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Abstract

This thesis deals with the synthesis of highly ordered organic thin films
and the characterization of the molecule-substrate interaction through
spectroscopy and diffraction. Organic devices, such as organic light
emitting diodes (OLEDs) and organic field effect transistors (OFETs)
have become ubiquitous in modern times. The transistor and high fre-
quency performance of such organic devices crucially depends on charge
carrier mobility. In inorganic semiconductors, which are bonded co-
valently, the band masses are typically lower and their crystallinity
higher in comparison to their organic counterparts. In a simple Drude
model, the charge carrier mobility is inversely proportional to the effec-
tive charge carrier mass. The low effective mass and high crystallinity
of inorganic semiconductors result in large carrier mobilities of up to
1 × 107 cm2/Vs [1] for GaAs at low temperatures. The large effec-
tive mass in van der Waals bonded organic materials and their poorer
molecular order decrease the carrier mobility. This thesis addresses the
limitations of the inherently low mobility and disorder in organic thin
films in a twofold way.
The first is the introduction of a novel synthesis method for graphene
nanoribbons, which are covalently bonded long stripes of graphene.
This new method, developed in this thesis, is based on laser induced
photothermal heating. It allows for the synthesis of atomically precise
graphene nanoribbons with a higher degree of control over the reaction
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than conventional methods and is shown to work in a multitude of dif-
ferent nanoribbon species. The growth takes place in an area that is
solely governed by the spotsize of the incoming laser light (∼ 4µm).
This method has an advantage over present methods through the ex-
act control of the growth kinetics with regards to chemical uniformity
and local area distribution. Additionally, the physical properties and
growth kinetics of photothermally grown graphene nanoribbons are in-
vestigated by means of Raman spectroscopy.
In a second way, the growth of organic moiré structures on a topolog-
ical insulator is studied. We show the growth of C60 thin films on the
topological insulator Bi4Te3 through electron diffraction and observe
a moiré pattern. This indicates very long range order in the form of
a (4 × 4) on (9 × 9) superstructure that is observable on the entire
1 × 1 cm2 sample surface. The growth of the structure is performed
using molecular beam epitaxy (MBE) and chemical vapor deposition
(CVD) in ultra-high vacuum (UHV) conditions and the properties of
the interface are studied using low energy electron diffraction (LEED),
angle resolved photoemission spectroscopy (ARPES) and density func-
tional theory (DFT). We find that a C60 induced surface reconstruction
and the softness of the underlying, layered topological insulator are re-
sponsible for the high order. The theoretical calculations find that the
structure bonds mostly through physisorption and both the theory and
band structure measurements show no perturbation of the electronic
states of the topological insulator by the overlayer.
Finally, we extend the concept of well ordered growth of organic thin
films on topological insulators to superconducting alkali metal doped
C60. These organic films are metallic at room temperature but turn
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into s-wave superconductors at a critical temperature of 28 K. The com-
bination of this relatively high transition temperature in combination
with the well defined growth opens up a new playground for both exper-
imental and theoretical studies. The van der Waals bond nature of the
interface protects the interface from alloying, which can be a problem
for inorganic topological insulator–superconductor interfaces. We show
a novel synthesis route for the growth of well ordered superconducting
alkali metal doped fullerenes on the topological insulator Bi4Te3. The
growth process is studied using LEED and ultra violet photoemission
spectroscopy (UPS) and makes the phase pure synthesis of thin film
Rb3C60 possible, which is crucial to avoid contamination through an
insulating Rb6C60 phase. ARPES spectra confirm the intactness of the
interface by measurements of both the Fermi surface of the topological
insulator as well as the newly formed Rb3C60 metallic film.
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Chapter 1
Introduction

Field-Effect Transistors (FETs) are at the very heart of modern elec-
tronic devices. With increasing demand of high performance electronics,
the number of transistors in a given device needs to gradually increase
while the overall package size should remain constant. This trend, which
is described by the empirical Moore’s law, drove the industry to develop
ever smaller semiconductor processing techniques with modern devices
reaching a count of up to 5 × 1010 FETs per chip.[2, 3]
At the time of writing, TSMC, the worlds largest semiconductor man-
ufacturer, uses a 5 nm processing variant to create the FETs on its
chips.[4] Putting that into perspective with a Si–Si bond length of 2.4 Å
in a silicon single crystal yields a staggering ∼ 20 × 20 atoms per FET.
This means that there is only finite room left for optimization of silicon
chips, since the electronic properties of the bulk start to break down on
these atomic scales due to increased scattering at the edges and possible
tunneling.
Increasing research on alternative semiconductors is the logical con-
sequence where Organic Field-Effect Transistors (OFETs) or Organic
Thin-Film Transisitors (OTFTs) show promising results.[5–8] Here, sil-
icon is replaced by highly conjugated (aromatic) organic molecular thin
films with semiconducting properties such as α–sexithiophene. These
films promise a multitude of advantages over their inorganic counter-
parts such as inherent flexibility, low production cost and solution based
processing.
The quality and usability of a TFT is determined by factors such as the

1



Chapter 1. Introduction

ION/IOFF current ratio, subthreshold slope and carrier mobility.[9–12]
These merits not only depend on the chemical structure of the molecule
but also on the degree of order that a thin film exhibits. A highly
crystalline film is less prone to defect scattering and is therefore most
likely to yield high performance TFTs.[13, 14] This is why recent work
has focused on studying thin film growth, molecule-molecule interaction
as well as molecule-substrate interaction. C60 already inherently pos-
sesses high symmetry and can be condensed into van der Waals crystals
which is what makes it an excellent candidate to study and optimize
the growth of thin films for future use in TFTs.
In recent years, the field of bottom-up grown graphene nanoribbons
(GNRs) has blossomed. With this approach, all GNR properties are
defined by the precursor molecule. These precursors can readily be syn-
thesized through organic chemistry and processed into GNRs by means
of chemical vapour deposition (CVD) or sublimation and polymeriza-
tion in ultra high vacuum (UHV). The shape and termination of the
GNR are solely given by the design of the precursor, which is in stark
contrast to lithographic methods that offer little control over the edge
termination and are limited by the resolution of the optical lithography
process.[15, 16] GNRs are defined by their size and shape in one direc-
tion e.g. 7-armchair graphene nanoribbons (7-AGNRs) are seven atoms
wide and exhibit so called armchair geometry. Regarding the electronic
properties, the electronic states of the short axis are quantized whereas
the states along the long axis are continuous, i.e. they form electronic
energy bands. Since their electronic properties are well defined by their
appearance, they have become a sandbox for theorists and experimental
physicists alike. Tunability of the band gap and general band structure
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paired with an intrinsically high order marks them as perfect candidates
for high performance, next generation TFTs and working devices have
already been constructed.[17–19]
The bottom-up approach overcomes these issues by generating the GNRs
from well defined organic molecules whose chemical properties deter-
mine the direction of growth and the resulting shape of the ribbon. By
clever design and optimization of the growth conditions, the bottom-up
approach can yield a plethora of different GNRs with all of them having
perfect edge termination.[20] This in turn results in very clean and well
defined GNRs with reproducible properties.
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Chapter 2
Theory and Methods

2.1 Two-Dimensional Crystallography

2.1.1 Low Energy Electron Diffraction

Understanding the crystal structure of a material is a critical step prior
to studying other properties, since the symmetry and orientation of
crystals can be taken advantage of to simplify experiments. Addition-
ally, the cleanliness of the surface, termination and orientation of a
crystal surface is an important aspect for growth of ordered thin films.
While X-ray diffraction (XRD) is the most commonly used method for
investigation of the structure of a three-dimensional crystal[23–25], in
surface science low energy electron diffraction (LEED) is the optimal
experimental method to study these properties on a large scale.[26, 27]
This is mainly due to the usage of low energy electrons (∼ 10 − 200 eV)
as an excitation source, which have wavelength in the range of Å and
small mean free path on the order of Å in solids.[21] This results in
extreme surface sensitivity which allows to very accurately determine,
whether there are adsorbates present in a given system, them either
being unwanted contamination or structures which were deposited on
purpose. The descriptions in this section are primarily based on the
excellent review by Jona et al.[21]
Although both use diffraction to gain information of the underlying sys-
tem, there are a few key differences between XRD and LEED besides
the usage of different incident beams. Where in XRD the energy of
the beam is constant and the incident angle is changed, in LEED the
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Chapter 2. Theory and Methods

Figure 2.1: a) Shows the Ewald construction on a two dimensional
pattern with the incident wavevector k⃗ and scattered wavevector k⃗′,
reproduced from [21]. b) Shows a 3D view of the Ewald construction
with diffraction beams protruding the Ewald sphere and resulting LEED
pattern (red dots), taken from [22]. c) Sketch of an experimental LEED
setup.

angle is kept constant and the energy is varied. Second, in LEED the
material must be measured in ultra-high vacuum (UHV), be single crys-
talline and the surface must be atomically flat and clean.
While diffraction in three-dimensional space is described by the Laue
conditions, in LEED only two conditions have to be fulfilled for diffrac-
tion to occur, given by

(k⃗ − k⃗′) · a⃗ = 2πm and (k⃗ − k⃗′) · b⃗ = 2πn . (2.1)

Here, k⃗ and k⃗′ define the incident and scattered reciprocal wavevectors,
a⃗ and b⃗ are the 2D lattice vectors m and n are integer numbers. The
occurrence of diffraction can be visualized with the aid of the Ewald
construction, where the Ewald sphere is spanned by the vector k⃗, as
shown in Fig 2.1 a) and b). Visible LEED spots then exactly exist
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2.1. Two-Dimensional Crystallography

at the points where this three-dimensional sphere is intersected by the
nm diffraction beams, as shown in Fig. 2.1 b). These spots are labeled
in terms of their nm values, which correspond to the integer steps of
the lattice vectors. With increasing energy/wavevector of the incident
beam more spots become visible in LEED, where the sphere intersects
higher order diffraction beams. An important takeaway is, that LEED
provides a direct observation of the reciprocal lattice in real time.
Finally, Fig. 2.1 c) shows a sketch of the experimental setup. The sam-
ple is bombarded with a low-energy electron beam by the electron gun,
which also serves as a beam-stop for the direct, back scattered elec-
trons (00-reflex). The beam is then diffracted onto a fluorescent screen
which emits visible light that can be observed in real time. Depending
on the performance of the system and the composition of the sample,
integration times of a few seconds can be necessary to clearly observe
all LEED spots.

2.1.2 Graphene

Graphene is a simple system that is well suited as an introduction into
LEED explanation and analysis and will therefore be used in the follow-
ing section. Fig. 2.2 a) shows the real space, two-dimensional lattice of
graphene. It crystallizes in a hexagonal honeycomb pattern and consists
of two carbon atoms per unit cell (open and colored circles respectively).
The lattice vectors a⃗ and b⃗ enclose an angle of α = 120 ◦ and span the
two-dimensional unit cell highlighted in red.
With the C–C bond distance a = 1.42 Å, these lattice vectors are de-
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Chapter 2. Theory and Methods

Figure 2.2: Shown are real space structure, Brillouin zone and LEED
pattern. a) Depicts the real space lattice of graphene with the lattice
constants highlighted in dashed red. b) Shows the reciprocal lattice with
the Brillouin zone in gray and reciprocal wavevectors in red. c) Black
points indicate LEED spots with the 1. BZ in gray, e) shows indices of
the LEED spots on the Ewald sphere. d) Experimental LEED pattern
of graphene on SiC, taken from [28].

fined as

a⃗ = a

2
(√

3, 3
)
, b⃗ = a

2
(√

3,−3
)
, |⃗a| = |⃗b| = a

√
3 . (2.2)

and the corresponding vectors a⃗∗ and b⃗∗ in reciprocal space are given
by

a⃗∗ = 2π
3a

(√
3,−1

)
, b⃗∗ = 2π

3a
(√

3, 1
)
, |⃗a∗| = |⃗b∗| = 4π

3a . (2.3)

These reciprocal vectors then define the size of the first Brillouin
Zone (BZ) and enclose an angle of ϕ = 60◦ as shown in Fig. 2.2 b). Note,
that both the real space and reciprocal space lattices posses hexagonal
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2.1. Two-Dimensional Crystallography

symmetry. Here, three high symmetry points are defined with Γ having
the highest, six-fold rotational symmetry, K three-fold and M two-fold.
The lines connecting these points are thus called called high symmetry
directions and their determination is a valuable asset of LEED analy-
sis.
Fig. 2.2 c) shows a LEED pattern (black dots), that is obtained by
diffraction from a hexagonal crystal structure. Each of the black diffrac-
tion spots corresponds to the Γ point of one BZ and their arrangement
is determined by the reciprocal lattice vectors, highlighted in red. By
connecting lines through these points and drawing perpendicular lines
at each midpoint of them, the irreducible BZ can easily be obtained
analogous to the Wigner-Seitz cell in a real space lattice.

2.1.3 Interpretation and Superstructures

As already discussed, LEED provides information on the orientation
and symmetry of a two-dimensional crystal lattice. These properties
can be extracted by simply taking the LEED spots as perfect points
with zero lateral expansion. In reality however, these measured spots
inherit a spherical spatial distribution which also carries information.
In a perfect, pristine sample the spots possess a small diameter that is
only limited by the resolving power of the instrument. The spots can
however be "smeared out" in an even pattern around their origin, which
can point towards the presence of contaminants on the surface. Since
LEED has to be performed in UHV conditions, these contaminants are
likely not to originate from the surrounding vacuum but from still being
attached to a sample from its past exposure to ambient conditions. If
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Chapter 2. Theory and Methods

Figure 2.3: a) Shows the LEED pattern of a hexagonal structure
(Ru(0001)), taken from [29]. b) Shows the LEED moiré pattern of a
hexagonal structure with another hexagonal structure absorbed on top
of it (graphene/Ru(0001)), taken from [29]. c) Shows a simple model of
a moiré pattern (upper) with d) matching k vectors, reproduced from
[30].

possible, the sample must then be cleaned further, usually by means of
Ar+-ion bombardment (sputtering) and heating to elevated tempera-
tures (annealing). If after further cleaning the LEED spots are still not
sharp, it indicates low crystallinity of the underlying sample.
Another indication of low crystallinity is the presence of a ring-shaped
feature that spans between all LEED spots. This is due to the pres-
ence of multiple domains which are rotated against each other, thus
contributing with slightly twisted, weaker LEED spots, resulting in a
circular image appearance.

Increasing complexity of a sample in the form of adsorbing a sec-
ond, foreign and ordered structure onto the pristine material can also
be evaluated using LEED. Here, the interplay between both structures
can be used to understand the orientation and growth behaviour of two
materials. Fig. 2.3 contains two sets of data where the left shows a pris-
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2.1. Two-Dimensional Crystallography

tine structure with hexagonal symmetry and the right a multi-layered
system, where another structure was deposited on the pristine material.
Starting with the pristine LEED (the composition of the material is not
relevant for this discussion) the hexagonal lattice is clearly recognizable
and the LEED spots are sharp, indicating high sample crystallinity and
it being free from contaminants.
On the right hand, the same bright spots can still be seen at the edge
of the screen together with a multitude of additional new spots. The
new spots show very small separation in the LEED image, so their real
space distance is large. However, the layers that was evaporated on top
of the inital one does not exhibit this massive lattice spacing. It is much
rather known as a moiré pattern.[30] This pattern forms whenever two
lattices with different lattice constants overlay each other over very long
distances, as shown in the sketch in Fig. 2.3 c). The appearance of a
moiré pattern thus proves very high order between two lattices on a
global scale and can be described by a new wavevector kmoiré = k1 −k2.
This is what makes LEED a powerful tool for characterization of two-
dimensional crystal structures on a large scale.
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Chapter 2. Theory and Methods

2.2 Photoemission Spectroscopy
In 1887, H. Hertz observed that ultraviolet (UV) radiation interacts
with electrons by measurement of an electric current when a metal
was irradiated.[31] It took until 1905 when A. Einstein described this
phenomenon as the photoelectric effect. The discovery of this effect
and the correct description of the photon lead to him being awarded
the Nobel price in 1921.[32] Since then, advancements in experimental
techniques have made the electronic structure of numerous materials
easily available to scientists and therefore the theoretical basis as well
as experimental details will be described in the following section, which
is mainly based on the review paper [33] by A. Damascelli et al.
The photoelectric effect is described by the relation

Ekin = hν − ϕ− EB , (2.4)

where the kinetic energy Ekin of an emitted electron is defined by the
excitation energy hν, the work function ϕ and its binding energy EB.
This simple description is depicted in Figure 2.4 a). In any crystalline
solid, electrons are bound at various levels with their respective binding
energy EB which increases for electrons closer to the nucleus (core lev-
els). The filling of electrons into levels continues up to the Fermi-Energy
EF after which no electrons are bound anymore. Shining light with en-
ergy hν onto the material can excite electrons with a maximum energy
of hν − ϕ where ϕ is the workfunction (this corresponds to EB = 0 in
Eq. 2.4) i.e. higher excitation energies are necessary to release electrons
with higher binding energy. This in turn means that the energy of the
excited electron is only dependent on the energy of the incoming light,
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2.2. Photoemission Spectroscopy

not its intensity, which is proportional to the number of emitted elec-
trons. This is why a highly intense light source is desirable for high
quality measurements.

(a) (b)

Figure 2.4: a) Shows a schematic of the photoemission process as de-
scribed by the one-step model. EB denotes the binding energy of elec-
trons at various levels, EF the energy of the Fermi level, Evac the en-
ergy at the vacuum level, which is separated from the Fermi level by
the workfunction ϕ and N(E) is the number of electronic states. b)
Shows the universal curve of the inelastic mean free path of electrons
in solids.[34]

13



Chapter 2. Theory and Methods

The probability of photoexcitation is given by Fermi’s golden rule[33]

ω = 2π
ℏ

|Hint|2 δ(Ef − Ei ± hν) (2.5)

with Hint = − e

mc
⟨ψf |A · p|ψi⟩ , p = −iℏ∇ (2.6)

which describes the transition of an electron from an initial state ψi to
a final state ψf based on the electronic momentum operator p and the
electromagnetic vector potential A. Note that this equation is only valid
using the dipole approximation which states that A is constant over
atomic distances in the bulk (this holds for UV radiation). However,
at the interface between bulk and vacuum (surface) this approximation
can break down due to the discontinuity of the dielectric function ϵ [35]
and a more complex description known as the one-step model should be
used, in which one Hamiltonian is used to describe the processes in the
bulk, surface and vacuum. Since this description is rather complex, a
discussion of the photoemission process within in the three-step model
is more convenient. This model separates three independent steps:

i) Optical excitation of an electron in the bulk.

ii) Travel of the electron to the surface.

iii) Transition of the photoelectron from surface into vacuum.

While this model gives a concise mathematical description of the pho-
toemission effect, it is beyond the scope of this short introduction and
the model will rather be used to explain actual photoemission spectra.
In step i) an electron is excited in the bulk which contains all informa-
tion about energy Ekin and momentum k of the electronic structure of
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2.2. Photoemission Spectroscopy

the studied material. So if this particular electron can me measured
by an analyzer it is a direct representation of the exact electronic state
of the electron in the material. In order to be measured, the electron
has to travel through the bulk up to the surface, as given by step ii).
In an ideal, non-interacting material at T = 0 K the electron reaches
the surface unperturbed. In reality however, the interaction of the elec-
tron with other electrons causes incoherent scattering, which leads to a
broadening of the resulting spectral function. Additionally, some of the
photoelectrons never reach the surface as expressed by the the inelastic
mean free path (IMFP), that relates the intensity of the photoelectron
I to the the initial intensity I0 via a Lambert-Beer like expression as

I = I0 · e−x
λ , (2.7)

where λ is the IMFP. The IMFP of an electron in a solid is given by the
universal curve as depicted in Fig. 2.4 b). In the range of 10 – 1000 eV
(which is common for photoemission spectroscopy) the electrons only
travel on the order of ∼ 10 Å until their energy decays, which makes
the method extremely surface sensitive.[34]
Once the electron reaches the surface, it transitions from the surface
into the vacuum, as stated by step iii), and the energy required for this
transition is given by the material specific work function ϕ. Here, the
conservation of momentum is well defined and is described in a later of
this section.
There are three different photoemission spectroscopy methods which
are commonly used for determination of various aspects on the elec-
tronic structure of solids, namely X-Ray Photoemission Spectroscopy
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Chapter 2. Theory and Methods

(XPS), Ultraviolet Photoemission Spectroscopy (UPS) and Angle Re-
solved Photoemission Spectroscopy (ARPES).
As the name implies, XPS uses X-Rays as the photon source, which
are in the energy range of ∼ 1000 eV. These photons can be generated
by common X-Ray cathodes or preferably using synchrotron radiation.
Here, the synchrotron light has the advantage of inherent higher bril-
liance, which is defined as the number of photons emitted per unit
source area over a unit angle of emission per uni energy (photon s−1

mrad−2 mm−2 per 0.1% radiation bandwith).[36] The use of high en-
ergy photons allows for this method to study the electronic structure
of orbitals with high binding energy (core levels). This information is
valuable in examination of the chemical state of a material i.e. which
elements are present and what are their oxidation states.
High energy photons however come with the drawback of a relatively
high energy distribution on the order of ∆E ≈ 700 meV for cathode
based radiation or ∆E = 50 meV with the use of a monochromator.[37]
Even with the use of synchrotron radiation, the energy resolution of
hard X-rays lies in the range of a few tens of meV. While this is not
critical for analysis of core levels it is impossible to study changes of
a few meV close to the Fermi-Level. This is where the usage of UV
light in a UPS experiment makes a significant difference. The most
common light source for a lab based setup is a Helium discharge lamp,
which yields two main lines He I (21.2 eV) and He II (40.8 eV) with a
band width of only ∼ 3 meV[38] that can be further reduced using a
monochromator (at the cost of intensity). Synchrotron based light can
reduce this width even further and the combination with a high resolu-
tion hemispherical analyzer (∆E < 1 meV) enables the study of slight
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2.2. Photoemission Spectroscopy

changes to the electronic structure with high precision.

Figure 2.5: a) Sketch of an ARPES setup, taken from [39]. b) Behaviour
of the electron momentum when crossing the crystal surface. c) Sketch
of the measurement of a parabolic band. d) Equi-energy cut through a
parabolic band at the Fermi level.

Let us take a step back and focus again on the exact process of step
iii) of the photoemission process, where the electrons crosses the surface
while transitioning from the crystal to vacuum. In this process the
momentum component perpendicular to the surface k⊥ is not conserved
but the component parallel to the surface k∥ is, because the k⊥ part
is altered while crossing the surface from the material to vacuum, as
depicted in Fig. 2.5 b). This detail is crucial in order to obtain the
correct energy-momentum relation of a measured photoelectron, which
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Chapter 2. Theory and Methods

is given by

k∥ =
√

2me

ℏ2 Ekin · sin θ = 0.512
√
Ekin · sin θ . (2.8)

The use of a hemispherical analyzer not only allows for resolving elec-
trons in the energy direction but also in the direction of the angle at
which the electrons left the sample. The inclusion of this second data
axis as well as the precise knowledge of the sample orientation with re-
spect to the electron analyzer is known as Angle-Resolved Photoemis-
sion Spectroscopy (ARPES). A sketch of an ARPES setup is depicted
in Fig. 2.5 a). A light source irradiates the sample and photoexcited
electrons leave the surface in all directions. The electron analyzer col-
lects electrons with a defined angular and energy distribution around a
central excitation angle θ (polar angle). Electronic lenses inside the an-
alyzer guide the electrons to a phosphorous film (after being multiplied
by a multi channel plate), which acts as a screen and lights up when hit
by the electrons due to phosphorescence. This signal is then picked up
by a CCD camera and results in detection of a two-dimensional image.
A sketch of such an image is shown in Fig. 2.5 b), here for the case of
a perfect electron gas. The detected image shows the kinetic (binding)
energy on the y-axis and angle (momentum) on the x-axis. The ana-
lyzer also houses a rectangular slit that is large in one direction (on the
range of cm) and very narrow in the other (few µm). This allows for
only picking up electrons with angular distribution in the direction of
the long axis of the slit e.g. the kx direction, while the ky distribution is
so small that it can be described as a single value that corresponds to a
specific sample rotational angle. The sample can then be rotated along
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2.3. Raman Spectroscopy of Carbon Nanostructures

the direction of the small axis of the slit to access different ky values.
The process of taking a lot of E vs kx images along the ky direction
(or vise versa) is called mapping. With the exact knowledge of the
rotation angles it is possible to combine this set of images into a three-
dimensional cube, where the axis describe kx, ky and E. This 3D data
set can then be sliced in any direction to access either the energy dis-
tribution along different high symmetry direction or to produce equi-
energy contours, one of which is depicted in Fig. 2.5 c) for the case of
a slice at the Fermi surface.

2.3 Raman Spectroscopy of Carbon Nanostruc-
tures

Spectroscopy is the general term for studying the interaction of radia-
tion with matter. One of these interactions is the scattering of photons
with phonons, which are the quantized lattice vibrations. Sir Chan-
drasekhara Venkata Raman found that this process can either happen
elastically or inelastically and his research was rewarded with the No-
bel price in 1930.[40] The intensity of the inelastically scattered light
however is a factor ∼ 107 smaller than that of the incident light. While
Raman discovered the effect using focused sunlight, it took until 1960
when the invention of a high intensity light source, namely the laser,
made using this effect easily accessible.[41]
All light is classified as electromagnetic radiation which is most simply
described as sinusoidal waves of both the electric and magnetic field.
While the amplitude of the magnetic part of this radiation is negligi-
ble for most light-matter interactions, the alternating electric field is
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strong enough to induce local, oscillating dipole moments in the elec-
tric fields of molecules. This on the other hand causes vibrations in the
affected molecule if resonance conditions of the light’s frequency and
the molecule’s phonons are fulfilled. Depending on the structure of the
target, these vibrations can have two effects.
If there is already a dipole present, say in a polar C––O bond in Acetone,
then the incoming light can modulate this already existing dipole mo-
ment, is therefore absorbed and transferred to the molecular structure
and falls into the selection rules of Infrared Spectroscopy (IR). This
method uses a polychromatic, infrared light source and monitors the
strength of absorption as a function of the incoming wavelength.[42]
On the other hand, if there is no dipole present in a molecule, for ex-
ample in the diatomic N2, no such absorption can happen. The light
can however induce a deformation of the electron cloud, which creates a
local dipole since the negative electron cloud moves about the positive
cores and is therefore an off-resonant interaction that is induced by the
incoming, oscillating electric field of light with a fixed frequency ν.[42]
The size of the dipole moment P depends on the polarizability α of the
molecule and the magnitude of the incoming electric field E via [43]

P = αE . (2.9)

The magnitude of the electric field of light with frequency ω is given as

E = E0 cos(ωt) (2.10)

and the polarizability can be described as the deformability of an elec-
tron cloud under the effect of an external electric field. In detail, this
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depends on the exact geometry of the molecule and the induced vibra-
tional frequency ωvib and is described as

α = α0 cos(ωvibt) (2.11)

and yields the final description of the polarization as

P = α0E0 cos(ωt) cos(ωvibt) (2.12)

= 1
2α0E0

[
cos

(
(ω + ωvib)t

)
︸ ︷︷ ︸

Anti-Stokes

+ cos
(
(ω − ωvib)t

)
︸ ︷︷ ︸

Stokes

]
(2.13)

= 1
2α0E0 cos

(
(ω ± ωvib)t

)
. (2.14)

This results in emission of light with a different wavelength than the
incoming one which of course is in relation to the affected, oscillating
bond and this inelastic effect is called Raman scattering. Raman spec-
troscopy therefore uses a monochromatic laser light source and detects
emitted frequencies different from the incoming one. It does not re-
quire modes that carry a dipole moment and therefore makes it the
perfect tool for characterization of purely Carbon based structures such
as graphene, graphene nanoribbons or C60.
Fig. 2.6 shows a typical Raman spectrum with the underlying scatterin

processes. The very intense line at ν = 0 cm−1 is caused by Rayleigh
scattering where the incoming light is absorbed and scattered elastically
so that the frequency of the scattered light does not differ from the in-
coming. This process is the most probable in any solid and is therefore
much more intense than any Raman scattering process.
The peaks on the right hand side of the spectrum are caused by Stokes
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Figure 2.6: Shown is an exemplary Raman spectrum with assignment of
different scattering processes. Black line with Lorentzian peaks shows
the Raman spectrum. Horizontal, solid lines show ground states with
different excitation levels, dashed horizontal lines indicate virtual states.
Black arrows show the incoming laser light, red arrows the scattered
light.

scattering in which the incoming photon elevates an electron from some
ground state to a higher, virtual state. The electron then falls back into
a higher excited state and, due to conservation of energy, releases light
with a characteristic frequency that is lower (less energetic) than the
laser light. This means that the position of a Stokes peak (its frequency)
contains the information about a specific vibrational state. The inten-
sity of the respective peak is governed by the intensity of the incoming
light as well as the number of equal scattering sites (bonds).
The third process on the left hand side is called the Anti-Stokes scat-
tering, where an electron from an elevated vibrational state is lifted to
a virtual state and then falls back to a lower vibrational state, there-
fore emitting light with a higher frequency (higher energy) than the
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incoming one. For every Stokes peak, there exists an accompanying
Anti-Stokes one with negative frequency. The ratio between the inten-
sities of the two is described by Boltzmann’s–Law and given as

IAS
IS

= exp
(−Eph
kBT

)
. (2.15)

It follows, that the intensity of the Anti-Stokes peak increases at higher
temperatures since this is where electrons exist in higher vibrational
states already. It is also clear, that it is possible to determine the tem-
perature of a sample by careful analysis of the intensity ratios of the
Stokes and Anti-Stokes lines.

Due to its high symmetry, (pristine) graphene exhibits only a few
observable peaks in Raman scattering and thus makes for an excellent
example for introduction to experimental Raman spectra. Furthermore,
the nomenclature of carbon nanotubes and graphene nanoribbons is
derived from that of graphene, so knowledge of the graphene naming
conventions is critical to understanding that of GNRs. Fig. 2.7 (up-
per) shows the Raman spectrum of a defect-free graphene monolayer
which consists of two major peaks namely G at ∼1580 cm−1 and 2D at
∼2690 cm−1.[45] The G peak (name based on Graphene) corresponds
to a high frequency, in-plane phonon at the Γ point. It is an E2g optical
mode that is Raman active only, as shown in Fig. 2.7 b). Another in-
plane vibration is shown in Fig. 2.7 c) and called breathing mode. This
simultaneous, symmetrical vibration is not Raman active as is and is
only activated through defects in the graphene structure and is aptly
named D peak (based on Defect). The 2D peak in pristine graphene
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Figure 2.7: a) Raman spectra of pristine (upper) and defective (lower)
graphene, taken from [44]. b) Raman active phonon modes in graphene,
adapted from [44].

however is Raman active even without defects, since it is the D over-
tone. This process involves scattering between two K valleys and since
it is a two phonon process, momentum conservation is satisfied even in
the absence of any defects.[44, 46, 47]
Upon introduction of defective sites, more Raman peaks are visible in
a spectrum, namely the D, D’, D+D”, D+D’ and 2D’ peaks, as shown
in Fig. 2.7 a) (lower). These peaks correspond to phonon activated
intra- and intervalley scattering processes.[45–47] By comparison of the
intensities of the D and G peaks (D/G ratio), the quality of a graphene
monolayer can easily be accessed by Raman spectroscopy.
By altering the structure of graphene i.e. rolling it up into carbon
nanotubes or reducing its lateral size into graphene nanoribbons, more
defect-like peaks appear. These peaks for example correspond to a spe-
cific nanoribbon width or edge termination and can therefore be used
as fingerprint modes to access properties of graphene like structures.

The calculated Raman spectra with corresponding lattice vibrations
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Figure 2.8: Calculated Raman spectra of (upper) 7-AGNR and (lower)
14-AGNR, showing the RBLM, D-like and G-like peaks with corre-
sponding lattice vibrations, taken from [17].

of a 7-armchair graphene nanoribbon (7-AGNR, upper) and 14-AGNR
(lower) are shown in Fig. 2.8. The peaks around ∼1570 cm−1 are called
G-like due to their close resemblance to the G peak of graphene. The
same naming scheme holds for the D-like peaks around 1350 cm−1. At
396 cm−1 the radial breathing like mode (RBLM) appears in the case of
7-AGNRs and is directly tied to the width of the nanoribbon. Increas-
ing width leads to a shift of the RBLM towards lower frequencies and
therefore acts as a fingerprint for determination of a graphene nanorib-
bons’ width. The origin of the naming convention of the RBLM lies in
its first appearance in cylindrical carbon nanotubes, where it is tied to
the radius of the tube and was adapted in the case of graphene nanorib-
bons.
Observation of the RBLM mode of specific nanoribbons is however not
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possible with any laser, since it is enhanced by resonance Raman scat-
tering.[43, 48–50] In this process, a photoexcited electron undergoes
electron-phonon interaction and scatters to a virtual state before re-
combining. This is possible if the energy of the exciting (laser-)light is
close to an existing electronic transition and is therefore directly tied to
the electronic band structure of the GNR. In a simple model, the band
gap decreases with increasing GNR width (described in more detail in
Section 3.1) and therefore a laser with appropriate energy must be cho-
sen to enable the resonant Raman process. In the case of 7-AGNRs,
a 532 nm (2.33 eV) is ideal for measurement of all modes including the
RBLM, whereas for a 14-AGNR the RBLM is only visible using a less
energetic 633 nm (1.96 eV) laser.
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3.1 Graphene Nanoribbons

Since the discovery of Graphene by Novoselov and Geim in 2004 [51], the
interest in low-dimensional carbon based systems has risen dramatically.
While graphene itself holds manifold interesting properties, there is a
limited range of modifications that can be done to its electronic struc-
ture. Furthermore, any defects in its structure can drastically change its
electronic properties, which is why related structures were investigated.
Here, carbon nanotubes, which resemble rolled up graphene sheets, lead
towards defect free carbon structures whose quasi-1D structure plays a
role in quantum confinement.[52] This confinement results in discrete
electronic states which heavily depend on the size of the nanotube and
possible modification with heteroatoms.
Another 1D carbon structure comes in the form of Graphene Nanorib-
bons (GNRs), which are quasi-infinite in one direction but have a de-
fined width and shape in the other. This limitation in width also leads
to quantization of electronic states and therefore drastically changes
the electronic structure in comparison to graphene. By precisely tuning
the shape of the edge of a ribbon, manifold electronic systems can be
realized.[20, 53]
Fig. 3.1 depicts nanoribbon systems of different width and edge ter-

mination. The two most simple systems are the Armchair Graphene
Nanoribbons (AGNRs) and the Zigzag Graphene Nanoribbons (ZGNRs),
whose naming schemes originate from their edge terminations. Here,
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Figure 3.1: Tight-binding calculations of the electronic energy bands
for different nanoribbons (upper) and corresponding structures (lower).
The empirical hopping parameter t defines the orbital overlap.

AGNRs resemble the top-down view onto a chair with armrests and
ZGNRs the cutting edge of a knife. The difference in edge termina-
tion has large influence on the electronic structure of the system, where
most AGNRs are semiconductors whose bandgap scales inversely pro-
portional to the width of the ribbon. ZGNRs on the other hand are
metallic or quasi-metallic with a flat band forming at the K point. These
electronic states are located on the zigzag edge of these ribbons and are
predicted to be spin-polarized, rendering them interesting for use in
spintronics. These systems were theoretically investigated by Kane and
Mele [54] with respect to their topological order and possible realization
of the quantum spin hall effect. In the case of AGNRs, their semicon-
ducting nature breaks down for ribbon widths equal to 3n−1[19] where
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n is an integer number, as shown in Fig. 3.1. This shows, that precise
control over the ribbon width and edge termination is crucial to study-
ing and manipulating their electronic structures.
Initially, GNRs were obtained by cutting sheets of graphene into shape
using optical lithography.[55] Here, a large sample area is covered in a
photosensitive solution (photoresist) in any desirable form and shape
and developed using light. The generated, solid mask acts as a pro-
tection for a following etching step, in which anything not covered by
the mask is removed. Afterwards the mask is dissolved again, yield-
ing a clean, patterned carbon structure. This process has already been
heavily optimized by the semiconductor industry and although its high
throughput rate and large sampling area provide an excellent basis for
modification of graphene sheets, the major drawback lies in its inher-
ent ”low” resolution that is governed by the wavelength of the light.
Therefore it is impossible to produce GNRs with consistent size and
edge termination on the atomic scale using this method.

The search for more control lead to the realization of novel methods
(compare Fig. 3.2):

i) Unzipping of carbon nanotubes.

ii) Epitaxial growth from 4 H–SiC substrates.

iii) CVD growth.

iv) Bottom–up fabrication from precursor molecules in UHV.

For the synthesis of GNRs by unzipping of carbon nanotubes, a set
of tubes of fixed dimension is first suspended in concentrated sulfuric
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Figure 3.2: Sketches of different methods of top-down and bottom–up
synthesis routes. Top left is taken from [56], top right taken from [57],
bottom left reproduced from [58], bottom right is own work.

acid. The addition of KMnO4 leads to oxidation of the nanotubes which
starts at a random spot along the tube. It was found that for further
oxidation it is more energetically favourable to occur along a straight
line in the direction of the long axis of the nanotube, which results
in the length-wise unzipping of the nanotube.[56] This yields an oxi-
dized GNR whose size is confined by the width of the original carbon
nanotube. After reduction, the final GNRs can be deposited on any
substrate for further use.
While this solution based method is able to produce a vast amount of
GNRs in a small period of time, the lacking spatial order of the pro-
duced GNRs makes it hard to use this approach for consistent device
fabrication. Additionally, the minimum GNR width achievable with
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this method is limited by the smallest size of carbon nanotube available
and the control over the edge state is not trivial.
A different approach lies in the epitaxial growth of GNRs from 4 H–SiC
substrates. Here, SiC serves both as a carbon source as well as a tem-
plate structure for the ordered growth of nanoribbons. The surface of
silicon carbide readily produces step-like, slanted terraces at an angle
of ∼ 25◦, whose formation is understood as minimization of surface free
energy and ultimately originates from its crystal structure.[57] This be-
haviour can be exploited by first etching a 90◦ step into the surface of the
crystal with a specific depth, which is done with nanometer precision us-
ing lithographic preparation of nickel lines with following fluorine etch-
ing. Through careful annealing at elevated temperatures (∼ 1300 ◦C)
the cuts relax into slanted "nano-facets" whose length depend on the
depth of the prior etching step. By further controlled increase of the
temperature, carbon is released from the crystal and forms nanoribbons
selectively along the more reactive facets of the substrate.
A major advantage of this technique is the ability to produce (slanted)
circuits on an SiC substrate through the lithographic process and there-
fore design a device structure for the nanoribbons to grow in.[57] How-
ever, the control over the width of the ribbon is still limited by a litho-
graphic process and the precise control over edge states is not trivial.
Today, the most precise way of synthesizing GNRs is based on bottom–

up synthesis in UHV, followed by CVD growth in a furnace. Both meth-
ods are based on the same principle, in which the design of a molecular
precursor dictates the outcome of the final GNR. Fig. 3.3 shows the
reaction mechanism of the bottom–up process and will be discussed
here on the example of 10,10’-dibromo-9,9’-bianthracene (DBBA) to 7-
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Figure 3.3: Reaction mechanism from precursor to 7-AGNR (upper),
6-ZGNR (middle) and Chevron GNR (lower).

armchair graphene nanoribbon (7-AGNR) conversion. The precursor
is first deposited onto a gold substrate either in UHV or my means
of chemical vapor transport.[53] Both single crystal bulk Au(111) and
aligned Au(788) crystals or thin films of well ordered Au on MICA
(muscovite, KAl2(AlSi3O10)(F, OH)2) can serve as this substrate, where
highly crystalline samples yield highest quality GNRs. After deposition,
the precursor, through heating, reacts in an Ullmann-type fashion along
the halogen sites, where Au acts as a catalyst.[59, 60] This forms a long,
non-planar polymer which can still freely rotate around the linkage C–C
bond. Further well controlled heating promotes cyclodehydrogenation,
which results in the formation of new bonds thus forming the final, pla-
nar GNR.
The quality of the resulting ribbon is mainly determined by the purity of
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the precursor molecule and the growth conditions. High quality precur-
sors can be synthesized through organic chemistry and purified following
standard techniques with some of the most common ones (like DBBA)
even being commercially available.[61] Cleanliness during growth is ulti-
mately high under UHV conditions, which is why highest quality GNRs
can be grown under such albeit at high costs in experimental setup.
CVD on the other hand has the advantage of a less complex and costly
setup, which allows much higher throughput. Another major factor is
optimization of the growth in terms of reaction temperatures. While
these lie in the same range from 200 ◦C to 400 ◦C for most ribbons,
the exact and best temperatures vary between molecules. Some GNRs,
especially those incorporating heteroatoms such as boron or nitrogen
are volatile and can break down under exposure to high temperatures.
Other GNRs, such as the 7-AGNRs, can be fused into wider ribbons,
with n times its size, i.e. 14-AGNRs and 21-AGNRs through further
cyclodehydrogenation.[17] Precise and quick control over the reaction
temperature is key to obtaining pristine products.
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3.2 Buckminsterfullerene C60

C60 is a member of the fullerene family of carbon materials whose mem-
bers form large structures only based on carbon that is connected by
single and double bonds. These unsaturated carbon structures were
long thought to not be stable until the discovery of C60 by R. Smal-
ley et al. in 1985 [62], which then paved the way for structures such as
graphene, carbon nanotubes and graphene nanoribbons. The molecules’
structure comes in the form of a truncated icosahedron, consisting of
pentagons and hexagons, which is commonly known as the geometry of
a standard soccer ball. It was aptly named as the Buckminsterfullerene
(Buckyball) after the architect Buckminster Fuller, whose works resem-
ble that particular icosahedral shape and the scientists were awarded
the Nobel price in chemistry in 1996. Ever since, C60 has sparked major
interest in all fields of natural sciences. In biology, it was used for en-
capsulation of small molecules[63, 64] and as an antioxidant agent.[65,
66] In chemistry, manifold functionalization and incorporation of het-
eroatoms[67, 68] was explored whereas in physics, the interesting optical
and electronic properties[69] were explored, the latter of which will be
covered in the following part of this thesis.
Whereas the atomic structure of the C60 molecule is made up of 12
pentagons and 20 hexagons, its atomic structure is governed by single
and double π-bonds. One would assume that this large arrangement
of π-bonds would form a large, "superaromatic" structure, but it was
found that the double bonds do not form across the pentagon sites.
This results in low electron delocalization that can in part explain its
optical absorption properties and which makes it a good electron accep-
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tor. Cyclic voltammetry studies found that C60 can easily be ionized
and will accept as much as six electrons per molecule.[70] This fact can
easily be understood by investigating the Hückel molecular orbitals as
shown in Fig. 3.4. The 60 π-bonds that are available in C60 completely

(a) (b)

Figure 3.4: a) Hückel Molecular Orbital scheme of C60, adapted from
[71]. b) Crystal structure of C60.

fill up the 30 lowest lying orbitals with the highest occupied molecu-
lar orbital (HOMO) being the Hu. The three fold degenerate T1u is
the lowest lying unoccupied molecular orbital (LUMO) and can there-
fore accept up to six electrons.[71] In its pristine, undoped state C60

is a semiconductor with an optical (direct) bandgap of 1.6 eV and an
electronic (indirect) bandgap of 2.3 eV.[69] Filling the LUMO with three
electrons then creates a half-filled state, which converts the C60

3– into a
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metallic state and further doping results in an insulating C60
6– phase.

In order to study electronic bands, the molecules must of course be
condensed into crystals or ordered thin films. In bulk, the molecule
crystallizes in a face-centered cubic (fcc) structure at room tempera-
ture, as shown in Fig. 3.4. Due to the large van der Waals diameter of
1.1 nm of a single buckyball [72], the lattice constant of the fcc crystal
comes in at a = 14.12 Å.[62] This large spacing is sufficient for smaller
molecules or atoms to intercalate between the buckyballs, making it an
ideal structure for ordered assembly of co-atoms.
In the case of thin films, C60 is known to form hexagonal pattern.[73,
74] These pattern correspond to the C60(111) direction of the bulk crys-
tal and are described by a vector with length |⃗b| =

√
2a
2 = 9.98 Å. The

growth of C60 thin films has been studied on a wide range of metals and
semiconductors such as Au(111)[75], Cd(0001)[76] and hBN/Rh(110)[77]
and optimization of growth in different systems is key to obtaining
higher performance devices. Depending on the specific material, C60

usually binds via physisorption and is found to exhibit interesting su-
perstructures and moiré pattern all of which prove high symmetry and
ordered growth. This high degree of order can on the one hand im-
prove performance of the thin film as a transistor and on the other
hand provide a highly ordered, semiconducting template for assembly
of more complex structures. Here, the functionalization of C60 with or-
ganic groups or the incorporation of metallic atoms creates a new, well
ordered system for further studies.
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3.3 Organic Superconductor Rb3C60

(a) (b)

Figure 3.5: a) Hückel Molecular Orbital scheme of A3C60. b) Crystal
structure of A3C60.

One C60 derived system is AxC60, where A is an alkali metal (K, Rb or
Cs) and x is an integer number from 1 to 6.[78] As discussed above, C60

acts as a good electron acceptor and takes up to six electrons where ev-
ery alkali atom each donates a single electron. Thus, a A3C60 system is
metallic since the T1u MO is half filled, acting as the new valence band
as shown in Fig. 3.5 a). Further doping results in a fully saturated
A6C60 phase with the T1u fully filled, yielding an insulating system.
Species with alkali metal numbers different from 3 and 6 are mostly
unstable at room temperature and ambient pressure. Due to the large
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size of (and inherent large space between) the C60 molecules, the alkali
atoms are given enough volume to intercalate between the molecules of
the crystal, keeping the same overall fcc shape (up to A3C60), shown in
Fig. 3.5. Intercalation of alkali metals only leads to a slight increase of
the lattice constant which increases based on the radius of the dopant
atom, ranging from 14.24 Å in K3C60 over 14.42 Å in Rb3C60 to 14.80 Å
in Cs3C60.[78, 79] This slight change in lattice spacing however has a
dramatic effect on the electronic structure of the system.
Both K3C60 and Rb3C60 are metallic at room temperature and become
superconducting at exceptionally high (high for a molecular system)
temperatures Tc of 18 K and 28 K respectively. The trend of increas-
ing Tc with increased lattice spacing however vanishes at the point of
Cs3C60, which is not superconducting at ambient pressures.[78] Upon
exposure to high pressures (reduction of lattice spacing) however, it be-
comes the highest temperature superconductor of the family at 38 K.[80]
The need for elevated pressures renders the Cs compound obsolete for
use in TFTs, but the K and Rb species attracted high interest due to
their critical transition temperature. Both species have been success-
fully synthesized as thin films in metallic Au(111) and Ag(111) crystals
by deposition of C60 and alkali metal doping, but neither have been
realized on a (topological) insulator. Furthermore, only a few studies
[81, 82] exist on the dependence of superconducting temperature as a
function of layer thickness e.g. if monolayer films are actually super-
conducting and at which layer thickness it breaks down. Additionally,
control over the precise stochiometry of the AxC60 films is crucial, since
slight under- or overdoping can result in the occurrence of (partial)
A1C60 and A4C60, A6C60 phases, neither of which are metallic and su-
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perconducting. These open questions establish A3C60 thin films as an
attractive field of study.
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4.1 Photothermal bottom-up graphene nanorib-
bon growth kinetics

Yannic Falke, Boris V. Senkovskiy, Niels Ehlen, Lena Wysocki,
Tomas Marangoni, Rebecca A. Durr, Alexander I. Chernov, Felix
R. Fischer, and Alexander Grüneis
Photothermal Bottom-up Graphene Nanoribbon Growth Kinetics
Nano Lett. 2020, 20, 7, 4761–4767
Reprinted with permission from ref. [83] © 2021 ACS.
Doi: https://doi.org/10.1021/acs.nanolett.0c00317

Bottom–up fabrication has evolved to become the preferred method for
production of high quality graphene nanoribbons (GNRs). This method
has to be adapted and tweaked for every new set of precursor molecule
since the exact reaction kinetics for every GNR are different. To provide
insight into the growth kinetics of any GNR, a novel method for time
resolved study of GNR growth was developed based on laser induced
heating and Raman spectroscopy measurements.
While common laboratory based lasers with power in the 100 mW range
(on a sample) can substantially heat up a thin object, the bulk crystals
which are commonly used in GNR synthesis dissipate the produced heat
too quickly for the laser to heat it up substantially. Therefore, ultra-thin
films of Au/MICA were prepared by means of sputtering and annealing
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in ultra-high vacuum (UHV). The laser induced heating was determined
for both the bulk Au crystals and the newly prepared Au/MICA thin
film through measurements of the Stokes and Anti-Stokes lines of ex-
isting GNRs using Raman spectroscopy. Additionally, the temperature
dependent shift of the G-like mode of 7-AGNR was determined in a
temperature range of ∆T = 350 K.
The growth kinetics of 7-AGNRs from precursor over the oligomer to
the final nanoribbon with fusion to 14-AGNRs were studied using the
novel method developed in this work. Here, short pulses of high in-
tensity laser light were induced to thermally drive the reaction. The
Raman response was traced after every heating step and evaluated as
a function of heating time and heating power. This allowed for the
extraction of temperature dependent reaction constants from precursor
to GNR and 7-AGNR to fused 14-AGNR. The validity of this approach
was further undermined by surface enhanced Raman scattering (SERS)
which allowed for picking up the signal of precursor molecules, usually
not visible in common Raman experiments. By using different, resonant
lasers the fusion of the nanoribbons was proven.
This novel method was applied to further ribbons (chevron-type GNR
and 13-AGNR) to prove its viability in different systems. Here, the ex-
tracted reaction constants vastly differed from the ones of the 7-AGNR
system and were discussed in the context of substrate-molecule interac-
tion.
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ABSTRACT: We present laser-induced photothermal synthesis of atomically
precise graphene nanoribbons (GNRs). The kinetics of photothermal bottom-up
GNR growth are unravelled by in situ Raman spectroscopy carried out in ultrahigh
vacuum. We photothermally drive the reaction steps by short periods of laser
irradiation and subsequently analyze the Raman spectra of the reactants in the
irradiated area. Growth kinetics of chevron GNRs (CGNRs) and seven atoms wide
armchair GNRs (7-AGNRs) is investigated. The reaction rate constants for
polymerization, cyclodehydrogenation, and interribbon fusion are experimentally
determined. We find that the limiting rate constants for CGNR growth are several
hundred times smaller than for 7-AGNR growth and that interribbon fusion is an important elementary reaction occurring during 7-
AGNR growth. Our work highlights that photothermal synthesis and in situ Raman spectroscopy are a powerful tandem for the
investigation of on-surface reactions.

KEYWORDS: graphene nanoribbons, photothermal, synthesis, Raman spectroscopy

■ INTRODUCTION

The precise control of all steps of an on-surface chemical
reaction is at the heart of chemical nanotechnology.1 For
example, all steps of the Ullmann-type reaction on a Cu surface
have been induced and investigated by scanning tunneling
microscopy (STM).2 The necessary steps (dehalogenation of
C6H5I, surface diffusion, and radical addition of two C6H5

•)
are induced by applying a voltage pulse to the STM tip and
moving reactants on the surface.2 Inspired by the on-surface
reaction that fuses two molecules, supramolecular on-surface
assembly has been developed.3 One important class of
precursor molecules can assemble into graphene nanoribbons
(GNRs) with different width and edge termination.4−6 The
reaction steps of GNR synthesis consist of the dehalogenation
of the precursor, radical diffusion across the surface, polymer-
ization into a polymer chain, and finally cyclodehydrogenation.
The precursor monomer of the seven atoms wide armchair
GNR (7-AGNR) is the 10,10-dibromo-9,9-bianthracene
(DBBA) molecule.4 On the Au(111) substrate, the polymer-
ization of DBBA occurs at ∼470 K and the cyclodehydroge-
nation of the resulting polymer chain occurs at ∼670 K.4 It has
been shown by STM that interribbon dehydrogenation (lateral
fusion) of 7-AGNRs that are in proximity can occur.7 Lateral
fusion results in the formation of 14 carbon atoms wide
segments (14-AGNRs) and, to a smaller extent, the formation
of 21-AGNRs and so on.7 Lateral fusion occurs on Au(111) at
∼770 K (see ref 7) but its rate constant is unknown. GNR
growth has also been studied by X-ray photoelectron and X-ray
absorption spectroscopies.8 However, GNR growth kinetics
has not yet been studied by time-dependent spectroscopy
which is related to the difficulty in obtaining a reactant signal

within a short integration time if the measurements are taken
“live” during the reaction. If one were able to turn on and turn
off the GNR growth anytime, a sufficient time could be taken
to integrate the reactants’ signal before proceeding with the
reaction. Turning the reaction instantaneously on and off does
not work if the reaction is driven conventionally by heating the
substrate. There is a time delay when the temperature is
changed because of the heat capacities of the substrate and the
sample holder. Overcoming these limitations could lead to
improved understanding of the reaction kinetics but requires
the development of a new experimental technique.
Here, we photothermally drive bottom-up GNR growth

inside an ultrahigh vacuum (UHV) chamber. To that end, we
employ a laser beam that is focused onto a surface of a thin
single crystalline Au(111) film on mica with precursor
molecules deposited on top of Au(111). The experiments
shown in this work constitute the first demonstration of
photothermal control of an on-surface bottom-up reaction. A
major result of our work is the determination of the reaction
constants for the GNR growth and lateral fusion.7,9 Photo-
thermal growth is used for synthesis of 7-AGNRs, 13-AGNRs,
and chevron type GNRs (CGNRs) and elegantly combines a
high degree of control with simplicity and large reaction
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volume. In the photothermal effect, heat is generated as a
consequence of an optical de-excitation into phonons. By
applying the laser-induced photothermal reaction inside a
UHV Raman system, we identify the reaction product, its
abundance, and the quality of the product via the position,
intensity, and width of the Raman modes, respectively. GNRs
have fingerprint Raman modes which allow easy identification.
For example, the radial-breathing like mode (RBLM) has a
distinct frequency defined by the GNR width.10,11

■ RESULTS AND DISCUSSION
Photothermal Nanoribbon Synthesis. Photothermal

synthesis and characterization of the reaction products by
Raman spectroscopy are performed in situ in a home-built
UHV Raman system.12−14 This UHV Raman system was
already employed to investigate hydrogenated 7-AGNRs15 and
boron-doped GNRs.16 Our starting substrate is a clean, ∼200
nm thick Au(111) film on mica whose surface is prepared by
sputtering and annealing.17 After the surface quality is
confirmed by low-energy electron diffraction, one monolayer
of precursor molecules is evaporated onto the surface from a
Knudsen cell.
Local heating of the surface is achieved using a laser beam (λ

= 532 nm, P = 130 mW, spotsize ∼4 μm). If the Au film is
sufficiently thin, the laser beam causes instantaneous heating
which is needed for GNR synthesis. The heating drives the
chemical reactions leading to GNR growth and lateral fusion.
The procedure is shown schematically in Figure 1a for the
DBBA precursor. Cyclodehydrogenation and lateral fusion
reactions are shown but the reaction steps that occur prior to
these two reactions (dehalogenation, DBBA diffusion, and the

formation of polymer chains) are also induced photothermally.
Steps 1−4 in Figure 1a denote photothermal 7-AGNR
synthesis with a high laser power (step 1), the Raman
measurement with a lower laser power (step 2), the lateral
fusion of 7-AGNRs by another exposure to the high-power
laser (step 3), and the Raman spectroscopy of 14-AGNRs
using a different laser energy and again a small laser power
(step 4). Apart from substrate heating, laser irradiation could
lead to (1) photochemical reactions, (2) molecule diffusion
out of the laser spot, and (3) electronic substrate excitations.
We discuss (1−3) in the Supporting Information (SI) and
conclude that their effects are negligible. Let us now proceed to
the determination of the GNR temperature in the laser spot.
Our strategy is as follows: we first establish the linear relation
between GNR phonon frequency and temperature by
performing temperature-dependent Raman measurements
using conventional heating and cooling. We then apply this
relation to the phonon frequency shifts observed for GNRs
heated by the laser to determine the temperature inside the
laser spot. Figure 1b shows a series of G-like Raman spectra of
7-AGNRs on a bulk Au(111) crystal between T = 90 K and T
= 420 K. The temperature was measured by a thermocouple
placed in direct contact under the Au(111) crystal. Upon
increasing temperature, the G-like peak position moves toward
lower frequencies. The measured G-like band frequency ω
depends linearly on temperature T as is shown in the inset to
Figure 1b. Fitting the slope of ω versus T via Δω = ΔTχ, we
obtain the temperature coefficient of the G-like band χ =
−0.032(2) cm−1/K which is in good agreement to the reported
literature value of χ = −0.030 cm−1/K (see ref 18). Using ω
versus T, we estimate the T of 7-AGNRs inside the laser spot

Figure 1. (a) Sketch of the formation and fusion of 7-AGNRs to 14-AGNRs using laser-induced photothermal synthesis. The hydrogen atoms are
omitted for clarity, and the spot size of the laser is not to scale. Steps 1−4 indicate driving of the reaction by a high laser power and the investigation
of the reaction products using a small laser power. Steps 1−4 are performed consecutively one after another on the same spot on the sample. (b)
The temperature-dependent Raman G-like band spectra of 7-AGNRs on a Au(111) bulk crystal along with a fit (solid line) between 90−420 K.
The colors blue (red) indicate low (high) temperatures. The sample temperature was controlled by lN2 cooling and conventional heating and
measured by a thermocouple. Inset: the G-like band peak position as a function of temperature along with a linear fit of the slope χ. (c) UHV-
Raman spectra of the G-like band of 7-AGNRs synthesized on Au(111)/mica and on a bulk Au(111) crystal under application of a λ = 532 nm
laser with P = 130 mW. The spectrum in black is the reference spectrum (P = 1.3 mW). (d) Temperature change ΔT of the 200 nm Au(111)/mica
and the bulk Au(111) substrates w.r.t. room temperature versus laser irradiation time.
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for a thin Au(111) film grown on mica and bulk Au(111). The
laser power hitting the sample was set to 130 mW. A series of
Raman spectra in the region of the G-like band of 7-AGNRs on
both substrates is shown in Figure 1c. For a thin film of
Au(111)/mica, we observe a rapid downshift of the phonon
frequency of the G-like band of 7-AGNRs by Δω = 10 cm−1

after exposure to the laser beam. The Raman spectrum of the
G-like band recorded at 1.3 mW laser power (black curves in
Figures 1c) for which we have negligible substrate heating
serves as a reference spectrum. To cross-check our conclusions,
we perform an identical experiment on 7-AGNRs synthesized
on bulk Au(111) (Figure 1c) and find that the G-like band
position is not affected by the laser intensity. We conclude that
the Au(111)/mica film can be heated by the laser while the
heat conductivity of the bulk Au(111) is too high to result in a
temperature increase upon laser irradiation. Upon laser
irradiation, the GNR temperature on Au(111)/mica rises
instantaneously from room temperature (T = 295 K) by ΔT =
313 K, and then increases by another 60 K over the next 20 s
yielding a final absolute T = 668 ± 25 K. We estimated the
uncertainty in T based on the uncertainties in Δω and χ (0.5
cm−1 and 0.002 cm−1/K, respectively). The obtained temper-
atures are sufficient to induce all steps of GNR synthesis.4

Using the laser to heat the sample results in a higher
temperature gradient versus time compared to the use of a
conventional heater (e.g. a filament). In the latter case, the
large heat capacity of the single crystal substrate and sample
holder takes more time to reach thermal equilibrium. Since the

chemical reaction proceeds during the time to reach
equilibrium, the reaction conditions are ill-defined. In the
case of laser heating a small spot on the sample surface, there
are no delays because of the negligible heat capacity of the
volume heated by the laser spot. Therefore, the reaction can be
turned on and off without a time lag.

Photothermal Synthesis of 7-AGNRs and Lateral
Fusion to 14-AGNRs. We employ the precise on/off control
of the substrate heating to study the 7-AGNRs growth kinetics.
Precursor molecules on Au(111)/mica are exposed to a 130
mW laser beam for a defined time of laser annealing which is
followed by Raman spectroscopy using a smaller laser power
(see SI for optical absorption of Au and precursors). Figure 2a
depicts Raman spectra collected after laser annealing (see SI
for full set of time-dependent Raman spectra and comparison
of photothermally and conventionally synthesized 7-AGNRs).
The comparison of Raman spectra of photothermally and
conventionally synthesized 7-AGNRs is shown in the SI. We
conclude that the sample qualities are comparable based on
Raman peak widths that are proportional to defect
concentration.19,20 At t = 0, there is only the flat background
line in all Raman spectra in the investigated spectral range
because the Raman response of DBBA in these conditions is
too weak. Upon illumination by a 130 mW laser, a Raman
signal appears after Δt = 1 s of irradiation indicating the
conversion of DBBA to resonant 7-AGNRs. From the
individual scans in Figure 2a, we observe that the Raman
intensity saturates already after Δt = 5 s of irradiation. This

Figure 2. (a) Time-dependent UHV-Raman spectra of the RBLM, D-like and G-like modes during the 7-AGNR synthesis. Photothermal synthesis
was performed using a laser (λ = 532 nm, P = 130 mW). (b) Time-dependent RBLM intensity (extracted by fitting Lorentzian functions) and two
exponential fits to the data (red). The reaction rate constants for 7-AGNR growth and the conversion to 14-AGNRs are k1 and k2 (see text) and the
value of k2/k1 obtained from the fit to the experimental data is indicated. Changing the laser power (100%, 90%, and 85% of P = 130 mW) results
in different reaction rates. The inset is a zoom-in to the 100% curve and depicts the time-dependent RBLM intensity for short irradiation times. (c)
DBBA precursor Raman spectrum (black) measured by surface-enhanced Raman spectroscopy (SERS) using a rough Au(111)/mica substrate, and
7-AGNR Raman modes (red) after 1 s of photothermal synthesis (130 mW laser). (d) Topography and surface roughness analysis by atomic force
microscopy (AFM) of the Au(111)/mica used for SERS. The left and right panels depict AFM before and after sputtering, respectively. The lower
panel shows cuts along the black lines indicated in the AFM topographs. The values of Sz and Sq (see text) before and after sputtering are indicated.
(e) Raman spectra of 7-AGNRs during fusion to 14-AGNRs as a function of heating time. Raman spectra are obtained using λ = 633 nm excitation.
The RBLM modes of 7-AGNRs and 14-AGNRs are indicated.
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observation can be explained by two mechanisms. One is the
lateral fusion of 7-AGNRs to 14-AGNRs and wider AGNRs.
The existence of 14-AGNRs will be deduced later from the
observation of a new RBLM mode. The second mechanism
relates to the different Raman cross sections of 7-AGNRs and
14-AGNRs, for example, the RBLM intensity of 14-AGNRs
cannot be observed by 532 nm excitation (see ref 7 and the
SI). Figure 2b shows the time-dependent Raman intensity of
the 7-AGNR RBLM mode for laser irradiation by three
different powers (100%, 90%, and 85% of 130 mW). For all
three laser powers, the characteristic rise and fall of the RBLM
intensity can be observed. For a higher laser power, the rise
and fall of the Raman intensity proceed faster. The data in
Figure 2b have been obtained using automated laser power
control for synthesis and Raman measurements. We have used
Δt = 15 s irradiation time for all data points at t > 20 s and a
shorter irradiation time for data points t < 20 s (see inset to
Figure 2b).
In the kinetic model for the GNR growth, we consider three

consecutive elementary reactions. One is the formation of
polymer chains from precursor molecules described by the
reaction rate constant k0 that effectively models dehalogena-
tion, monomer diffusion, and the covalent bonding of
monomers to a polymer chain. The next step is the conversion
of polymer chains to 7-AGNRs which is described by k1.
Finally, we describe the lateral fusion of 7-AGNRs to 14-
AGNRs by k2. The inset of Figure 2b shows that, for short laser
irradiation times, the 7-AGNR concentration is linearly rising
in time. Thus, the growth is limited by either k0 or by k1. If the
values of the rate constants k0 and k1 were close to each other,
the time-dependent growth kinetics would be sigmoidal in
shape.21 To understand which of k0 and k1 is the limiting rate,
we consider the reported temperatures4 needed for polymer-
ization (∼470 K) and cyclodehydrogenation (∼670 K). Thus,
polymerization is effective already at lower temperatures. If we
photothermally drive the reaction, we almost instantaneously
reach 670 K. Since the rate constants depend exponentially on
temperature, we believe that the reaction steps leading to the
formation of a polymer chain proceed faster than the
cyclodehydrogenation, that is k0 ≫ k1. We therefore consider
only the rate limiting k1 to describe the reaction kinetics. We
will show later that this is not the case for the precursor
molecule that is used to synthesize CGNRs where the values of
k0 and k1 are close to each other and both reactions must be
considered. This results in a sigmoidal shape of the time-
dependent GNR Raman intensity.

The Raman intensity of the 7-AGNR RBLM mode is
proportional to the 7-AGNR abundance which is given by the
amount of polymer chains converted to 7-AGNRs (rate
constant k1) minus the 7-AGNRs converted to 14-AGNRs
(rate constant k2). Figure 2b reveals that k1 ≫ k2 which allows
for treating the rise and the fall separately. The rise and fall of
the Raman intensity I(t) are proportional to 7-AGNR
abundance and can be modeled by first order kinetics21 as I
∝ 1 − exp(−k1t) and I ∝ exp(−k2t), respectively. The fits of
the curve in Figure 2b, which are taken with 100% laser power,
yield k1 = (9.0 ± 0.04) × 10−1 s−1 and k2 = (2.07 ± 0.04) ×
10−3 s−1. That is, the total conversion from 7-AGNRs to wider
GNRs is proceeding k2/k1 = 450 ± 18 times slower than the
synthesis of 7-AGNRs. This large difference in reaction rate
constants implies that it is possible to perform synthesis of a 7-
AGNR film with a certain concentration of fused GNRs by
choice of the laser irradiation time. Laser-based photothermal
synthesis with precise in situ control by UHV Raman thus
allows for improved control of the chemical reactions
compared to conventional heating of the substrate.7

To corroborate the fast conversion of DBBA into 7-AGNRs,
we perform laser heating of DBBA on a rough Au(111)/mica
substrate which is prepared using Ar+ ion bombardment (1.1
keV, 100 min, incidence angle: 30° w.r.t. the surface normal).
The increased surface roughness makes it possible to perform
surface-enhanced Raman spectroscopy (SERS).22 The Raman
signal of DBBA on rough Au(111)/mica confirms the presence
and the conversion of DBBA upon laser heating (see Figure
2c). Already at t = 1 s, the precursor-related Raman modes
vanish and the 7-AGNR Raman spectrum appears. This is
consistent with the fast reaction rate constant obtained from
the observation of Raman modes of 7-AGNRs. Figure 2d
depicts an analysis of the surface topographies of the pristine
and rough Au(111)/mica by atomic force microscopy (AFM).
The surface roughness is characterized by Sz = 51 nm and Sq =
6.8 nm defined as the maximum height difference and the
standard deviation of heights, respectively. These values are
comparable to literature23 and also induce SERS in rhodamine-
6G standard probe molecules (SI).
The 14-AGNR RBLM peak was observed using λ = 633 nm

excitation but could not be observed by the λ = 532 nm
excitation. Photothermal synthesis by the 532 nm laser and
Raman measurements with the 633 nm laser requires a change
of the laser energy. To ensure that the same spot is measured
with both lasers, we scanned the laser spot (130 mW, 532 nm)
across 20 × 20 μm2 area to convert this region to 14-AGNRs.
Then we changed to λ = 633 nm and focused inside the square.

Figure 3. (a) Raman spectrum (λ = 532 nm) of photothermally synthesized (P = 130 mW, 2500 s) chevron-type GNRs (CGNRs) on Au(111)/
mica. (b) Time-dependent G-like band Raman intensity of CGNRs as a function of laser irradiation time (P = 130 mW). The raw Raman data is
shown in the SI. The red line denotes a fit of the reaction rate constants (see text) assuming a two-step reaction model. (c) Raman spectrum (λ =
532 nm) of photothermally synthesized 13-AGNRs on Au(111)/mica, (*) is due to O2 present in the laser path.
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Figure 2e depicts the Raman spectra obtained at different times
during the fusion. At t = 0, there is one peak in the RBLM
spectrum at 400 cm−1 which corresponds to 7-AGNRs. At t >
0, we start to observe another peak at about 200 cm−1 which
we assign to the 14-AGNR RBLM mode. This observation
corroborates that 7-AGNRs are indeed partially converted to
14-AGNRs and explains the loss of 7-AGNR Raman intensity
reported in Figure 2b.
Photothermal Synthesis of Chevron Type GNRs and

13-AGNRs. We investigate photothermal synthesis of chevron
GNRs (CGNRS) (see, e.g., refs 4 and 24−29) and 13-AGNRs
(see, e.g., refs 30 and 31). The CGNRs use 6,11-dibromo-
1,2,3,4-tetraphenyltriphenylene as precursors and Figure 3a
shows the Raman spectrum of CGNRs synthesized on
Au(111)/mica by laser heating. Sharp Raman modes confirm
the high structural quality of the material. The time-dependent
Raman intensity is plotted in Figure 3b. The laser irradiation
time Δt before each measurement was chosen Δt = 20 s. Raw
data Raman scans at different irradiation times are shown in
the SI. The time-dependent Raman signal in Figure 3b reveals
strong differences from the kinetics observed for 7-AGNRs.
The Raman intensity versus time has a sigmoidal shape, that is,
close to t = 0 the Raman signal does not rise linearly as we have
observed in the 7-AGNR case but quadratically in time. We
attribute this to the fact that, in the case of CGNRs, the growth
is limited by both the formation of polymer chains (k0) and the
cyclodehydrogenation of polymer chains (k1). This results in
relatively longer synthesis times to reach a saturation of the
CGNR Raman intensity (at t = 2500 s) which is a factor ∼300
longer than observed for 7-AGNRs. In the case of 7-AGNRs,
the Raman intensity is saturated already at t = 10 s. We do not
observe evidence for lateral fusion of CGNRs, that is, k2 ∼ 0
within the time spans of our experiments. That is, the Raman
intensity does not decrease for long illumination times. We
believe that higher temperatures are needed to laterally fuse
CGNRs in agreement with the fact that no lateral fusion of
CGNRs has been reported from STM measurements.
The time-dependent Raman intensity of CGNRs during

synthesis is modeled by the rate equation that describes two

consecutive reactions21 as { }∝ + −
−

− −

I 1 k e k e
k k

k t k t
0

1
1

0

1 0
. For

CGNRs we find k0 = 0.001 s−1 and k1 = 0.004 s−1. The values
of k0 and k1 are close to each other at variance to the 7-AGNR
growth kinetics where we had k0 ≫ k1. The fact that k0 for
CGNR growth is smaller than k0 for 7-AGNR growth is related
to the larger size of the precursor molecule in the case of
CGNR growth. The larger precursor molecule has a lower
diffusion constant compared to DBBA. The rate constant k1
that describes cyclodehydrogenation is larger in the case of 7-
AGNR growth than for CGNR growth. We speculate that this
is a result of the larger energy needed to convert a polymer
chain into a CGNR relative to the conversion of the
corresponding polymer chain into a 7-AGNR. These
observations are consistent with the larger temperatures
needed for CGNR growth.4

We summarize the fit results for monomer polymerization
(k0), conversion of a polymer chain to a GNR (k1), and the
lateral fusion (k2) for 7-AGNRs and CGNRs in Table 1.
Finally, we have performed growth of 13-AGNRs31,32 on
Au(111)/mica by photothermal synthesis employing 2,2′-
di((1,1′-biphenyl)-2-yl)-10,10′-dibromo-9,9′-bianthracene as a
precursor molecule. The Raman spectrum of photothermally
synthesized 13-AGNRs (130 mW) is shown in Figure 3c and is

in good agreement to the Raman spectrum of conventionally
synthesized 13-AGNRs.33,34

■ CONCLUSION AND OUTLOOK
We have introduced in situ laser-controlled photothermal
bottom-up synthesis of GNRs. Precursors on a 200 nm
Au(111) film can be locally heated up to temperatures
exceeding 660 K. If higher temperatures are needed to drive a
specific reaction, they may be achieved by reducing the
Au(111) thickness or by increasing the power. By combining
laser heating with UHV Raman spectroscopy, the reaction
intermediates could be studied and the rate constants
determined. Laser irradiation enables precise control of the
7-AGNR/14-AGNR fraction which is a critical factor for
tuning the electrical conductivity of a GNR film. We expect
that laser-induced synthesis can be applied to many GNR
types, for example, 5-AGNRs for which lateral fusing is also
possible.35 Using the methods shown here, one could apply
photothermal heating to pattern a circuit by the laser beam.
Conducting paths of small band gap 14-AGNRs could be
written into a matrix consisting of 7-AGNRs on Au(111)/
mica. This film could then be transferred from Au(111) onto a
Si wafer.15 That 14-AGNR path could then serve as the active
element in a field effect transistor.
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Optical absorption of Au and of DBBA

The optical properties of Au suggest that the reflectance increases strongly in the wavelength

range between 500 nm and 600 nm with almost 100% reflection at wavelengths larger than

∼600 nm.1,2 In our experiment, we use a 532 nm laser for supplying heat to the chemical re-
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actions. We hence expect that the Au(111) substrate partially absorbs laser light that causes

the photothermal effect. Regarding the optical properties of DBBA, there is no absorption at

wavelengths higher than ∼ 400 nm.3 This can be understood since the basic building block

of DBBA is anthracene which does not significantly absorb light at wavelengths greater than

∼400 nm (see ref. 4). During the formation of GNRs, polymer chains form which may also

absorb the laser light and contribute to heating.

Additional Raman spectra

In Figure S1 we show a Raman spectrum of photothermally synthesized 7-AGNRs compared

to conventionally synthesized 7-AGNRs over a larger spectral range than in the manuscript.

Figure S2 depicts the raw data of the time-dependent Raman spectra taken during 7-AGNR

synthesis (c.f. Figure 2a,b of the manuscript). Figure S3 depicts the raw data of the time-

dependent Raman spectra taken during chevron type GNR (CGNR) synthesis (c.f. Figure

3a,b of the manuscript). Note, the oxygen peak is from the path of the laser through air.

Figure S1: Raman spectra of conventionally and photothermally synthesized 7-AGNRs.
Synthesis parameters: P = 130 mW, λ = 532 nm and t = 20 s.
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Figure S2: Time-dependent Raman spectra taken during the photothermal synthesis of 7-
AGNRs. The time step in between the individual spectra was equal to Δt = 10 s for the
first two scans and Δt = 60 s for scans thereafter. Measurement parameters: P = 1.3 mW,
λ = 532 nm.
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Figure S3: Time-dependent Raman spectra taken during the photothermal synthesis of
CGNRs. The time step in between the individual spectra was equal to Δt = 150 s. Mea-
surement parameters: P = 1.3 mW, λ = 532 nm. The oxygen peak at 1550 cm−1 comes
from oxygen in the laser path.
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Surface enhanced Raman spectra of rhodamine-6G probe

molecules

Figure S4 shows Raman spectra of rhodamine-6G molecules on a rough Au(111)/mica sub-

strate and on a flat Au(111)/mica substrate. The rough substrate has been prepared by

Ar+ ion sputtering sputtering. Identical amounts of rhodamine-6G solution in ethanol (10−6

molar concentration) were drop coated on both substrates.

Figure S4: Demonstration of surface enhanced Raman scattering for rhodamine-6G de-
posited on rough Au(111)/mica (blue line). An identical amount of rhodamine-6G on a flat
Au(111)/mica substrate shows no Raman signal (orange line). Measurement parameters:
0.5 mW, λ = 532 nm. See main text for sputtering parameters used to roughen the surface.

Discussion of laser-driven processes that can affect the

reaction

Apart from substrate heating, the laser irradiation could lead to the following three processes:

1) photo-chemical reactions, 2) molecule diffusion out of the laser spot and 3) interaction

of precursor molecules with electronic substrate excitations. Regarding 1), the precursor

molecules cannot be excited by the λ = 532 nm that we have used for photothermal heat-
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ing.3. This can be understood because the basic building block of DBBA is an anthracene

unit which has a band gap in the UV range.4 Regarding 2), if the precursor molecule diffusion

length � is larger than the heated spot, the precursor molecules can experience inhomogeneous

reaction conditions. A typical diffusion length � of a molecule on a surface can be estimated

via a random walk model as a function of time t and temperature dependent diffusion coef-

ficient D(T ) = D0 exp(−Ea/kT ) as � =
�

2nD(T )t.5,6 Here, D0 is the prefactor, Ea is the

energy barrier for diffusion, and n = 2 is the number of dimensions. Unfortunately, there

are no experimental values of D0 and Ea of DBBA molecules on Au(111) available. Let us

therefore estimate � using reasonable values of D0 and Ea that describe the surface diffusion

of similar sized organic molecules. Using D0 = 10−8 cm2/s and Ea = 150 meV (that describe

PTCDA diffusion on Ag(100)7), t = 1 s and T = 670 K, we obtain � = 460 nm. The obtained

� is well below the diameter of the laser spot (∼4 µm). Moreover, for sufficiently large DBBA

coverage, DBBA diffusion will be limited by the polymerization of DBBA molecules on the

surface. Regarding 3), electronic excitations of the substrate can drive lateral diffusion of

adsorbate molecules which has been studied e.g. for CO on Cu(110).8 In this experiment,

the sample was exposed to 200 fs pulses of visible light with an energy of 30 J/m2 per pulse,

inducing lateral motion of the CO adsorbate. Such a laser pulse increases the temperature of

the electronic system of the substrate to about 3000 K. The hot substrate electrons can then

couple to the translational degrees of freedom of the CO molecule (the cross section of this

process is about 10−6) and illumination by intense laser pulses causes lateral CO diffusion.

The power during the laser pulse is about 100 W which is about 3 orders of magnitude higher

than the power of the continuous laser beam in the present work. We therefore conclude

that coupling to electronic excitations of the substrate is negligible in the present case.
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Discussion of 7-AGNR/14-AGNR Raman intensity cross

sections

Let us now discuss the laser energy dependence of the Raman intensities of 7-AGNRs and

14-AGNRs. One might argue that observation of a Raman signal of monolayer 7-AGNRs

with the 633 nm (1.92 eV) excitation is surprising because the excitation energy is below the

energy band gap of 7-AGNRs (2.1 eV on Au(788) according to ref. 9). For 14-AGNRs, the

band gap on Au is very small (∼0.2 eV) and yet, the RBLM mode of 14-AGNRs cannot be

observed by the 532 nm laser. This observation is consistent with literature reports.10 Thus,

the two questions that arise are : 1) why the RBLM mode of 7-AGNRs can be observed

by the 633 nm laser and 2) why do the 14-AGNRs have no RBLM intensity if excited by

the 532 nm laser. Regarding question 1), an inspection of the energy dependent optical

absorption (Fig. 1 of ref. 9) suggests that the absorption peak is rather broad (250 meV)

and hence the resonance Raman cross section is sufficiently large to obtain a signal at 1.92 eV.

Regarding question 2), it is not unusual that the resonance Raman profiles of different phonon

modes have a unique dependence on the excitation energy. For 9-AGNRs, it has been found

that the RBLM Raman intensity can only be observed by the 785 nm laser (1.58 eV) which

is close to the 9-AGNR gap of about 1 eV. The RBLM mode of 9-AGNRs was suppressed

when excited with a green or blue laser (see the supporting information of refs. 11,12).

This behaviour was attributed to the possibility to coherently excite the RBLM mode if the

excitation energy is close to the gap.13 We speculate that a similar mechanism (coherent

Raman scattering) could be at work in the present experiment, too.
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Topological insulators have gained much interest in recent years due to
their complex quantum physical properties. With thriving research in
this field and their robustness against magnetic and electronic perturba-
tion, TIs form the basis for next generation devices. While the interface
of TIs with other materials is especially interesting, the materials used
are usually of inorganic nature. Here we present the first report of a
highly ordered, organic–topological insulator interface that is made up
of C60 and Bi4Te3. C60 forms a good basis for the investigation of an
organic interface material due to its high symmetry and formation of
van der Waals crystals. These layered types of crystals are known to
be able to grow in a well aligned manner as is the case in common 2D
materials, such as MoS2.
Monolayers of C60 are grown on top of a clean Bi4Te3 surface in ultra-
high vacuum conditions by means of evaporation from a Knudsen cell.
Through well defined control over evaporation rate and substrate tem-
perature, a highly ordered monolayer formed with alignment along the
symmetry directions of the underlying, hexagonal surface of the topo-
logical insulator. The alignment and high crystallinity were confirmed
by low energy electron diffraction (LEED). Additionally, the existence
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of a superstructure was found, that exhibits a moiré pattern in LEED.
Through analysis of the LEED pattern we found this structure to be a
(4×4) C60 on (9×9) Bi4Te3 pattern. The formation of a moiré pattern
of an organic film on a topological insulator is not reported in literature
yet, to the knowledge of the author.
The formation of this interface is further examined by means of density
functional theory. Here, a single C60 molecule is relaxed onto the surface
of the Bi4Te3 and the ideal adsorption site was found to be on top of a
Te atom. This atom in turn is pushed into the surface by ∆z = 0.2 Å,
which can be described as an inherent softness of the layer. The effect is
further enhanced by formation of the (4 × 4) superstructure, where the
deformation effect increases by ∼ 50%. The creation of valleys in the
surface of the TI locks the C60 molecules in place, therefore forming a
well aligned interface with slight strain of ∼ 2% in the molecular layer.
Finally, the electronic structure of the interface is determined through
angle resolved photoemission spectroscopy. Here we find, that both the
bulk and surface states of the topological insulator stay unaffected by
the presence of the C60 monolayer. There is no or insignificant charge
transfer from C60 to the Bi4Te3 or vice versa, which is astonishing since
C60 is a good electron acceptor. This interaction is judged by the lack
of hybridisation between the bands of the materials and the absence of
any shift in the electronic states of the topological insulator at the Γ
point.
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Abstract
We present the formation of an organic moiré pattern of a C60 mono-
layer on the topological insulator Bi4Te3. We show the existence of
the the pattern through low energy electron diffraction and confirm its
structure as a (4 × 4) C60 superstructure on a (9 × 9) unit of Bi4Te3.
The formation of this highly ordered interface is further studied using
density functional theory. From these calculations it is evident, that the
C60 buckyballs bond with the topological insulator through physisorp-
tion. We find the optimal bindings site for a single C60 molecule to be
located above a Te atom, which in turn is pushed into the surface by
the van der Waals and electrostatic interaction with the buckyball. This
behaviour is amplified by the formation of the (4 × 4) superstructure
where the atoms are pushed into the surface as much as 10% of their
bond length. We identify the inherent ”softness” of the TI surface as
the driving force for the excellent order of the organic monolayer.
Additionally, the electronic structure of the interface is studied by means
of angle resolved photoemission spectroscopy. Here we find that the the
organic overlayer does not alter the electronic states of the underlying
topological insulator. This is shown for both the bulk and surface states
of the TI, which neither shift in energy nor show hybridization with the
bands of C60.
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Introduction

Organic thin films prove to be a ex-
citing system for use in metal or semi-
conductor interfaces due to their ver-
satility in terms of electronic and mag-
netic properties. The incorporation
of heteroatoms and transition met-
als into the organic structure paired
with controllable interaction between
surfaces allows for flexible modifica-
tion of the interface properties. The
Buckminsterfullerene C60 stands out
as a highly symmetric compound that
exhibits strong electron-photon inter-
action and even correlated behaviour
when doped, with the additional ben-
efit of encapsulation of atoms or
even small molecules along with a
high degree of available functionaliza-
tions.[63, 68, 84–86] Moreover, C60 is
also used as an active element in or-
ganic devices. A major obstacle for or-
ganic device performance is the order
of the organic layer and the interface.
While condensing organic molecules
into crystals or ordered thin films can
be challenging due to chirality and
anisotropy, C60 readily forms highly
crystalline van der Waals bulk crys-
tals with face-centered cubic struc-

ture. In thin films, it is known to
form hexagonal pattern, which corre-
spond to the (111) plane of the bulk
system.[73, 74] This formation how-
ever heavily depends on the substrate-
molecule and molecule-molecule inter-
action.[87] For organic molecules and
C60 alike, these interactions have been
mainly studied for interfaces with
noble metals[75, 76], semiconductors
and recently with 2D materials such
as graphene and h-BN.[77, 88–93] The
growth of ordered organic structures
on topological insulators however has
not been studied in depth yet al-
though it allows for studying the sta-
bility of topological states and po-
tential modification of the topologi-
cal properties.[94–97] Here, we show
growth of a highly ordered, long range
structure of C60 on the novel topologi-
cal insulator Bi4Te3.[98–101] Interest-
ingly, the pattern exhibits a (4 × 4)
superstructure in a (9 × 9) grid with
regards to the underlying TI, which
is observable as a moiré pattern in
LEED. The formation of this super-
structure is further investigated by
density functional theory (DFT) and
its electronic interaction with the TI is
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studied using angle-resolved photoe-
mission spectroscopy (ARPES).

Experimental details

Bi4Te3 films of 20 nm thickness were
grown in a n-doped Si(111) wafer us-
ing molecular beam epitaxy (MBE)
in a UHV chamber with base pres-
sure < 5 × 10−10 mbar. Before expo-
sure to air, the films were capped with
an amorphous 2 nm selenium film.
In a separate preparation chamber
with base pressure < 5 × 10−10 mbar,
the capping layer was removed by
means of sputtering and annealing
cycles with temperatures as high as
650 K until no improvement of the
LEED spectrum was distinguishable
any more. C60 (> 95.5% HPLC)
was evaporated from a Knudsen cell
at 700 K with an evaporation rate of
0.5 Åmin−1 as calibrated by a quartz
microbalance (QMB). During evap-
oration, the substrate temperature
was held at 400 K and post-annealed
at 420 K for 30 min. ARPES mea-
surements were performed using syn-
chrotron radiation with photon energy
of 21 eV at the BaDElPh beamline
(ELETTRA).

Results

Low Energy Electron Diffrac-
tion

Bi4Te3 condenses in the form of a
rhombohedral crystal structure (R3̄m
space group) with the unit cell consist-
ing of stacked quintuple layers (QL)
with Bi2Te3 stoichiometry and Bi-Bi
bilayers (BL). The surface termina-
tion with either a QL or BL alters
the electronic properties of the sur-
face states and can be resolved by
ARPES.[99] In our case, the decap-
ping and cleaning process leaves a
pristine QL as the terminating layer,
which is tied to the existence of a
"V-shaped" surface state protruding
the Fermi level around the Γ point,
as shown in Fig. 4.3. The surface
of the (111) direction of the crystal,
i.e. the QL layer, forms a hexago-
nal grid, with Te and Bi located at
different heights. This hexagonal lat-
tice is described by the lattice con-
stant ahex = 4.501 Å as determined
by X-Ray Diffraction (XRD) exper-
iments.[98] The matching reciprocal
space LEED of the pristine Bi4Te3

thin film is shown in Fig. 4.1 a) where
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Figure 4.1: Experimental LEED pattern taken at 21 eV of a) pristine
Bi4Te3 and b) a monolayer of C60 on Bi4Te3. c) Sketch of LEED pattern
for increased clarity, different colors indicate the respective states given
in upper right hand legend. d) Top down view on the 2D structure of
pristine Bi4Te3 (upper) and (4×4) C60 superstructure on (9×9) Bi4Te3
(lower).

the small, sharp reflexes in a hexag-
onal pattern indicate a clean surface
and high crystallinity. The LEED
pattern is consistent over the whole
sample area of 1 × 1 cm2, proving the
absence of possible rotational domains
or inconsistencies of the surface and
therefore provides and ideal basis for
the ordered growth of a C60 thin film.
After careful evaporation of a mono-

layer film of C60, as described in de-
tail in the experimental section, the
sample is allowed to cool down to
RT prior to LEED measurement. A
LEED image of the C60@Bi4Te3 sys-
tem at an electron energy of 21 eV is
shown in Fig. 4.1 b), with a sketch
reproducing the observed diffraction
spots in c). In addition to the spots
on the outside of the screen, originat-

65



Chapter 4. Publications and Manuscripts

ing from the Bi4Te3 (orange), two sets
of new spots appears much closer to
the 00-reflex. These spots originate
from the newly formed C60 monolayer
(blue) and their small separation in re-
ciprocal space indicates the large lat-
tice constant. By assuming an unper-
turbed Bi4Te3 base layer, we obtain a
lattice constant of aC60 = 9.79(2) Å by
comparison of the spacing between the
spots of both species. This hexagonal
C60 lattice is subject to a 2% compres-
sive strain in comparison to that of
the (111) direction in a bulk crystal.
The LEED spots are very sharp and
show no sign of any rotational disor-
der caused by potential rotational do-
mains, therefore providing direct rep-
resentation of both the high local and
long-range order of newly constructed
interface.
This long-range order becomes even
more clear by the existence of a moiré
pattern (black dots in sketch) that is
given by the appearance of the sec-
ond, very small hexagon around each
of the C60 spots. The pattern in-
herits the same orientation as the in-
terface and is due to the formation
of the arrangement of C60 molecules

in a (9 × 9) superstructure with re-
spect to the TI lattice, as sketched
in Fig. 4.1 d). It contains (4 × 4)
buckyballs per unit cell and is there-
fore defined by an exceptionally large
hexagonal lattice vector of 4 · aC60 =
39.16(8) Å. While other studies have
shown the growth of well ordered C60

and organic molecules on other topo-
logical insulators, we are the first one
to report the existence of a moiré in
this interface, therefore proving ulti-
mate long-range order.

Density Functional Theory

We further investigate the properties
of the TI–organic monolayer interface
using DFT. Seven atomic layers of
Bi4Te3 were used in all calculations
for accurate description of the TI sur-
face and bulk properties. In a first
step, a single, "isolated" C60 is ad-
sorbed and relaxed on the surface of
the TI in order to determine the most
stable adsorption sites and study the
binding properties. Here we find, that
the C60 molecule preferably relaxes
into a position with a hexagon (that
is the electron rich part) facing to-
wards the surface with slight rotation,
which is coherent with other findings
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Figure 4.2: a) Most stable configuration of a single C60 molecule on
Bi4Te3 with green line indicating a slice through the structure as shown
in b). c) and d) show the the second most stable configuration. Blue
and red colors indicate the relative accumulation and depletion of elec-
trons respectively. e) Shows the isolated (4 × 4) C60 superstructure
and f) shows the most stable configuration of the superstructure on the
Bi4Te3 film with protrusion values ∆z of the underlying Te atom in Å.

in literature.[94] Furthermore, this
most stable configuration places the
molecule on top of a Te atom with the
slight rotation facing towards a "val-
ley" of the topmost Te layer, as shown
in Fig. 4.2 a). Interestingly, this in-
teraction pushes the Te atom into the
surface of the TI by ∆z = 0.21 Å in
comparison to the pristine layer. This
"softness" potentially is one of the
driving factors towards the excellent

self-alignment of the C60 monolayer
on top of the Bi4Te3.
The adsorption energies of the inter-
face suggest that the binding is mainly
driven by van der Waals interaction in
combination with a very weak electro-
static contribution. The charge dis-
tribution is visualized in Fig. 4.2 b),
proving the slight electrostatic effect
whereas the lack of charge accumula-
tion between C and Te show that no
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hybridization between the two atoms
occurs, further solidifying the purely
van der Waals nature of the bond.
However, a small charge transfer from
the C60 to the Bi4Te3 remains, leav-
ing the C60 slightly p-doped in this
configuration. Fig.4.2 c) shows an-
other possible configuration, which is
slightly less favourable for the single
C60 molecule with an energy differ-
ence of ∆Erelative = 0.018 eV. Here,
the molecule sits between two Te sites
and a slight accumulation of charge
at C60 appears, making it slightly n-
doped. The Te is not pushed into the
surface as much in this configuration,
with ∆z = 0.07 Å and the binding en-
ergies still indicate the van der Waals
adsorption onto the surface.
In a second step, we simulated the
absorption of the (4 × 4) superstruc-
ture on the TI. Interestingly, we find
that the packing energy between the
buckyballs of the monolayer is higher
(bond is stronger) than the energy
between the monolayer and the sub-
strate by ∆Einter = 0.12 eV. This can
on the hand explain the high degree
of crystallinity of the monolayer, as
found by LEED, and on the other

might be the reason for the 2% strain
of the system with respect to the un-
perturbed bulk. Additionally, the ef-
fect of C60 pushing the Te into the
surface is stronger than in the case of
a single C60 molecule with an average
deflection of ∆z = 0.27 Å and even
reaching double the value of the sin-
gle C60 deformation at some points,
as shown in Fig. 4.2 f). Here, the
z-height of the underlying Te atom
is shown for every C60 member of
the superstructure. The pattern can
be described in the form of a two-
dimensional wave which is generated
by the different interaction strength of
the individual molecules with differ-
ent parts of the surface in the super-
structure. This potentially locks the
superstructure into place and might
be a reason for the excellent alignment
and long-range order of the interface.

ARPES

In order to investigate the effect of the
adsorption of the C60 monolayer onto
bulk and surface states of the topo-
logical insulator, ARPES measure-
ments of the pristine and perturbed
species were performed. Fig. 4.3 a)
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Figure 4.3: Room temperature ARPES measurements of pristine Bi4Te3
(upper) and C60@Bi4Te3 (lower). a) Band structure close to the Fermi
level with bulk bands and surface state (SS). b) Shows the same region
of a) after deposition of C60, no shift in any of the bands is observable.
c) Γ K scan of pristine Bi4Te3 and d) C60@Bi4Te3 with the C60 HOMO
band, no hybridization of the bands is visible.

shows the electronic band structure
of pristine Bi4Te3 close to the Fermi
level, which is comparable to spectra
in literature.[99–101] The "V-shaped"
surface state (determined in recent
work) along with other bulk states are
clearly visible and indicate high crys-
tallinity as well as the absence of dop-
ing. Fig. 4.3 b) shows an equivalent
spectrum taken after deposition of a
monolayer of C60. Since both the sur-

face state and bulk states are unper-
turbed, no charge transfer from the
C60 to Bi4Te3 or vice versa is present,
further proving the physisorption and
weak interaction of the interface.
Fig. 4.3 c) and d) show long-range
scans of the pristine and C60@Bi4Te3

systems respectively. The pristine
sample shows a plethora of bulk states
in either direction Γ, whereas these
states are suppressed by the very in-
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tense HOMO band upon adsorption of
C60. Around Γ, the TI states are more
intense than the bands of the molecu-
lar film, which is why the latter seems
to vanish in this region. The lack
of hybridization between the bands of
both species further shows the weak
interaction and undermines the cor-
rectness of our calculations. Addition-
ally, the high degree of order in the
molecular thin film is further under-
mined by the visible angular disper-
sion of the HOMO band in Fig. 4.3
d), which can only be present in a well
ordered molecular crystal. Our mea-
surements also show the resilience of
the TI’s surface states against pertur-
bation which is induced by the dis-
turbance of surface smoothness due
to the existence of the C60 overlayer.
This can be explained by the rela-
tively small amount of perturbation
sites. The C60 molecules only affect
4 × 4 = 16 out of 9 × 9 = 81 tel-
lurium atoms in the superstructure
unit cell. Furthermore, the bands of
the topological insulator around the
Fermi level mostly possess Bi char-
acter, which is why they are not af-
fected much by the distortion at Te

sites through the C60.

Conclusion
We have shown the construction of a
weakly interacting interface between
the topological insulator Bi4Te3 and a
highly ordered C60 thin film and inves-
tigated its electronic properties. We
have found that C60 crystallizes with
long-range order which is not yet re-
ported for the case of a TI–organic
molecular film interface. Its formation
and origin were explored in detail us-
ing ab-initio calculations that show a
slight deformation of the topology of
the TI. The driving force of this inter-
action is mainly van der Waals based
with the addition of slight electro-
static forces present, that can explain
the deformation of the substrate sur-
face and the existence of a moiré pat-
tern in this interface. The formation
of this new interface does not alter
the electronic states of either the sur-
face or bulk states of the underlying
topological insulator, which was ex-
plored using ARPES. This marks this
system as an ideal protection of the
topological insulator by construction
of a weakly interacting interface with
a molecular thin film. Additionally,
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this system might be used as a ba-
sis for introduction of another, highly
ordered film attached to the bucky-

ball by altering the highly flexible C60

molecules.
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Chapter 5
Organic Superconductor Rb3C60 on Topological
Insulator Bi4Te3

In the following chapter we show the growth of the organic, fullerene
based superconductor Rb3C60 on the topological insulator Bi4Te3. This
kind of interface has not been reported before in literature. We study
the growth using LEED and UPS and briefly characterize the electronic
band structure in a home-built UHV setup and confirm the phase pu-
rity of the final Rb3C60 thin film on TI.
Yannic Falke developed the synthesis method, performed all measure-
ments at home, built up the entire UHV-ARPES system and evaluated
the presented data. The findings were developed based on work at mul-
tiple beamtimes, which Oliver Gallego, Niels Ehlen and Alex Grüneis
contributed to. This work is unpublished yet.

5.1 Introduction
Alkali metal doped fullerenes in the form of AxC60 single crystals have
been studied extensively due to their interesting electronic properties.
They crystallize in multiple phases with forms reported for x = 1, 3, 4, 6,
each exhibiting unique behaviour. The most interesting phases consist
of A3C60 and A6C60 as they are stable at room temperature and am-
bient pressure. K and Rb based x = 3 structures are metallic at room
temperature and exhibit superconductivity with relatively high transi-
tion temperatures of 18 − 28 K. Cs3C60 fullerene crystals however are
Mott insulators at ambient conditions and transitions into a metal-
lic/superconducting phase under application of high pressures. This
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behaviour is directly related to the lattice parameters of the crystals.
Whereas potassium, as the smallest of the three alkali metals, shows a
minor expansion over the pristine C60 crystal, the incorporation of the
larger alkali metals is followed by larger lattice constants. Here, the
rubidium based fullerene provides the ideal balance of expansion and
carrier distribution and shows the highest superconducting transition
temperature of the three. Expanding the lattice to higher values, as
is the case with Cs, the system turns insulating and only through the
application of pressure (compression of the lattice) it becomes metallic
again. This marks the precise control over the lattice parameters of
these systems as an important point.
Switching from single crystals to thin films of these fullerene based
superconductors introduces new challenges. While the van der Waals
nature of these films allows for growth on a wide variety of substrates,
the control of their order is critical in achieving high performance struc-
tures. Disorder in these films results in scattering sites which inhibit
the carrier distribution and can lead to the break down of the super-
conducting transition of the film. Additionally, much increased surface
area of these thin films leads to a high exposure of the highly reactive
alkali metal to contamination. This in turn makes the synthesis of well
defined, pure films non-trivial.
Another important factor in the performance of the thin films is their
phase purity with respect to the A6C60 contributions. Whereas the half
filled LUMO acts as the conduction band in the A3C60 films, the in-
troduction of three more electrons results in the full occupation of this
band, making it insulating. While the control over the amount of alkali
metal dopant between A = 3 and A = 6 might sounds trivial, the pic-
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ture is more complex. The problem lies in the instability of the other
AxC60 phases at room temperature. Upon introduction of a dopant
concentration slight above x = 3, parts of the sample will immediately
form x = 6 phases and make up for missing dopants by leaving other
parts in an undoped x = 0 phase. This behaviour calls for the need of
an extremely precise control over the amount of alkali metal dopant in
the system for highest performance thin films.
Topological insulators have sparked much interest in recent years as they
provide quantum properties that are robust against perturbation and
therefore show significant potential for new device architectures.[102] A
major base system for this kind of materials are Bi–Se and Bi–Te based
heterostructures. Their layered structure allows for modification of the
structure with adatoms and a plethora of different phases, all of them
exhibiting novel topological properties.[103–106] The interface of an s-
wave superconductor and a topological insulator has turned out to be
an especially interesting field. Fu and Kane [107] predicted that the su-
perconductor induces a proximity effect. This in turn generates vortices
that can theroretically support Majorana bound states. Much work has
been put into studying these interfaces, where a major complication
arises from potential alloying between the (inorganic) superconductor
and the underlying TI. This alters the properties of the TI and can lead
to a break down of its properties. Therefore, the use of a van der Waals
bonding, organic superconductor in this interface could overcome these
drawbacks and will be explored in the following section.
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5.2 Characterization of Bi4Te3

Bi4Te3 is one of the stable phases of the Bi–Te binary system, with
other common phases being the Bi1Te1 and Bi2Te3. All of these phases
crystallize in a layered, trigonal structure and are differentiated by their
c-axis stacking parameters. The stacking layers come in the form of
Bi–Bi bilayers (BL) and Bi2Te3 quintuple layers (QL), as shown in
Fig. 5.1 a). With this stacking order in mind, Bi4Te3 can also be rewrit-

(a)

Figure 5.1: a) Stacking of layers in the Bi–Te binary systems, high-
lighting the quintuple (QL) and bi-layers (BL), taken from [108]. b)
Sketch of the two dimensional surface Brillouin zone with high sym-
metry points. c) Low wavenumber Raman spectrum (λ = 633 nm) of
Bi4Te3, with black and red lines indicating peak positions from litera-
ture [108].

ten as (Bi2)3(Bi2Te3)3 with a c-axis lattice constant chex = 41.98 Å in
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the stacking direction. The different phases of the binary system pos-
sess different electronic properties and can be separately synthesized
by careful control over the Bi and Te flux during growth via molecular
beam epitaxy (MBE).
The individual layers exhibit a hexagonal lattice with lattice constant
ahex = 4.45 Å. As a consequence, the surface Brillouin zone is of hexag-
onal shape as well, with high symmetry points Γ̄, K̄ and M̄ , as shown
in Fig. 5.1 b).
20 nm thin films were obtained from a collaborator (A. Jalil, FZJ) and
were capped in UHV with a 2 nm amorphous selenium film prior to
exposure (and shipping) to air. The substrate for growth is a 1 ×
1 cm2 doped Si(111) wafer, whose hexagonal surface provides a suit-
able growth site. The doping is critical for electronic measurements for
any film deposited on the silicon as charge accumulation would occur
otherwise. The correct Bi4Te3 phase of the synthesized sample along
with the corresponding lattice constants were proven by means of X-ray
diffraction, performed by the collaborator.
The obtained samples were prepared in UHV by repeated cycles of Ar+

sputtering and annealing to temperatures of 600 K. This procedure is
necessary for removal of the Se capping layer and to remove a few top-
most layers, that could have been subject to contamination with Se.
To prove intactness of the sample after annealing to high temperatures,
low wavenumber Raman spectroscopy was carried out in ambient condi-
tions, as shown in Fig. 5.1 c). The spectrum shows three distinct peaks
at 60 cm−1, 89 cm−1 and 105 cm−1. The middle, 89 cm−1 peak, is a
fingerprint of Bi4Te3 and not known in other Bi–Te phases. The right,
105 cm−1 peak can not be assigned unambiguously but the absence of
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a peak at 131 cm−1 highlights the absence of the Bi2Te3 phase in the
sample. The Raman spectroscopy measurements therefore underline
the stability of the Bi4Te3 phase at elevated temperatures.
In UHV, the cleanliness and crystallinity of the sample surface is deter-
mined through LEED measurements, as shown in Fig. 5.2. All spots are

(a) 90 eV (b) 95 eV (c) 100 eV

Figure 5.2: LEED pattern of pristine Bi4Te3 after sputtering and an-
nealing at a) 90 eV b) 95 eV and c) 100 eV.

sharp and clearly visible with no signs of rotational disorder, therefore
proving high crystallinity and the surface being free from the amorphous
Se capping layer. The LEED pattern show the hexagonal surface struc-
ture of the topological insulator. This pattern is a direct representation
of the surface Brillouin zone, as shown in Fig. 5.1 c). Knowledge over
the orientation of the sample is critical for alignment of the ARPES
setup in order to measure the band structure along the high symmetry
directions of the crystal. While tuning the incident electron beam en-
ergy during LEED acquisition, the relative intensities of the first order
hexagonal spots change. At 90 eV, three spots are clearly more intense
than the remaining three counterparts, whereas at 100 eV the intensi-
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ties appear reversed. At 95 eV all six spots appear at nearly the same
intensity. This behaviour is due to the trigonal symmetry and layered
structure of the sample.

Figure 5.3: ARPES measurements of Bi4Te3 at 21 eV. a) Overview scans
along high symmetry directions showing the raw data (upper) and sec-
ond derivative (lower). b) DFT calculations for QL terminated Bi4Te3
close to the Fermi level along high symmetry directions (upper). Thick-
ness of the points is proportional to the surface character, color indi-
cates spin polarization. Experimental results close to the Fermi level
with matching high symmetry directions (lower).
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The electronic properties of Bi4Te3 were investigated using angle-
resolved photoemission spectroscopy (ARPES). The measurements were
performed in-house, making use of a He gas discharge lamp, which pro-
vides an 21.2 eV excitation source. The sample temperature was kept at
130 K throughout all measurements, which is the minimum achievable
temperature of the setup. With knowledge of the sample orientation,
scans along the M̄ Γ̄M̄ and K̄Γ̄K̄ directions were taken, as shown in
Fig. 5.3 a). The upper panel shows the raw data whereas the lower
panel shows the second derivative. At high binding energies, multiple
bulk bands are clearly visible with well defined dispersion along the high
symmetry directions. Fig. 5.3 b) (upper) shows a DFT band structure
calculation of the bands near the Fermi level. The size of the individual
points corresponds to the surface state character of the bands i.e. large
points originate from the surface, small points from the bulk. The color
of the points indicate spin polarization. A "V-shaped" surface state
with a minimum at E −EF = −0.5 eV is clearly visible along with sur-
rounding bulk bands, one of which has the shape of a "reversed V" that
intersects the Fermi level. These bands match the measured ones in the
lower panel. Here, the surface state is very intense and its dispersion
towards the M̄ and K̄ point differ slightly, matching the DFT calcula-
tions. It is intersected by the weaker bulk bands whose maximum lies
above the Fermi level. Shifts of the maxima/minima of both states with
respect to this pristine sample can be used to judge potential doping
of the TI. The surface state character of the "V-shaped" band was con-
firmed using synchrotron radiation.
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Figure 5.4: Fermi surface maps of Bi4Te3 at 21 eV. a) Equi-energy cuts
at EB = EF (upper) and EB = 0.1 eV (lower). b) Slice along the blue
line indicated in a). c) Tight-binding calculation showing hexagonal
warping of the equi-energy contours at different energies.

The electronic structure of the pristine Bi4Te3 was further inves-
tigated by means of Fermi surface mapping, as shown in Fig. 5.4 a).
The upper panel shows an equi-energy cut at E = EF. In the very
center, a small circular of the bulk band is visible. At higher k values,
the Fermi surface of the surface state is visible as a hexagon with lines
tracing outwards. It has to be pointed out, that this hexagon is rotated
by 30◦ with respect to the surface Brillouin zone, so the hexagon cor-
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ner of the Fermi surface corresponds to the M̄ point of the Brillouin
zone. Whereas the band structure of an ideal metal forms a cone with a
matching, circular Fermi surface, the deviation from this circular shape
into a hexagonal one is called hexagonal warping. Hexagonal warping
is a feature of topological states and has been observed in the related
Bi2Te3 phase[109], whereas trigonal warping is known at the K points
of graphene.[110] The hexagonal symmetry of the warping results in
increased nesting of the Fermi surface, which can potentially have an
effect on optical and other electronic properties, as it is, for instance,
the case in charge density waves in VSe2. [83, 111]
The bands stretching out from the hexagon corners (M̄ directions) rep-
resent nodal lines.[112, 113] These are flat lines along the Fermi surface
at which conduction and valence bands touch and disperse between the
individual Brillouin zones and are linked to the existence of Dirac cone
like features in the band structure.
Fig. 5.4 b) shows a slice through two nodal lines, as indicated in a).
The slice shows the existence of Dirac cones, whose maxima are located
at the Fermi level. These cones perturb along the path of the nodal
lines and connect the nearest Brillouin zones. The band contributions
arise partially from both surface and bulk states and can potentially
possess interesting carrier properties, as is the case in graphene. The
lower panel in Fig. 5.4 a) shows an equi-energy cut at EB = 0.1 eV.
Here, the nodal lines open up into so called flower-petal states. This is
directly tied of the existence of the Dirac cones. The bulk band contri-
bution becomes clear, as the innermost circular state branches out into
the flower petals.
Finally, 5.4 c) shows tight-binding calculations of equi-energy contours
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of the hexagonal warping of the band structure. The tight-binding
Hamiltonian was constructed following reports of the hexagonal warp-
ing in Bi2Te3.[109] The cone of the topological insulator evolves into a
stretched hexagon for values close to and above the Fermi level, which
is consistent with the experimental findings.

5.3 Rb3C60 on Bi4Te3

(a) (b)

Figure 5.5: Photoemission spectra of KxC60 by Chen et al. [114] a) UPS
scans of KxC60 as a function of alkali metal dopant x. b) Magnification
of the C60, K3C60 and K6C60 close to the Fermi level.

RbxC60 and KxC60 is stable in different phases with respect to the
amount of incorporated alkali metal, where early reports[114] found
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that the x = 3, 6 phases are the most stable at room temperature. Chen
et al. studied photoemission of the potassium phases by deposition of a
C60 film on a metallic substrate with following potassium evaporation
and annealing to elevated temperatures of 100 ◦C. The photoemission
spectra in Fig. 5.5 a) show UPS scans of KxC60 as a function of potas-
sium x = 0 . . . 6. From x = 0 to x = 3 there is a gradual increase
of intensity close to the Fermi level, which is governed by the metallic
character of K3C60. For higher concentrations, there is a shift of inten-
sity from the Fermi level towards higher binding energies, which arises
from the existence of the insulating K6C60 phase (compare Fig. 5.5).
In tandem with XPS, they were able to confirm that all photoemission
spectra with a concentration between the stable phases are solely made
up of the two separate phases, K3C60 and K6C60. They proved, that
no other phases can be present at room temperature.
In order to obtain well defined, superconducting films of pure K3C60

and Rb3C60 the control over the concentration of alkali metal in the
sample is crucial. In the case of synthesis of pristine K3C60, early works
relied on the gradual doping approach as used by Chen et al. in which
the alkali metal is deposited over a certain time and annealed right
after. Obtaining a pristine K3C60 film using this method is not ideal,
since under- or overdoping can happen easily. In recent years, a novel
approach was developed for synthesis of K3C60 on metal substrates that
makes use of the higher thermal of K3C60 over K6C60. Here, potassium
is evaporated for 20-60 s onto a thin film of C60. Due to the small diam-
eter of potassium, it can diffuse into the organic layer within minutes
at room temperature and slowly advances towards the x = 3 phase. Af-
ter each deposition step, photoemission spectra are taken which show
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a gradual increase of intensity close to the Fermi level. The entire pro-
cess has to be performed in a short amount of time (∼ 2 hours) because
of the high reactivity of the alkali metal overlayer. When no further
change in the photoemission spectrum is noticeable, i.e. the film is fully
doped into the K6C60 phase, the sample is annealed at high tempera-
tures of 240-260 ◦C. This temperature however is very close to that of
desorption of the entire molecular film but is able to leverage the higher
thermal stability of the K3C60 phase in comparison to the insulating
K6C60 phase. With this novel method, pure K3C60 thin films can more
readily be synthesized on metallic substrates.
By switching from the potassium to the rubidium based fullerene, the
onset of transition from the metallic to the superconducting state is
shifted towards higher temperatures, which is what makes Rb3C60 favourable.
However, the synthesis method described above seems to fail in that
case. This can be explained by the increased diameter of rubidium ver-
sus potassium. The larger size results in much longer diffusion times
at room temperature, that takes above synthesis method from 2 hours
to >10 hours until full doping is achieved. During this time, the reac-
tive Rb overlayer can degrade and form other species, which hinder the
formation of a pristine Rb3C60 phase. Due to this challenge in prepa-
ration, angle resolved photoemission spectra of pure Rb3C60 thin films
have not been reported yet.
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Figure 5.6: LEED pattern at 10 eV (left) for different annealing tem-
peratures and matching UPS spectra (right).

In this work, a novel approach for thin film synthesis of Rb3C60 was
developed that builds upon the current findings in literature but addi-
tionally leverages the abilities of LEED to optimize the process. A thin
film of C60 was evaporated onto a clean Bi4Te3 substrate, resulting in a
well defined structure as discussed in detail in Section 4.2. Afterwards,
a thick film of rubidium was evaporated onto the sample over a course of
15-20 min. The sample was then step-wise annealed to elevated temper-
atures. For each step, LEED and UPS spectra were taken, as shown in
Fig. 5.6. The sample was allowed to cool down before the measurements.
Starting with a low annealing temperature T0 the LEED pattern shows
circular pattern, which is made up of two hexagonal pattern that are ro-
tated by 30◦ with respect to each other. In UPS, two peaks close to the
Fermi level are visible, of which the left corresponds to the insulating
Rb6C60 phase and the right to the metallic Rb3C60 phase. The insulat-
ing peak is more intense, which is directly correlated with the existence
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of a higher fraction of Rb6C60 in the sample. This is also observable in
LEED, where the intensity of the corresponding spots (orange) is higher
than the ones originating from the Rb3C60 phase (blue). Increasing the
temperature over T1 to T2 shows the increase of metallic fraction in
the sample. The intensity of the LEED spots becomes equal for T1 and
then flips for T2. The same behaviour is seen in UPS, where the relative
intensities of the two metallic peak starts to increase. At the optimal
temperature T3, a major change is observable. The LEED pattern now
consists of a single hexagon that corresponds to the metallic Rb3C60

phase. The much increased intensity of the spots (increased brightness)
is a consequence to the metallic nature of the sample. In UPS, the
metallic phase in much enhanced whereas the insulating phase can not
be detected any more. The remaining intensity at the position of the
former Rb6C60 phase originates from the underlying Bi4Te3, which can
be seen in ARPES. This proves that this optimized procedure is capable
of consistent production of Rb3C60 thin films by careful control over the
annealing temperature in tandem with LEED. Furthermore, this is the
first report of the growth of a fullerene based metal/superconductor on
a topological insulator to the knowledge of the author.
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Figure 5.7: LEED images taken at 21 eV and sketches of the pattern of
Bi4Te3 (left) C60@Bi4Te3 (middle) and Rb3C60@Bi4Te3 (right).

In addition, another hexagonal pattern is visible in the LEED image
at T3, highlighted in red. This pattern has the form of a (

√
3×

√
3)R30◦

superstructure. Its unique structure is not present in the case of pure
C60 on the topological insulator, as shown in Fig. 5.7. This kind of
superstructure can form due to electronic correlations and can poten-
tially form charge density waves or related electronic effects. A similar
structure has been shown in a recent work on K3C60@Gr@SiC by Ren
et al.[115] Their STM measurements showed that the superstructure
is insulating and vanished when increasing the layer count above the
monolayer limit.
The electronic properties of the Rb3C60 thin film on Bi4Te3 in this work
were briefly studied by ARPES, as shown in Fig. 5.8 a). Close to the Γ
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point, the Fermi surface of Bi4Te3 with hexagonal warping and nodal
lines are visible. At k ≈ 0.3 Å−1, a new, circular Fermi surface is visible,
which corresponds to the metallic Rb3C60. Irregularities in measured
intensities of the circular pattern are due to experimental issues of the
photoelectron detector screen. The circular shape is expected for an
ideal metal and was reported in literature by [116] for the case of a
K3C60 thin film on Au(111) single crystal. Interestingly, the observed
band of the Rb3C60 in this work intersects the nodal lines of the topo-
logical insulator. These are the points where Dirac cone like features
exist so that potential electronic interaction between the fullerene and
the TI are possible at these points. Due to low statistics of the ARPES
measurements, no further information can be extracted but these mea-
surements show the first report of the electronic structure of Rb3C60 on
a topological insulator to the knowledge of the author.

(a) (b)

Figure 5.8: Fermi surface map of a) Rb3C60@Bi4Te3 around the Γ point
at room temperature (left) with a sketch of the bands (right) and b)
K3C60@Au(111), taken from [116].
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Discussion

This chapter discusses the results shown in the manuscript sections in
further detail. The main points of the thesis are put into context with
related, published work.

6.1 Graphene Nanoribbon Junctions
The fabrication of nanoscale heterostructures has been a major field of
interest in recent years. These structures are aleady used in the form
of GaAs/AlxGa1–xAs vertical heterostructures for fabrication of laser
diodes, solar cells and photodetectors. [117, 118] Here, the combina-
tion of the two closely related structures with different bandgaps allows
for the creation of high performance p–n junctions. Other work has
focused on creating stacked van der Waals heterostructures by exfolia-
tion of monolayers or MBE growth.[119] These methods methods offer
a way for precise control over the stacking order and alignment of the
structure (exfoliation) or fabrication of large area samples (MBE). This
allows for the investigation of the interface properties through means of
optical, electronic and magnetic measurements. The number of stack-
ing layers however is limited due to the complexity of the methods and
can not provide access to a large number of heterojunctions.
Graphene nanoribbon heterostructures are inherently different from the
inorganic semiconductor and van der Waals heterostructures in that the
bottom–up approach allows for formation of one–dimensional, lateral in-
terfaces with atomic precision.[17] As shown in parts of this thesis, the
bottom–up approach allows for the precise control over the bandgap
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(a) (b)

Figure 6.1: Device containing 7-/14-/21-AGNR heterojunctions. a)
Sketch of the device showing graphene nanoribbons of multiple widths
with possible junctions between AGNRs of different width. Red arrows
trace the path of electrons travelling through the GNRs from source to
drain. b) STM image of the GNR heterojunctions with black outline
tracing a possible conduction path. Inset shows a close-up measurement
of a typical 14-/7-/14-AGNR junction. Reprinted with permission from
ref. [17] © 2021 ACS.

and electronic properties through the careful design of selected pre-
cursor. The chosen GNRs can be incorporated into devices and show
excellent performance e.g. in the case of photodetection over conven-
tional, graphene based detectors.[18]
In recent work by Senkovskiy et al. [17] a device containing het-

erojunctions between 7-AGNRs and 14-AGNRs was designed and its
electronic transport properties investigated. They prove that the con-
structed device acts as a tunneling field effect transistor (TFET). These
novel transistors could act as highly energy-efficient devices in the fu-
ture and might furthermore be useful in applications such as chemical
sensing.[120–122]
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Fig. 6.1 a) shows a sketch of the device, in which source and drain
are connected through graphene nanoribbons of different widths. The
device contains multiple, aligned paths of GNRs which connect source
and drain electrodes. These paths consist of junctions between GNRs
of different width, which are multiples of 7 (14, 21 etc.). Here, the
7-AGNRs form semiconducting barriers due to their band gap wheres
14- and 21-AGNRs are quasi metallic and therefore form the conductive
path.
The validity of this model is confirmed through STM measurements as
shown in Fig. 6.1 b). These measurements show multiple GNR paths
that consists of the 14-/7-/14-AGNR and similar junctions described
above. STM shows the very well defined width of the GNRs, which can
only be obtained through the bottom–up synthesis method.
The GNRs in their work were synthesized through the conventional
bottom–up method on a stepped Au(788) bulk crystal, whose stepped
terraces define the alignment of the ribbons. Through careful control
over the heating times and temperatures, the ratio between 7-AGNRs
and 14-AGNRs (and higher ones) can be regulated. Optimization and
repeatability in different setups of this process however is very time
consuming, as slight changes or misbehaviour in temperature control
affect the final ratio of the ribbons. Additionally, this process does not
allow for control over the lateral position of the junctions on the crystal
surface.
This is where the photothermal bottom–up process, which was devel-
oped in this work, could further optimize the growth of GNR based
TFETs. By depositing the molecular precursor on a thin gold sub-
strate, it is feasible to ”draw” an entire circuit of graphene nanoribbons
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directly on the surface of the GNR using thermal heating of a laser.
The the ratio between semiconducting 7-AGNRs and quasi-metallic 14-
AGNRs could then be controlled very precisely through heating time
of a local spot and directly be investigated through means of Raman
spectroscopy. Of course, the method used in this thesis is limited in
terms of lateral size control through the laser spot size and thus does
not allow for heating individual segments of single GNRs.
Recent developments in tip enhanced Raman spectroscopy (TERS) [123]
however made it possible to perform Raman spectroscopy in the nm
range. Here, a metallic tip, which is commonly used in STMs, focuses
and amplifies the electromagnetic field underneath the tip. This allows
for more precise lateral control of the measured Raman signal and could
be used in combination with highly focused X-rays to apply heat to a
sample in a very small area and measure its Raman response.
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6.2 Self-assembly of organic structures on topo-
logical insulators

The interaction of topological insulators with other classes of materials
such as semi- or superconductors is of great interest for the creation of
next generation devices. Construction of an interface between TI and
organic molecules opens up a vast playground for both theoretical and
experimental scientists due to the large number of possible functional-
izations of organic molecules. However, access to well defined, ordered
organic layers on inorganic topological insulators is challenging due to
the need for fine balance over substrate-molecule and molecule-molecule
interaction.
Recent work by Bathon et al. [96] focused on the the self-assembly of
molecular networks on the surface of the topological insulator Bi2Te3.
Here, phthalocyanine (Pc) based molecules that each incorporate a spe-
cific transition metal were studied for the cases of Mn, Co and Cu. These
planar molecules proved to be ideal systems for the construction of well
oriented interfaces due to their two dimensional nature. Through STM
measurements, they showed that some species were able to create very
well ordered, long range structures when deposited on the TI, but others
did not. They found, that the interaction of the Mn-Pc with the under-
lying substrate is strong and overcomes the molecule-molecule interac-
tions, therefore leading to the formation of distorted layers. For Co-Pc
and Cu-Pc they showed significantly less interaction with the substrate
and therefore much better creation of a well ordered structure on the
TI surface. While they relied on the interaction of the metallic center
of the metal-organic structure to couple with the TI, our work avoids
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this metallic component by use of pristine C60. As discussed, we find
that the low substrate-molecule interaction but rather strong molecule-
molecule interaction allows for the construction of a well ordered, long
range structure. In our case, we were even able to show a long range
superstructure by low energy electron diffraction over a sample size of
1×1 cm2. Through their STM work, they were able to point out the im-
portance of the dz

2 orbital for bonding with the surface, which is given
by the implementation of the transition metal. The C60 molecule in our
work does not inherit these orbitals but is still able to form well defined
structures, which can open up the field of ordered organic structures of
purely sp-hybridized molecules on topological insulators.
Other work by Jakobs et al. [124] focused on the control over the
electronic band structure of the topological insulator Bi2Se3 through
adsorption of the hydrogenated phthalocyanine H2Pc and sulfurized
H2PcS in addition to C60. Through density functional theory calcula-
tions they found that these three molecules represent bonding through
strong chemisorption (H2PcS), weak chemisorption (H2Pc) and ph-
ysisorption (C60). The influence of these three bonding states on per-
turbation of the underlying TI was then studied using angle resolved
photoemission spectroscopy. By clever use of a laser as an excitation
source, they were able to probe the interface even in the presence of
multiple layers of organic material. Lab based, laser photoemission
spectroscopy (LPS) replaced the conventional helium discharge lamp,
which yields an excitation energy of hν = 21 eV, with a high energy
laser of hν = 5.9 eV, in their case. The resulting photoelectrons posses
a larger mean free path and can therefore probe deeper into the inter-
face/bulk. It comes with the drawback of very limited angular probing
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range (small k space), which however is not an issue when studying the
band dispersion close to the Γ point only, which is the case in their
work. Using this setup, they were able to show that the chemisorbed
species significantly interfere with the electronic band structure of the
TI, while C60 leaves the structure unaltered. This is in very good agree-
ment with our work and highlights the C60 molecule as an efficient way
for protection of the topological surface states. While their work does
not focus on the structural properties, we can advance on this by prov-
ing the intactness of the TI surface over a long range and in the presence
of the moiré superstructure. Laser based ARPES could be a useful tool
for further studies of the Rb3C60 based systems.
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In this thesis, several ways towards the synthesis of highly ordered or-
ganic layers and ribbons on multiple substrates have been explored.
These included the creation of a novel synthesis route for bottom–up
graphene nanoribbons through photothermal heating in combination
with Raman spectroscopy as well as introducing a C60 based organic
moiré superstructure on an inorganic topological insulator. Further-
more, the possibility of growth of an alkali metal doped, fullerene based
organic superconductor on an inorganic topological insulator was stud-
ied.
All experiments were performed in ultra-high vacuum (UHV) conditions
to provide optimal cleanliness and the critical stability against oxida-
tion of all systems. Use of a specially designed UHV Raman system
[125] allowed for the collection of spectra using very high laser powers,
which made the realization of the novel growth method possible. The
setup was further optimized for the investigation of the growth mecha-
nism of GRNs. Where conventional bottom–up fabrication makes use
of bulk gold crystals as the catalytic substrate for the Ullmann-type re-
action towards GNRs, 100 nm thin crystalline films of Au/MICA were
used in this scope. Using these thin films makes it possible to intro-
duce a significant amount of heat into a single spot on the sample, since
the heat cannot be dissipated easily. The spot size is defined by the
laser beam, which is coupled into the UHV setup and is ∼ 15µm2 big.
The temperature rise on the sample can be easily controlled by tuning
the power of the laser and the ability to immediately turn the heating
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ON/OFF made studying the reaction kinetics of GNRs possible. The
real temperature on the sample can be measured with high accuracy
using the ratio between Stokes- and Anti-Stokes peaks in Raman scat-
tering. Existence of pure or even fused ribbons was proven using Raman
spectroscopy at low laser power, so that it would not advance the re-
action and allow the investigation of a single, stable state only. With
this novel approach, the growth kinetics of 7-AGNRs, 13-AGNRs and
Chevron ribbons as well as the fusion of 7-AGNRs to 14-AGNRs were
studied. We examined the ability of the precursor molecules to move
on the surface in combination with steric hindrance for initial forma-
tion of oligomers as a crucial step of the GNR growth. This knowledge
could be critical for growth of new GNRs structures based on different
precursors in the future. Furthermore, the easy tunability of the laser
power in combination with a small probing spot size allows for the mea-
surement of basically infinite points on a single substrate. This can be
a major point in saving time for optimization of growth of new GNRs,
where the conventional bottom–up approach on the bulk crystals can
only produce a single sample at a given time, which is far less efficient
than the photothermal approach.
An in-house ARPES setup (which was set up by the author in the pro-
ceedings of this thesis) was used for investigation of the self-assembly of
C60 molecules on the surface of the topological insulator (TI) Bi4Te3.
The TI samples were obtained from collaborators at the Forschungszen-
trum Jülich and their surface structure as well as their electronic proper-
ties studied using ARPES. These measurements revealed a clear surface
state that is hexagonally warped and connects to the neighboring Bril-
louin zones through nodal lines at the Fermi level. These nodal lines
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possess both surface and bulk character and the nodal lines open up
into so-called flower petal states below the Fermi level. Slices through
an ARPES map then revealed the existence of Dirac cone like features
at the points of the nodal lines and flower petal states. This concise
investigation of the topological insulator provided the basis for as a well
defined surface for the growth of ordered, fullerene based structures.
One of these structures is a highly ordered C60 monolayer on top of the
topological insulator that was prepared in UHV conditions. Through
optimization of the growth procedure, a hexagonal C60 film was formed
that perfectly aligned along the hexagonal surface of the underlying
Bi4Te3, which was studied in depth using LEED. From these investi-
gations we not only found the excellent directional alignment between
the two structures but also a long range order in the form of a (4 × 4)
on (9 × 9) superstructure. This pattern was identified through the ex-
istence of a moiré pattern in the LEED images, something that has not
been shown yet in literature in the case of an organic molecule–inorganic
topological insulator interface to the best of the authors knowledge. In
literature, these moiré type superstructures were found to influence the
electronic structure of other materials, as is best known in the case of
superconductivity of magic angle bilayer graphene.[126, 127] Therefore
the electronic properties of the newly formed moiré interface on Bi4Te3

were investigated through angle resolved photoemission spectroscopy.
The band structure of the topological insulator showed no modulation
through the overlayer in both bulk and surface state bands. This was
found through high resolution scans at high symmetry points in com-
bination with long range scans along the high symmetry directions of
the Brillouin zone. These findings are in agreement with C60 films on
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the related Bi2Se3 topological insulator, which did not show a moiré
pattern however.
With the aid of density functional theory, the formation and prop-
erties of the interface were further investigated. Here we found that
the interaction in the van der Waals film is stronger than that of the
C60 molecule with the substrate, which is mostly physisorbed. The
substrate–molecule interface calculations further showed, that binding
of the C60 is preferred at Te sites, where each tellurium atom is pushed
into the surface through the interaction of an adsorbed C60 molecule.
This effect is enhanced by up to 50% in the (4 × 4) superstructure with
respect to a single C60. The fact that this distortion of the TI lattice is
not followed by changes in the electronic structure is explained by the
strong bismuth character of the bands measured near the Fermi level.
We further reason the softness of the surface to be one of the driv-
ing forces for the formation of a well defined organic film on the inor-
ganic substrate. The balance between the interactions in the film and
to the substrate is the reason for a slight strain in the C60 structure
with respect to the bulk lattice, which results in the formation of the
aforementioned superstructure. The fact, that the layer grows well and
does not alter the electronic properties of the underlying TI mark this
interface as an ideal protection of the topological insulator against fur-
ther perturbation. On the other hand, the C60 molecules’ properties
could be tweaked through functionalization with heteroatoms or larger
molecules to access a way to grow another highly ordered layer on top
of this structure.
The interface of Bi4Te3 was also studied in the form of another fullerene
based system, namely the alkali metal doped Rb3C60. Since Rb3C60 is
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metallic at room temperature and superconducting at a relatively high
temperature of Tc = 28 K, this interface is highly interesting as the
realization of an organic superconductor on an inorganic topological
insulator. The growth of a pristine Rb3C60 is non-trivial, since slight
variations in the ratio between alkali metal and C60 result in the forma-
tion of overdoped Rb6C60 and underdoped pristine C60 parts, both of
which are insulating. The presence of these insulating domains hinders
the formation of a well defined, long range superconductor. Therefore,
much work was put into designing a method to efficiently control the
growth of pristine Rb3C60 on the surface of Bi4Te3 in this thesis. This
method was developed with the aid of low energy electron diffraction
in combination with photoemission spectroscopy (UPS). Where LEED
found the existence of two different phases during the growth process,
we were able to assign these phases to the metallic and insulating states
using UPS. This allowed us to finally grow a very well ordered thin film
of Rb3C60 on the TI. The LEED images also show a (

√
3 ×

√
3)R30◦

superstructure. A recent report [115] found a similar superstructure
through STM measurements in monolayers of K3C60 only, which then
vanished for the multilayer systems and was shown to be of insulating
nature. STM measurements of monolayer Rb3C60 did not feature this
superstructure.[82]
The electronic properties of this new interface were briefly studied
through mapping of the electronic band structure. Here we were still
able to observe the characteristic, hexagonally warped Fermi surface
of the underlying topological insulator in combination with a circular
Fermi surface of the Rb3C60. Since there are no reports of the measure-
ment of the two dimensional Fermi surface of Rb3C60 available in litera-
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ture, the measurements were compared to the closely related K3C60 on
a metallic substrate. Our data show a similar, general structure but at
the moment are not of high enough quality to draw further conclusions.
It is however interesting, that the bands of the Rb3C60 intersect the
Dirac-cone like features of the underlying topological insulator, which
can be a point of interest for both theoretical and experimental physi-
cists.
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(Wiley).
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• Niels Ehlen, Martin Hell, Giovanni Marini, Eddwi Hesky Hasdeo,
Riichiro Saito, Yannic Falke, Alex Grüneis et al. "Origin of
the Flat Band in Heavily Cs-Doped Graphene" ACS Nano 14, 1,
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8.2 Conferences
• MB Scientific AB workshop 2022, Uppsala, Sweden, 2022, invited

talk on "Common use cases of angle resolved photoemission spec-
troscopy".

• Past and Future of Russian-German Uses of Synchrotron Radia-
tion and Free Electron Lasers: International White Night Confer-
ence 2022, Saint-Petersburg, Russia, 2022, invited talk on "Band
structure engineering in a molybdenum disulphide monolayer by
iron doping", Cancelled due to Russian-Ukrainian conflict.

• Graphene Conference, Grenoble, France, 2021, oral contribu-
tion on "Photothermal Bottom-up Graphene Nanoribbon Growth
Kinetics".

• CRC1238 Retreat, Bad Honnef, Germany, 2021, invited talk on
"Electronic properties of Topological Insulator - Organic Super-
conductor interfaces".

• EWEG, St. Moritz, Switzerland, 2020, oral contribution on
"Photothermal Bottom-up Graphene Nanoribbon Growth Kinet-
ics", Cancelled due to Covid-19 restrictions.

• Inside Raman Meeting (Renishaw), Pliezhausen, Germany, 2019,
invited talk on "Raman studies of Graphene Nanoribbons in
UHV".

• E-MRS2019, Nice, France, 2019, poster contribution on "Ra-
man studies of Graphene Nanoribbons in UHV".
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