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Abstrakt

Molekularne systémy predstavuju jeden zo smerov sucasného vyskumu novych na-
noelektronickych zariadeni. Organické molekuly nachadzaju uplatnenie v réznych a-
plikaciach, ako st napriklad solarne clanky, displeje alebo kvantové pocitace. Rast
vysokokvalitnych molekularnych vrstiev s pozadovanymi vlastnostami casto vyzaduje
vyuzitie samousporiadavanych struktur, hlboké pochopenie rozhrania kovu a organ-
ickych molekul a tiez dynamiky rastu molekularnych vrstiev. Predkladand praca sa
zaoberd predovsetkym samousporadanymi struktirami bifenyl-dikarboxylovej kyseliny
(BDA) na Cu(100) a Ag(100), ktoré boli skimané v UHV s vyuzitim STM, XPS a
LEEM. V pripade BDA-Ag je podrobne opisanych niekolko chemicky a strukturalne
odlisnych molekuldrnych faz. Dalej boli BDA a TCNQ molekuly skiimané na grafene
pripravenom na Ir (111). Okrem toho sa organo-kovové systémy syntetizovali depozi-
ciou atomov Ni a Fe s molekulami TCNQ a BDA. Originalna praca naviac zahurnuje
povrchovi syntézu grafénovych nanoribonov (7-AGNR) na Specificky strukturovanom
substrate Au (16 14 15) z prekurzorovych molekil DBBA. Rekonstrukcia povrchu po
raste bola analyzovand pomocou STM a elektronické vlastnosti 7-AGNRs pomocou
ARPES.

Summary

Molecular systems represent one direction of the current research in novel nano-electronic
devices. Organic molecules are considered in various applications such as solar cells,
displays or quantum computing. Growth of high-quality molecular layers with desired
properties often employs self-assembled structures and requires a deep understanding
of metal-organic interface and dynamics of the molecular layer growth. Work presented
in the thesis is in the beginning focused on self-assembly of biphenyl-dicarboxylic acid
(BDA) on Cu(100) and Ag(100) studied in UHV utilising STM, XPS and LEEM.
In the case of BDA/Ag, multiple chemically and structurally distinct molecular phases
are described in detail. Next, the BDA and TCNQ self-assembly is studied on graphene
grown on Ir (111). In addition, metal-organic systems were synthesised by deposition
of additional Ni and Fe atoms with TCNQ and BDA molecules on graphene. Original
work also includes on-surface synthesis of graphene nanoribbons (7-AGNR) on kinked
Au (16 14 15) substrate from DBBA precursor molecules. Surface reconstruction after
growth is analysed by STM and electronic properties of 7-AGNRs by ARPES.
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1. INTRODUCTION

L appears to be unavoidable.

For the past decade, the breakdown of the Moor’s law
Although the downscaling of the devices continues with currently most advanced 7nm
node technology, the silicon-based transistors are reaching their limit. One indicator
of the stagnation in the development of current conventional CMOS (complementary
metal-oxide-semiconductor) transistors is a plateau in the progress of device frequencies
that rarely exceeds 5 GHz. Combined with the increasing cost of downscaling in terms
of fabrication and facility cost the drive to utilise new materials grows exceedingly in
both scientific and industrial research groups. [2, 3]

In order to make significant improvements, several non-traditional materials and
structures are considered in so-called beyond-CMOS technologies. Between them, a
new branch of molecular electronics is being developed and already various molecular
device has been discovered such as logic gates [1], diodes [5] or switches [(]. However,
most recognised application of organic molecules today is OLED (organic light-emitting
diode) displays, now widely utilised in the construction of TVs. OLED screens provide
improved contrast, power efficiency and most notably, the flexibility that allows them
to bend and even partially fold.

Several of the main prerequisites for the practical implementation of molecules as
quantum bits were already fulfilled. First, the coherence time of MQBs was demon-
strated in the range of hundreds of microseconds [7]. Second, dynamic control over the
interaction between the individual metal centres in MQBs, for example, by employing
photo-active or local electric control of a molecular linker [3]. Using chemical synthesis
methods, two quantum bit gates have been implemented with atomic precision in one
molecule. Additionally, the scalability of MQBs can be achieved by implementing prin-
ciples of self-assembled and metal-coordinated long-range ordered molecular networks.
For this and also many other applications, the understanding of the underlying princi-
ples of molecular self-assembly and interaction between the molecules and surfaces is
of great importance.

Original full version of the thesis deals with a variety of surface-molecule systems
ranging from weakly bonded self-assembled structures to metal-coordinated networks
and eventually covalently bonded system achieved by on-surface synthesis. Thesis is
divided into eight chapters beginning with introduction. Following second chapter pro-
vides theoretical overview focused on non-covalent bonds and various interactions most
commonly involved in self-assembled processes of organic molecules on surfaces. Addi-

! empirical relationship stating that the number of transistors in integrated circuits will double

about every two years [1]
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tionally, several experimental examples are given for each relevant bonding mechanisms.
Several sections of the review also include multiple examples of metal-coordinates sys-
tems with a last sections focused on graphene. Additionally, relevant introductions to
a specific topics are given at the beginning of each experimental chapter.

The experimental results are presented in the last three chapters. Chapter five
presents an extensive work focused on self-assembled structures of biphenyl-dicarboxylic
acid (BDA) on Cu(100) and Ag(100). This molecule is model system due to its sim-
ple structure and the presence of carboxylic end groups that are often employed in the
molecular self-assembly. In the first part of the chapter, the BDA/Cu(100) system
is explored. The BDA on Cu chemically reacted (deprotonated) at room temperature
and formed a single phase. On the contrary, the BDA on Ag(100) remains intact at
RT. The deprotonation reaction on Ag was initiated by additional annealing, which
lead to an abrupt change of binding mechanism of functional moieties and, conse-
quently, to changes in the structure of the self-assembly. Variety of chemically and
structurally distinct phases were observed and described in detail with the addition of
main phase transitions followed in LEEM. In the last part of the chapter, the BDA
on Ag(100) system is presented as the experimental realisation of long-range ordered
uniform tessellations.

Chapter five describes the growth of high-quality graphene layers prepared on
Ir(111) in UHV conditions. Graphene prepared in this way was utilised to study the
self-assembly of BDA and TCN(Q molecules. Graphene as a substrate for self-assembly
has several advantages. It is a conductor with high electron mobility and a high spin
diffusion length due to its negligible spin-orbit coupling [9]. Additionally, graphene is
able to efficiently decouple the molecules from the underlying metal substrates due to
its chemical inertness and low density of states around the Fermi level [10]. In this way
molecules adsorbed on graphene can partially preserve their intrinsic properties such as
magnetic moments or their catalytic activity [11, 12]. Further, controlled tuning of the
charge carrier density in graphene devices may provide new opportunities to control
the behaviour of molecular adsorbates [13]. On the other hand, molecules can be used
as functionalising agents for graphene (or other 2D materials) based devices, that are
also considered as one of the beyond CMOS technologies. Last sections of the chapter
focus on the preparation of metal-coordinated molecular networks on graphene, mainly
Fe-BDA and Ni-TCNQ.



2. MOLECULAR SELF ASSEMBLY

The engineering of materials with atomic or molecular-level precision requires high
levels of sophistication in both fabrication and characterisation methods. A promising
pathway lies in self-assembly of organic or metal-organic molecules on surfaces: a spon-
taneous formation of spatially textured networks of defined shape. Investigations fo-
cused on on-surface self-assembly started with the observation of self-assembled mono-
layers (SAMs). By exploiting non-covalent bonding between molecules it was possible
to prepare large variety of self-assembled molecular systems on well-defined atomically
flat surfaces. In the last couple of decades amount of research in this field rapidly
grew, exploring systems prepared in ultrahigh vacuum (UHV) or at the liquid-solid
interface with the ultimate goal of creating functional 2D systems. Molecules could be
programmed to create an ordered structure tailored to desired function. [I4-10]

Study of molecular structures on surfaces was greatly enhanced by the use of non-
contact atomic force microscopy (nc-AFM) at low temperatures. Today, molecules can
be observed individually with a sub-molecular resolution, and chemical reactions on
surfaces can be observed step by step. Such imaging provides a valuable tool to in-
vestigate the intermolecular and molecule-substrate bonding mechanisms [17]. Surface
confined molecular self-assembly mostly depends on (I) the mobility of the molecules
on the surface, (II) the competition between intermolecular and molecule/substrate
interactions and (III) the thermal energy brought into the system. The following sec-
tions focuses on non-covalent bonds and various interactions most commonly involved
in self-assembled processes of organic molecules on surfaces.

2.1 Molecule - Molecule interactions

A typical intermolecular potential can be conventionally described (or approximated)
by Lennard-Jones potential (A/R'?2 — B/RS), and the repulsive potential can be further
improved by incorporating exponential function (Born-Mayer (A - e(-BR)) potential )[15].
In most cases, the potential will have a steep repulsive region at closer range and an
attractive region at long range. At very short distances the repulsive forces will domi-
nate the interaction arising from the Coulomb’s energy, an increased nuclear repulsion
as the ions are brought closer to each other by the bond formation. The other repulsive
contribution is an increased electron exchange energy dictated by the Pauli exclusion
principle. At long range, typically some energy minima exist where interaction be-
tween molecules becomes attractive. The most dominant attractive long-range effects
are classical electrostatic attraction, forces between instantaneously formed dipoles,
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and more complex dispersion forces [19].

2.1.1 van der Waals Interactions

The van der Waals force is generally used to describe weak long-range attractive in-
teractions between atoms or molecules. However, its unambiguous classification is not
possible. Van der Waals (vdW) interactions encompass attractive and repulsive forces
over various distances 2 - 10A. The interactions usually have multiple contributions,
mainly London force describing dispersion interaction and various dipole interactions
between molecules with fixed or rotating dipoles depending on the interacting species.
The interaction strength has a strong distance dependence and is often described (mod-
elled) with term 1/R6 [20]. In self-assembly on surfaces, the van der Waals interactions
can be the main driving force (together with surface interactions) for larger and oth-
erwise non-interacting molecules [21].

Dispersion interaction

Part of vdW forces are dispersive interactions, which play an important role in the
formation of self-assembled structures often in combination with other bonding mech-
anisms between the molecules or molecules and surface [22]. Dispersion interaction has
a quantum-mechanical origin and is more dominant at the long-range. This interaction
between the atoms/molecules is formed due to a correlation between the motion of their
electrons, and this manifests itself in such a way that lower-energy configurations are
favoured and higher-energy ones disfavoured. The average effect is a energy decrease,
and since the correlation effect becomes stronger as the molecules approach each other,
the result is an attraction (up to a certain distance until other interactions prevail). In
literature, this interaction is sometimes refereed to as London forces, charge-fluctuation
forces, electrodynamic forces or induced-dipole-induced-dipole forces. Dispersion inter-
action needs to be considered in density-functional theory (DFT) calculations of larger
systems such as self-assembled layers, to provide accurate results [23]. The general
features of dispersion forces can be summarised as follows [20]:

1. They are long-range forces and can be effective from large distances (> 100 A)
down to interatomic spacings (about 2 A).

2. They may be repulsive or attractive, and in general, dispersion forces between
two molecules or large particles do not follow a simple power law.

3. Dispersion forces not only bring molecules together but also tend to align or
orient them mutually.

4. Dispersion forces are not additive; that is, the force between two bodies is affected
by the presence of other bodies nearby (nonadditivity).
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2.1.2 Hydrogen bonds

Hydrogen bonding is the most frequently observed non-covalent bonding [24]. It can be
found in various disciplines from biology (DNA base pairs bonding [25]) to crystallogra-
phy [26]. Hydrogen bonds are often involved in self-assembly due to their reversibility,
selectivity, directionality and relative strength. However, the exact nature of the hydro-
gen bond is still a matter o scientific discussion. According to the International Union
of Pure and Applied Chemistry (IUPAC) recommendation from 2011, the hydrogen
bond X —H---Y is defined as: “..an attractive interaction between a hydrogen atom
(H) from a molecule or a molecular fragment X-H in which X is more electronegative
than H, and an atom or a group of atoms Y in the same or a different molecule, in
which there is evidence of bond formation." [27].

2.1.3 Halogen bonds

Another type of a non-covalent bond is the halogen bond formed between the elec-
trophilic region of halogen atom (o-hole) in a molecule and a nucleophilic region in
another or the same molecule. This bond can be denoted as R - X — Y, where X is
the halogen atom covalently bonded to the R group and having the electrophilic region,
and Y is a donor. The Y species can be an anion or a neutral group possessing at least
one nucleophilic region, e.g., a lone-pair-possessing atom or 7t-system. However, the
exact nature of the halogen bond cannot be fully explained only by the o-hole model.
The secondary region of a negative potential forms around the o-hole and can interact
with the electrophilic species.

In self-assembly, the halogen bond can be viewed as an alternative to the hydrogen
bond because it has similar properties. However, halogen bonds have higher direction-
ality that can drive self-assembly process. This directionality arises as a consequence
of the o-hole localisation, i.e. opposite to the covalent bond(s) that the halogen atom
is bonded to.

2.1.4 Intermolecular ©- r interaction

The interaction between two aromatic molecules can generate sufficient force to in-
fluence self-assembly between n-rich molecules. The electrostatic model can explain
the origin of this interaction. However, a detailed understanding of the nature and
properties of t-n is not available yet. A simple model of the charge distribution was
presented by Hunter and Sanders, which accounts for many of the experimental ob-
servations [28]. The model considers the aromatic molecule as a set of three charges,
one positive (+1) sandwiched between two negative ones (-0.5). In this configuration,
direct staking is disfavoured as two negative charges directly next to each other are
repulsed. Optimal n-7 interaction of two molecules will then favour 7' shaped struc-
ture or displaced stacking structure where the n-rings are shifted towards each other
[29]. Interaction between aromatic molecules plays an important role in some chemical
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reactions and protein recognition [30].

2.1.5 FElectrostatic interaction

Molecules exhibiting permanent charges, dipoles or quadrupoles, will generate electro-
static fields that will interact and can affect self-assembly process. Electrostatic inter-
action can be divided into multiple groups. The most straight forward one, is the ionic
bond that form between two molecules or atoms of different types, one with positive
(cation) and one with negative (anion) charge. A special type of molecules that appear
neutral, but have both positive and negative charges at a separate positions are called
zwitterions. An example of such a molecule is an amino acid L-methionine. Methion-
ine can self-assemble on Ag(111) in molecular chains and form unique nanogratings
of various periodicity [31].

In the case of molecules with a permanent dipole, the interaction is generally weak
and depends on the mutual orientation of the molecules. In the cases when dipoles can
be approximated by the classical dipole, interaction strength scale with the distance
approx. 1/r3. Several self-assembled structures have been reported to be stabilised
by dipolar interactions. One example is the hexaaza-triphenylene-hexacarbonitrile
(HATCN) molecule on the surface of Au (111) [32]. The report has shown that HATCN
molecules form linear and hexagonal porous structures.

2.2 Molecule-surface interactions

The second most influential force in self-assembly is the interaction between molecules
and surface. Adsorption of molecules is most commonly classified as either weaker
physisorption or stronger chemisorption. The term chemisorption usually implies the
presence of a bond between the surface and adsorbed molecule. In the case of phy-
sisorption, van der Waals forces are often claimed to be the only interaction causing
the phenomena. However, here there is some confusion in literature because today,
the wan der Waals forces are not clearly defined and encompass a variety of interac-
tions as mentioned above. To generalise, there are specific properties that differentiate
the physi- and chemi-sorption; however, there is no sharp distinction between them.
For example, hydrogen bonding can be considered as an intermediate case because it
involves various interactions and can have different strengths.

2.2.1 Metal-organic interface

The most common surfaces used for examining self-assembly of organic molecules are
noble metals and graphite (HOPG; that is more often used for liquid/solid interface).
Their advantage lies in the low reactivity that allows molecules to move and assemble,

and their high conductivity allows a straightforward access by surface science tech-
niques (e.g., STM, XPS).
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The electronic structure at the interface of the molecular layer and metal can involve
multiple effects such as the energy level alignment, band bending, charge transfer and
the formation of new interface states. Current models describe formation of a dipole
layer at the interface of most M/O systems. Various theories are used to describe
dipole formation in differently interacting systems.

In the category of chemisorbed molecules, charge can be transferred from the metal
to the molecule, e.g. TCNQ/Au or vice-versa in case of methylphenyl-biphenyl-diamine
(TDP) on Au. This charge redistribution results in the formation of an interfacial dipole
[33]. Similarly, the dipole can form due to the strong bonding between the molecule and
metal. Additionally, the substrate can also affect a charge transfer between different
molecules in donor-acceptor systems.

In the case of physisorbed molecules, two phenomena are most prominent, the
pillow effect and image charge effect. The image charge effect can be described as the
formation of a weak dipole in the molecule due to quantum oscillations, followed by an
image dipole formed on the metal surface. The interaction of these dipoles gives rise
to van der Waals force between the molecule and metal. The origin of the pillow effect
lies in another quantum mechanical effect, the Pauli exclusion principle.

2.2.2 Metal-organic systems

The deposition of reactive metals on a non-reactive substrate can direct the formation
of new assemblies. The bonding between organic molecules and metals is typically
stronger than the substrate-molecule interaction. Two bonding mechanisms are usually
utilized in growth of metal-organic networks, electrostatic (ionic) bond and metal-
coordination (dative) bond. Metal coordination networks sometimes incorporate atoms
that are provided by the substrate itself.

Coordination networks on surfaces are named after their 3D analogue in solution
chemistry. Coordination bonding is a type of covalent bonding formed by two atoms
sharing a pair of electrons, where both electrons are provided by one of the atoms. This
electron pair is then attracted to both atomic nuclei and holds the atoms together.
Coordination compounds can form a large variety of regular porous structures with
tailor made size and chemical properties, which made them an exciting research topic.
Coordination networks on surfaces have been synthesised by a variety of metal adatoms
(Co, Cu, Fe, Cr, Mn, Ni) and molecular binding groups (hydroxyls, carboxyls, cyano
or pyridine groups) [16, 34].

The surface is not only a tool to crate structure with a planar geometry. In solution,
a coordination bonding is usually formed by metal cations with known oxidation state
(positive or zero). However, metallic surfaces provide a reservoir of electrons for coor-
dination atoms allowing them to donate (or possibly accept) charge without becoming
charged themselves [35]. Therefore, the nature of the bond can differ from the well
understood liquid phase counterpart.



3. BIPHENYL DICARBOXYLIC ACID ON METAL SURFACES

The biphenyl-dicarboxylic acid (BDA) networks were used as a model system to study
supramolecular chemistry and self-assembly. The BDA molecule, as shown in Fig. 3.1(a),
is formed by two phenyl rings that are symmetrically functionalised by carboxylic end
groups. Molecules with carboxylic groups have been extensively studied with a focus on
their surface self-assembly. Especially the di- and tri-carboxylic acids were researched
on a variety of metal surfaces including Cu [36-39], Ag [10, 11], Au [12, 13], and Pd
[141]. The intact DBA molecule usually maintains a flat adsorption geometry on metals,
and it is stabilised on the surface via complementary hydrogen bonding between car-
boxyl groups and additionally by the van der Waals interactions bringing BDA sides
closer together [15]. In this way, carboxylic acids build up a variety of structures often
formed by long molecular chains both separate or adjacent to each other [36-38, 10].

Exploring the BDA interactions with surfaces can improve our general understand-
ing of the carboxylic group’s role during the self-assembly process and surface reactions.
That, in turn, will allow to design and fabricate improved supramolecular nanostruc-
tures with well-defined properties.

@

Fig. 3.1: (a) Chemical Structure of 4,4-Biphenyl Dicarboxylic Acid (BDA), (b) deprotonated
BDA and (c) Terephthalic acid (TPA).

3.1 BDA on Cu(100)

On the surface of copper, the BDA deprotonates: hydrogen is removed, and resulting
carboxylate groups bind to the copper surface. The exact mechanism of BDA-Cu in-
teraction was the object of some discussion in the literature. Original studies of similar
terephthalic acid (TPA) on Cu(100) suggested that molecular assembly is a result
of the interplay between molecule-substrate interaction and intermolecular hydrogen
bonding [36, 16, 47]. However, later studies reported that molecular deprotonation
takes place near room temperature, and strong oxygen copper bonds will dominate the
molecular self-assembly.

On the surface of Cu(100) at the room temperature, only a single BDA phase
was observed consisting of fully deprotonated molecules. The structure of this phase is
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shown in Fig. 3.2, together with the proposed model consistent from both LEED and
STM data. The LEED pattern taken over a large number of BDA islands shown in
Fig. 3.2(a) can be associated with (4v/2 x 4/2)R45°, or equivalently, ¢(8 x 8) molec-
ular superstructure. Single BDA molecule appears as symmetric rod-like protrusion
with the apparent length of 1.08 £ 0.03nm (measured at 10 % of the maximum height).
This length is comparable with a theoretical length of 1.14 nm obtained by gas-phase
geometry calculation using Arguslab and considered in recent studies [16, 48]. In the
high-resolution STM image in Fig.3.2(b), a long-range ordered structure of the self-
assembled BDA can be observed. Islands typically extend in range of 30-100 nm de-
pending on the terrace size, at the submonolayer BDA coverage of approx. 0.4 — 0.6 ML.
Within the molecular domain, the adjacent BDA molecules are oriented perpendicular
to each other; the carboxylate moiety of each pointing to the centre of the neighbouring
BDA.

Based on the available data structural model shown in Fig.3.2(c) was created.
It presents binding motif where two carboxylate oxygen atoms point to two distinct
substrate atoms and phenyl rings are localised near substrate hollow sites. Relative
positions of BDA on Cu (100) were determined following recent studies [16, 19]. The
model suggests that substrate mediated molecular interaction will be the dominating
factor in the self-assembly.
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Fig. 3.2: (a) LEEM image measured at 30 eV. Cu (100) diffraction spots are marked in orange
and BDA molecular superstructure in blue. (b) STM image of BDA molecular self
assembled structure on Cu (100) surface with superimposed molecular model. Scale
bar is 2nm. (c¢) Model of the proposed BDA phase.

A significant charge transfer from the BDA carboxylate group to the substrate was
observed previously [50]. Additionally, strong bonding between the O atoms in car-
boxylates in TPA and the Cu atoms caused buckling of the first Cu layer [51], similarly
to the above-mentioned case of TCNQ. Carboxylates in this case displayed strong car-
boxylate oxygen binding to substrate, charge transfer, and lifting of substrate atoms.
On this basis, it can be assumed that a single substrate atom cannot accommodate the
binding of two and more carboxylate oxygen atoms. In any case, the proposed model
dictates that two carboxylate oxygen atoms point to two distinct substrate atoms (site
exclusion model).
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3.1.1 Growth Anomalies of BDA on Cu (100)

Extended decoration of the step edges was observed for the vast majority of inorganic
systems where monomers are single atoms displaying isotropic behaviour [52]. Addi-
tionally, many organic systems also nucleate on the step edges [53, 54]. Growth of
BDA islands on the Cu(100) is one example where molecular island growth differs
from typical systems. Observations in LEEM found no preference for nucleation at
atomic step edges consistent with the previous work [55, 49]. This behaviour makes
the presented system important from both a fundamental and application point of view.
In the real space LEEM image in Fig.3.3(a), one can observe that BDA molecule form
separated islands. The BDA molecular islands appear as dark contrast areas, and the
Cu substrate appears bright and upon closer inspection lines representing step edges
and narrow terraces can be observed. Further, large area STM image in Fig. 3.3(b)
confirmed that molecular islands are distributed over the terraces and touching the
step edges only in few points. The origin of strong non-wetting of the step edge was
not previously identified despite multiple studies of systems comprising BDA [37, 16],
or similar TPA[51, 56], and other related dicarboxylic acids [11] on Cu substrates. This
originally promoted further studies into this system.

Fig. 3.3: Self-assembled islands of BDA on the Cu (100) surface: (a) LEEM image measured
at 3eV. Dark areas correspond to the molecular island and light gray to the sub-
strate. (b) Overview STM image on the same sample. Green lines mark line defects
in the molecular assembly, separating different molecular islands. STM image con-
trast was enhanced by adaptive filtering. Scale bar is 25 nm.

3.1.2 Step edge passivation

Previous sections argued strong molecule-atom interaction between the BDA and Cu,
and, therefore, one can expect even stronger step edge interaction, which appear incom-
patible with the idea of BDA non-wetting the atomic step edges. In fact, closer look
on the step edges of Cu(100) revealed a dense decoration by BDA molecules as shown
in the STM images Fig. 3.4(d-e). Molecules at the steps are preferentially oriented in
the same direction (100) or rotated by 45° with the respect to the BDA orientation
in the islands (110). Given the high step-edge reactivity, some additional structures
could be observed that are ascribed to the molecular fragment or other contaminants
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on the surface. These structures provide anchoring sites for molecular domain attach-
ment as previously shown in the STM image in Fig.3.3(b). However, the majority of
the molecules attached to the steps retain features consistent with the appearance of
intact BDA molecules.
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Fig. 3.4: (a-c) Models of the BDA molecules bonding to the Cu(100) atomic steps edges.
Majority of the molecules at the steps are rotated by 45° with respect to the BDA
orientation in the islands. Diffusion of molecules along and over the step edge
is limited. (d-f) Detailed STM images of BDA step edge decoration. Molecules
in the direction of the islands are marked in red and rotated molecules in green.
(d) Increased noise in the STM encircled in black suggests trapped molecules be-
tween the island and the step edge since they cannot attach or diffuse to the next
terrace. Scale bar is 4 nm.

By careful examination, several high-resolution STM images from multiple experi-
ments were selected for statistical analysis. As shown in one of the selected images in
Fig. 3.4(f), the orientation of the BDA was determined from the self-assembled phase.
Molecules at the step edges were identified and were assigned the orientation. Only
the molecules that can be unambiguously identified were included. Over 200 molecules
were counted for which the (100) direction (molecules rotated in respect to the self-
assembled phase) was slightly favoured over the (110) one, with the ratio of 1.6: 1.
These orientations are in accordance with the previously presented tentative model, as
shown in Fig. 3.4(a-c).

The dense molecular packing of BDA at the step edges prevents the attachment
of additional BDA molecules and hinders the formation of extended molecular islands.
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Some molecular islands were attached in areas without the decoration by intact BDA.
The area between the BDA islands and the step edges often exhibited high noise levels
in the STM, even when the other features appeared in high resolution. This implies high
mobility of the BDA molecules in these areas and suggests another possible aspect of
the BDA passivated step edge: the formation of a barrier against the diffusion of BDA
molecules across the step edges (a type of Ehrlich-Schwoebel barrier). The molecules
trapped between the BDA islands and step can neither attach to the passivated steps
nor diffuse to the next atomic terrace.

3.2 BDA on Ag(100)

The following section describes the step by step deprotonation of BDA on the Ag(100)
surface. Multiple structural assemblies (phases) of BDA are presented, corresponding
to fully- and partially protonated molecules as well as deprotonated molecules. Ad-
ditionally, at specific conditions a mixture of fully-, partially- and non-deprotonated
BDA coexists on a substrate. Hence, we can view this system as the multi-component
assembly of structurally close but chemically distinct molecular building blocks.

3.2.1 Overview

Combination of the mesoscale viewing area of LEEM, nanoscopic details from STM
and chemical information from the XPS revealed multi-step deprotonation process of
BDA on the Ag(100). During the continuous annealing of BDA/Ag(100), several
phases consisting of BDA molecules with a distinct level of deprotonation were iden-
tified: fully protonated (2H-BDA), semi-deprotonated (1H-BDA), and fully deproto-
nated (OH-BDA). Main molecular phases shown in Fig.3.5 are denoted as o-phase: a
fully protonated molecules (as deposited); 3-phase: formed by partially deprotonated
BDA; y-phase: a mixture of partially and fully deprotonated molecules and 6-phase:
fully deprotonated phase of BDA. Each phase will be described in detail in the fol-
lowing section. In addition, multiple intermediate phases and phase transformations
observed in LEEM will be shown.

The BDA molecules were deposited onto an Ag(100) crystal held at the room
temperature. After the transfer to the LEEM chamber, the sample was analyzed and
slowly heated by the filament (IR-heating only). The increased temperature initiated
the deprotonation process and associated phase transformation. Changes of the molec-
ular island were carefully observed in the LEEM, and the transformation was stopped
at specific points. The sample was then cooled down to the room temperature and
analyzed. By utilizing p-diffraction aperture every structural domain of the BDA was
identified. Each phase consisted of multiple equivalent molecular domains, and exper-
iments sometimes yielded mixtures of different phases. After the transformation and
LEEM analysis in the LEEM were finished, the sample was transferred to the STM or
XPS chamber for further measurements. Numerous experiments were performed with
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LEEM, bright field

STM

LEEM, p-diff., 185 nm

Fig. 3.5: Change of BDA molecular phases on the surface of Ag(100) with increased temper-
ature. (a-d) Each phase represent the different chemical composition of BDA and is
stable after the cooldown of the sample to the room temperature. LEEM images rep-
resent the typical appearance of molecular islands of different phases. Images were
acquired at 10eV with inserted contrast aperture. Corresponding STM images are
in the second row. Diffraction patterns in the last row represent a single molecular
island (domain) on the surface and were acquired by inserting p-diffraction aperture
(diameter of 185nm). The unit cells of molecular superstructures are marked by a
red in diffraction patterns and white in the STM images. Scale bars in STM images
are 2nm.

several silver crystals and yielded consistently the same molecular phases. Molecular
layers were also transformed in several vacuum chambers and also in another laboratory
(for nc-AFM measurement).

3.2.2  XPS analysis

Distinct chemical composition of each BDA phase was identified in-situ, by X-ray pho-
toemission spectroscopy. Conventional non-monochromatic X-ray source that utilized
Mg K a radiation with 300 W emission power and 12.5kV cathode-anode voltage was
used for all measurements. The C 1s and O 1s detailed spectra were acquired in high
magnification mode using pass energy 20eV integrating up to 180 sweeps with 0.1s
dwell time and 0.05¢eV energy step. Normal emission geometry (emission angle 0°) was
employed. The prolonged measurement time was necessary due to the weaker oxygen
signal for sub-monolayer BDA coverage.
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First, the reference spectra of BDA was measured from a multilayer, shown in the
first row of the Fig. 3.6. Here, it was assumed that any surface effect of the Ag substrate
would be negligible in overall data. The detailed spectra of C 1s were fitted by three
components and simultaneously adjusted Shirley background. The largest component
of the multilayer BDA carbon can be associated with the carbon atoms of phenyl ring
(C1, blue) at the binding energy of 285.4 eV and the second component with the carbon
bound to a carboxyl group (C2, red). The third component (C3, green) was attributed
to the shake-up satellite due to m — 7* transition in the aromatic ring.

Spectra of submonolayer coverage of intact BDA (a-phase) exhibited two main dif-
ferences compared to the multilayer. First, an additional forth carbon component (C4,
magenta) was added to properly fit the C 1s spectra. This component was shifted by
1eV towards higher binding energies and could be associated with the carbon atoms
that are detached from the surface. Such effect may occur for either a BDA molecule
moving in the molecular gas or part of the BDA that is lifted from the surface due to
the compression in the self-assembled structure. Some hight variation was observed in
the nc-AFM data, and this will be introduced appropriately later (Fig.3.10). Alter-
natively, this peak could be explained as a signal from adsorbed CO molecules or by
an asymmetry in the C1 carbon component. The second difference is that the main
C1 component is shifted by ~ 0.5eV toward lower binding energy. The corresponding
shift can be observed for O 1s peak. Similar shifts are often explained for adsorbed
molecules as a screening of the core levels by metal substrate, i.e.: effect of the charge
transfer from the substrate to the adsorbate [57]. The peak positions are in agreement
with the previous studies of carboxylic compounds [58, 59]. The intensity ratio of peaks
associated with carboxylic and phenyl carbon atoms is 0.16, that is in agreement with
the expected ratio of 2:12 (0.167) for BDA molecule.

The O 1s peak of multilayer BDA was fitted by two components corresponding to
the two distinct oxygen atoms in the carboxylic group. The background was changed
to a combined Shirley-linear model. The linear component was included to compensate
for a decreasing background intensity at the high binding energy side of Ag3d peak.
The intensity of oxygen components is close to 1:1, which is in agreement with the
presence of intact carboxylic groups. The spectrum of the o-phase is qualitatively
consistent with the multilayer except for the rigid shift, also observed for the C 1s peak
and described above.

Understanding the XPS spectrum for the intermediate - and y-phases presented a
substantial challenge. Original hypothesis follows the idea of typical chemical reaction:
by annealing, the BDA molecule will undergo deprotonation process. The experiment
should yield either protonated or deprotonated BDA molecules with the possibility of
a mixed compound of both if the chemical transformation was not completed. The
oxygen XPS spectrum was expected to be composed of 3 components, the hydroxyl
oxygen (O1) and carbonyl oxygen (O2) of the carbonyl group and carboxylate oxygen
atoms (O3) of deprotonated BDA (a reminder of the nomenclature is in Fig. 3.7). This
follows the previous studies of the terephthalic acid on Cu(001) [51, 39] and Ag [30].
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Fig. 3.6: Detailed photoemission spectra of C1ls (left) and O 1s (right) peaks measured for
all main BDA phases on Ag (100). Additionally, reference spectrum from BDA
multilayer (~ 8 ML) is included in the first row. The thickness of the BDA layer and
temperature of measurement is marked in the respective graphs. Coloured atoms
in the molecular schematic indicate the corresponding peak in the spectra.

Indeed, the new oxygen component is present in the - and y-phases spectra as was
expected due to the presence of new deprotonated molecules on the surface. Addition-
ally, the carbon C4 component was shifted to lower binding energy by ~ 1.8eV con-
firming the expected chemical change. However, the oxygen spectrum is significantly
shifted compared to the a-phase. Further, the position of the new oxygen component
is also shifted compared to the fully deprotonated phase of the BDA. Quiroga et al.
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Fig. 3.7: Chemical scheme of the carboxyl and carboxylate groups. Binding configuration
of B-phase (right), intact carboxyl group forms hydrogend bond with carboxylate.
The spectral components of O 1s peak are marked as O1, 02, and O3 next to the
associated hydroxyl, carbonyl and carboxylate oxygen atoms, respectively.

[39] explored in detail the similar changes in case of the terephthalic acid on Cu (001).
Substantiated by DFT theoretical calculations, they explained that the shifts are a
result of the hydrogen bonding environment between partially and fully deprotonated
molecules.

Proposed bonding scheme for the BDA B-phase is shown in Fig. 3.7. Deprotonated
carboxylate oxygen was assigned to the O3 fitting component at the energy of 531eV,
in agreement with the reported peak component for TPA /Cu [39]. Component O1 was
assigned to hydroxyl oxygen) bonded trough hydrogen bond to carboxylate oxygen.
Its energy position 532.7¢€V is close to reported 532.5eV [51, 39] and the energy shift
from the alpha phase —1.1eV is comparable with reported value —0.9eV. Position of
the O2 component 531.8€V is higher than 531.1eV reported for TPA/Cu. However,
the energy shift of the C2 component of 0.7 eV is much closer to the reported value
of 1.0 eV. The discrepancy in the peak shifts is possibly caused by different charge
transfer between carboxylate and Ag surface compared to the Cu. The ratio of the
01:02:03 peak area of the components is 1:1:2, which means the ratio of protonated
and deprotonated carboxylic groups is 1:1. This ratio can be explained by either an 1:1
mixture of fully deprotonated and protonated molecules or only partially deprotonated
BDA molecules.

In next spectrum of the partially deprotonated BDA y-phase the O1 and O2 com-
ponents of the oxygen peak associated with hydroxyl and carbonyl peaks shift back
to the higher binding energy. Importantly, the energy separation of these components
returned to the value of 1.25eV (from 0.9 eV in B-phase). This energy is close to 1.35eV
that was observed for the o-phase. Finally, the interpretation of the spectrum of the
fully deprotonated 8-phase of BDA was straightforward. The O 1s can be fitted with
the single component, associated with carboxylate oxygen, at 530.7eV, which is in
agreement with similar systems [59]. No energy shift compared to the y-phase was
observed. A single component is consistent with the symmetric binding environment
of both carboxylate oxygen atoms.
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3.2.3 Strucure of the BDA a-phase

The intact BDA o-phase deposited on the Ag surface at room temperature grows in
small islands in almost a needle-like fashion. The molecular islands appear to be
preferentially growing out of the substrate steps edges indicating that the step edges
present preferential nucleation sites and are not passivated by BDA, contrary to the
Cu(001) described in the previous section. Elongated BDA islands preferentially
grow in the substrate high symmetry orientations (110). The p-diffraction images in
Fig.3.8(b), taken from individual islands, show that there are two rotational domains
of the self-assembled BDA. Further, the dark field LEEM images were acquired for
both molecular domains, and their superposition over the bright field image confirmed
that they include all of the molecular islands on the surface as shown in Fig. 3.8(d).

(a) LEEM bright field (b) p-diffraction  (c) Diffraction composition  (d) Dark field composition

10 eV

Fig. 3.8: LEEM data of o-phase: (a) Bright field LEEM image where molecular islands appear
as a dark features. (b) The p-diffraction acquired from individual BDA islands. (c)
Large area diffraction image overlay with the p-diffraction images. (d) Dark field
images acquired from individual BDA structural domains superimposed on top of
the bright field image (a).

The STM measurement revealed a well ordered self-assembled structure of the BDA
shown in the overview Fig.3.5(a) and in more detail in Fig.3.9. Here, the STM im-
age was aligned based on the previously measured atomic resolution images of clean
Ag(100) surfaces. This was reasonable approximation because the position of the
crystal in the sample holder was fixed over time. Molecules formed a closely packed
structure of straight molecular chains with an inter-chain distance of 5.5 + 0.3 A. Chains
packing exhibits regular periodicity that can also be observed as prominent spots in
the p-diffraction images in Fig. 3.8(b). On the contrary, in the direction of the chains,
the spacing of the molecules was variable. This can be observed in the STM image
overlaid by a periodic lattice in Fig. 3.9.

Considering the shape of the BDA molecules and XPS chemical information that
confirmed their intact chemical state, the BDA molecules were assumed to be arranged
in head to head fashion. This assembly is stabilized by electrostatic hydrogen bond-
ing between opposing carboxylic groups in agreements with multiple studies were the
hydrogen bond was suggested as a driving force of the BDA self-assembly. The varia-
tion in the molecular distances corresponded to alternating intermolecular bonds that
are in the range of 2.4 - 3.3 A. The bond length was calculated from theoretical BDA
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length of 11.4 A (length from O to O along the molecule) subtracted from measured
molecule-molecule distances in STM images. Alternating molecular distances suggests
that substrate-molecule interaction will play a significant role in the BDA self-assembly

on Ag(100).

Ag atoms, STM Unit cell of a-phase

X

BDA molecules, STM Diffraction

Fig. 3.9: STM data: composition of the atomic scale images of Ag(100) surface with the
deposited BDA a-phase and large area (~ 300 p.mz) diffraction pattern acquired at
20eV.

A low temperature STM/AFM measurement shown in Fig.3.10, was performed
on the BDA o-phase. The measurement utilized a qPlus sensor functionalized by a
CO molecule in a commercial CreaTec UHV system [17]. Detail of the self-assembly
from STM shows prominent features that appear to be connecting the molecular
chains. However, the nc-AFM measurement that reflects the actual hight profile of
the molecules revealed that these features are formed by non-planar adsorption of
the BDA. The two phenyl rings of the molecule are mutually twisted, as shown in
Fig.3.10(b). Additionally, the bright spots are observable between the BDA carboxylic
oxygen sites that are a signature of complementary hydrogen intermolecular bonding
[60].

Fig. 3.10: Low temperature measurement: (a) Detail of the BDA a-phase in STM measured at
5K. (b) nc-AFM image of the same area measured with qPlus sensor functionalized
by CO molecule. (c) nc-AFM with model of the BDA molecules.

Based on the available data: STM, nc-AFM, diffraction pattern and simulating the
diffraction spots in the LEEDpat [61], the following model was created. Each chain of
the BDA molecules lays over two Ag atoms in the (100) directions of the Ag(001)
surface. Both oxygen atoms are located near the on-top sites at similar heights, and
the lateral repulsion of the molecular arrangement twists the phenyl rings of the BDA
molecules differently as seen in the AFM data. The o-phase unit cell most closely
approaches (% 1]35). Hydrogen bond length corresponding to this unit cell can be
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calculated 0.245A, which corresponds to the measured minimal lengths from STM
images (strongest hydrogen bond). However, hydrogen-bonded pair of BDA at the
optimal position is incommensurate with the substrate periodicity.

The mutual distance between two BDA molecules is governed by BDA-BDA opti-
mal hydrogen bonding length, but the BDA-substrate interaction is maximal for the
optimal position of BDA in respect to substrate atoms. Hence, with every new BDA
in a chain, the BDA-substrate shift is increased. Once it surpasses the hydrogen bond
energy, it will become more energetically favourable to break the hydrogen bond and
align the BDA position with respect to the substrate. The resulting irregular inter-
molecular spacing caused by competing BDA-BDA and BDA-substrate interactions
can be observed as tear in the self-assembly.

3.2.4 Structure of the BDA (-phase

The formation of the DBA -phase was thermally induced by annealing to approx. 70 °C.
The new phase consist of larger molecular islands, compared to the a-phase, as shown
in Fig.3.11(d). The diffraction image taken from the displayed area is formed by
a combination of four rotational domains of the 3-phase. Each domain is shown in
Fig.3.11(c) and was measured from individual islands acquired by p-diffraction aper-
ture in the LEEM. Observation of four rotational orientations is consistent with unit
cell rotation in respect to principal substrate directions and the fourfold substrate sym-
metry. Additionally, individual islands of corresponding rotations were visualized with
dark-field imaging, and the coloured composition image is displayed in Fig. 3.11(e). All
of the domains were homogeneously distributed on the Ag surface. The unit cell of
B-phase contains four BDA molecules and exhibits the interlocked row structure as can
be observed in the STM Fig. 3.11(a).

3.2.5 «a = [3 phase transformation

The real-time observation of the structural transition between the BDA phases was
possible thanks to the fast image acquisition in the LEEM. The sample was heated at
a rate of approx. 1 —3°C/minute. During the transformation, the bright-field images
were recorded every 1s and the thermal drift of the sample was corrected later in the
data processing. In the initial moments of heating the o-phase islands undergo signifi-
cant morphological changes without change of the self-assembly structure. Some of the
smaller BDA islands decrease in size, and simultaneously other islands grow. This phe-
nomenon is known as Ostwald ripening. The BDA molecules are moving between the
island in the state of 2D gas, available on the surface. Progress of o = {3 transformation
in 10s intervals is shown in Fig.4.1. The LEEM bright-field images were acquired at
the energy of 1.5eV where both phases have good contrast with respect to the Ag
surface and each other. After reaching sufficient temperature, the nucleation of the
B-phase starts simultaneously over the sample surface without any preferential nucle-
ation sites. Transformation progresses rapidly compared to the heating rate. Islands
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p-diffraction

Dark field

Fig. 3.11: (a) STM and (d) LEEM image of the B-phase. (b) Wide area diffraction captured
at 10eV. (c) Diffraction pattern taken from individual molecular islands and their
composition with the wide area diffraction below. (e) Composition of 4 dark field
images taken from diffraction spots marked in the (b).

of the B-phase grow larger at the expense of the o-phase in their close proximity. They
appear to create a capture zone in which the o-phase islands quickly dissolve, however
the o-phase islands outside of the zone remain intact. This process is significantly
affected by the surface atomic steps which are hindering the diffusion of the molecules
in the 2D gas. Therefore, at the more stepped surface, as shown in Fig.4.1(b), the
B-phase grows in smaller islands. Here, the nucleation is forced on atomic terraces
after reaching sufficient saturation of transformed molecules. Typical phase transition
can be viewed in supplementary video file no. 4 (4-AlphaToBeta.avi)

Description of the other phases and phase transitions can be found in the full version
of the thesis.



4. MOLECULAR NETWORKS ON GRAPHENE

The goal of the experimental work presented in this chapter is the preparation of
Ni-TCNQ metal-organic layer on graphene. On metal surfaces, the Ni-TCNQ (7,7,8,8-
tetra-cyano-quino-dimethane) molecular network exhibit weak ferromagnetic coupling
[62]. The coupling was explained in terms of indirect coupling mediated by the con-
duction electrons, i.e., Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions [63], or
in terms of superexchange via the negatively charged ligand [64]. The tunability of the
Fermi level position in graphene and consequently the electronic states in Ni-TCNQ
system in its vicinity could theoretically enable external control of the magnetic cou-
pling for application in spintronics and quantum processing [65, 66].

B 343K
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Fig. 4.1: Bright field LEEM images of o = [ phase transformation progress in 10s intervals.
Surface of Ag(100) with small (a) and high (b) atomic step density (different ex-
periments). Images acquired at 1.5eV.

4.1 Graphene synthesis

The first method used for the graphene fabrication was a micro-mechanical cleavage
(often called scotch tape method or exfoliation) of HOPG (highly oriented pyrolytic
graphite) utilized by A.Geim and K. Novoselov in 2004 [67], when the graphene was
discovered. This method yields single- or multi-layer graphene flakes of micrometre
size. It is a time—consuming process which needs additional techniques such as atomic
force microscope (AFM) or Raman spectroscopy to verify the thickness and quality of
the graphene flakes. The advantage of the exfoliation is a simple production of high-
quality graphene [68]. In the following years, many other methods were developed
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e.g.: thermal decomposition of SiC [69], liquid-phase exfoliation [70] and molecular
beam epitaxy [71]. However, one of the most promising methods for future industrial
production of graphene layer are based on the graphene growth on metal substrate.

Graphene growth on metals can be divided into two approaches. One is based on
segregation of carbon atoms from the bulk of the metals such as Ru(0001)[72] or
Pt (111)[73], during thermal annealing in vacuum. The main problem of the segrega-
tion approach lies in achieving exactly one layer due to additional segregated carbon,
which often results in thicker, few-layer graphene stacks.

The second approach is based on the thermal decomposition of hydrocarbons cata-
lysed via its adsorption on the surface. Many transition metals are catalytically active
and can decompose hydrocarbons at elevated temperatures. Several types of precursors
can be used to synthesize graphene such as ethylene [74], PMMA layer [75] or even
liquid precursors, e.g. hexane [70].

4.1.1 Ultra-high vacuum syntheses

Studies of graphene growth and properties on the well-defined metallic surfaces in ultra-
high vacuum are beneficial for understanding the nucleation, growth processes and
interactions of graphene with metals. Use of a clean single crystal as opposed to the
polycrystalline foils reduces the number of defects and grain boundaries which interfere
with the growth process and damage the graphene crystal structure. In this work,
graphene was prepared by combination of temperature-programmed growth (TPG)
and CVD. During the TPG growth, hydrocarbon molecules are adsorbed at a room
temperature followed by pyrolysis and graphene growth at a fixed elevated temperature.
For the purposes of this work, graphene layer was grown in the LEEM chamber, which
allowed direct observation of the growth process. Once the growth parameters were
optimized, the subsequent depositions were checked only after the growth. In the next
step, ethylene is adsorbed on the surface. In order to ensure the full coverage, ethylene
pressure was raised to 3 — 5 x 10~ mbar for 3 — 5 min.

Fig. 4.2: (a) Clean Ir (111) surface with large atomic terraces observed in LEEM at 4eV.
(b) Diffraction pattern coresponding to (a) acquired at 45 eV, Ir reciprocal unit cell
marked in green. (c) Diffraction image after the growth of graphene shows typical
moire structure of RO° domain marked red and the R18.5° domain marked in blue.
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Graphene grows on Ir (111) preferentially in a way, that densely packed graphene
rows are aligned with the densely packed substrate rows (referred to as R0° domain).
However, several other graphene islands with a variety of rotational angles in respect to
the Ir are also formed [77]. Initial TPG step during the growth leads to the formation
of a high density of small aligned R 0°graphene islands. During the second step of
the growth, the CVD, any new graphene domains that impinge on existing nuclei are
effectively forced to grow in R0° [78] (observed for Teyp ~ 1150 °C).

After the adsorption of ethylene, the chamber pressure is reduced to (3 -4) x 1078
mbar, which should correspond to approx. 1x 10~"mbar of ethylene pressure (after
correcting for the gauge sensitivity). The second step, the CVD growth then continues
by annealing of Ir (111) crystal to 1150 °C for approx. 12 min.

Combined TPG+CVD growth yields predominantly R0O° graphene. However, the
resulting quality varies from experiment to experiment. Typically, a broad distribution
of rotational domains would show up as Debye-Scherrer rings surrounding the (00)-
spot. In our case, the spots often appear broader suggesting variations in graphene
orientations around the R0°. Recently, this broader spots were explained as strain
minimisation between the graphene layer and the Ir(111) substrate [79]. Graphene
lattice parameter remains almost constant at various temperatures [30], meanwhile, the
Ir lattice parameter changes. This difference puts compressive stress on the graphene
layer, and the resulting strain is relieved by rotations of the graphene lattice.

4.2 TCNQ self-assembly on graphene

An initial step towards the preparation of metal-organic Ni-TCNQ network was the
study of TCNQ self-assembly on graphene. TCNQ molecule, schematically shown in
Fig.4.3(a), was one of the first molecules to be studied on the graphene in 2010 [10, 81].
The motivation for original TCNQ experiments on graphene was a strong electron ac-
ceptor property of TCNQ), leading to a p-doping of graphene. According to theoretical
calculations, four cyano groups of TCNQ interact with graphene accepting electrons
and in-plane molecular ordering is mediated by attractive electrostatic interactions be-
tween the negatively charged cyano groups and the positively charged hydrogen atoms
of the central ring [82]. Each molecule form four bonds resulting in a closed packed
self-assembled layer on the graphene/Ir (111) surface. Similar behaviour has been
observed for TCNQ self-assembled on Au(111) [33].

Several samples were prepared with various TCNQ coverages 0.5-1 ML. No molec-
ular islands were observed in real-space images in LEEM, as shown in the Fig.4.4(a).
This is contrary to the experiments on metal surfaces, e.g. on Ag(111) [¢1]. However,
it was possible to obtain diffraction images shown in Fig.4.4(b). Observed patterns
quickly disappeared after several seconds of measurement, and sample position had
to be moved for each new image. Due to the strong electron affinity of TCNQ), it is
possible, that electron beam will charge the TCN(Q molecules. The increased nega-
tive charge accumulated on the cyano groups will then cause repulsion between the
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Fig. 4.3: (a) Schematic of 7,7,8,8-tetracyanoquinodimethane (TCNQ) molecule. (b) Visual-
ization of the lowest unoccupied molecular orbital (LUMO) of TCNQ molecule in
gas phase.

molecules followed by the dissolution of the ordered phase resulting in the eventual
disappearance of diffraction spots.

(a) LEEM bright field (b) Diffraction 19 eV

Fig. 4.4: (a) LEEM image of approx. 1ML of TCNQ on graphene/Ir (111) substrate. No
molecular islands are observed. (b) Large area diffraction taken at 19eV, TCNQ
unit cell is marked by blue rhombus. Diffraction pattern can be reproduced by 3
rotationally equivalent phases of TCNQ (each rotated 60°) and additional 3 mirrored
ones. (c¢) STM image of TCNQ on graphene. TCNQ appearance is similar to LUMO
state of TCNQ. Scale bar is 0.5 nm.

Self-assembled TCNQ on graphene was reliably imaged in STM Fig. 4.5. The tightly
packed structure was identified in agreement with previous experiments on graphene
[10]. Similarly to the BDA on graphene, TCNQ self-assembly can cross over the step-
edges as shown in Fig.4.5(a). Here, the image contrast was enhanced by local contrast
equalisation to observe all three atomic planes simultaneously. The appearance of
TCNQ molecule on graphene was observed to change with applied bias voltage. It
appears, that due to the weak molecule-graphene interaction and decoupling from the
Ir substrate it is possible to distinguish molecular orbitals at room temperature STM
measurements. The most stable measurement conditions, were TCNQ structure ap-
pearance was similar to its LUMO (shown in Fig.4.3(b)), were obtained with scanning
parameters: -100 to +200mV of bias voltage with I; ~200pA. Distance between the
molecules in row was measured 12.1 £ 0.6 A and inter-row distance 6.5+ 0.3 A. Addi-
tionally, multiple brighter spots were observed in the STM images at both lower and
higher bias voltages. This can be ascribed to electronic modulations in TCNQ induced
by underlying graphene moiré structure.
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Fig. 4.5: STM images of TCNQ self-assembled on graphene/Ir (111): (a) 30 x 30nm? image
of extended self-assembly order over multiple step edges. (local contrast function
was used to visualized all 3 atomic terraces simultaneously); (b) and (c) images of
the same area measured at different voltages. Scale bars are 3nm.

4.3 Ni-TCNQ network on graphene

Various metal-TCNQ structures were previously prepared in solution chemistry. The
magnetic ordering was observed for synthesized X-TCNQ (X= Mn, Fe, Co, Ni) molecule-
based magnets [35]. Additionally, several surface-confined metal-organic structures
were prepared, e.g.. Sn-TCNQ on Au(111) [36], K-TCNQ on Ag(111), [37] and
also Ni-TCNQ on Au(111) and Ag(100) [62]. Research of X-TCNQ 2D systems is
driven by a broad range of applications such as doping of TCNQ layer[37], possible
use as a single-atom catalyst for oxygen reduction [38] or the aforementioned magnetic
properties.

Previous experiments had shown, that metal centre incorporated in metal-organic
systems recover their magnetic moments [39]. In the Ni-TCNQ network on Au(111)
the ferromagnetic coupling was observed. Theoretical calculation identified the appear-
ance of ferromagnetism in Ni-TCNQ as Heisenberg exchange coupling between spins
localised at Ni sites and the itinerant spin density [64]. The itinerant electrons! appear
due to the spin polarisation of the LUMO band, hybridised with Ni3d states. An alter-
native explanation of Ni-TCNQ ferromagnetic behaviour was given in terms of indirect
coupling mediated by the conduction electrons, i.e., Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction [63].

Compared to the metal substrate, the use of graphene has the potential to further
improve the recovery of magnetic moments in metallic centres. Additional motivation
to grow Ni-TCNQ metal-organic system on graphene was the possibility to tune mag-
netic interaction strength. Theoretical work suggested that the indirect interaction
strength can be effectively controlled by adjusting the Fermi level position in graphene
with an external gate voltage [05]. Similarly, electronic density on molecular states
was shown to be controllable by gate voltage [(0] applied on the graphene substrate.

I “Ferromagnets, such as those made of iron or nickel, are called itinerant because the electrons
whose spins aligned to create the magnetic state are extended and are the same as the ones responsible
for conduction.” [90]
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This could allow control over the superexchange interaction strength as the spin-orbit
coupling can be controlled by the subtle change of molecular structure [91].

4.3.1 Preparation of Ni-TCNQ network

In order to prepare the Ni-TCNQ coordination network on graphene, TCN(Q molecules
were deposited, followed by deposition of the Ni atoms with subsequent annealing (20—
30min). The annealing temperature was estimated from the previous experiments to
be approx. 130 °C. Exact temperature calibration in XPS later determined that initial
reaction takes place already at 110°C and the structure is chemically stable up to
140°C. In contrast, the evaporation temperature of pure TCNQ from graphene was
tested and was found to be approx. 70°C. Observation in LEEM did not reveal any
surface changes or diffraction spots, apart decreased intensity of the graphene moiré
spots. Absence of both real-space and diffraction pattern initially implied that the
structure is forming in disordered clusters instead of the ordered 2D layer (similarly to
Fe-BDA). However, the STM measurement revealed the presence of small 2D islands
(5 x 5nm?), scattered across graphene.
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Fig. 4.6: STM images of Ni-TCNQ network on graphene/Ir (111) at different positions. In
the image (a) the TCNQ resembles its chemical structure and in the image (b) the
LUMO-like state. Scans were taken at similar conditions Ug = —=110mV, I; = —600 pA
for (a) and Ug =-90mV,I; = -450pA for (b). Contrast change was attributed to
random tip functionalization. Illustration of Ni-TCNQ network is overlaid over the
images. Scale bars are 1 nm. Ni atoms are not in scale.

STM topography of Ni-TCNQ network is shown in Fig.4.6. TCNQ molecules are
assembled next to each other, and the additional bright feature can be observed in be-
tween. This bright spot was attributed to the Ni atom. Similar coordination network,
where four N from cyano groups of TCN(Q molecule are binding to Ni atom, was ob-
served on Au(111) [62]. Presented images show two appearances of TCNQ molecules
acquired at similar scanning parameters. In Fig. 4.6(a), the TCNQ resembles its chem-
ical structure. This appearance was attributed the enhanced resolution of STM due
to random functionalisation of STM tip. In the image in Fig.4.6(b) TCNQ resem-
bles it’s LUMO-like state, similarly to previously observed structure in pure TCNQ
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self-assembled layer on graphene. Distance between the molecules in a row decreased
to 10.0 - 10.4 A, from approx. 12A in pure TCNQ phase on graphene, suggesting a
significant change in the bonding environment. From the proposed geometry, the N-Ni
bond length was roughly estimated to be 1.5 A, corresponding to previously measured
N-Co coordination bond length on graphene 1.5+ 0.2A [92].

In summary, the Ni-TCN(Q was reliably prepared with reaction performed with an
excess amount of TCNQ to Ni ratio. However, the layer quality, e.i. long-range order
was limited, and the resulting structure often appeared as a multi-layer. This was
unexpected as at the reaction temperature (> 110°C) excess TCNQ molecules should
desorb from the surface. In the 3D chemistry, the Ni-TCNQ coordination polymers
were formed with each Ni ion binding to six different TCN(Q molecules. Resulting
bonding geometry was significantly different from one observed on surfaces and resulted
in a 2D honeycomb-like motif that is further interconnecting to 3D networks [93]. This
suggests that there may be a potential for Ni-TCNQ network to extend into the second
layer.

4.3.2  XPS analysis of Ni-TCNQ network

XPS analysis was performed to verify the formation of Ni-TCNQ bonds. TCNQ chemi-
cal state was analysed through the N 1s peak of the cyano groups. Sample with a larger
amount of TCNQ molecules (approx. 2 ML) was prepared in order to achieve sufficient
signal to noise ratio. Ni was co-deposited with TCNQ on the hot substrate with the aim
to deposit more Ni than required for potential Ni+TCNQ network (approx. 0.1 ML).
Changes were observed in the XPS spectra of both N 1s and Ni3p. The energy the
N 1s peak position is shifted toward the lower binding energies by 0.5-0.6 eV. Change
towards the lower binding energies by approx. 1eV was observed in previous studies
of TCNQ-metal complexes [91], TCNQ on metallic surfaces [95] or recently Sn-TCNQ
coordination structures on metal surfaces [30].

The appearance of the Ni spectra was consistent with a higher oxidation state of
Ni, i.e. broad maxima, extended satellite structure and loss of asymmetry. The XPS
spectra of higher oxidation states of Ni are not easily identified due to the complex
mainline splitting. The simplest Ni** spectra are typically fitted by complex multiplet
envelope (seven components in case of Ni?* Gupta-Sen multiplet) [96, 97]. More precise
analysis in our case was not possible due to the weak signal and possible multiple oxi-
dation states in a thicker layer of Ni-TCNQ. Nevertheless, observations of shifts in both
N 1s and Ni3p peak towards lower and higher binding energies, respectively, is a strong
indication for the formation of the metal-organic bonds on the graphene/Ir (111).



5. CONCLUSIONS

This thesis presented the first experimental results obtained from a newly installed
ultra-high vacuum system dedicated to study of molecular systems on surfaces. Re-
sults from multiple self-assembled molecular structures are presented i.e.: (i) BDA
on Cu(100); (ii) BDA on Ag(100); (i) BDA on graphene/Ir (111); (iv) TCNQ on
graphene/Ir (111). The first experimental chapter (Chapter 3) is dedicated to the BDA
on metallic substrates systems (i-ii), which represents a model system of molecular self-
assembly on surfaces. Anomalous growth of BDA on Cu(100) was observed, where
molecular island grew without typical preferential nucleation sites at step edges. It was
discovered that step edges of atomic planes are decorated by BDA molecules, and due
to specific bonding geometry, this prevents the attachment of self-assembled islands.
Therefore, the step edges are effectively passivated and present a diffusion barrier for
molecular growth. Additionally presented molecular model was able to explained ob-
served defects in the BDA self-assembled structure.

The BDA on Ag(100) presented a significantly more complex system, compared
to the BDA on Cu(100), and includes multiple unique phases and phase transitions.
The transformations of BDA are driven by thermally induced deprotonation, creating
chemically different molecules and changing bonding environment of their self-assembly.
Each molecular phase was comprehensively analyzed by STM, AFM, LEEM and XPS,
resulting in atomic models for each phase. Additionally, several main phase transfor-
mations were described based on real-time observations in LEEM. The phase transfor-
mation shows a wide range of phenomena including Ostwald ripening of the a-phase
before the transformation, remote dissolution of the a-phase islands in the vicinity of
B-phase islands, burst nucleation of y3 phase and internal directional transformation
of v3 to yo-phase. Observations of these phenomena could be later employed for mod-
elling of the nucleation and growth in molecular systems featuring weak interactions
and specifically applied for molecules functionalized by carboxylic groups.

The BDA self-assembled phases on Ag named here as the 8-, yo- and y3- phases, also
represent k-uniform tessellations with 1, 2, and 3 distinct vertex types. A unique feature
in the BDA structure compared to other molecular systems is partially deprotonated
BDA molecule that mediates connection of two distinct binding motifs in a single self-
assembled molecular phase. This determination can help to provide selection rules for
designing new molecular networks with novel physical or chemical properties.

Next chapter (Chapter4) describes the recipe for the growth of high quality single
crystalline mono-layer graphene on Ir (111). Self-assembly of BDA was tested on the
graphene on Ir and resulting self-assembled structure was similar to the BDA a-phase
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on Ag. However, the molecular islands were growing in multiple directions, seamlessly
changing orientation and traversing the step edges due to the inert nature of graphene.
Additionally, graphene effectively screens the metallic substrate preserving some of
the molecular electronic structure as was observed in STM for TCNQ molecules on
graphene. From the diffraction pattern, it was possible to identify multiple rotationally
equivalent structures of BDA and TCNQ self-assembly on graphene.

Next sections described attempts to prepare Fe-BDA in most part as a test in prepa-
ration for the growth of Ni-TCNQ 2D metal-organic coordination networks. In both
cases, the XPS data confirmed a chemical reaction between the molecular species and
metal atoms; however, the 2D structure was only observed for TCNQ. The Ni-TCNQ
coordination network was formed by four nitrogen atoms from TCNQ cyano groups
binding to one Ni atom in a fashion similar to networks prepared on metallic substrates.
However, on graphene, only small islands were observed due to weak substrate-molecule
interaction that most likely hinders the formation of an extended network. In view of
this fact, more robust molecules will be tested in the future. Additionally, the presence
of the ferromagnetic coupling between the Ni atoms will be tested by transferring the
sample into the state of the art EPR spectroscope. The possibility to tune the Fermi
level position of graphene and consequently the electronic states in Ni-TCNQ system in
its vicinity could enable externally control the magnetic coupling in the metal-organic
systems.

In conclusion, this thesis presented several molecular systems on various surfaces.
Most important were observations of structure and phase transformations of BDA on
Cu and Ag that may lead to improved applications and theoretical growth models
for molecular layers. Another significant result is the growth of 2D Ni-TCNQ metal
coordinated network on graphene. Lessons learned here will provide a roadmap for
future experimental realizations of structures on non-interacting substrates.
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