The O3 peak stays the same after deposition more HAT-CN molecules. More
details about O 1s components and their fitting are provided in chapter [4.1]

Figure 4.26: N1s and O 1s photoelectron spectra of BTB layer of a—phase (black) on
Ag(111) and after deposition of HAT-CN (blue). The components O1, O2 and O3 corre-
spond to peak fitting of BTB on Ag(111) in Figure 4.3

4.4. E ects of lo -ener y electrons on the molecular
layer

Electron beam irradiation affects the structure arrangement, offering a localized modi-
fication of the layer using low-energy electrons. For example, electron beam itself can
deprotonate BTB layer on Ag substrates. In special cases, it can induce unique phases
that cannot be achieved through annealing alone. This was described on similar molecule,
namely biphenyl dicarboxylic acid (BDA), on an Ag surface, which underwent deprotona-
tion after electron beam influence, leading to the formation of a new epsilon (¢) phase [19].

Focused electron beam can also alter the molecular composition of the organic layer on
the metal. This is demonstrated by the irradiation of organic molecules BTB, pentacene
and hexamethoxytriphenylene (HM-TP) on Ag(111), where the organic overlayers de-
graded and changes in BF. Other effect of irradiation is observed on HM-TP on Ag(111),
where the electron beam locally causes bond cleavage and disintegration of molecular
islands, followed by their regrowth from the molecular gas phase. Renewed islands are
smaller and contain changed ratio of rotational domains within the layer.

4.4.1. Organic layer degradation by electron beam

The molecular layers can be modified by low-energy electrons. Some of the organic
molecules on the metals are vulnerable to irradiation by the focused electrons that can
change their molecular structure. The electron energy determines the extent of the irra-
diation effect on the organic layer, potentially leading to molecular damage or desorption.
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5. SECOND LAYERS ON THE COMPACT 6—-BTB LAYER GROWN ON AG(111)

to substrate layer, which result in their different appearance. The convex molecule center
is located in the space between d-BTB molecules (left blue circle in Figure [5.7). The
center of the concave bent molecule is positioned on top of the )—BTB benzene in branch
(right blue circle in Figure [5.7)).

Figure 5.6: STM of BTB layer showing honeycomb structures on underlying )-BTB on
Ag(111). Blue circles mark two bent BTB molecules with convex (left) and concave (right)
benzene centers. Scanning parameters: 0.5V, 50 pA.

Figure 5.7: STM of a2 layer on J layer. The molecules forming the bottom ¢-layer are
clealy visible in the pores of a2 layer. The benzene centers of a2-BTB show “convex”
(left circle) and “concave” (right circle) apppearance. Scanning parameters: 0.5V, 50 pA.

5.1.2. S phase

We deposited 1.0 ML of BTB on 6-BTB on Ag(111). The coupling between first and
second layer is dominated by weak van der Waals interactions and after soft annealing
the BTB layer reconstructed into 52 phase. The data of 52 phase is in Figure The BF
image in Figure shows bright molecular islands on gray -BTB layer. The diffraction
pattern in Figure displays many intense spots in six-fold symmetry arrangement.
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