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Abstract

Graphene has generated enormous interest after its discovery in 2004, both in the scientific
community and recently even in industry. It has been highlighted as one of the strongest
materials known with very high electrical and thermal conductivity. Much of the scientific
interest in graphene is however related to its peculiar electronic structure.

The valence and conduction bands of graphene touch at single points on the corners of its
Brillouin zone. Near these points the dispersion is linear which makes the charge carriers
behave like relativistic Dirac fermions with zero effective mass, which leads to many of'its
exceptional electronic properties. Graphene has already been used to build field-effect
transistors, but due to the absence of a band gap the on-off ratios are very poor. In order for
graphene to be used as a replacement for silicon in future electronics, a gap would need to be
opened between its valence and conduction bands.

In this thesis, two possible ways of modifying the graphene band structure are explored
experimentally, namely quantum confinement and periodic potential modulations induced by
self-assembled molecular layers. Quantum confinement of the graphene electronic states is
studied on small graphene structures grown epitaxially on the (111) facet of iridium. The states
are mapped by scanning tunneling spectrocopy and a continuum model using the Klein-Gordon
equation is presented to model the states.

The self-assembly of cobalt phthalocyanines is studied first on epitaxial graphene on
iridium(111) by scanning tunneling microscopy and low energy electron diffraction. The effect
of substrate roughness on the self-assembly is then investigated on graphene on silicon oxide
and hexagonal boron nitride. Finally, the structure of the graphene on Ir(111) model system
used in many of the measurements, is studied in detail by atomic force microscopy and dynamic
low energy electron diffraction.
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Tiivistelma

Kiinnostus grafeenia kohtaan, niin tiedeyhteistssi kuin teollisuudessakin, on kasvanut
rajahdysmaéisesti vuoden 2004 jilkeen, jolloin yksittdinen hiiliatomikerros, eli grafeeni,
onnistuttiin ensimmaistd kertaa eristimaén grafiitista. Grafeeni on painoonsa niéhden
maailman vahvinta ainetta ja se johtaa ldmpo64 ja séhko4 erittdin hyvin. Suurin tieteellinen
mielenkiinto grafeenia kohtaan on kuitenkin keskittynyt sen erikoiseen elektroniseen
vyorakenteeseen.

Grafeenin valenssi- ja johtavuusvyot koskettavat yksittdisissé pisteissd sen Brillouinin-
vyohykkeen kulmissa. Ndiden pisteiden 1dhellé grafeenin dispersiorelaatio on lineaarinen,
miké saa varauksenkuljettajat kidyttadytyméaan kuten massattomat relativistiset Diracin
fermionit, mista taas useat grafeenin poikkeukselliset sihkoiset ominaisuudet ovat seurausta.
Grafeenista on onnistuttu jo valmistamaan nopeita transistoreita, mutta niiden tilojen
signaalien vilinen suhde on hyvin pieni. Jotta grafeenia voisi kayttda piiteknologian
korvaamiseen tulevaisuuden elektroniikassa, olisi grafeenin johtavuus- ja valenssivyon vilille
avattava aukko.

Téassa vaitoskirjassa tutkitaan kokeellisesti kahta menetelmééi energia-aukon avaamiseksi
grafeeniin. Ensimmaéisessé tutkitussa menetelméssa grafeenista kasvatetaan hyvin pienia
rakenteita, minka seurauksena grafeenirakenteisiin syntyy partikkeli laatikossa -tyyppisia
energiatiloja. Tutkimuksessa kartoitetaan pienien grafeenirakenteiden tilatiheys kokeellisesti
pyyhkéisytunnelointimikroskopian avulla ja verrataan mitattuja tiloja Klein-Gordonin
yhtéalosta ratkaistuihin tiloihin.

Toisessa esitetyssd menetelméssa pyritddn muokkaamaan grafeenin vyorakennetta
itsejarjestdytyvan molekyylikerroksen aikaansaamalla jaksollisella potentiaalimodulaatiolla.
Molekyylien jarjestymisté vertaillaan grafeenindytteilla eri substraateilla, joiden pinnoilla
grafeenilla on eri karkeus. Koska suuri osa mittauksista on tehty iridium yksittdiskiteelle
kasvatetulle epitaksiaalisella grafeenilla, on osa tukimuksesta keskittynyt grafeenin rakenteen
tutkimiseen kyseiselld pinnalla atomivoimamikroskopian ja matalaenergisten elektronien
diffraktion avulla.
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Preface

Looking back on when I started to work on this thesis, I can now say that
I had no idea what I was getting myself into. Luckily I have had several
great people to help me out along the way, whom I now wish to thank.

First of all I would like to thank Dr. Jouko Lahtinen for giving me the
opportunity to start working towards a doctoral degree in the the first
place. I started my work in the Surface Science group on the then newly
acquired scanning tunneling microscope (STM). As I guess is often the
case in experimental research, things do not always work out perfectly,
or at least not as planned. In my case this meant broken microscopes,
leaking vacuum chambers and me spending the first few years of my PhD
studies just trying to get things working in the lab. During this time I was
helped enormously by my thesis advisor Dr. Jani Sainio, whose motto of
"leading from the front" meant that I was never left alone with the wrench
in the lab, but always had a pair of extra hands to help me out.

In addition to teaching me a lot about the machines I was working with,
the problems in the lab lead Jouko to introduce me to Dr. Peter Lilje-
roth, at the time a visiting researcher from the University of Utrecht, who
later became Prof. Peter Liljeroth and the supervisor of my thesis. Peter’s
general enthusiasm and especially his knowledge on scanning probe tech-
niques was what really got my scientific work started, and kept it going.

As we still had problems with our microscope in Helsinki, Peter orga-
nized for me to visit Daniél Vanmaekelbergh’s group in the University of
Utrecht who at the time had a very nice microscope setup. This started
a very fruitful Dutch-Finnish collaboration which still goes on, and has
resulted in the majority of the papers included in this thesis. I am very
thankful to Daniél for letting me visit their group on so many occasions. I
also want thank all the people in the group for always making me feel like

home when visiting Utrecht, especially Zhixiang, Mark and Joost who al-
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ways helped me out with everything both in and outside the lab and often
spent long days (nights) in the lab helping me get all my measurements
done before I had to leave back to Finland.

From Aalto University, I would like to thank Dr. Ari Harju, Dr. Mari [jas
and Dr. Andreas Uppstu from the Quantum Many-Body Physics group,
for the numerous times they have helped me understand our measure-
ments. I also want to acknowledge all the members of the Atomic Scale
Physics group, whom I have enjoyed working with for the past years;
Paivi, Robert, Kaustuv, Fabian, Avijit, Shawulienu and Amina, Thanks
for the fun times.

Finally, I want to thank my family and friends for always being there to

keep my mind off work when this was needed.

Helsinki, September 23, 2014,

Sampsa Haméldinen
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1. Introduction

Much of the materials research in recent years has focused on nanomate-
rials. These are materials whose physical properties differ from their bulk
counterparts due their small size. One of the most interesting groups of
such materials is based on the hexagonal structure of a single graphite
layer, or graphene. By folding a graphite layer, one can produce either
ball-like fullerenes! or tubular carbon nanotubes.? Interestingly, graph-
ene, the building block of the former structures, was the last one to gain
the interest of the scientific community. After the groundbreaking experi-
ments on graphene in 2004 by Andre Geim and Konstantin Novoselov,3~7
which later won them the Nobel Price in Physics, the interest in graphene
has exploded.

Apart from graphene’s unique mechanical and optical properties,? it is
the electronic band structure of graphene which is driving much of the
research. Graphene is formed by sp? bound carbon atoms in a honeycomb
lattice (fig. 1.1) .The p, orbitals are not involved in the sigma bonding
of the graphene backbone and make up the w-bands that form the con-

zigzag edge

Armchair edge
e o
@
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(<]
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() () () @ ()

Figure 1.1. Illustration of the structure of graphene. The two carbon sublattices (labeled
A and B) are equivalent.
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duction and valence bands of graphene. The primitive unit cell is formed
by two equivalent sublattices noted by A and B in figure 1.1. This sym-
metry of the two sublattices is what gives rise to graphene’s distinctive
band structure. Graphene is a semi-metal, i.e the valence and conduction
bands touch at a single point on the corners of its Brillouin zone (fig. 1.2).
Near this crossing these m-bands are linear, which results in the charge
carriers (electrons and holes) to have zero effective mass.? This along
with the sublattice symmetry makes low energy excitations in graphene
behave like relativistic Dirac fermions which satisfy the Dirac equation

for massless particles

0 (61 - ay) wa -E '(/)a . (1.1)

(aac + ay) 0 1/)1) %

where the two off diagonal elements in the Hamiltonian are momentum

—ih’UF

operators in the graphene plane and 1, and v, the electron wave func-
tions of the two sublattices. The Fermi velocity vy defines the constant
velocity with which the charge carriers move and is around 10 m/s for
freestanding graphene. The fact that the Hamiltonian for the electronic
excitations in graphene takes the form of the Dirac Hamiltonian gives rise
to a plethora of interesting phenomena which cannot be observed in most
other materials, such as the anomalous quantum Hall effect,% 1011 Klein

12-14 oppositely aligned with the momen-

tunneling!? and the pseudospin
tum in the two valleys in the Brillouin zone (marked by K and K’ in the
band structure in fig. 1.2).

What is interesting to note is that an analogous band structure exhibit-
ing the same physical phenomena as graphene will result from any two-
dimensional honeycomb structure where the two sublattices are symmet-
ric. In other words, the magic is not in the carbon atoms themselves but in
the way they can be bound together into a honeycomb lattice. Engineer-
ing a similar two-dimensional structure from some other element would
yield a very similar band structure. This was very nicely demonstrated
by locally quenching the copper (111) surface state by carbon monoxide
molecules to form a honeycomb lattice where the surface state could live.1®
The authors showed that the quasiparticle excitations in the patterned
surface state follow the Dirac equation while the Fermi velocity and dop-
ing of this pseudographene could be manipulated by slight changes in the
patterning of the adsorbed CO molecules.

One interesting practical property of graphene is its charge carrier mo-

bility. Back scattering of charge carriers in graphene would require scat-
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(c) 15

Energy (eV)
A
Py

Figure 1.2. (a) Dispersion of the graphene 7 and 7* bands calculated from the nearest-
neighbor tight binding model. The red hexagon represents the 1st Brillouin
zone and the blue plane the Fermi level Er. (b) The w-band of graphene
showing the the two valleys denoted by K and K. (¢) A cut out across through
the Brillouin zone from K’ to K.

tering between the two valleys in the band structure, i.e. K and K’ in
figure 1.2. This would essentially require the pseudospin of the state to
change sign and therefore scattering is suppressed. Hence, charge carrier
mobilities in graphene are very high even at room temperature.?16 From
an electronics point of view this is a very attractive property for a ma-
terial, especially for transistors. In radio frequency (RF) transistors, the
capacitance of the circuit needs to be charged and discharged through the
channel during every cycle. This capacitance is what limits the switching
rate of the circuit. As transistors with higher mobility will produce higher
currents through the channel to charge the capacitance quicker, the clock
rates of such transistors can be pushed to higher frequencies.

Most of today’s transistors are manufactured from silicon which is a
semiconductor with a band gap of 1.1 V. The band gap is needed in order
to be able to switch the current through the transistor on and off for per-
forming logical operations. As a semi-metal graphene has no band gap,
hence a transistor made out of graphene as such can never be turned to
a complete off-state. If graphene is to become the future material of elec-
tronics, a way to open a band gap and control the Fermi level, i.e. doping,
needs to be established.

There are several different schemes to open a gap in the graphene band

structure. The most straightforward method is through quantum confine-
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ment of the electronic states. The idea in short is to make the graphene
structures small enough for the states near the Fermi level to not fit in.
The principle has been demonstrated to work by preparing narrow graph-
ene ribbons (10...100 nm) by electron beam lithography and measuring
electron transport through them.!7-19

The band diagram presented in figure 1.2 describes the charge carriers
in bulk graphene. In a narrow graphene ribbon, additional flat bands can
appear at the Fermi level which are localized on the edge of the ribbon.
Graphene edges can have two basic orientations, which are named after
their appearance as zigzag and armchair. The two orientations are de-
picted in figure 1.1. The flat band on the edge only appears on the zigzag
edge. Hence when studying small graphene structures, the edge orien-
tation plays a crucial role. This cannot be easily controlled in the top-
down approaches such as lithography which are commonly used in build-
ing graphene devices. Bottom-up approaches, such as on-surface poly-

20,21 ynzipping of nanotubes?? and

merization of graphene nanoribbons,
controlled chemical vapor deposition,?3 offers ways to grow well defined
graphene nanostructures, where the orientation of the edges is defined by
the growth process.

Another way to introduce a gap is to break the sublattice symmetry in
graphene.?425 This will cause the charge carriers to gain mass. The Dirac
equation (eq. 1.1) can be used to describe these massive particles. The ze-
ros on the diagonal of the Hamiltonian are in this case replaced by +vpm*,
where m* is the effective mass of the particle. The inclusion of mass re-
sults in a hyperbolic dispersion relation around the Dirac points and the
opening of a gap between the valence and conduction bands. Massive
Dirac fermions in graphene were recently demonstrated experimentally
by placing graphene on top of hexagonal boron nitride so that the two lat-
tices are aligned. This locally breaks the sublattice symmetry and leads
to alternating regions of positive and negative effective mass.26

The graphene band structure can be altered without the aim of open-
ing a gap as well. In pristine graphene the Dirac cones near the Fermi
level are symmetric. By introducing a periodic potential modulation in
the graphene sheet, the symmetry can however be reshaped producing
oval shaped cones.?”28 This allows one to tune the Fermi velocity of the
charge carriers in graphene in a way that depends on the direction of the

momentum of the charge carriers.

In this thesis, methods to engineer the graphene band structure are
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studied experimentally using scanning probe microscopy and low energy
electron diffraction. Chapter 2 presents the method of graphene growth
on iridium and the experimental techniques used in the Publications.
Chapter 3 reviews the main results from the publications and the work is

finally summarized in Chapter 4.
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2. Experimental methods

2.1 Graphene growth by chemical vapor deposition on iridium

Graphene can be produced by several different methods. In their Nobel
price winning experiments, Geim and Novoselov isolated graphene by ex-
foliation from graphite using standard Scotch tape. The method produces
high quality graphene but in rather small sized flakes and heavily relies
on trial and error and searching to find the single layer graphene flakes
among the multilayer flakes.2? A more scalable process for graphene pro-
duction is to grow it by chemical vapor deposition (CVD) on a metal sub-
strate. In CVD growth, the metal substrate is heated to a high tempera-
ture in an atmosphere of a carbon containing precursor gas such as ethy-
lene or methane. The precursor cracks on the hot surface leaving carbon
on the surface which then forms the graphene layer. The method can be

30,31 e.g. Cu,32’33 Pt,34_36 Fe,37

used on a wide range of transition metals,
Ni,38 Pd,3940 [r 23,3441 Re 42,43 Ry 4446 Rp4447 and C0.484° Depending
on the solubility of carbon in the metal, the growth proceeds either di-
rectly by carbon diffusion on the surface or through carbon dissolution
into the bulk and segregation back to the surface while cooling the crystal
down, or through a combination of the two. When direct surface diffusion
is the dominant growth route, the process is self-limiting to a single layer
as the bare metal is required for the cracking of the precursor.

For most of the substrates the growth can be carried out on both single
crystals and metal foils in either ultra-high vacuum (UHV) chambers or
in ambient pressure furnaces. Recently similar approaches to the CVD
method have been shown to work even on non-metallic substrates, such
51,52

as germanium®® and hexagonal boron nitride.

The (111) facet of iridium has become one of the most popular substrates
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Figure 2.1. Scanning tunneling microscopy images of graphene islands grown on iridium
by pre-adsorbing ethylene and annealing at 1470 K.

for graphene growth in UHV studies. Typically the precursor used is ethy-
lene but many other hydrocarbons work just as well. The reasons why
Ir(111) is such a popular substrate are related to both the growth process
and the properties of the resulting graphene layer. The growth mode on
iridium is dominated by surface diffusion and hence the graphene growth
is automatically limited to a single layer as breaking of the carbon precur-
sor is catalyzed by the metal surface. The interaction between graphene
and iridium is also very nicely balanced; it is weak enough to let the Dirac
cones in the band structure survive,?® yet it is strong enough to result in a
preferential growth direction so that very large defect free single-domain
islands can be grown.23,5455

There are two principle ways of growing graphene on Ir(111) from ethy-
lene depending on the point at which the crystal is heated. The ethylene
can either be introduced directly on the hot substrate where it cracks and
forms graphene or the ethylene may first be adsorbed on the Ir(111) sub-
strate at room temperature and heated afterwards.2? The former method
is a simple way to get a full coverage of graphene but requires some
calibration if sub-monolayer coverages are desired. The pre-adsorption
method, or temperature programmed growth (TPG) as it is also called, on
the other hand allows considerably better control over the size and cover-
age of the graphene grown.

Adsorption of ethylene on Ir(111), like most gases on metals, is self-
limiting to a single layer. Upon adsorption at room temperature, one
hydrogen is released from the ethylene molecule to form ethylidyne.?%-57
By heating the substrate the ethylidyne further dehydrogenates and at
around 800 K only carbon is left on the surface in various forms.?* Soon
after this while increasing the temperature, the carbon on the surface
will already start forming small graphene islands.?33¢ The coverage of

graphene in the end is limited by the amount of carbon on the surface
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Figure 2.2. Atomically resolved STM images of graphene on Ir showing the alignment of
the two lattices.

before heating. Since the carbon atom density in the ethylidyne layer
is well-defined and lower than in graphene, the method always produces
roughly the same graphene coverage of around 22 %.2® Depending on
the temperature and length of the annealing, the method can be used
to produce graphene islands of various sizes. At the growth tempera-
ture of around 1000...1500 K whole graphene islands will diffuse and
coalesce forming larger and larger islands. Figure 2.1 shows STM im-
ages of graphene grown by pre adsorption of ethylene. In figure 2.1b the
long structures are formed through the aforementioned diffusion of intact
graphene islands, i.e. Smoluchowski ripening. For extended annealing
periods at even higher temperatures, the grain boundaries formed by the
Smoluchowski ripening will slowly disappear.

Almost all the graphene islands grown by the preadsorbtion of ethylene
have their lattice roughly aligned with the underlying iridium substrate.
This can be seen in the atomically resolved STM images of a graphene is-
land growing out of an iridium step edge and an isolated graphene island
in figure 2.2. Another feature of graphene grown on iridium is that all
of the free graphene edges are terminated in the zigzag direction of the
graphene lattice and all corners on the edge of the graphene are 120°.

The superstructure visible on graphene in figure 2.2 is the moiré pat-
tern produced by the mismatch between the surface lattice constants of
graphite (2.461 A) and iridium (2.715 A).58 A moiré pattern is essentially
the interference pattern formed between two slightly different frequen-
cies. It is commonly observed in sound as a beating pattern when tuning
an instrument or in digital photography of fine structures at the scale of
the pixels in the camera sensor. Figure 2.3 shows an example of a hon-

eycomb lattice placed on top of a hexagonal lattice with slightly different
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Figure 2.3. The resulting moiré pattern produced by placing a honeycomb lattice on top
of a hexagonal lattice.

lattice constants forming a moiré pattern. Mathematically the reciprocal
lattice constant of a moiré pattern is given by the difference of the recip-

rocal lattice vectors,? i.e.

Emoire = ];; - ];;2' (21)
As is evident from equation 2.1, the period and direction of the moiré
pattern also depend on the rotation of the graphene lattice with respect
to the iridium lattice. For a hexagonal lattice with lattice constant a and
an substrate with a lattice mismatch J, the wave length, or period, of the
moiré pattern can be derived from 2.1 to give®®

(1+6)a

- V2(1+68)(1 — cosp) + 62 @2)

¢ is the angle between the two latices. The angle of the moiré pattern
with respect to the overlayer lattice is then given by

sing

tanf = ————.
an 14§ — cosg

(2.3)

For small angles of graphene on Ir(111), equation 2.3 gives a roughly 10
fold magnification of the angle between the graphene and Ir lattices, i.e.
if the graphene lattice is rotated by ¢ with respect to the Ir(111) lattice,
the moiré will be rotated by 10¢4.%®

2.2 Scanning tunneling microscopy

2.2.1 Basic principle and imaging

STM is one of the few methods by which individual atoms can be directly
imaged and manipulated. It was invented in the early 80s at the IBM

61-63

Zirich Laboratory by Gerd Binnig and Heinrich Rohrer, who were

later in 1986 acknowledged for their invention with the Nobel Prize in
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Physics. Today STM is a well-established method with several commercial
companies producing ready to use systems.

As its name suggests the basic operating principle is based on the quan-
tum mechanical phenomenon of tunneling. The imaging in STM is done
by a thin metal wire which is brought close to the sample surface. The
sample is biased with respect to the tip and the tip is raster scanned over
the sample surface. The layer of air or vacuum between the tip and sam-
ple acts as a barrier for the electrons. Unlike in classical physics, where
the electron cannot travel through the barrier in quantum mechanics so
called quantum tunneling is allowed. In quantum mechanics the elec-
tron is described by a wave function v (z), which satisfies the Schrédinger
equation. The probability of finding the electron at point « is given by the
square of the wave function. For the time-independent one-dimensional
case of the potential barrier between the tip and sample, the Schrodinger
equation can be written as

h? d?
—%ﬁd)(w} +U(z)y(z) = Ev(z), (2.4)
where # is the reduced Planck constant, m the mass of the electron, = the
position, U(zx) the potential along = and E the energy of the electron. In
the case of the potential barrier presented in figure 2.4, the Schrédinger
equation has two different types of solutions. The solutions in the classi-
cally allowed regions outside the barrier (£ > U) are plane waves of the
form

() = P(0)e e, (2.5)

where & is the wave vector, given by

2m(E - U)

k=
h

(2.6)

The signs in 2.5 refer to the direction of the plane wave. Equation 2.4 can
also be solved inside the classically forbidden region in the barrier. The
solution in the barrier is an exponentially decaying curve which for the

electron going in the positive direction in z is
P(x) = P(0)e™ ", 2.7

where the decay constant « is given by

V2m(U - F

_ VU= B) 2.8)
h

Taking the square of equation 2.7

W}(I)F —2KT
—e 2.9)
wOP  °
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air / vacuum tip air / vacuum

tip sample \ sample

Figure 2.4. Simplified model for the tunnel junction between the STM tip and the sample
for a hypothetical system with a constant density of states. On the left no
bias is applied and on the right a small bias is applied between the sample
and tip. The blue line presents a plane wave type electron wave function
tunneling from the tip to the sample and the red curve from sample to tip.

gives the probability of finding the electron behind a barrier of width =z,

and the tunneling current I can be written as
I = Iye™ 21, (2.10)

where I is a constant. In the case where the Fermi levels on either side
of the barrier are aligned (fig. 2.4 left panel), no net current will flow
through the barrier as it is equally likely for the electron to tunnel left
and right. By applying a voltage difference over the barrier (fig. 2.4 right
panel) this is changed. Now there are no states on the left hand side of
the barrier for the electron on the right (red curve) to tunnel to and hence
the wave function keeps decaying exponentially even behind the barrier.
The electron on the left hand side (blue curve) can still tunnel through
and hence a net current will flow through the tunneling barrier.

The vacuum barrier between the metal tip and sample in STM can be
approximated with the work function of the tip (or sample). Plugging
typical values of the work function (3...6 eV) in equation 2.8 gives a «
of around 1 A~!. What this means is that the tunneling current is very
sensitive to the barrier width, i.e. tip-sample distance. The current falls
by an order of magnitude for every Angstrém the distance is increased.

In STM, the short decay length of the tunneling current is used as a
measure of the tip-sample distance. In the most commonly used imag-
ing mode, the constant current mode, the tip is raster scanned over the
surface while a feedback loop keeps the tunneling current constant by ad-
justing the tip-sample distance (see fig. 2.5). The feedback output, i.e. the
movement of the tip in the z-direction, is recorded and gives the real space
topography over the raster scanned area.

It goes without saying that in order for the above scheme to work the
tip needs to be moved very accurately both vertically and laterally. This

is achieved by moving the tip or sample with piezoelectric crystals. The
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Figure 2.5. Schematic drawing of a scanning tunneling microscope equipped with a lock-
in amplifier for measuring the local density of states (LDOS).

lattice strain in a piezo crystal can be controlled by an external electric
field. Hence by adjusting the electric field the dimensions of the crys-
tal can be changed. The most common way to implement the tip/sample
movement using piezoelectric crystals is a piezo tube, where the outside of
the piezo tube is divided into quadrants with indecent electrodes that are
biased against a common center electrode. This allows the tube to be bent
sideways and extended and retracted while maintaining a single piece of
crystal for stability and simplicity. Hence the single block can take care of

all the movements required in an STM.

2.2.2 Tunneling spectroscopy

The tunneling current is not only dependent on the barrier width, i.e. tip-
sample distance, but also depends on the density of available electronic
states to tunnel to. Hence the STM image does not represent the true
topography of the surface, but is rather a convolution of the topography
and local density of states (LDOS) on the surface. Assuming that the bias
is applied to the sample, then a positive bias will have electrons tunneling
from the tip to the sample and a negative bias from the sample to the
tip. For a positive sample bias Vj, the tip electrons with energy above
(EF—tip — €Vp) can tunnel to any of the unoccupied sample states below
(Er—sampte + €Vy), where Ep_y, and Ep_sqmpie are the Fermi levels of the
tip and sample, respectively. The tunneling current is then proportional

to the sum of all the states in this interval. i.e.
eVb
I x / psample(EF —eVp + G)Ptip(EF + €)d57 (2.11)
0

where pgumple and py), are the sample and tip density of states at a given

energy and Er the tip Fermi level. Equation 2.11 assumes that the tun-
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neling probability between all states is equal. In reality this is not the
case as the overlap of the tip and sample orbitals can vary significantly.
This can be taken into account using the so called tunneling matrix M

which gives the probability of an electron to tunnel between two states

eV,
I= / Psampie(Er — €V + €)prip(Ep + €) | M|* de. (2.12)
0

Assuming that for a metallic tip the density of states is flat, and that
the tunneling matrix does not change much in a small energy window, the
tunneling current becomes proportional to the integral over the sample
states. The integral can then be separated and the sample local density of
states at a given energy becomes proportional to the differential conduc-

tance of the tunneling junction at that energy

Vb dI(Vi
I x / psample(EF - e‘/b + €)d€ — psample(e‘/b) (08 %bb) (2]—3)
0

Hence STM can be used to probe the LDOS of the sample under the tip by
measuring the differential conductance. This can be done by measuring
the tunneling current as a function of sample bias and differentiating the
resulting curve, or the differentiation can be done directly during the ex-
periment using a lock-in amplifier (see fig. 2.5). The output of the lock-in
amplifier is used to modulate the sample bias, typically with an amplitude
of some tens of millivolts. The tunneling current signal is then connected
to the lock-in input and demodulated at the same frequency as the out-
put. The amplitude of the demodulated tunneling current directly gives
the differential conductance.

The LDOS can be measured in a single point as a function of bias as
explained above or mapped at a certain bias. In the case of point spectra,
the z-feedback is usually turned off for the measurement whereas map-
ping can either be done at constant height (feedback off) or at constant
current (feedback on). If the feedback is kept on, the bias modulation fre-
quency must be higher than the bandwidth of the z-feedback loop, not to
couple the modulation to the vertical position of the tip. The frequency
of the bias modulation must at the same time remain below the band-
width of the current preamplifier, which in typical STM setups is around
1 kHz. Due to these limitations, the modulation frequency is usually cho-
sen around 400. ..1000 Hz.

Depending on whether the feedback loop is open (constant height) or
closed (constant current), the measured signal can differ significantly on

certain samples. When measuring spectra at a single point as a function
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of bias, the measured differential conductance can be normalized by /V},
in order to try to cancel out the dependence of the tunneling barrier on
V;.6466 When mapping dI/dV, in constant current mode the measured
differential conductance is actually proportional to the normalized signal
(dI/dVy)/(1/Vy) as the feedback keeps I constant and V; is constant by
definition. Hence it would seem natural to take the dI/dV}, measured at
constant current to represent the LDOS. The problem is that in constant
current mode the tip height relative to the sample changes depending on
the integral of the density of states between 0 V and V,. Hence all the
lower energy states couple to the dI/dV, signal measured at V} through
the variation in the barrier width caused by the feedback. On samples
with large variations in the LDOS this can lead to significantly skewed
LDOS maps.57

In addition to probing the LDOS, STM can also be used to probe the
local barrier height through the decay constant x. Making the simple
assumption that the tunneling barrier height U is equal to the average of
the sample and tip barrier heights ® and that the bias used is much lower

than @, equation 2.8 can be written as

V2m® 2me?
R=tS — 0= ’:f (2.14)

The decay constant can be easily obtained on different points of the sam-
ple by measuring the tunneling current as a function of tip height and
plotting the logarithm of the current as a function of tip height. The slope
of the plotted curve then gives —2« from which the average barrier height
® can be calculated.

A similar lock-in amplifier sceme to the one used in LDOS maps can
also be used to map the barrier height. The lock-in amplifier output mod-
ulation is now connected to the z-piezo, effectively shaking the tip up and
down with an amplitude of some tens of picometers. The current is again
demodulated and by assuming a small oscillation amplitude the lock-in
signal can be approximated to be proportional to the derivative of the cur-
rent with respect to the tip height. Taking the derivative of the tunneling
current given by eq. 2.10 with respect to the tip height z gives

dl

= —2klpe™ 2% = —2xI, (2.15)
dz

where I is the average tunneling current defined by the feedback set point.
Multiplying eq. 2.15 by the modulation amplitude Az will give the ampli-

tude of the demodulated signal on the lock-in input, from which « can be
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solved
Liock—in = 26A2] = Kk = Qi—zjloc‘l;_m (2.16)
The average work function can then be solved by combining equations
2.14 and 2.16.
m Tiock—in )
ETEINT] ( T > (2.17)

Since the above relation depends on I, it is practical to do the measure-
ment with the feedback loop closed so that the square of the lock-in input
signal is directly proportional to the work function. The same caveats
that were present in the mapping of LDOS apply here as well. The theory
above assumes a constant density of states so that the tunneling current
is only proportional to the tip-sample distance which is not true for all
samples. Since the tunneling current is included in the equation for @,
opening the feedback loop like is done in dI/dV;, mapping will not help.
The signal will always be a convolution of the local work function, LDOS
and topography. Nevertheless the square of the dI/dz will give at least
qualitative map of barrier height variations.

The above derivation of some of the spectroscopic techniques that are
possible with an STM highlights the technique’s biggest strength and
shortcoming: STM can be used to probe a vast spectrum of local prop-
erties unattainable by other techniques, but separating the different sig-
nals from one another is not trivial and in many cases requires rigorous

analysis.

2.3 Non-contact atomic force microscopy

Atomic force microscopy (AFM) is a very similar technique to STM and
can be often performed using the same apparatus. The difference is that
in AFM, as its name suggests, the tunneling current as a measure of the
tip sample distance is replaced by interatomic forces. There are a plethora
of different ways to "sense" the atomic forces between the tip and the
sample, especially when operated under ambient pressure. Here only the
most common method used under UHV and the first one to achieve true
atomic resolution will be discussed, i.e. frequency modulation non-contact
AFM (nc-AFM).%8

In nc-AFM, the tip is attached to a cantilever or a tuning fork which
is driven to oscillate at its resonance frequency above the surface. When

taking the tip close (= 1 nm) to the surface its resonance frequency will
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shift due to the new potential landscape introduced by the forces between
tip and sample. The frequency shift A f from the unperturbed oscillation
is then used as the measure of how far the tip is from the surface, simi-
lar to the tunneling current in STM. Usually a phase-locked loop (PLL) is
used to adjust the frequency of the driving oscillation to match the new
resonance frequency while another feedback loop keeps the amplitude of
the oscillation constant by adjusting the amplitude of the actuator. Fi-
nally, in order to obtain a topographic image of the surface, a feedback
loop adjusts the height of the tip over the sample while keeping A f con-
stant. As can be seen already from the number of feedback loops, nc-AFM
is a more complicated tool compared to STM.

Depending on the surface and tip material, a host of different forces act
between the tip and the sample. For a general description, it is sufficient
to only consider the van der Waals forces with a repulsive short range
term as these are always present irrespective of the material. A common

way to model these is the Lennard-Jones (L.-J) potential,

o =<[(2)"-2 ()] @19

where the first term is a semi-empirical repulsive potential describing the
Pauli repulsion of the overlapping electron clouds and the second term the
van der Waals potential.®® The prefactor e gives the depth of the potential
while ry is the equilibrium distance, i.e. the distance corresponding to the
potential minimum. Unlike in STM where the macroscopic shape of the
tip has little effect on the tunneling current due to its short range, the van
der Waals forces attenuate so slowly that the bulk tip must be taken into
account to account for all the forces. The Lennard-Jones potential can be
integrated analytically for a paraboloidal tip with radius of curvature R
over a semi-infinite bulk. The resulting potential is given by

2 g’ o
wtipfbulk(r) =T 6l)tip/).smnpleR |: - *:| , (2.19)

1760r7  3r

where p;;;, and pygmpie are the atomic densities of the tip and sample. Fig-
ure 2.6 shows the potentials plotted for the atom-atom case (eq. 2.18)
and for the bulk-tip case (eq. 2.19). There are two obvious qualitative
differences in the curves; the vdW forces for the bulk tip attenuate much
more slowly than in the atomic case and the potential minimum is pushed
closer towards the sample. This means that when the total force on the tip
might be attractive at a given distance, the last atom on the tip apex can

already be well in the repulsive regime of the force. This should be taken
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Figure 2.6. Lennard-Jones potential (left) and force (right) for two atoms (red curve) and
for a paraboloidal tip over a semi-infinite bulk (blue curve). The depth of the
minima of the potentials are scaled to match.

into account when considering the origin of atomic contrast in AFM, even
if the repulsive force might not follow exactly the r—!2 term included in
the L-J potential.

In order to understand the relation of the tip-sample forces with the
frequency shift measured in AFM it is common to model the tip as a har-
monic oscillator in a force field. Assuming a uniform force constant k for
the cantilever over the oscillation cycle, the resonance frequency f; of the

freely oscillating tip is given by

fo= %\/i*, (2.20)
m m

where m* is the effective mass of the tip. If the tip is taken close to a
surface its resonance frequency will shift due to the new potential land-
scape introduced by the forces between the tip and sample. By assuming
that the derivative of the forces with respect to the oscillation axis F/9z
is constant over the whole oscillation of the tip, the shift in resonance

frequency A f comes directly from equation 2.20

__foor
Af=—5 . (2.21)

Depending on the cantilever design in the AFM, the amplitude of the
oscillation is typically between 1 A ... 20 A. Looking at the force-distance
curve in figure 2.6, it is clear that the slope of the force is not constant
over the oscillation. The varying slope of the force curve can be taken into
account in the calculation of the frequency shift by integrating over the
oscillation and multiplying the slope at each point of the oscillation by a
weight function. The frequency shift is then given by”°

A
Af(z) = % /A kre(z + s)V A2 — s2ds, (2.22)
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Figure 2.7. A scanning electron micrograph of a silicon cantilever used in AFM (left) and
a photograph of a qPlus tuning fork (right).

where A is the amplitude of the oscillation and k() the partial derivative

of the force, i.e.
OF

T 0z
For very large amplitudes the weight function effectively flattens out and

kis(2) (2.23)

the integral in equation 2.22 becomes directly proportional to the force in
the midway point of the oscillation, whereas for very small amplitudes it
approaches the simple relation given in equation 2.21.

In order to get a large A f signal from the short range forces, it is benefi-
cial to have the tip very close to the sample, while keeping the oscillation
amplitude as small as possible. Traditionally AFM has been done using
micro machined cantilevers made of silicon (fig. 2.7) with force constants
around 0.1 ...40 N/m and resonance frequencies of 10 ...350 kHz. The
problem with such cantilevers is that if taken very close to the sample
with a small oscillation amplitude they will snap to contact with the sur-
face when the vdW forces overcome the spring force of the cantilever. In
order to solve this problem a new type of force sensor based on a quartz
tuning forked was developed in the late 90s.”%:72 The so-called qPlus sen-
sor is made of a quartz tuning fork, identical to ones used in watches,
where one of the beams is glued on to the holder and a thin metal wire is
glued on to the end of the other beam (fig. 2.7). The design has several
advantages compared to the silicon cantilever: The force constant is much
higher (typically around 1800 N/m) allowing very small (< 1 A) oscillation
amplitudes to be used and the resonanance frequency of a quartz tuning
fork is not as sensitive to temperature variations as silicon based can-
tilevers.”® Furthermore the piezoelectric effect of quartz allows for direct
electrical measurement of the oscillation compared to the more compli-
cated optical methods usually required with the silicon based cantilevers.
Finally, due to the high force constant the same sensor can also be used

for regular STM without oscillating the tip.
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Figure 2.8. 1-D depiction of the Bragg relation (solid lines). The dashed line represents
scattering from the second layer of atoms (simple model for IV curves).

2.4 Low-energy electron diffraction (LEED)

2.4.1 Single scattering and the Bragg condition

In addition to the scanning probe methods, low energy electron diffraction
(LEED), is one the few ways to study the actual structure of a surface at
the atomic level. As the procedure’s name suggests, the technique relies
on the diffraction of low energy (typically 10...1000 eV) electrons from
the surface. The de Broglie wavelength of low-energy electrons is of the
same order as typical lattice constants of surfaces. Another benefit in
studying surface structures is that the electrons penetrate only a couple
of atomic layers into the substrate and hence only probe the very surface
of the sample.

The basic process in diffraction can be understood through the Bragg
condition (fig. 2.8). When only the surface-most atoms are considered the
condition for a diffraction spot can be expressed as

sing = "2, (2.24)
a

where 6 is the diffraction angle, n the diffraction order and A\ the de

Broglie wavelength of the electron defined by

P 7 (2.25)

where h is the Planck constant, m the mass of the electron and F its
kinetic energy.
Equation 2.24 demands that the path difference (s in fig. 2.8) of elec-

trons diffracted off adjacent surface atoms is a multiple of the electron
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Figure 2.9. LEED pattern of a sulfur 21/7 x 2¢/7—R19.1° adsorbate layer on a silver (111)
single crystal. The beam energy used is 55 eV.

wavelength. This condition can be extended for the 2D surface by defin-

ing the reciprocal lattice unit vectors’

i = ZWI’AX " (2.26a)
o 2mad X 7
- 1 (2.26b)
and the reciprocal lattice vector
G = ha* + kb*, (2.27)

where @ and b are the real unit vectors, A the area of the surface unit cell
defined by @ and b, ii the unit surface normal vector and 4 and k integers
defining the diffraction order.

Now the diffraction condition (eq. 2.24) can be written as™
K-K =3, (2.28)

where the K and K’ are the surface parallel components of the wave vec-
tors of the incident and diffracted electrons. Since the incident electron
beam in LEED is generally perpendicular to the surface, K is zero so that

equation 2.28 can be written as
~K'=q (2.29)

The LEED pattern essentially presents the surface structure in recip-
rocal space. The technique is especially useful for studying adsorbate
structures or overlayers. Most adsorbate structures will have a larger

lattice constant than the substrate, which will show up as extra spots in
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the LEED pattern inside the first order substrate spots. Figure 2.9 shows
the LEED pattern of a silver (111) single crystal with an adsorbed layer of
sulfur forming a 2/7 x 21/7—R19.1° structure. The bright outermost spots
forming a hexagon are the diffraction spots from the silver surface, while

the rest of the spots are formed by two rotationally symmetric domains.

2.4.2 Multiple scattering - Dynamic LEED (LEED-I(V))

The previous calculations allow for all diffraction peaks (different » and
k) to be always visible, with the diffraction angle 6 changing as a function
of the electron wavelength. When scattering from the different atomic
planes in the bulk is taken into account this changes. In the 1D model in
figure 2.8 the electrons scattered by the second layer (dashed line) must
also have the same phase as the electrons that scatter from the surface
(solid lines). This causes the diffraction to cancel out in certain directions

and the intensity of the diffraction spots as a function of the incident elec-

tron energy become peaked at energies given by 577
2 h?
E=p2— "y 2.30
dmea cos?(0) " ( )

where [ is the order of diffraction in the out of plane direction, % is the
Plank constant, m. the electron mass, a the sample lattice constant in A,
Vin the inner potential felt by electrons in the crystal and 6 the direction
of scattering given by 2.24. Even though equation 2.30 explains the emer-
gence of peaks in the I(V) curves and their approximate positions, in most
cases it falls short of explaining the full spectrum. This can be easily seen
in figure 2.10 where the intensities of the two first order diffraction spots,
i.e. h and k in eq. 2.28 are either (0 1) or (1 0), of a clean silver (111) sur-
face are plotted against electron energy. Equation 2.30 suggests that the

two I-V curves should peak at the same positions and the maxima of the

Intensity
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Figure 2.10. LEED I(V) curves measured off the (111) facet of silver.
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two curves do roughly coincide, but it is clear that there is fine structure
in all the peaks.

In order to fully explain the I(V) curves in electron diffraction, multiple
scattering needs to be taken into account, i.e. processes where the elec-
tron scatters several times in the crystal before coming out. Although not
simple to do, the exact atomic positions of the first few atomic layers of
the sample can be deduced from the measured intensities of the various
LEED spots as a function of the beam energy. The way this is done is
by first guessing a structure for the sample unit cell and then calculat-
ing the resulting I(V) curves for the structure and comparing against the
measured I(V) curves. The structure is then changed a little and a new
set of I(V) curves are calculated. The quality of the match between the
calculated and measured I(V) curves is usually done using the so called
Pendry R-factor.”® As every atom in the unit cell typically has three de-
grees of freedom, the size of the parameter space to explore to find the cor-
rect structure grows rapidly with the size of the unit cell and the method

quickly becomes computationally very demanding.
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3. Results

In this chapter the main results of the publications included in the the-
sis are summarized. Apart from Publication IV, all the measurements
are done on graphene grown on an iridium single crystal, which has been
shown to work as a convenient model system. Publications I and V fo-
cus on the study of the structure of graphene on iridium by STM, AFM
and LEED. In Publication II, quantum confinement of electronic states
in graphene is studied on well-defined graphene quantum dots grown on
iridium where the location of each atom is known. Finally in Publica-
tions IIT and IV, the self-assembly of metal-phthalocyanine molecules is
studied as a candidate to introduce a well-defined potential modulation

on graphene.

3.1 Structure of epitaxial graphene on Ir(111)

As already mentioned, graphene forms a moiré pattern on Ir(111) due
to the lattice mismatch between graphene and the metal substrate. De-
pending on the growth conditions, the unit cell of the moiré can either
be commensurate or incommensurate, with the period of the moiré in the
different phases being around 10x10 graphene rings over 9x9 iridium
atoms.” The slight variations arise from the fact that at room tempera-
ture, the graphene sheet is under strain due to the difference in the co-
efficients of thermal expansion between graphene and iridium.”®8! The
different areas of the moiré have been named according to the stacking of
the center of the benzene rings and are illustrated in figure 3.1. Typically
on epitaxial graphene on metals exhibiting a moiré pattern, the graphene-
substrate distance is largest around the top sites of the moiré.3146 The
interaction with the metal is strongest on the hep and fee sites where one

of the graphene sublattices sits directly on the top of a metal atom and
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Figure 3.1. Schematic figure of the naming of the different areas of the moiré for graph-
ene on the (111) facet of an fec crystal.

hence also the graphene-metal distance is decreased.

The moire pattern is easily visible in STM images where the contrast
of the moiré changes with the sample bias.?® Typically with a low sam-
ple bias the moiré contrast is inverted and the top sites are imaged as
depressions rather than protrusions.’® The contrast of the moiré is in-
verted around -1.5 V...0.5 V,82 but the exact tip termination may also
change the contrast irrespective of the bias.?® In fact, it is not only the
electronic states and topography which are modulated over the moiré, but
also chemical reactivity.83 This makes the study of the structure with lo-
cal probes challenging as the image is always a sum of several signals
which cannot be easily deconvoluted.

The large unit cell and incommensurability on the other hand make the
computational study of the system by density functional theory (DFT) dif-
ficult. It also seems that the epitaxial graphene systems are very sensitive
to the exact exchange correlation functional used in the calculations.?*
Furthermore the interaction in the weakly interacting systems, such as
graphene on iridium, are dominated by non-local van der Waals forces
which are in general difficult to model by DFT 8586

In Publication I, we have studied the topographic structure of the graph-
ene moiré by simultaneous AFM and STM using a qPlus sensor. We ob-
served the same contrast inversion in STM as had been reported in lit-
erature (fig, 3.2a and b). There is also clear contrast in the dI/dV, and
dI/dz signals over the moiré, measured at constant current. The prob-
lem in interpreting these is that by having the feedback loop closed, the
tip-sample distance most likely changes over the moiré which will affect

the measured signal. On the other hand, no direct information can be
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Figure 3.2. (a) Constant-current STM topography image of epitaxial graphene on Ir(111)
acquired at V;, = 0.3 V and set-point current of 0.3 nA. The line indicates the
moiré unit cell and the three inequivalent areas within it are denoted by A, B
and C. (b) High-bias STM image, taken at 0.45 V/ 1 nA, showing the inverted
moiré pattern. (c¢) Constant-current dI/dV, and dI/dz maps recorded at a
bias of 0.05 V. (d) Constant frequency shift AFM image with A = -45 Hz
and V;, = 0.01 V. (e) Average current over the tip oscillation cycle measured
simultaneously under AFM feedback.

extracted from constant height scan either as the surface is corrugated.
The surprising result in Publication I is that the constant frequency shift
AFM image (fig. 3.2d) looks similar to the low bias STM images with de-
pression on a higher background rather than protrusions as one would
expect from DFT and other similar systems. The depressions in AFM can
be correlated to the same position with the depressions observed in STM
by switching back and forth with the AFM and STM feedbacks.

It turns out that the tip in the AFM measurement oscillates so close to
the graphene that the varying chemical forces, also responsible for the
preferred nucleation sites of metal nanoclusters,*! induce a false contrast
in the AFM measurement. A systematic measurement of the contrast
inversion in AFM with metal tips was later performed by two separate

82,87,88 where the false contrast was reproduced and explained in

groups,
quantitative fashion.88

In order to eliminate the variation in the chemical reactivity, the metal
AFM tip can be passivated by terminating the end of the tip with some-
thing that does not like to form bonds with the surface. Picking up an
individual carbon monoxide molecule on the apex of the tip has become
a well-established method to passivate the tip when imaging individual

molecules on surfaces.8998 The carbon on the CO adsorbs on the metal
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tip and the oxygen is left sticking out perpendicular to surface, which, in
addition to passivating the tip, conveniently makes the tip apex atomi-
cally sharp.%4-%6

In Publication V, we have used a CO terminated tip to study the moiré
pattern with AFM. The A f setpoint in the AFM scans was chosen on the
repulsive branch of the Af - z curve. Since the CO does not bond to the
graphene, the main force we are probing is the Pauli repulsion between
the electron clouds on the CO and the sample. As can be seen in figure
3.3 the AFM image with the CO tip produces the same moiré contrast as
predicted by DFT,® i.e. protrusions on the top sites and graphene closer
to the iridium substrate near the hcp and fce sites. By looking at the
structure in more detail, even the slight height difference between the
hep and fece sites is reproduced in the scan (fig. 3.3b).

To further corroborate on the structure of the moiré we also performed
a LEED-I(V) measurement of a full monolayer of graphene grown on irid-
ium. Traditionally dynamic LEED has been used to obtain the adsorp-
tion sites of individual atoms on metal single crystals which exhibit much
smaller unit cells compared to the graphene moiré on iridium. For the
LEED model of the graphene moiré, we used a commensurate structure of
10x 10 carbon rings over 9x9 iridium atoms. Along with the graphene, the
top three iridium layers were relaxed in the modeling. In total this com-
prises 200 carbon atoms and 243 iridium atoms. The structure was first
allowed to relax without any restrictions, but this did not yield a satisfac-
tory end result as the number of free parameters was just too high (443
atoms x 3 degrees of freedom). Since the variation in the graphene layer

is rather smooth its structure could be presented using low order Fourier

components. A similar scheme had been shown to work in a LEED-I(V)
97

study of graphene grown on ruthenium.

Height (pm)

Figure 3.3. (a) Constant frequency shift AFM image of the graphene moiré (Af = 0 Hz,
bias = 0 V). (b) AFM line profile over the moiré unit cell marked with a white
dashed line in (a).
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Figure 3.4. (a) LEED pattern of graphene on iridium (78 eV) showing the moiré spots.
The illustrated indexed spots correspond to the first order substrate spots.
(b) Comparison of the experimentally measured (blue) and calculated (red)
I(V)-curves for the best fit (7886 eV, Rp = 0.39). (c) The topographic structure
of the moiré unit cell obtained from LEED-I(V). (d) Cross section through the
moiré unit cell of the LEED-I(V) model along the white dashed line marked
in (c). The color scales of the z-positions of the atoms are relative to the mean
height of the layer, given on the left side of the image. (e) Magnification of the
area marked with the dashed box in (d). The vertical scale in (e) is magnified
5-fold to better illustrate the shape of the graphene layer.
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Figure 3.5. (a) The moiré corrugation as a function of graphene island size excluding
the outliers. The solid line is the average of the set and the dotted lines
the standard deviation. (b) Distribution of all the individual top site heights
extracted from the AFM images (including outliers). (¢) Overview STM scans
of the islands in the plot in (a). The scale bar is 50 nm in all images

The resulting structure from the LEED-I(V) analysis is shown in fig-
ure 3.4. The structure is qualitatively similar to that obtained by AFM
and DFT. The nice feature of LEED-I(V) is that it gives the atomic posi-
tions of the whole unit cell including the subsurface atoms, i.e. iridium
in this case. This allows one to obtain the adsorption heights in addi-
tion to the surface corrugation. Apart from the top site, the adsorption
heights match the DFT results very well. The same trend appears in both
of our experimental measurements for the moiré structure: the corruga-
tion of the moiré is markedly larger in the experimental measurement
compared to the DFT result. Similar results had also been obtained by
X-ray standing waves (XSW) where the corrugation of the moiré from the
XSW measurement was significantly larger than that of the DFT calcula-
tion.83 The XSW measurements also indicated that the corrugation would
be coverage dependant.83-98

To study if the size of the graphene flakes is correlated with the moiré
corrugation, we used AFM with a CO terminated tip to image several
graphene islands of different sizes. Interestingly, the corrugation of the
moiré varied substantially from island to island, but with no correlation
on the islands size (fig. 3.5). Furthermore the corrugation of the moiré
was not constant even over a single island but exhibited both a smooth
variation and individual outliers where the top site was roughly 10 pm
higher than on average (fig. 3.6).

The exact cause of the non-uniform corrugation is unclear, but it is most
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Figure 3.6. (a) Constant frequency shift AFM image over a larger area (A f = 0 Hz, bias
=0V, 24x24 nm?). (b) Same AFM image as in (a) but with the contrast
adjusted to the top sites. (c) Heights of the top sites with respect to the
neighboring hep sites. (d) Distribution of the top site heights in (c)

likely related to the incommensurate moiré and the strain in the graph-
ene lattice after cooling. As the structure is incommensurate, the exact
adsorption registries of the top sites (or hep or fec sites) are different.
This could influence the interaction between the substrate and graphene,
leading to the observed slowly varying corrugation, similar to a second
order moiré. As graphene on iridium can be locally sheared,®® a second
order moiré would not necessarily produce an ordered pattern. In larger
graphene islands, the strain in the graphene layer at room temperature
is partly relieved by local delimitation into wrinkles. The islands we stud-
ied showed no wrinkling, most likely due to their small size. The observed
outliers could however be a way to relieve some of the strain before com-

plete delamination into a wrinkle.

3.2 Confined electronic states in graphene

As has already been shown, graphene can be grown into very small and
well-defined islands on iridium. Based on angle resolved photoelectron
spectroscopy (ARPES), the occupied side of the graphene Dirac cone is also
known to survive on iridium. These qualities make graphene on Ir(111)
a very nice model system to study quantum confinement in graphene. In
Publication IT we have studied the electronic states confined in several
small graphene islands and by the help of computational modeling ex-
tracted the dispersion relation in the structures.

Figure 3.7a shows an STM image of a typical area of iridium surface
with graphene islands after TPG growth at 1470 K. Most of the larger

structures are agglomerates of several graphene islands with grain bound-
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Figure 3.7. (a) Large-scale STM image of graphene islands (G) on an Ir(111) substrate
(acquired at I = 40 pA and V, = 1.0 V). Small graphene QDs have been in-
dicated by red circles. Atomic resolution STM image (50 mV / 200 pA) of a
graphene flake edge where the zigzag termination of the edge and the kinks
of one atomic row are clearly visible. The inset shows the FFT spectrum of
the image.

aries running through them. The smaller isolated islands marked with
the red circles on the other hand are defect free. As can be seen from
the closeup STM image on one of the graphene islands in figure 3.7b the
edges are all terminated in the zigzag direction of the graphene lattice
with steps of single atomic rows at intervals of the moiré pattern.

Figure 3.8a shows a perfectly symmetric small graphene island with
just seven carbon rings on each edge. Measuring dI/dV, spectra on dif-
ferent part of the island gives two distinct spectra with peaks at different
energies (fig. 3.8b). By mapping the differential conductance over the
graphene flake at the energies of the peaks we can visualize the LDOS of
the corresponding states over the island (fig 3.8c). Both states resemble
eigenstates of a particle in a box problem; the lower energy state with 1S
symmetry shows no nodes, whereas the higher energy state can be repro-
duced from two degenerate 1P type waves (fig. 3.8d).

Similar states are found also in other graphene islands or quantum dots
(GQD), with the energy of the states scaling with the island size as one
would expect. We can model the states by tight-binding calculations, as
we can extract the exact atomic positions, or by continuum wave-equation
with linear dispersion. The correct equation for graphene would be the
Dirac equation for massless particles presented in Chapter 1. However
the boundary conditions for the Dirac equation are non trivial and solving
it numerically for the GQD geometries becomes difficult.?® Here we use
the Klein-Gordon (KG) equation!®

—vER2V2; = B2y, (3.1)

where vp is the Fermi velocity. The KG equation actually describes rela-
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Figure 3.8. (a) STM topography of a small GQD (-0.05 V and 100 pA) with an overlaid
atomic model. The GQD has perfect hexagonal symmetry with 7 benzene
ring long edges. (b) Normalized differential conductance spectra measured
on the points indicated in (c), the green bars indicate the bias voltages cor-
responding to the LDOS maps shown in (c). (¢) Measured LDOS maps (gray
line denotes the edges of the GQD) at bias voltages corresponding to the two
resonances in the spectra shown in (b). (d) The corresponding LDOS maps
calculated for a particle in a box at the indicated energies and the underlying
eigenstates.

tivistic spinless particles, but its use here can be motivated by comparing
it to the Dirac equation in an infinite system. The two components of the

Dirac equation can be written separately as

—ivph(0y — 10y )by = Etg
_ith(az + iay)wa = Ewb

(3.2)

Separating the components gives the Klein-Gordon equation for both sub-
lattices
—vph* V2, = E%, 3.3
—v2R*V2y, = E%y,
For an infinite graphene flake (i.e. ignoring the effect of boundary con-
ditions), all the solutions of the Dirac equation are also solutions of the
Klein-Gordon equation.

The boundary condition we use for the GQD edges is given by v; = 0.
Hence the KG equation will not reproduce edge states, which come out
from the coupling of the imaginary parts of the two eigenstates on the
edge in the Dirac equation.” As we are only modeling the delocalized
states inside the graphene island this should not be a problem. Since the
energy of the eigenstates E; of the KG equation scales linearly with vg,
we can obtain the Fermi velocity in the quantum dots directly from the
slope when plotting the bias of the dI/dV, maps agains the energy of the

corresponding KG state.
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Figure 3.9. Detailed comparison between STS experiments and computational results
on a large GQD. (a) Atomically resolved STM image of the GQD (I = 3 nA,
Ve =1 mV). (b) dI/dV, maps recorded under constant-current STM feedback
at the bias voltages indicated in the figure (I = 1 nA). (c),(d) Corresponding
LDOS plots at the indicated energies calculated using a TB model (c) and the
KG equation (d) as described in the text. (e) Correspondence between the
experimental and the calculated energies based on TB (red squares) and the
KG equation (blue circles) calculated with vr = 6.2 x 10° m/s.
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Figure 3.10. Electronic structure of GQDs as a function of their size. (a) STM topogra-
phies of the GQDs used for the plots in panels (b) and (c).(b) The correspon-
dence between the energies derived from the STM experiments (z-axis) and
those calculated from the Klein-Gordon equation using a single value for vp
(y-axis). (c) STM sample bias corresponding to the S state as a function of
the area A of the GQD. The solid and dashed lines are fits to 1/v/A and 1/4
scaling, respectively.

The KG equation was solved for the various geometries of the GQDs by
first extracting the dimension of the GQD from the STM image and then
solving the KG equation numerically for the exact shape using the finite
element method. For the larger asymmetric islands the KG equation has
several almost degenerate solutions. The measured dI/dV, maps were
hence compared to composite maps generated from the KG eigenstates 1;
by gaussian broadening. The LDOS map at a certain energy FE is then
given by

LDOS(E,z,9) = {e_%iz/)(m, y)? (3.4)
The energies of the LDOS maps were then visually matched with the mea-
sured STS maps. Figure 3.9b shows a set of ST'S maps measured from a
large GQD (3.9a) along with simulated maps calculated by TB (3.9¢c) and
the KG equation (3.9d). The TB eigenstates were broadened equivalently
to the KG eigenstates. Both TB and the KG equation reproduce the mea-
sured maps well giving roughly the same value of vr = 6.2 x 10° m/s for the
Fermi velocity, which is comparable although slightly smaller than values
reported from ARPES measurements for a full monolayer of graphene on
Ir(111).27.53,101
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Figure 3.11. (a) dIn//dInV;, spectra measured in the middle of the GQD shown in the
inset (blue solid line) and on top of the Ir(111) substrate (red dashed line).
This is the same GQD as shown in figure 3.9 (b) Experimental dI/dVi, maps

from figure 3.9 at the biases indicated in the figure showing the background,
i.e. the surrounding Ir(111) substrate. Set-point current 1 nA.

To study if the Fermi velocity is constant across different GQDs, we
mapped the LDOS of 9 graphene islands of different sizes and shapes
shown in fig. 3.10a and compared them to simulated maps using the KG
equation. The states could be fit on the line presented in figure 3.10b us-
ing a single value for vg, verifying that the Fermi velocity does not change
from one island to the next. To further corroborate that the states follow
a linear dispersion we have plotted the S state as function of the area of
the GQD in figure 3.10c. For massive particles obeying the Schrédinger
equation, the energy (V) of the states should scale as 1/A4, whereas for
relativistic massless particles the energy of the states scale as 1/v/A. It is
clear from figure 3.10c that the 1/v/A is a better fit to the energy scaling
of the states.

Around the time of the publishing of Publication II, three other papers
dealing with the same system came out. The first two publications largely
agree with our conclusions even if their modeling of the states is slightly
different from ours.192:103 The last paper however attributes the observed
states to a locally gated iridium surface resonance.l% The onset of the
Ir(111) surface resonance has been shown to shift under graphene roughly
to the energies where we see the lowest eigenstates (- 0.2 eV).1% The clear
difference to our measurements is that we rarely see a large onset of the
surface resonance on the bare iridium, whereas in the paper by Altenburg
et al.,'% the intensity of the dI/dV} signal is much higher on the adjacent
iridium from -0.4 V onwards. Figure 3.11 shows the same quantum dot
as in figure 3.9, but with the adjacent iridium included. As can be seen,
there is no strong onset of the Ir surface resonance even at a bias of - 0.55

V where the state should already be present. Furthermore our measure-

36



Results

ments seem to fit the model with linear dispersion very well, although
the sampling might be from such a small area that it would be difficult
to detect the curvature in the parabolic dispersion. It is in any case very
difficult to tell the states apart, as the slope of the surface resonance in
the band structure is very similar to that of the Dirac cone in graphene
on Ir(111).105

The reason behind the seeming discrepancy in the measurements might
arise from the exact tip termination, where one tip is more sensitive to
the states at the K-points of the Brillouin zone, while others mainly probe
the center of the Brillouin zone, i.e. the I' point. In this case the where
there are no states near the Fermi level in graphene. A similar situation
is present on graphene transferred on to an insulator, where one group ob-
serves a gap near zero bias in several of their graphene dI/dV}, spectra,'6
while other groups do not see the same effect in the same sample. The
gap is explained through the conservation of momentum of the tunneling
electron. As the states near the Fermi-level in graphene all reside at the
Dirac points, i.e. states with momentum in the graphene plane, the tun-
neling electron with no momentum in the graphene must excite a phonon
in graphene to acquire the in-plane momentum corresponding to the K (or
K’) point.106

3.3 Molecular self-assembly on graphene

Self-assembly of ordered molecular layers on graphene has gained inter-
est in the scientific community as a means of influencing the graphene
band structure. On the one hand, an ordered weakly interacting molec-
ular layer can be used to shift the Fermi level in a uniform manner, in
contrast to substitutional doping, where the doping is not uniformly dis-
tributed over the graphene layer.1%” On the other hand it has been pro-
posed that a periodic potential modulation can be used to reshape the

Dirac cones of graphene.27-28

It is even possible to envision a molecular
lattice whose adsorption is such that it breaks the sublattice symmetry in
graphene, consequently opening a band gap at the Dirac points.
Adsorption of organic molecules on highly ordered pyrolytic graphite
(HOPG) has been extensively studied in literature.198199 Even though the
top layer of HOPG is essentially graphene, the adsorption of molecules on
actual graphene devices will be affected by the roughness induced by the

substrates on the graphene. Silicon dioxide, the typical substrate used in
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graphene devices, has a significantly higher roughness compare to HOPG.
In contrast, on atomically smooth hexagonal boron nitride, the top per-
former as a graphene support, graphene produces a moiré pattern.!10

In Publications III and IV, we have studied the self-assembly of cobalt
phthalocyanine (CoPc) first on epitaxial graphene on Ir(111) and then on
transfered graphene on. Phthalocyanines (Pc) form a series of commer-
cially available molecules that consist of a metal center (Zn, Fe, Mn, Co,
Cu, Ni, etc.) surrounded by an organic macrocycle. The strength of the
interaction between graphene and Pcs can be tuned by going from one
metal-Pc to another. Hence they make for a versatile model template for
studying molecule-graphene interactions.

Graphene on Ir(111) offers a nice model system to study the adsorp-
tion of CoPc (3.12a) as graphene can be grown over the whole surface in
a single orientation. This allows one to use electron diffraction to study
the long range order of the self assembled layer, which is not possible
on transferred graphene samples. Upon adsorption on graphene/Ir(111),
CoPc forms a roughly square lattice shown in the STM scan in figure
3.12b. The CoPc domains extend over terraces and are typically only in-
terrupted at the iridium step edges.

The LEED pattern (fig. 3.12¢) from the structure shows a large number
of diffraction spots at low energies. This is to be expected of an lattice
with rectangular symmetry over a hexagonally symmetric substrate as
several equivalent rotational domains will always exist. The STM image
in figure 3.12b has been obtained with a bias voltage above the lowest
unoccupied molecular orbital (LUMO). Hence the tunneling is mediated
through the molecular orbital and the structure of the molecule is not vis-

ible. By scanning with a bias voltage below the LUMO and above the

© cobalt
@ carbon

@ nitrogen
. hydrogen

Figure 3.12. (a) Schematic figure of the structure of the CoPc molecule. (b) STM image
(4 pA/0.66 V) of the surface after the deposition of a monolayer of CoPc. (c)
LEED pattern after CoPc deposition. The hexagonal pattern in the center
is the first order spots of the graphene moiré pattern while the rest of the
spots arise from the molecular lattice.
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Figure 3.13. Proposed adsorption structure from STM images and LEED. a) In gap STM
image revealing the molecule backbone (-130 mV / 2.5 pA). The unit cell
of the CoPc adlayer is marked with vectors A and B while @ and b denote
the directions of the graphene lattice vectors. b) LEED pattern measured
from the corresponding structure (27 eV). ¢) Proposed structure from STM
images and LEED patterns. d) Simulated LEED pattern from the proposed
structure. The different colors correspond to different rotational domains
and the white lines denote the substrate lattice symmetry.

highest occupied molecular orbital (HOMO), the molecule backbone be-
comes visible and the exact orientation of the adsorbed molecule can be
extracted. An STM image taken in-gap, i.e. with a bias voltage between
the frontier molecular orbitals, is shown in figure 3.13a which allows one
to visualize the packing of the molecules. The LEED pattern of the CoPc
layer (fig. 3.13b can be reproduced by the nearly square lattice shown in
figure 3.13c which produces the diffraction pattern shown in figure 3.13d.
The angle between the two lattice vectors of the molecule layer is 88.6°.
The molecule lattice demonstrates the sensitivity of the LEED pattern
to even the slightest changes in the diffracting layer; trying to force the
angle to 90° would produce a significantly different looking pattern.

The nearly square packing is common for Pcs and has been also observed
on HOPG!!! and metals substrates.!12113 The square packing is most
likely governed by molecule-molecule interactions rather than molecule-
graphene interactions as the hexagonal symmetry of the graphene nor the
moiré is translated to the molecule layer. This is in contrast to the adsorp-
tion of FePc on graphene grown on Ru(0001), where the graphene moiré

guides the structure of the molecule layer forming a Kagome lattice.!14
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Figure 3.14. Overview STM scans on G/SiO2 (a, set-point 0.2 V/170 pA) and G/h-BN
(b, set-point 0.68 V/40 pA) before the deposition of molecules. The insets
show zoomed in images of the graphene atomic lattice. (c,d) Overview STM
scans on CoPc¢ molecular layers on G/ SiO; (c, set-point 0.71 V/5 pA) and
G/h-BN (d, set-point 1.40 V/5 pA). (e,f) STM images of a single domain
of CoPc molecules on (e) G/SiO; and (f) G/h-BN where the centers of the
molecules are marked with blue circles and compared with a rectangular
lattice marked with red circles.

Even though the moiré symmetry does not appear in the CoPc layer, there
is still some molecule-substrate interaction, since the principal axis of the
self-assembled layer has preferred orientations with respect to the under-
lying graphene lattice, as can be seen from the LEED results.

In Publication IV, we studied how the self-assembly of the CoPc molecules
is affected by the roughness of more realistic graphene substrates, SiO,
and h-BN in this case. The graphene was grown on a copper foil in a sep-
arate tube reactor and then transferred on to a thermally oxidized silicon
chip with exfoliated flakes of h-BN on top. The graphene covered an area
spanning over several h-BN flakes and the SiO; in between them. Hence
the same sample could be used to study the self-assembly on both SiO,
and h-BN.

Due to its flexibility, graphene conforms to the shape of the underlying
substrate. Figures 3.14a and b show STM images of graphene on SiO,
and h-BN, respectively. It is clear that the SiO; is much rougher com-
pared to the graphene on h-BN. The faint long-range hexagonal pattern
seen on the graphene on h-BN is the moiré pattern between the graphene
and h-BN lattices. Upon adsorption of the CoPc molecules, the effect of

the surface roughness becomes evident: On graphene on SiOs, the domain
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Figure 3.15. (a) dI/dV spectra measured in the middle of a CoPc molecule on G/SiO,
and G/h-BN substrates. (c¢) Distribution of the energy of the LUMO on the
different substrates. (d) The CoPc frontier molecular orbitals on graphene
calculated from DFT using the PBE functional.

size of the CoPc islands is restricted by the roughness of the surface (fig.
3.14c¢) while on graphene on h-BN the molecules behave like on graph-
ene on Ir(111) forming extensive islands with a similar square lattice (fig.
3.14d). It is not possible to measure LEED on the transferred samples
as the size of the h-BN flakes is much smaller than the electron beam
size. Nevertheless, by comparing the graphene lattice next to an molecule
island to the lattice of the molecules, it would seem that the same adsorp-
tion orientation prevails on the G/h-BN as did on the G/Ir(111).

By looking at the molecular lattice in more detail, it becomes clear that
there is further disorder inside the CoPc islands formed on the G/SiO,.
Figures 3.14e and f show close up STM images of the CoPcs on SiO, and h-
BN. The overlaid blue circles represent the centers of the molecules while
the red dots on top are a rectangular grid which has been optimized to fit
on top of the molecule centers by a least squares fitting. For the molecules
on G/h-BN in figure 3.14e the dots sit nicely inside the circles whereas the
same cannot be said for the molecules on G/SiO, where the correlation
between the dots and circles is much worse.

Figure 3.15a shows differential conductance (dI/dV,) spectra measured
on CoPc on G/h-BN and G/SiO,. Figure 3.15b shows the shape of the
frontier molecular orbitals. By measuring dI/dV), spectra over several

molecules it turns out that the disorder in the CoPc lattice is translated
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also to variations in the energies of its frontier molecular orbitals. The
spread of the LUMOs is shown in the histograms in figure 3.15¢c. The
variation in the position of the LUMO of the CoPcs adsorbed on G/SiOs is
clearly larger of the two. The reason is most likely not only in the ordering
but also in the charge distribution in graphene. The Dirac point with re-
spect to the Fermi level has been shown to vary much more on SiO; than
on h-BN.110.115-117 Op the other hand moiré patterns of epitaxial graph-
ene have been shown to shift molecular resonances, which could be the

source of the slight variation observed on graphene on h-BN.118
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4. Summary and outlook

In this thesis, possible ways for the modification of the graphene band
structure were explored. Most of the measurements were done on the
model system of epitaxial graphene grown on iridium(111), and Publi-
cations I and V focus on understanding its structure. Determination of
the geometric surface structure down to the atomic level is crucial in un-
derstanding of the correlation between electronic and geometric structure
of surfaces. This is an extremely topical problem with the rise of two-
dimensional materials on solid supports (e.g. graphene, hexagonal boron
nitride, silicene etc.). Structure determination on this type of materials is
notably difficult as they typically have large unit cells and locally varying
density of states and chemical reactivity. Publication V presents the first
experiments to give the positions of the carbon atoms in epitaxial graph-
ene on Ir(111). The average structure and graphene-iridium distances on
different areas of the moiré are extracted from the LEED-I(V) analysis
while the AFM experiments with a CO modified tip show that the corru-
gation of the moiré pattern varies. The variations of the moiré are most
likely a result of the various possible adsorption phases present in the
system.

In Publication II, we use STM to map quantum confined states in graph-
ene nanostructures. We show that the spacing of the states matches with
that assumed from linear dispersion. The Fermi velocity in the small
structures also matches the value measured for full coverage of graphene
very well. A simple continuum approach to model the states using the
Klein-Gordon equation is presented and validated by comparing to the
STS maps and TB calculations. There are many theoretical proposal on
the new types of electrical devices that could be constructed if atomically
well-defined graphene nanostructures were available. Top-down lithog-

raphy is currently not sufficiently precise for this purpose and bottom-up
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approaches are being developed. For example, the graphene quantum
dots grown on Ir(111) could form a starting point of this process. How-
ever, methods to passivate and stabilize the graphene zigzag edges need
to be developed along with a way of either decoupling the graphene from
the metallic substrate, or of transferring them onto the desired insulating
substrate.

Another aspect of the work described in Publication 2 is that there are
conflicting reports in the literature on STM spectroscopy experiments on
both this type of graphene nanostructures as well as bulk graphene sam-
ples. This discrepancy is likely to be caused by the differences in the tun-
nelling coupling between the STM tip and the graphene. They highlight
the need to better understand tunneling into two-dimensional structures
as they are becoming ever more prominent within the scientific commu-
nity. So far, tunneling in STM has mainly been considered from the basis
of the LDOS and the overlapping of the tip and sample orbitals, while
restrictions on the momentum of the electron states have been largely
omitted.

In Publications IIT and IV, the self-assembly of metal phthalocyanines
is studied on graphene on different substrates. The self-assembly of the
molecules is shown to depend heavily on the roughness of the graphene
substrate. On silicon oxide the molecules order only very locally while on
graphene on Ir(111) or h-BN, they form extensive islands with a single
orientation. Hence if self-assembled molecular layers were to be used to
alter the graphene band structure the devices would need to be built on
an atomically smooth substrate such as h-BN. It is difficult to assess the
effect of the molecules on the graphene band structure by STS measure-
ments. This will studied in the future by transport measurements, which
should allow determining the doping of the graphene by the molecules as

well as evaluating the possible changes in the graphene band structure.
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Errata

Publication |

Since the publication of this paper, it has became clear that the reactiv-
ity of the tip plays a role on the imaging contrast and hence AFM images
acquired with metal tips cannot be directly interpreted as true surface
topography on this graphene on Ir(111) system. This affects one of the
conclusions of this publication, where the topography of the moiré pat-
tern from the atomic force microscopy images was interpreted as the true
topography. The measurements themselves and the modeling of the effect

of the background forces on the AFM response are correct.
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