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Abstract

The properties of modern nanomaterials are governed by their atomic structure,
as well as by electronic interactions at their surfaces and internal interfaces. The
present thesis is situated within this contemporary field of research and focuses on
the synthesis and analysis of two model systems of functional surface structures.
The first project is located in the field of twistronics and studies the growth of
unconventionally oriented graphene layers on silicon carbide (SiC). The second
project focuses on probing the transiently occupied orbitals of surface-adsorbed
organic molecules in time and space.

The first project aims for a better understanding of an already established
growth process for the production of unconventionally oriented monolayer
graphene on SiC, which offers a promising route to produce 30°-twisted bilayer
graphene. The growth process involves two preparation steps, namely, the
chemical vapor deposition of a BN layer and its replacement by graphene upon
annealing at increasingly high temperatures. The mechanism that determines the
orientation of the graphene layer is of particular interest, as well as the influence
of the preparation parameters on the composition and quality of the BN layer,
and therefore also the quality of the resulting graphene. These aspects were
investigated by employing low-energy electron microscopy (LEEM), a powerful
technique to probe the crystalline structure and domain configuration of surfaces,
and to investigate growth processes in situ and in real time. It is demonstrated
that the BN layer’s composition and quality — and thus the quality of the resulting
unconventionally oriented graphene — depend sensitively on the heating rate
during BN synthesis.

In the second project, photoemission orbital tomography (POT) was combined
with time-resolved photoelectron spectroscopy to image transiently occupied or-
bitals of surface-adsorbed organic molecules on ultrafast timescales for the first
time. A monolayer of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
molecules on oxygen-passivated Cu(001) serves as the sample. The oxide layer
decouples the molecules from the substrate, enabling observation of ultrafast exci-
tation dynamics. Using time-resolved POT (tr-POT), the population of the lowest
unoccupied molecular orbital (LUMO) after optical excitation was visualized in a
time- and momentum-resolved manner.

Overall, this work demonstrates that precise control over the growth of layered
nanomaterials contributes to a better understanding of complex growth mecha-
nisms and can facilitate the development of new characterization techniques.
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Kurzfassung

Diese Dissertation leistet einen Beitrag zur Erforschung moderner Nanomateri-
alien, deren Eigenschaften mafigeblich von ihrer atomaren Struktur sowie elektron-
ischen Wechselwirkungen an ihren Oberflichen und internen Grenzflachen geprigt
werden. Im Fokus steht die gezielte Synthese und Analyse zweier Modellsys-
teme von Nanomaterialien, die in unabhédngigen Projekten dazu dienen, einerseits
den Wachstumsmechanismus von unkonventionell orientiertem Graphen zu unter-
suchen, und andererseits die zeitaufgeloste Dynamik angeregter Molekiilorbitale
im Impulsraum sichtbar zu machen.

Der Schwerpunkt des ersten Projekts ist die Untersuchung des Wachstums der
zweidimensionalen Materialien Bornitrid (BN) und Graphen auf Siliziumkarbid
(SiC). Ziel ist es, einen bereits etablierten Wachstumsprozess fiir die Herstellung
von unkonventionell orientiertem Monolagen-Graphen auf SiC besser zu verste-
hen, der eine vielversprechende Grundlage fiir die epitaktische Herstellung von
30°-verdrehtem, zweilagigem Graphen bietet. Dieser Prozess umfasst die chemis-
che Gasphasenabscheidung einer BN-Schicht und deren Umwandlung in Graphen.
Dabei ist der Mechanismus der die Orientierung der Graphenschicht bestimmt
von besonderem Interesse, sowie der Einfluss der Praparationsparameter auf die
Zusammensetzung und Qualitdt der BN- und der Graphen-Schicht. Zur Unter-
suchung dieser Aspekte wurde niederenergetische Elektronenmikroskopie (LEEM)
eingesetzt, die sich ideal fur die Bildgebung, Strukturanalyse und das Studium dy-
namischer Oberflichenprozesse eignet. Dabei wurde demonstriert, wie die Heizrate
wahrend der BN-Synthese entscheidend die Qualitdt und Zusammensetzung der
BN-Schicht und der daraus entstehenden Graphen-Schicht beeinflusst.

Im Rahmen des zweiten Projekts wurde Photoemissions-Orbitaltomografie
(POT) erstmals mit zeitaufgeloster Photoelektronenspektroskopie kombiniert,
um die Dynamik voriibergehend besetzter Molekiilorbitale zu untersuchen.
Als Probensystem dient eine einzelne Lage des organischen Molekils 3,4,9,10-
Perylentetracarbonséuredianhydrid (PTCDA) auf sauerstoff-passiviertem Cu(001).
Dabei entkoppelt die Oxidschicht die Molekiile elektronisch und physikalisch vom
Substrat und ermoglicht so die Beobachtung der ultraschnellen Anregungsdy-
namik. Mittels zeitaufgeloster POT (tr-POT) konnte so erstmals die Besetzung
des niedrigsten unbesetzten Molekiilorbitals (LUMO) durch optische Anregung
zeit- und impulsaufgeldst visualisiert werden.

Insgesamt wird verdeutlicht, wie die prizise Kontrolle iiber das Wachstum von
Schichtsystemen unterschiedlicher Nanomaterialien entscheidend dazu beitragt,
das Verstdndnis komplexer Wachstumsprozesse zu vertiefen und die Entwicklung
neuartiger Charakterisierungsmethoden zu ermoéglichen.
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Chapter 1

Motivation and Outline

Modern electronics are evolving rapidly, driven by the relentless pursuit of smaller,
faster, and more efficient devices, along with the demand for new functionality and
tailored properties [1, 2]. As device dimensions shrink to the nanometer scale and
below, conventional bulk material descriptions are no longer adequate [3]. Instead,
the atomic and electronic structures of surfaces and interfaces — accompanied by
quantization effects arising from electron confinement, as well as intriguing phe-
nomena such as chirality, superconductivity, and magnetism — emerge as key deter-
minants of material properties [4-6]. The variety of physical effects and resulting
material properties attracts significant interest also in fundamental research. This
drives advances in fabrication techniques to produce new functional materials [7, 8].
In addition, characterization methods are refined and expanded to probe the prop-
erties of these materials and investigate the underlying phenomena [9].

In this work, two independent research projects are presented, each addressing
a different model system of functional surface structures. The first project is
located in the field of twistronics, the study of electronic properties arising from
the relative orientation of stacked two-dimensional (2D) materials. By means
of electron microscopy, the growth and structure of unusually oriented graphene
layers on the semiconductor silicon carbide (SiC) are investigated with the goal
to produce twisted bilayer graphene. The second project is located in the field of
organic adsorbates. Orbital tomography, a method for visualizing the orbitals of
surface adsorbed molecules, is being used for the first time to image transiently
occupied molecular orbitals.

Growth of unusually oriented graphene layers on SiC

A group of materials with great potential for applications in modern electronics
are 2D materials, which includes e. g. graphene, hexagonal boron nitride (hBN)
and transition-metal dichalcogenides (TMDCs). These are crystaline materials of
only one or few atomic layer thickness, where every atom is part of the surface or
interface.

After being first isolated as a sheet of one atomic layer from graphite by me-
chanical exfoliation by Novoselov and Geim in 2004 [10], graphene quickly became
the most extensively studied 2D material [7]. It consists solely of carbon atoms,
arranged in a honeycomb lattice as illustrated in Fig. 1.1(a). Graphene’s unique
bandstructure [cf. Fig. 1.1(b,c)] is characterized by the linear dispersion of the 7t
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bands near the so-called Dirac points, which causes its charge carriers to behave
like massless Dirac fermions and results in an exceptionally high carrier mobility ex-
ceeding that of silicon [11-13]. Because of its unique combination of electronic [10-
15], optical [16-19], thermal [20-22], and mechanical [23-25] properties, graphene
is a promising material for many applications, such as high-speed transistors and
flexible devices [13, 26, 27]. Another prominent 2D material is hBN. It exhibits
a honeycomb lattice similar to graphene, but consisting of alternating boron and
nitrogen atoms. Due to its structural and electronic properties, particularly its
insulating nature, it is of high interest in heteroepitaxial systems combined with
graphene and other 2D materials [7, 28-30].

Combining 2D materials in so-called van der Waals heterostructures opens up
opportunities for ultrathin devices and tailoring functionality of new artificial ma-
terials [7]. The combination possibilities are endless, given the pool of available
2D materials, their stacking sequence, layer thickness, and orientation angles, as
well as different supporting structures and surface modifications that can be used
as free parameters. In these layered systems, not only are the properties of the
individual elements combined, but new and exciting properties emerge from inter-
actions between the layers.

real space

Dirac
cone

ky

k(A1) ky (A1)

reciprocal space
Figure 1.1: Structure and electronic properties of graphene. (a) Honeycomb
lattice of monolayer graphene in real space (top) and the corresponding Brillouin
zone in reciprocal space (bottom). Light and dark gray circles indicate carbon
atoms on A and B sites, respectively. The real space (and reciprocal) lattice
vectors a; and ap (aj and a}) are drawn with black (gray) arrows. I', M and
K mark high symmetry points in reciprocal space. (b) Simulated 3D electronic
dispersion of ideal free monolayer graphene and (c) simulated band map in the
vicinity of the Fermi level. The Dirac cone is highlighted in pink. Image in panel
(b) adapted from Ref. [31], licensed under CC-BY 4.0. Image in panel (c) adapted
from Ref. [32], licensed under CC-BY 4.0.
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This is particularly evident in the properties of twisted bilayer graphene (tBLG)
where the electronic properties depend sensitively on the rotation angle between
the two layers [33]. Especially tBLG of small rotation angles attract high inter-
est due to strong interlayer coupling and moiré effects, which come along with
intriguing phenomena such as unconventional superconductivity, correlated insu-
lating states, the anomalous quantum Hall effect, topological states, and tunable
band gaps [33-39]. With increasing twist angle, the interlayer coupling weak-
ens, and the bilayers behave almost like two independent monolayers. However,
at the largest twist angle of exactly 30°, strong interaction reemerges. With its
unique dodecagonal quasicrystallinity, nearly flat bands, and mirrored Dirac cones,
30°-tBLG exhibits intriguing properties that attract considerable interest in both
experimental and theoretical studies [40-48].

A crucial prerequisite for the investigation of these materials is their synthesis.
For research purposes, combining mechanical exfoliation with manual assembly of
2D heterostructures is often the most practical approach. This method provides
exceptional crystalline quality, precise control over layer thickness, and the ability
to choose twist angles deliberately [7, 13]. However, it is also time-consuming, the
yield and size of exfoliated flakes is limited, and reproducibility — especially with
respect to precise twist-angle control — remains challenging. With the prospect of
future industrial implementation in mind, efforts are directed toward establishing
scalable synthesis routes [7, 13, 49]. For graphene synthesis, epitaxial growth on
silicon carbide (SiC) by thermal sublimation has proven highly promising [13, 49].
In this process, graphene grows in a single orientation, rotated by 30° with respect
to the SiC substrate (referred to as Gr-R30°) enabling the production of single-
or multilayer graphene directly on an industry-relevant semiconductor without re-
quiring a transfer step [50, 51]. Recently, a complementary method was developed
that produces epitaxial graphene on SiC in an unconventional orientation, i.e.,
aligned with the substrate lattice (Gr-R0°) [MR5, 41, 52-54]. Combined with
conventional Gr-R30° growth, this approach offers a promising pathway for the
large-scale, high-quality production of 30°-tBLG [41, 53, 54].

The key to preparing the unconventionally oriented Gr-R0° layer is the exposure
of a SiC(0001) surface to borazine at elevated temperatures. Two preparation
routes have been established. One is the growth of a boron nitride (BN) layer
that is subsequently transformed into Gr-R0° by annealing at higher temperatures
in UHV. The other is to directly heat the SiC(0001) surface in borazine up to
temperatures at which Gr-R0° emerges. It is suggested that in this dynamic
process, transient BN nuclei act as a surfactant, guiding the graphene to adopt the
unconventional orientation. Either way, the underlying growth mechanisms are of
high scientific interest. Therefore, this work aims to expand the understanding of
the formation of unconventionally oriented Gr-R0° on SiC by studying BN growth
and its replacement by graphene. To this end low-energy electron microscopy
(LEEM) is employed. This characterization technique has proved to be a powerful
tool to investigate growth processes of 2D materials in situ, in real time, and with
lateral resolution [MR1, MR3, MR6].



Chapter 1 Motivation and Outline

Imaging orbitals on ultrafast time scales

One of the most intriguing questions is how electron interactions give rise to the
properties of functional materials. This drives the continuous refinement and ex-
pansion of traditional characterization techniques. By directly probing the elec-
tronic structure of solids in momentum space, angle-resolved photoemission spec-
troscopy (ARPES) has emerged as the ideal tool for investigating electronic prop-
erties of materials [9, 55, 56]. As such, it has played a central role in the discovery,
characterization, and understanding of quantum materials [55]. Over the past two
decades, ARPES has grown far beyond static band mapping, with ongoing improve-
ments in instrumentation and expansion into new experimental domains [55, 56].
Among these developments, photoemission orbital tomography and time-resolved
ARPES form the basis of the experimental approach in this work.

Photoemission orbital tomography (POT) is a combined experimental and the-
oretical approach which investigates the electronic structure of surface adsorbed
molecules [57]. By measuring the momentum- and energy-resolved photoemission
intensity, POT makes molecular orbitals directly visible, allowing them to be iden-
tified and localized in momentum space. Comparison with theoretical predictions
from density functional theory (DFT) then enables quantitative reconstruction of
orbital shapes and determination of orbital energy ordering. This makes POT
an exceptionally powerful tool for studying both the geometric and electronic
structures of surface-adsorbed semiconducting organic molecules [58-60]. With
their tunable electronic properties and potential for low-cost, large-area fabrica-
tion, this class of nanomaterials is the basis of applications such as organic light-
emitting diodes (OLEDs), organic field-effect transistors (OFETs), and organic
photovoltaics [61, 62]. Advances in synthesis, processing, and theory continue to
make organic semiconductors a highly active research area [63, 64].

Although the electron distribution of occupied orbitals can be imaged in momen-
tum space by POT, it has so far been impossible to follow the momentum-space
dynamics of a molecular orbital in time, for example during an excitation process or
a chemical reaction. However, the emergence and refinement of femtosecond lasers
in the past 20 years, capable of producing ultrashort coherent light pulses, has en-
abled the development and advancement of time-resolved ARPES techniques [9].
Thus ARPES became capable of mapping the temporal evolution of the electron
system in momentum space [65-69].

In this thesis, time-resolved photoemission is combined with POT to realize
a proof-of-principle experiment, enabling, for the first time, the observation of
excitation dynamics of surface-adsorbed molecules in both time and momentum
space. The primary objective of this work is the selection and preparation of a
suitable model system to serve as the sample for the experiment. The crucial
requirements — well-defined molecular orientation for orbital mapping, yet weak
molecule-substrate interaction to slow excitation dynamics — are met by a mono-
layer of the prototype organic molecule 3,4,9,10-perylenetetracarboxylic dianhy-
dride (PTCDA) deposited on an oxygen-passivated Cu(001) surface.



Outline

Following this introduction, the experimental approaches employed in this work
are introduced in Chapter 2. Adsorption structures of different sample systems are
characterized by the well-established technique of low energy electron diffraction
(LEED). In situ growth experiments and studies of lateral domain configurations
are performed with low-energy electron microscopy (LEEM). The electronic struc-
ture of graphene and molecules is accessed with photoemission-based techniques,
namely, angular-resolved photoemission spectroscopy (ARPES) and photoemission
orbital tomography (POT). The latter is combined with two photon photoemission
(2PPE) to realize a time-resolved POT (tr-POT) experiment.

The first project of this thesis discusses the epitaxial growth of Gr-R0° for
30°-tBLG production on SiC in two separate steps: The growth of BN, presented
in Chapter 3, and the graphitization of the BN template, presented in Chapter 4.
BN is grown by exposing the hot SiC(0001) surface to borazine in Chapter 3. This
process is investigated in situ and in real time using LEEM, thereby providing
new insights into the growth mechanism. A detailed analysis of the structure and
domain configuration of three different BN surface phases is performed. Further-
more, it is shown that increasing the heating rate during BN growth improves the
quality of the BN template. Subsequently, the BN layers serve as templates to
grow Gr-R0° in Chapter 4. LEEM is utilized to analyze the structural change
of the BN layer upon graphitization. Thus, information is provided on how the
domain configuration and the structural quality of the BN template, as well as the
sample morphology, influence the graphitization process.

Chapter 5 represents the second project of this thesis and is dedicated to the
proof-of-principle experiment that combines time-resolved photoemission with
POT. The focus lies on the selection and preparation of the model system that
serves as the sample. Furthermore, the experimental results are presented and
discussed, proving that this experiment enables the observation of excitation
dynamics of surface-adsorbed molecules in both time and momentum space for
the first time.

Finally, this work closes with a summary of the main results and a discussion of
avenues for future research.






Chapter 2

Experimental Principles and
Methods

This chapter introduces the basic principles of the different experimental tech-
niques and theoretical approaches which have been used to study the structure,
growth and electronic properties of different surfaces in this work.

First, the interaction process of low-energy electrons with matter is discussed.
Their surface sensitivity and structural sensitivity due to diffraction make
low-energy electrons a versatile probe for surface science. With low-energy
electron diffraction (LEED), a simple diffraction experiment is introduced as
standard technique to investigate the surface structure of crystalline surfaces. It
allows to directly access the periodic structure of the surface via the reciprocal
lattice. With a more advanced optical setup, low-energy electron microscopy
(LEEM) is realized as an imaging technique with lateral resolution down to a
few nm. The combination of surface microscopy with the structural sensitivity
of LEED provides complementary information on the lateral surface composition
and the crystalline structure. Moreover, experiments on adsorbate formation and
structural transitions at surfaces can be investigated both in situ and in real-time.

When low-energy electrons are generated through photoemission, information
on the electronic structure of surfaces becomes accessible. With angular resolved
photoemission spectroscopy (ARPES), the momentum- and energy-resolved recip-
rocal band structure of bulk surfaces and adsorbate layers can be mapped directly.
In photoemission orbital tomography (POT), the ARPES signal of surface ad-
sorbed organic molecules is used to map the molecule’s orbitals. Information on
the interaction between molecule and surface can be obtained by comparing ex-
perimental photoemission data with theoretical predictions. When using pulsed
photon sources, two-photon photoemission (2PPE) experiments make it possible
to probe the unoccupied electronic structure of surfaces and surface adsorbates.
With the time-resolved measurement mode, the dynamics of transiently occupied
states can be probed. For a quantitative analysis of the time-resolved 2PPE signal,
a theoretical model is introduced. By combining 2PPE with POT a time-resolved
POT (tr-POT) experiment is realized.



Chapter 2 Experimental Principles and Methods

2.1 Probing surfaces with low-energy electron
scattering processes

Generally, a surface characterization technique must fulfill two conditions, namely
surface sensitivity and surface specificity. As the surface of a material is defined
only by the outermost few atomic layers, the sensitivity requirement arises simply
from the small amount of material within the limited lateral range of the probe. A
more demanding need is surface specificity. Without, the signal originating from
the surface is superimposed and thus obscured by the signal of the bulk, which
would make up by far the largest amount of probed material.[70]

Due to their surface specificity, low-energy electrons are a well suited probe for
the structural investigation of solid surfaces and thin adsorbate layers. Electrons
are considered to have low kinetic energy Ej;, in the range of ~ 10 — 500¢V (and
very low energy if Ei;, < 10eV) [71]. The short penetration depth of low en-
ergy electrons is a result of two dominant and roughly equally strong contributing
interaction effects, namely inelastic scattering and elastic backscattering[70].

Inelastic scattering processes of low-energy electrons in solids appear mainly
through interaction with plasmons (collective vibrational excitations of the valence
electrons), and single electron excitations (electron-hole pair interaction)[3, 71]. In
diffraction based techniques, the electrons which undergo inelastic scattering are
lost for surface characterization. The corresponding attenuation effect due to all
inelastic scattering processes can be described by a parameter called inelastic mean
free path A; [72]. It corresponds to the distance an electron wave can travel in a
solid before its intensity has decreased by a factor 1/e. Experimentally, A; is found
to depend on the electron’s kinetic energy, following the empirical law

N[A] = ¢1 Ein[eV] ™2 + coy/ Brin[eV] (2.1)

with material specific constants ¢; and ¢g [73]. As can be extracted from Fig. 2.1(a),
)\; is in the range of ~ 5 — 10 A for low-energy electrons in elemental crystals.
Consequently, electrons that penetrate more than a few atomic layers have a high
probability of losing energy and coherence to the incident beam so that elastically
backscattered electrons stem from the first few atomic suface layers [3].
Moreover, elastic scattering itself does also contribute to the surface specificity.
As the incident electron beam is progressively scattered out of the surface from each
layer, the contribution of deeper layers to diffraction decreases [70]. In analogy to
the inelastic mean free path );, an energy dependent elastic mean free path A, is
defined. One way to demonstrate the energy-dependent interplay of \; and A, is to
compare a solid’s specular reflectivity with its unoccupied electronic band structure
perpendicular to the surface [74], as shown for a W(110)-surface in Fig. 2.1(b). At
electron energies where no electronic states are accessible for the free electron to
scatter with inelastically [cf. Fig. 2.1(b), band gap between 1€V and 5eV above
the vacuum level Ey], A; becomes large. Therefore, the sampling depth depends
mainly on the magnitude of .. As the electrons are likely to undergo elastic
scattering, a maximum in reflectivity occurs. In analogy, a reflection minimum
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corresponds to a high density of states. The increased amount of possible inelastic
scattering processes results into a short \; which causes strong attenuation [cf. Fig.
2.1(b), at energy of 10eV above Ey].

Finally, a coherent electron beam that is elastically scattered at a crystalline sur-
face gives rise to diffraction, provided that the periodicity of the probed structure
and the wavelength of the electrons are of comparable length scale. The electron
wave length can be determined by employing the de Broglie relation

h
A=— and p=mv=/2mE, . (2.2)
p

A substitution of the parameters with values of appropriate fundamental constants

leads to the expression
MNA] = /150.4/ Byin[eV] . (2.3)

Thereby, the range of typically 20-300 ¢V used in low-energy electron diffraction ex-
periments corresponds to electron wavelengths of ~ 1 A, which is ideal for diffrac-
tion from crystalline solids. Electron waves that are reflected from consecutive
crystal planes with lattice spacing d and incident angle 6 interfere constructively
when their path length difference is an integer multiple of the de Broglie wavelength

nA = 2dsinf (2.4)

a relation commonly known as Bragg’s law. [70]

(a) 100 (b) ™
0.8

<
< _ 0.6
S )
g “out
= 10
g 0.2+
o ;
ks — :
[}
£

(o%/u) /¥

| i NI

=z
100 1000 o= 0 5 0 15 20
0 Energy (eV) T30V EleV)

Figure 2.1: Interaction of low-energy electrons with matter. (a) Inelastic mean
free path \; of electrons in a solid as a function of electron energy. The displayed
profile was determined by Eq. 2.1, using the parameters ¢; = 1430 and ¢; = 0.54
for elemental solids, as provided by Ref. [73]. (b) Normal incidence reflectivity of
electrons at a (110)-oriented thungsten surface (top) and the band structure along
the surface normal (bottom). Fig. 2.1(b) originally from Ref. [75], reproduced from
Ref. [74] with permission. Licensed by Springer Nature Customer Service Center
GmbH. This material is not covered by the terms of the CC BY 4.0 license (see
License Notice).
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2.2 Low-energy electron diffraction (LEED)

LEED is a standard technique for the structural characterization of crystalline
surfaces. Thereby, the atomic lattice serves as a diffraction grating for the surface
sensitive low-energy electrons. The recorded diffraction pattern gives direct access
to the reciprocal lattice of the investigated material.

2.2.1 The reciprocal lattice
In three dimensions, a crystal’s reciprocal lattice is described by the Laue condition
k=ko+ G , (2:5)

which is the general condition for constructive interference at a crystalline solid and
basically describes momentum conservation of the incident and scattered wave vec-
tors ko and k of the probe. Constructive interference occurs only for discrete points
in reciprocal space, given by the reciprocal lattice vectors Gy = haj + ka3 + laj
with the integer-value Miller indices (h,k,l) and the primitive reciprocal-space
translation vectors (af, aj, aj). When low-energy electrons are used as probe in the
diffraction experiment, the penetration depth is short and information on the crys-
tal’s periodicity along the dimension of the surface normal is lost. Consequently,
momentum conservation stays valid only for k!, the momentum component parallel
to the surface:

kl =ko! + Gl with Gl =g, = haj + kaj . (2.6)

Here, aj and aj are defined parallel and aj perpendicular to the surface. The
reciprocal translation vectors parallel to the suface plane, aj and aj}, are related
to the translation vectors of the real-space lattice parallel to the suface plane, a;
and ag, by

*

a; = 2w

az X n n x a;

1 , 1 , A=a;-azxn |,
with n being the unit vector normal to the surface. The momentum component
k* perpendicular to the surface is not conserved. Therefore, the discrete recipro-
cal lattice points of bulk scattering transform into infinite reciprocal lattice rods
perpendicular to the surface, also called diffraction rods. As illustrated in Fig.
2.2(a), these are identified with the number index (hk). Note that the probing
depth is not exactly two-dimensional but has a finite probing depth. Therefore,
the intensity along the rods is modulated. [70]

In a LEED experiment, the incident electron beam kg is monochromatic and
energy conservation must be fulfilled:

(2.7)

*
a] =27

27 2
kol =kl = —p = —V2mE . 2.8
ol = il = 7p = =" Vo (28)

For a fixed energy F, this defines all points in reciprocal space which are accessible
in a LEED measurement by a sphere with radius 27”\/ 2mFE, the so-called Ewald’s
sphere [cf. Fig. 2.2(a)]. [76]

10
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Figure 2.2: Ewald’s sphere construction and principle of LEED. (a) 2D-lattice
in reciprocal space. In a diffraction experiment, constructive interference appears
when the Ewald’s sphere intersects with the diffraction rods (hk). (b) Schematic
of the LEED experiment, based on Ref. [70]. (¢) LEED pattern of the Cu(001)
surface. The (00)-spot is shadowed by the electron source.

2.2.2 Experimental setup

In Fig. 2.2(b) the experimental setup of a LEED instrument is displayed schemat-
ically. A monochromatic electron beam kg is generated by an electron gun and
directed onto the sample under normal incidence. The typical probing diameter is
~0.5-1mm [77, 78]. A system of grids is used to control the electric fields in the
setup. In this way, a field free area around the sample is created and inelastically
scattered electrons are repelled [79]. The elastically backscattered electrons are
detected by a fluorescent screen. Fig. 2.2(c) displays a LEED pattern recorded
by directing a camera on the fluorescent screen from behind the electron source.
In this geometry, the lattice rods (marked with corresponding number indices)
are imaged as LEED spots. The LEED pattern is a direct projection of a two-
dimensional map of reciprocal space, defined by the surface of the Ewald’s sphere
and the acceptance angle [cf. Fig. 2.2(a,b)]. As a consequence, the magnifica-
tion is determined by the incident electron energy, making the LEED spots move
towards the center upon increasing the energy and therefore, the radius of the
Ewald’s sphere. Note that, the LEED instrument used in this work has a flat de-
tection geometry which results into a distortion of the LEED pattern [72][cf. Figs.
2.2(c) and 2.3(a)]. However, it allows the use of a microchannel plate to enhance
the signal. Due to the higher detection sensitivity, lower beam currents can be
applied which reduces beam damage on organic samples.

11
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2.2.3 Notation and examples

In the following, the notation used for the description of crystalline surface struc-
tures is introduced and examples for different surface structures and their respec-
tive LEED features are presented, based on Ref. [70]. The provided information
is selected by its relevance for the present work and focuses on qualitative effects.
For more details refer to standard text books [3, 70, 77, 79, 80] and cited literature.

The unit cell Any crystalline surface structure is described completely by the
arrangement of the surface atoms within a unit cell spanned by the translation
vectors a; and ap as introduced above. The assignment of a unit cell is not
unambiguous. Usually, a unit cell containing the smallest possible area, the so-
called primitive unit cell, is chosen. The reciprocal-space translation vectors aj
and a} are then obtained directly from Eq. 2.7. Fig. 2.3(a) shows an exemplary
real-space structure model (left), which represents the topmost atomic layer of a
simple cubic (sc) or face centered cubic (fcc) (001)-surface. From its primitive unit
cell, the corresponding reciprocal lattice results as shown on the right.

Superlattice and superstructure Upon adsorbate formation, LEED structures
become more complicated as the substrate’s structure is superimposed with the
adsorbate’s structure. The latter is commonly described by a matrix M, which
relates the unit cell vectors of substrate aj,as and adsorbate by,by by:

(o) = ()= (o ) () s

When the matrix elements m;; are rational numbers, the superstructure is called
commensurate, otherwise incommensurate[70]. An example for a commensurate
adsorbate structure is shown in Fig. 2.3(b). Here, every second hollow site of the
structure model from Fig. 2.3(a) is occupied by an adsorbate atom. The primitive
unit cell of the superlattice is drawn with solid gray lines and the corresponding
superstructure matrix is (1 3'). In Wood notation, this superstructure is given by
(v/2x+/2)R45° [77). This term describes the geometric relation of the superlattice’s
to the substrate’s primitive unit cell, namely a scaling of the respective lattice
vectors by v/2 and a rotation by 45°. Another expression in Wood notation for
the same superstructure is the more comonly used ¢(2 x 2) [77]. It relates to the
conventional centered (’c’) and in size doubled (non-primitive) unit cell as indicated
with a dashed square in Fig. 2.3(b). In reciprocal space, the superstructure spots
(gray) are superimposed with the substrate spots (black), adding additional 1/2-
order spots. Note that as a consequence of Eq. 2.7, the size ratio of the substrate’s
and the adsorbate’s reciprocal unit cells is inverted with respect to real space.

Disorder effects Each type of defect in the crystalline lattice gives rise to par-
ticular features in the diffraction pattern, according to the structure of the defect
and its embedding into the surface matrix [3]. Exemplary, the effect of anti-phase

12
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Figure 2.3: Examples for surface structures and their LEED patterns. (a) Real-
space (left) and reciprocal-space (right) structure models for the topmost layer of
an sc(001) or fec(001)-surface. The unit cells and translation vectors are drawn
with black lines and arrows, respectively. (b) Same as (a), but with additional
adatoms (gray) occupying every second hollow site. The primitive unit cell of the
superlattice and the corresponding reciprocal-space structure are drawn in gray.
Dashed lines indicate the ¢(2 x 2) superstructure unit cell. (c) Real-space struc-
ture model of a phase boundary (red shaded area) between the two anti-phase
domains of the ¢(2 x 2) superstructure. (d) Anti-phase diffraction. The calcu-
lated diffraction intensities (right) are shown for scattering at one-dimensional
lattice models (left) of (i) a large number N of atoms with spacing a; (ii) sev-
eral groups of n atoms, each with spacing a and distance between the groups of
d = (n+0.5)q; (iii) Several groups of atoms of varying size n; but otherwise as for
(ii). (e) Adsorption structure on the (001)-surface with adatoms occupying every
second hollow site by forming rows. Domain A (2 x 1) and domain B (1 x 2) are
symmetrically equivalent by a rotation of 90°. When both domains are present
in the investigated surface region, the reciprocal structures superimpose in LEED
(right). The schematics in (a-e) are based on Ref. [70].
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domain formation is introduced. The real-space model in Fig. 2.3(b) represents an
idealized c(2 x 2) adsorption structure. Considering that every hollow site of the
(001)-surface is symmetrically equivalent, the surface registry allows two energeti-
cally equivalent domains to form, as shown in Fig. 2.3(c). These have unit cells of
identical dimensions but do not do not fulfill translational symmetry, which results
in domain boundaries (red shaded area). In terms of interference, the two domain
registries are out of phase, therefore called anti-phase domains. Depending on
size and distribution of the anti-phase domains, different interference effects can
be observed in diffraction patterns [70]. This is illustrated for three exemplary
cases in Fig. 2.3(d). Here, scattering intensities in reciprocal space (right) have
been simulated using simplified one-dimensional scattering models in real space
(left) [70, 81]. Example (i) represents an ideal lattice without anti-phase domains.
Arranging N atoms in a row with spacing a, the basic periodicity of the diffraction
pattern is Ak = 27/a. The width of the intensity maxima scales with 1/N. Ex-
ample (ii) is a periodic arrangement of alternating anti-phase domains of n atoms,
each with spacing a and distance d = (n + 0.5)a between the groups. The simu-
lated diffraction intensity exhibits a splitting by 27 /d [82] of alternating diffraction
spots. If the domain sizes n become randomized (iii), a peak broadening occurs
instead. In a general context, weakened and broadened fractional-order spots and
diffuse intensity distributions are commonly associated with disorder effects [77].
Importantly, these can only be observed when the respective domain structures
appear on length scales smaller than the lateral coherence length of the electron
beam, also called transfer width. The latter is in the order of ~ 100 A for typical
LEED instruments [70].

Rotational domains Another effect of domain formation is observed when the
adsorbate’s superstructure exhibits lower symmetry than the substrate. This is
illustrated in Fig. 2.3(e). Here, adatoms form a (2 x 1) rectangular mesh (domain
A) on the square lattice of the (001)-substrate. As a consequence of Eq. 2.7,
length scales are inverted in reciprocal space , resulting into a (1/2 x 1) reciprocal
mesh. Due to the substrate’s higher symmetry, a 90° rotated and symmetrical
equivalent domain B arises. When both domains coexist on the investigated surface
area, the diffraction patterns of the respective domains superimpose in the LEED
measurement [cf. Fig. 2.3(e) right].

Multiple scattering So far, only single scattering events have been considered,
as illustrated in Fig. 2.4(a). Here, electrons are scattered only once, either from
adsorbate or substrate. This results simply in the superposition of their LEED
patterns, resembled by the sets of two dimensional reciprocal lattice vectors {gll}
and {gl}. However, due to the short elastic mean free path of low-energy elec-
trons, successive elastic scattering from several surface atoms makes an important
contribution to LEED patterns [79]. Exemplary, the effect of multiple scattering
(MS) on LEED patterns is discussed for a double scattering event (15-order MS),
involving both substrate and adsorbate, as illustrated in Fig. 2.4(b). Considering
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Eq. 2.6, the resulting reciprocal scattering vectors of the described 1%-order MS
event are simply obtained by all possible linear combinations of {gl} and {gl},
which fulfill energy conservation [83]. These are referred to as {g!l +gll}. When no
adsorbate is present or when all reciprocal lattice vectors of the adsorbate’s struc-
ture are in common with the substrate’s, {gl + gl} is identical with the union of
the two sets: {gl} U{gl}. In this case, multiple scattering (MS) solely alters the
LEED spots’ intensities. Otherwise, additional LEED spots arise which cannot
be explained by single scattering events. This effect is well known for example
from the so-called moiré patterns commonly observed in LEED for two hexagonal
lattices being rotated with respect to each other and/or having slightly different
lattice constants [84]. The latter case is illustrated in Fig. 2.4(c). In the schematic
example (i), the reciprocal lattices of substrate and adsorbate are represented by
gray and red spots, respectively. A 1¥-order MS event involving g/l and gl results
into a new LEED spot at gl + gll. Similarly, all additional LEED spots up to
37%order MS are deduced and indicated by blue spots of different shades. The
scattering intensity of MS spots usually decreases with increasing order of MS
events, as becomes obvious in the LEED measurement (ii).
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(a) one scattering event (c) LEED pattern with moiré for two hexagonal lattices
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Figure 2.4: Multiple scattering and formation of moiré patterns in LEED.
(a) Single scattering results into the two-dimensional reciprocal lattice vectors {g]}
(adsorbate) and {gl} (substrate). (b) Double scattering, which involves substrate
and adsorbate, results into additional scattering vectors {gl + gl}. (c) Multiple
scattering (MS) at two hexagonal lattices with the same orientation but slightly
different lattice constants a, (substrate) and a, (adsorbate). (i) Simulated LEED
pattern for a, : a; = 15 : 18. Under 1%-order multiple scattering, additional LEED
spots appear as exemplarily illustrated by gl + gl. Increasing the number of in-
volved scattering events, a so-called moiré pattern forms. (ii) LEED measurement
of a monolayer graphene (Gr) on a Ru(0001)-surface (Ru) with ag, : ag, = 23 : 25,
showing a moiré pattern due to MS. Fig. 2.4(ii) adapted with permission from Ref.
[85]. © 2008 by the American Physical Society (see License Notice).
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Interpretation of LEED data Although LEED offers direct access to the re-
ciprocal surface structure, the given examples underline that information on the
real-space surface structure is not trivial to deduce from complex LEED patterns.
Moreover, two important aspects limit the power of conventional LEED. Firstly,
LEED averages the structural information of a large surface area (~0.5-1mm)
while the structural quality can be judged only for length scales below the transfer
width (~ 100 A). Secondly, the reciprocal lattice vectors alone do only yield infor-
mation on the dimensions and the symmetry of the unit mesh in real space and not
on the geometric positions of surface atoms within the unit cell [79]. Worth men-
tioning is that quantitative techniques have been developed to further extend the
power of LEED. For example, a quantitative analysis of energy dependent LEED
spot intensity profiles (LEED-I(V), L:Intensity, V:acceleration voltage of the elec-
trons) makes information on the geometric positions of surface atoms accessible.
More commonly, LEED is used as a convenient tool to control the structural qual-
ity of samples in preparation for other surface characterization techniques. In this
work, LEED was mainly used to control the structural quality of already known
adsorbate-substrate systems or in combination with the surface imaging technique
LEEM.

2.3 Low-energy electron microscopy (LEEM)

In LEEM, elastically backscattered low-energy electrons are used for surface imag-
ing. Due to the complex interaction process of low-energy electrons with matter,
namely the structural and material-specific sensitivity as well as the strong and
nonmonotonic energy-dependency [cf. Section 2.1], contrast can be established
between almost any surface structures. Moreover, the combination of LEED with
the spatial resolution of LEEM provides access to complementary real-space and
reciprocal-space information on surface structures. Finally, in contrast to other
surface techniques like scanning tunneling microscopy (STM), large scale surface
areas (less than 1um up to ~ 100pum) can be imaged in situ and in real time (with-
out scanning) [86]. All these properties make LEEM an ideal tool both for surface
characterization and for the investigation of dynamic processes such as adsorbate
formation and structural transitions at surfaces.

2.3.1 Experimental setup and electron optics

The concept of LEEM was developed by Ernst Bauer and experimentally demon-
strated in 1962 [87]. The first working instrument with a resolution of 20nm
followed in 1985 [88]. To access both spatial and momentum information of the
electrons, LEEM affords a more advanced optical system than conventional LEED.
In the following, the instrumental realization of LEEM is introduced along with
the experimental setup, based on Refs. [76, 89, 90].

The instrument used in this work, and shown in Fig. 2.5, is an aberration-
corrected spectroscopic photoemmission and low-energy electron microscope (AC-
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SPELEEM III), produced by "Elmitec Elektronenmikroskopie GmbH’. It is oper-
ated under ultra high vacuum (UHV) conditions with a base pressure in the range
of 1079 mbar as required for electron optics and production and storage of UHV
clean samples. Three chambers can be seperated by valves: The sample prepa-
ration chamber with a storage, the main chamber with measuring stage and the
electron optics column. An overview of the most important optical components is
provided in Fig. 2.6. In order to keep the overview of the microscope’s optics sim-
ple, some elements are not depicted. These are for example deflectors, which are
used to align the beam along the optical axis of the microscope. Other elements,
as the beam separators, the aberration correction mirror and the energy analyzer
are much more complex than presented here. For more detailed information on
electron optics, consider Refs. [74, 89].

A Schottky field emitter serves as electron source, providing a highly coherent
electron beam with low energy dispersion. In order to keep optical aberrations
low, the emitted electrons are accelerated to 20keV and pass the electron optical

preparation = 5
chamber

electron
source

Figure 2.5: Picture of the AC-SPELEEM instrument. The setup consists of three
UHV chambers: The sample preparation chamber, the main chamber with mea-
suring stage, and the electron optics column. The latter consists of the electron
source, two sector fields, the correction mirror, the energy analyzer and the de-
tector. The beam path of the electrons is indicated by red arrows. It passes the
electron optics column from source to detector, only entering the main chamber
for interaction with the sample after passing the first sector field for the first time.
Additionally, a helium lamp and a mercury lamp can be used for photoemission
experiments.
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components along the beam path as indicated by red lines in Fig. 2.5 and Fig.
2.6(a). After being focused into the back focal plane of the objective lens by the
illumination optics, the beam is directed onto the sample in the main chamber.
In contrast to other conventional electron microscope techniques, LEEM requires
a normal incidence reflection geometry, and slow electrons to interact with the
sample. The first aspect is realized by a magnetic sector field with a deflection
angle of 60°, which serves as a beam separator for the incident and reflected electron
beam. Passing through the objective lens at the entrance of the main chamber,
the electrons hit the sample as a parallel beam. An electric field between objective
lens and sample slows down the electrons from 20keV to the required interaction
energy of a few eV. After interacting with the sample’s surface, the same electric
field reaccelerates the electrons, which are then refocused in the back focal plane
of the objective lens.

Being deflected by the first sector field again, the beam passes the intermediate
optics towards a second sector field. Here, an aberration correction mirror is
connected with the electron optics column in a similar geometry as the main
chamber. The correction mirror allows to correct for spherical and chromatic
aberrations which are caused mainly by the decelerating and accelerating field of
the objective lens. Thereby, the lateral resolution can be improved to less than
2nm [90, 91]. Depending on the operation mode of the second magnetic sector
field, the LEEM instrument can be operated with or without correction mirror.
Either way, the electrons leave the second sector field into the imaging column.

The lenses of the imaging column serve mainly for magnification and projection.
As illustrated in Fig. 2.6(b,c), basically the focal length of the illumination lens (IL)
decides if an image of the sample’s surface or a diffraction plane is projected into the
first projective lens (P1) and finally onto the detector. In this way, the operation
mode of the instrument is changed between LEEM and LEED mode. Compared to
conventional LEED (as introduced in the previous section), LEED measurements
at a LEEM setup go along with a number of advantageous features. Due to the
high acceleration of the electrons after interacting with the sample, the acceptance
angle is almost 180° and LEED spots do not move when changing the electron
energy, as it is the case in conventional LEED instruments [76]. Another feature
are so-called pLEED measurements. By introducing the illumination aperture IA
in the first sector field [cf. Fig. 2.6(a)], the spot size of the beam on the sample can
be reduced to a minimum spot diameter of ~ 0.2 um. In this way, small surface
areas of different structures can be probed with LEED separately. Last but not
least, the electron gun does not appear as a shadow in the pattern.

Subsequent to the imaging column, the electrons pass the hemispherical energy
analyzer. With the energy slit at it’s exit, inelastically scattered electrons can
be filtered. Moreover, it enables to use the setup also for photoemission electron
spectroscopy (PES) experiments, as disscussed in succeeding sections. Finally,
the electron beam is projected onto a detector similar to the LEED setup: A
microchannel plate (MCP) multiplies the electrons before the electrons hit the
fluorescent screen which is imaged by a CCD camera from behind.
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Figure 2.6: LEEM electron optics. (a) Overview of the most important compo-
nents along the geometric beam path: (i) Electron source and illumination optics
with three condensor lenses CL1-3. (ii) First sector field with illumination aper-
ture (TA) and selected area aperture (SSA). (iii) Objective lens, sample and photon
source (). (iv) Intermediate optics with mirror field lenses (MFL1, MFL2) and
mirror transfer lenses (MTL1, MTL2). (v) Second sector field. (vi) Mirror optics
with mirror transfer lens (MTL), focus, extractor and mirror. (vii) Image col-
umn with transfer lens (TL), field lens (FL), contrast aperture (CA), illumination
lens (IL) and projective lens (P1). (viii) Energy analyzer with energy slit (ES).
(ix) Projector with projective lenses (P2 and P3). (x) Detector with microchannel
plate (MCP), fluorescent screen and camera. (b) Reduced schematic of the LEEM
operation mode. Black arrows represent image planes and black dots diffraction
planes. An image of the sample’s surface is projected onto the detector. (c) Same
as (b) but for the LEED operation mode. Instead of the image plane, the back
focal plane is projected onto the detector. The schematics in (b,c) are based on
Ref. [92]. 19
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2.3.2 Contrast mechanisms and imaging parameters

A LEEM measurement basically records the specular reflectivity of a surface with
spatial resolution. Consequently, contrast in LEEM imaging originates primar-
ily from reflectivity variations between adjacent areas of different chemical and
structural composition. This contrast mechanism is called amplitude or diffrac-
tion contrast. As discussed in Section 2.1, the reflectivity of a surface is not only
structure- and material-specific but also depends strongly and nonmonotonically
on the electrons’ interaction energy. Therefore, the latter is a crucial parameter
to generate contrast in LEEM. Experimentally, the electrons’ interaction energy
is resembled by the parameter Ugy,, which can be tuned by changing the bias
between objective lens and sample. Note that LEEM is mainly conducted with
very low-energy electrons as the high reflection intensities in this energetic range
are beneficial for fast image acquisition [76]. In the following, the most important
aspects of LEEM contrast and imaging are introduced, selected by relevance to
the present work. For more detailed information refer to Refs. [76, 90, 93] and
other cited literature.
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Figure 2.7: Energy dependency of contrast in LEEM: LEEM-I(V) characteriza-
tion of hBN grown on Ni(111). Intensity vs. voltage curves evaluated from differ-
ent surface areas, as indicated with colored arrows in the LEEM images (i-iii).
(i) Growth of hBN islands (bright) on the Ni(111) surface (dark), imaged at
Ustart =3.5V. (ii) The same surface area as (i), but after the surface is covered
completely with hBN and imaged at Ustqre =18.3 V. Compared to (i), the contrast
of a-phase and (-phase hBN is inverted. (iii) The same as (ii) but imaged at
Usgtare =22.5V. Additional contrast arises within the a-phase. Fig. 2.7 adapted
with permission from Ref. [MR1]. © 2021 by the American Physical Society (see
License Notice).
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The energy dependence of LEEM contrast is commonly characterized by record-
ing image series of the same surface region with varying Ug,,.. By extracting the
local intensity of selected areas and plotting it versus Ugy,t, area-specific reflec-
tivity spectra are obtained. These are also called LEEM-intensity-vs-start-voltage
[LEEM-I(V)] spectra, in analogy to LEED-I(V). The general shape of LEEM-I(V)
curves shows three characteristic features [cf. Fig. 2.7]. Firstly, at small and neg-
ative Ugqre, & plateau of maximum intensity occurs due to total reflection as the
electrons have not enough energy to interact with the sample. With increasing
Ustart, the electrons eventually have enough energy to overcome the work function
and interact with the surface. This results in the second feature, a drop of intensity
at an energy directly related to the surface’s work function. The third feature is
the structure- and material-specific profile of the spectrum with increasing electron
energy. With advanced approaches, LEEM-I(V) profiles have been used to extract
detailed information on geometric and electronic structure as well as chemical com-
position of surfaces [94-97]. More directly, they can serve simply as a fingerprint to
identify and differentiate surface structures. The LEEM-I(V) characterization of
a surface is illustrated exemplary in Fig. 2.7 for the 2D-material hexagonal boron
nitride (hBN) grown on a Ni(111) surface. The LEEM-I(V) curves of all observed
surface structures are displayed, along with LEEM images for selected Ugyyi. The
contrast between Ni(111) and hBN in Fig. 2.7(i) is an example for material con-
trast, whereas the different hBN phases do not deviate from each other by their
material composition but solely by their adsorption structure (for more details
refer to Ref. [MR1]). Depending on the choice of Uy, the contrast in LEEM

Another important contrast mechanism is phase contrast. It provides additional
contrast when modifications of the phase of the imaging electron wave create in-
tensity variations through interference [93]. In the following, it’s most prominent
manifestations are introduced, namely step contrast and phase contrast. Here,
the phenomena are illustrated using a simplified model. A more accurate and
quantitative approach to phase contrast is derived in Ref. [93].

The phenomenon of step contrast is illustrated in Fig. 2.8(a). Electron waves
which are reflected from the higher and lower terraces adjacent to an atomic step
interfere with each other. The path length difference d is two times the step height
ag and corresponds to a relative phase shift of

A¢ = kd = (2a0/h)V2mE (2.10)

with k, m and E being the free electron’s wave vector, mass and energy, respectively
[93]. For destructive interference, the step edges become visible as dark lines, as
observed in Fig. 2.8(b) for a Ni(111) surface. The thinnest lines correspond to
atomic steps, thicker lines to step bunches. In this way, imaging individual steps
gives LEEM a sort of atomic resolution perpendicular to the surface. [76]

Note that three-dimensional surface structures such as hillocks, pits and step
bunches produce gross features of contrast due to local field distortions which
change the electron trajectory, an effect referred to as topographic contrast [71].

21



Chapter 2 Experimental Principles and Methods

(a)

Adg, = (2ag/R)V2mE

(c)
Ay = (2t/)2m(E + Vo)
Ay,
A, 1
1 |
! t; fz i

10
Ustart (V)

Figure 2.8: Phase contrast in LEEM. (a) Schematic of step contrast, based on Ref.
[76]. Electron waves reflected from terraces on opposite sides of an atomic step
interfere with each other. (b) Step contrast at a Ni(111) surface. The thinnest
lines correspond to atomic steps, thicker lines to step bunches. (¢) Schematic of
quantum-size contrast, based on Ref. [76]. At a thin film, electron waves reflected
from surface and burried interface interfere with each other. (d) LEEM-I(V) spec-
tra for monolayer (orange), bilayer (red) and trilayer (brown) hBN on Ni(111),
showing characteristic quantum interference peaks (QIPs). For clarity, the curves
are shifted in intensity. The manifestation of quantum-size contrast is energy
dependent, as illustrated by (i-iii) the corresponding LEEM images for different
Ustart- For more details on this sample system, refer to Ref. [MR2].

A second manifestation of phase contrast is quantum-size contrast. It is ob-
served for thin adsorbate films of different thickness [93, 98]. Again using a simpli-
fied model as for step contrast, interference is considered between electron waves
reflected from a thin film’s surface and the interface of thin film and substrate
in Fig. 2.8(c). Taking the inner potential Vj of the thin film into account and
assuming free electron dispersion in the thin film, the resulting phase shift is

A = Kd = (2t/h)\/2m(E + Vo) (2.11)

where k' is the wave vector in the thin film and d the path length difference of two
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times the thin film thickness ¢ [93]. Because the phase shift depends on film thick-
ness t and energy F, the intensity is modulated periodically as a function of both
film thickness and energy, such that, for an N-layer thick film, (N — 1) quantum
interference peaks (QIPs) arise between consecutive Bragg peaks in LEEM-I(V)
spectra [98]. This is illustrated by LEEM-I(V) measurements of differently thick
hBN layers on a Ni(111) surface in Fig. 2.8(d). Due to the differences in reflectiv-
ity, energy-dependent contrast between films of different thickness is observed [cf.
LEEM images (i-iii) in Fig. 2.8(d)]. It becomes apparent that the inelastic mean
free path of electrons in solids increases significantly for very low electron energies.
As a result, the probing depth may even extend up to tens of angstroms at the
extreme low energy range below a few electron volts [76]. A more accurate and
quantitative approach to phase contrast in Ref. [93].

Finally, the contrast in LEEM images can also be influenced by the focal condi-
tion of the objective lens. The focal length of the objective lens is varied by tuning
it’s driving current /,;. Depending on the focusing condition, the appearance of
any surface structure might or might not change. This is illustrated in Fig. 2.9,
where LEEM images of the hBN covered Ni(111) surface are shown, obtained in
underfocus (a), focus (b) and overfocus (c). The majority of the surface is cov-
ered with a-phase domains as introduced above. While these look similar in all
pictures, the appearance of the S-phase domains changes strongly with the focal
condition. While showing bright contrast and sharp edges in underfocus, they can-
not be distinguished from the a-phase in focus. In overfocus, they appear again,
but oversized and showing inverted contrast. Note that focus in LEEM is (coun-
terintuitively) identified by a minimum and/or change in contrast [99]. Therefore,
many surface structures are often better visible in over- or underfocus. Throughout
this work, different focal conditions were used to make the relevant objects bet-
ter visible. While usually maintaining a realistic representation of object’s sizes
and shapes, sometimes small objects like nucleation sites are better visible when
oversized [MR3].

(a) (b) (c)

2um

Figure 2.9: Influence of the focusing condition on LEEM contrast. The same
surface area of hBN on Ni(111) is imaged for Ugqy = 20.0V in (a) underfocus
(Iop; =1884mA), (b) focus (Ip; =1888 mA) and (c) overfocus (1p; =1892mA).
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2.3.3 Bright-field and dark-field LEEM

Specularly reflected electrons (00-beam) make up the largest component of the
backscattered electrons [76]. In contrast to the diffracted electron beams, the
00-beam suffers the least from aberrations because it travels on the optical axis.
Therefore, the resolution of LEEM images is improved when the diffracted beams
are blocked by introducing the contrast aperture (CA) in the focal plane of the
field lens (FL) [cf. Fig. 2.6] such that only the 00-beam contributes to imaging. A
schematic of this so-called bright-field (BF-)LEEM imaging mode is shown in Fig.
2.10(a). Opposed to BF-LEEM, the use of non-specular diffracted electron beams
for LEEM imaging is called dark-field (DF) imaging. This imaging mode is realized
by simply changing the operation voltages of a set of deflectors in the incident beam
path. In this way, the incident beam is tilted by the precise angle that places the
desired non-specular diffracted beam (hk) along the optical axis [76], as shown in
Fig. 2.10(b). In the resulting DF-LEEM image, any surface region that scatters
strongly in the chosen diffraction condition will appear bright while regions that
scatter weakly or for which the diffraction condition is forbidden will appear dark.
This is illustrated in Fig. 2.11, where a full DF-LEEM characterization of hBN
on Ni(111) is presented. Fig. 2.11(a) shows a BF-LEEM image of the area of
interest. as-, ap- and S-phases have been identified with LEEM-I(V), previously.
The corresponding LEED pattern in Fig. 2.11(b) is composed of hexagonal groups
of spots lying on a circle with similar radii but different azimuthal orientation.
DF-LEEM imaging of spots A, B and C [cf. Fig. 2.11(c-e)] breaks the symmetry
between the rotational equivalent S-phase domains [100], while a;- and «a-phase
do not show any intensity. DF-LEEM imaging of spots 1 and 2 [cf. Fig. 2.11(f-g)]
shows no intensity for the S-phase. The contrast of a;- and as-phases is inverted
but differently strong. The latter (and the remaining contrast in BF-LEEM) is an
indication for nonequivalent adsorption configurations of a;- and ag-phase [MR1].
Finally, the surface composition can be summarized in a color composite image as
shown in Fig. 2.11(g).
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Figure 2.10: Schematics of BF-LEEM and DF-LEEM imaging modes. (a) BF-
LEEM mode. The incident beam (yellow arrow) hits the sample’s surface under
normal incidence. Only the 00-beam passes the contrast aperture (CA) and is
used for real-space imaging. (b) DF-LEEM mode. The incident beam is tilted
such that a diffracted beam passes the contrast aperture. Based on Ref. [101].
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Figure 2.11: DF-LEEM charactrization of one layer hBN on Ni(111). (a) BF-
LEEM image taken at the same surface region as in Fig. 2.7. (b) LEED image
of the corresponding surface area. The spots used for DF-LEEM charactrization
are highlighted. The LEED spots of the a-phase (spots 1-6) superimpose with the
hexagonal pattern of the Ni(111) surface. Spots of rotational equivalent S-phase
domains A, B and C result into hexagonal patterns with similar lattice constant but
rotated by 27°, 34° and 41°, respectively. Their intensity is too low to be visible in
the LEED pattern. (c-e) DF-LEEM images of the §-phase domains corresponding
to the spots labeled A, B, and C in (b), respectively. (f,g) DF-LEEM images of
spots 1 (symmetrically equivalent to 3 and 5) and 2 (symmetrically equivalent to
4 and 6), showing different contrasts for the two domains of the a;-phase and -
phase. All images were taken with Uggre =60€V. (h) False-color composite image
of all DF-LEEM images. Fig. 2.11 adapted with permission from Ref. [MR1].
© 2021 by the American Physical Society (see License Notice).
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2.4 Probing surfaces with photoemission techniques

When a solid is illuminated with light of sufficiently high energy, electrons are emit-
ted. This so-called photoelectric effect was first observed independently by Hertz
[102] and Hallwachs [103] in the late 1880’s. Shortly after, Einstein explained the
effect by introducing the quantum nature of light, namely, the photon [104]. To-
day, experimental techniques based on the photoelectric effect are used routinely
to probe the electronic structure of matter [105]. In photoelectron spectroscopy
(PES), this is done by measuring the kinetic energy distribution of electrons emit-
ted under exposure with monochromatic light and correlating it to the solid’s
electronic structure. Depending on the photon energy used in the experiment, it
is differentiated between X-ray photoelectron spectroscopy (XPS), which probes
deep core levels with photon energies in the range of 100 eV—10keV, and ultravio-
let photoelectron spectroscopy (UPS), which is used to study valence bands with
photons in the ultraviolet (UV) spectral range of 10eV—50¢€V [80]. While the for-
mer allows access to electronic states of higher binding energy, the latter typically
provides better energy resolution. In this work, UPS was performed with photons
of 21.7eV.

Fig. 2.12(a) illustrates the electronic structure of a metal surface, consisting of
delocalized valence states and deeper lying, localized core levels. An electronic
state’s energy level is given by the so-called binding energy Ej relative to the
Fermi energy Er.! In the ground state, the electronic states are fully occupied
up to the valence band edge at Er. Commonly, the electronic structure is repre-
sented by the density of states N(F), as shown in Fig. 2.12(b). In the simplified
phenomenological three-step model [see Fig. 2.12(a)], the photoemission process
is divided into three steps, the optical excitation of the electron within the bulk
(1), its propagation to the surface (2), and the transition into vacuum (3). The
photon is completely absorbed in the probabilistic excitation process. Therefore,
energy conservation must be fulfilled:

Eyin = hw — |Ey| =@, (2.12)

where Fy;, is the kinetic energy of the photoemitted electron, hw the photon energy,
and ® the work function, which is the energetic difference between Er and the
vacuum level E,... Photoemission is only possible if hiw exceeds the sum of |Ey|
and ®. In the most simple approximation, the measured photoemission spectrum
represents the density of states, as illustrated in Fig. 2.12(c). [105-107]

The propagation of the electron is considered in the second step of the three-
step model. By inelastic scattering events, the photoelectrons loose energy and the
information on their initial state. As discussed in Section 2.1, this effect scales with
the energy-dependent inelastic mean free path, which is in the range of a few A in
UPS. On one hand, this makes UPS very surface-sensitive. On the other hand, the
inelastically scattered electrons form a background of secondary electrons which
increases towards the low Ej;, cutoff in photoemission spectra [80, 107].

INote that surface states might appear above Ef.
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Figure 2.12: The photoemission process. (a) Schematic of the three-step model
of photoemission: (1) optical excitation of an electron from the valence band,
(2) propagation of the photoelectron to the surface, and (3) its transition into
vacuum. Based on Ref. [107]. (b) The solid’s density of states, which is directly
reflected in (c) the photoelectron spectrum. Schematics (b,c) based on Ref. [108].

In the final step of the three-step model, the photoelectrons pass through the
surface potential barrier into vacuum. Due to scattering at the surface potential,
the photoelectron’s wave vector in the crystal k and in the vacuum K = p/h are
not equal [107]. Only the component parallel to the surface is conserved such that
K = Kl [106] or

Kl =kl +GI | (2.13)

in the reduced zone scheme, where Gl is a two-dimensional reciprocal lattice vector
[79, 107]. Note that in the excitation process itself, momentum conservation yields

ki —ki=kn, | (2.14)

with the momentum of the photoelectron before transmission ky, the crystal mo-
mentum of the electron in its initial state k; and the photon momentum ky,,.
However, the photon momentum is negligible small compared to the electron mo-
menta in UPS [106]. Therefore, momentum-resolved photoemission experiments
can directly access a solid’s electronic band structure F(k) parallel to the surface.
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Quantum-mechanically, the excitation process is correctly described by a one-
step process in terms of an optical transition between the N-electron initial state
TN and final state U% | each consisting of many-electron wave functions that obey
appropriate boundary conditions at the surface of the solid. The photoemission
intensity I(k, Ex:») is proportional to the transition probability w,_,f, as given by
Fermi’s golden rule:

s N
I(k, Eyin) < wiy g = f' (\II}V\ H; |\Ilfv> |25(E}V — Efv —hw) (2.15)

where the § function with initial and final-state energies of the N-electron system
(EYN and E}, respectively) ensures energy conservation [105, 107]. The interaction

with the photon is treated as a perturbation, given by H;y in its general form

2

~ e R ~ € ~
Hi = 5 —(A-p+p-A)+ A’~ —A-p
mc

2mc? me

: (2.16)

with A being the electromagnetic vector potential of the incoming light, and p
the electronic momentum operator [106]. The quadratic term in A represents
two photon processes. It becomes relevant only for high photon intensities and is
therefore neglected [108]. Moreover, the commutator relation [p, A] = —ih(V - A)
was used in equation 2.16. In the dipole approximation it is assumed that A
remains constant over atomic dimensions for photons in the UV range, therefore
V - A = 0 applies [105, 106]. In the basic assumption (sudden approximation)
of all photoemission theories, the transition process is considered instantaneous
and interaction between the escaping photoelectron and the remaining system is
neglected [105]. Hence, the N-electron final state ‘I/ifv can be expressed as a product
of the one-electron wave function z/)’; of the photoelectron with momentum k and
the final-state wave function \Ifjcv ~1 of the remaining N — 1 electrons. In analogy,
the initial state WY is written as a product of the one electron wave function ¥
and the remaining (N — 1)-particle term W' ~'. Consequently, the matrix elements
in Eq. 2.15 can be written as

e
me <
where the first term contains the one-electron dipole matrix element and the second
term is the (/N —1)-electron overlap integral [106]. In the frozen approximation, one
assumes that the remaining (N — 1)-electron states do not change (\I/}V_l = yNh),
meaning that the overlap integral becomes unity. When Eq. 2.12 is included to
reformulate the delta function of Eq. 2.15, the following expression results for the
photemission intensity:

I(k, Egip) o< | <1/1’;| A-plEYP6(Ey + @ + Epin — hw) . (2.18)
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2.5 Angular-resolved photoemission spectroscopy

Fig. 2.13(a) displays a simplified schematic of a typical angular-resolved photoe-
mission spectroscopy (ARPES) experiment. A beam of monochromatic light is
generated, for example, by a gas discharge lamp, a synchrotron beamline or a
laser, and directed on the sample [56, 109]. While the resulting photoelectrons
escape in all directions, those which are emitted at an angle (6, ¢) are collected by
the energy analyzer. Here, § and ¢ are the polar and azimuthal emission angles as
defined in Fig. 2.13(a). By tilting and rotating the sample with respect to its sur-
face normal, € and ¢ are varied to obtain the angular-resolved three-dimensional
spectral function I(6, ¢, Erin). The angle (6, ) can easily be converted into the
parallel momentum components kll = k, + k, via the geometric relations [106]:

ky =k -sinfcosp and k,=Fk-sinfsinp |, (2.19)

where the modulus of k results from the kinetic energy by k = +/2m.Epi,/h.
ARPES data are commonly presented and discussed by slicing up the photoemis-
sion data cube of the momentum-resolved spectral function I(Epp, ks, k,) into
so-called band maps (I(E, k)) or momentum maps (I(k,, k,) at constant energy).
Spectra, also known as energy dispersive curves (EDCs), are often obtained by in-
tegration over certain angular ranges. As illustrated in Fig. 2.13(b), the accessible
data cube is limited by the so-called photoemission horizon [106, 110, 111], given
by
Kl(Epw) =k-sing = &l A7) = 0511/EunleV] . (2.20)
The ARPES measurements presented in Fig. 2.14 and Section 4.2 were done with
the AC-SPELEEM III instrument introduced in Section 2.3.1. To this purpose, the
illuminating electron beam is blocked completely with the illumination aperture
(IA) [cf. Fig. 2.6]. Then, a photon source is employed to perform ARPES or
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Figure 2.13: Angular-resolved photoemission spectroscopy. (a) Schematic illus-
tration of ARPES. Under exposure of photons with energy hw, electrons are ejected
from the sample’s surface. An energy analyzer collects photoelectrons at an angle
(0,¢). Based on Ref. [109]. (b) The photoemission data cube I(Eyin, ks, ky) is
limited by the photoemission horizon. Based on Ref. [110].
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photoemission electron microscopy (PEEM). The instrument is equipped with two
photon sources: A mercury lamp provides a continuous spectrum and is mainly
used for instrument alignment in PEEM mode, while a helium lamp provides
monochromatic photons of 21.7eV for spectroscopic surface characterization. In
the electron optical system displayed in Fig. 2.6, the photoemitted electrons follow
basically the same beam path as the diffracted electrons in LEEM. The investigated
surface area is determined by the selected area aperture (SAA). It allows to perform
spectroscopic measurements on surface regions with a minimum diameter of ~
1.3 um. By introducing the smallest energy slit (ES) at the energy analyzer’s exit,
an energy resolution of 0.2eV is achieved. Finally, the photoelectron distribution
in the k,k, plane is imaged in one shot by projecting the back focal plane onto the
detector. Thus, unlike the conventional ARPES setup displayed in Fig. 2.13(a),
this imaging technique does not require scanning in 6 and ¢ or rotating the sample.
It is commonly referred to as momentum microscopy.

As an example, Fig. 2.14(a) shows a momentum map of graphene on SiC(0001),
measured with the LEEM setup for Ugey = 15.8 €V. The first Brillouin zone (primi-
tive unit cell in reciprocal space) of graphene is displayed schematically in the upper
right. Its high symmetry points, I', K, and M, are indicated in both the schematic
and the momentum map. To obtain the 3D spectral function I(Ey;,, ks, ky), an
image series of momentum maps is recorded for varying Ug,,+ with a step size of
0.1eV. Extracting the intensity along the TK and KM directions from each mo-
mentum map yields the band maps displayed in Fig. 2.14(b). The energy scale on
the left is converted from Ugyps t0 Eggp, using the energetic photoemission onset at
the I" point as reference for Fy;, = 0eV. However, it is more common to use Ep
as reference to express the energy in terms of the binding energy Fj, (right).
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Figure 2.14: ARPES data of graphene on SiC(0001) measured with the LEEM
instrument. (a) Momentum map, recorded for Uga=15.8€eV. High symmetry
points of the Brillouin zone (schematic in the upper right) are indicated. (b) Band
maps in 'K and KM directions.
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2.6 Photoemission orbital tomography (POT)

POT is a combined theoretical and experimental approach based on ARPES, which
investigates the electronic structure of surface-adsorbed molecules. While the elec-
tron density of extended periodic systems is described by a bandstructure with
dispersion E(k), molecules are finite systems which exhibit electronic states at dis-
crete energies but with a specific spatial distribution, which is represented by sin-
gle electron wave functions - the molecular orbitals [57]. The molecule’s chemical,
electronic and optical properties are primarily determined by its frontier orbitals,
the highest occupied and the lowest unoccupied molecular orbital (HOMO and
LUMO, respectively) [57, 112]. By measuring the orbital structure with ARPES
and comparing the results with theoretical predictions from density functional the-
ory (DFT), POT is used for example to determine molecular geometries, to identify
unambiguously the orbital energy ordering, and to gain insight into the nature of
the surface chemical bond [60].

Conceptually, POT is using the plane wave approximation for the final state
of the photoemission process. This simplifies the transition matrix element intro-
duced in Section 2.4, such that

where |A - E|? is the so-called geometry factor and ¢, (k) is the Fourier transform
of the initial state’s wave function, i.e., a particular molecular orbital. Although
being a strong simplification, the plane wave final state approximation is suited
well to describe emissions from 7-orbitals of planar organic molecules. [57, 59]
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Figure 2.15: Theoretical calculation of orbital tomography maps. (a) Chemical
structure model of PTCDA. (b) DFT-calculated real-space wave function of the
LUMO of a gas phase PTCDA molecule. (c) Reciprocal-space representation of
the LUMO, obtained by Fourier transforming (b). The colors in (b) and (c) rep-
resent the sign and phase of the wave function, respectively. The evaluation of
the absolute square of (¢) on the yellow hemisphere with radius k = v/2mEy;,/h
and Ej;, = 356V results into (d) the simulated momentum map of the PTCDA
LUMO. Fig. 2.15(b-d) adapted with permission from Ref. [112]. © IOP Publishing.
All rights reserved. See License Notice.
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The relationship described by Eq. 2.21 is of great advantage in the calculation
of the theoretical photoemission signal, as illustrated for the LUMO of PTCDA in
Fig. 2.15. First, the real-space representation of a free molecule’s wave function
is calculated by DFT (b). By Fourier transforming this wave function, its orbital
representation in reciprocal (momentum) space is obtained (c). Here, the yellow
hemisphere illustrates that the photoelectrons with a certain FEy;, are detected
in the experiment. Finally, evaluating the absolute square of the Fourier trans-
form on this hemisphere yields the prediction for the intensity distribution in the
experimental momentum map (d). [60, 112]

As an example, Fig. 2.16 presents experimental ARPES data of the model sys-
tem PTCDA on Ag(110) [113]. In the band map and EDC displayed in Fig.
2.16(a), features of the metalic substrate (d-bands) and the molecule (M1-3) are
distinguishable. The latter are located at discrete energy levels. By comparing
experimental and theoretical momentum maps in Figs. 2.16(b,c), the molecular
feature M1 is identified as the former LUMO (f-LUMO) of PTCDA. It became
partially filled due to charge transfer across the metal-organic interface and hence
visible in the photoemission experiment. By projecting the ARPES momentum
maps on free-molecule orbitals, one can learn how close the true eigenstates of the
coupled system are to those of the free molecule and can interpret energy shifts
and broadenings in terms of molecule-substrate interactions [113].
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Figure 2.16: Orbital tomography of PTCDA on Ag(110). (a) Experimental band
map of PTCDA on Ag(110), for an emission plane rotated by 32° with respect to
the Ag[001] direction. The white line represents the k-integrated EDC. Molecular
features (M1, M2 and M3) and the Ag d-bands are indicated. (b) Momentum
map of the molecular feature M1, identified to be the partially filled -LUMO of
PTCDA. The measurement (left) is compared to the theoretical result for a free
PTCDA molecule (right). (c) Same as (b) but for M2, which is identified as the
HOMO of PTCDA. Fig. 2.16 adapted from Ref. [113], licensed under CC-BY 3.0.
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2.7 Time-resolved photoemission experiments

In the photoemission experiments described so far, only the occupied and station-
ary electronic structure of surface structures can be probed. Beyond that, elec-
tronic excitation and relaxation dynamics are of high interest in today’s research,
as they play a crucial role for example in chemical reactions, electron transport
through interfaces and surface recombination in semiconductor and optoelectronic
devices. Such processes can be investigated with time-resolved photoemission ex-
periments, which use two-photon photoemission. In the following, the basic prin-
ciple is introduced based on Refs. [111, 114, 115].

2.7.1 Two-photon photoemission processes

With two-photon photoemission (2PPE), a pump-probe experiment can be per-
formed as illustrated in Fig. 2.17. In the most simple picture, a first laser pulse
(pump pulse) with photon energy hw, excites an electron from ground state |g)
below the Fermi level Ef into the formerly unoccupied intermediate state |e) be-
tween FEp and the vacuum level F,... A second laser pulse (probe pulse) with
photon energy hw, arrives at the surface with a time delay t,. It lifts the electron
to the final state |f) above E,... This transiently excited photoelectron is then
detected. Thereby, the usually unoccupied electronic structure of solid surfaces
becomes accessible. In the following, it is assumed that the lifetime of the excited
states significantly exceeds the pulse duration.

The energies of pump and probe pulse need to be chosen adequately. Considering
the pump pulse, |€) can only be transiently occupied if there exists an occupied
state |g) at e, = e, — hw,. A metallic substrate provides a continuum of possible
initial states below FEp, therefore hw, > €. — Fr applies. In the special case of
excitation from an isolated, narrow state |g), a pronounced resonance is observed
[114]. At the same time, one-photon photoemission (1PPE) by the pump pulse
needs to be suppressed as it would obscure the 2PPE signal. This is achieved
by a pump energy hw, that does not exceed the surface’s work function (hw, <
Eyoc — EF). Considering the probe pulse, its photon energy must be large enough
to lift the electron from the excited state above the vacuum level (hwy, > Fyoc — €e)-
Depending on the experiment, it is advantageous to avoid the 1PPE signal also
from the probe pulse (hw, < Eyo. — Er) or to use higher energies in order to access
larger parallel momenta in angle resolved measurements [MR4, 66]. Note that
the transition from initial state to final state can occur via two different pathways,
namely via population of a real intermediate state (incoherent 2PPE) or via a direct
two-photon transition involving a virtual intermediate state (coherent 2PPE) [116].
The latter is only observed during temporal overlap of pump and probe pulse.

Under these energetical considerations, 2PPE experiments combine the state
selectivity of conventional photoemission with the time resolution of pump-probe
laser experiments [111]. In Fig. 2.17(b), two data acquisition modes are illustrated.
Energy-resolved 2PPE spectra (i) are recorded at a certain delay ¢, between pump
and probe pulse. In equivalence to 1PPE experiments, the energetic positions of
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Figure 2.17: The two-photon photoemission experiment. (a) Simplified schematic
of the measurement principle. A pump pulse of energy hw, and a probe pulse of
energy hw, hit the sample with a temporal delay of ¢,. The photoemitted electrons
are detected. (b) Energetic three-level system of 2PPE. An electron is excited from
the ground state |g) to the excited state |e) and final state |f) by the pump and
probe pulses, respectively. (i) Energy resolved 2PPE. An EDC is measured for a
fixed delay time t,. (ii) Time-resolved 2PPE. A delay curve (black) is measured
for a fixed kinetic energy Ej;,. The temporal overlap of pump and probe pulse is
resembeled by the cross-correlation curve (grey). Based on Ref. [111].

the photoemission features of interest are determined. With angular resolution,
the latter can also be mapped in momentum space. The second acquisition mode
is time-resolved 2PPE (ii). For a fixed kinetic energy, the 2PPE intensity is mea-
sured as a function of the pump-probe delay with femtosecond resolution [115]. In
order to determine the delay, note that pump- and probe-pulse envelopes may be
estimated as gaussian profiles with finite widths [111]. The temporal overlap is
given by their symmetrical cross-correlation trace [gray profile in (ii)]. Its maxi-
mum denotes the optimum overlap between the laser pulses and is defined as zero
delay (t, = 0). Per definition, the signal of a coherent 2PPE process is propor-
tional to the cross-correlation of pump and probe pulse. Therefore, it is used to
obtain the cross-correlation trace and to determine ¢, = 0 in the experiment [111].

Incoherent 2PPE processes involve a true intermediate level. The pump pulse
does not immediately result into a population of the intermediate state. It rather
creates a coherent superposition of initial and intermediate state, i.e., the electric
field induces a polarization, which then leads to an incoherent change of the pop-
ulation of initial and intermediate state [117]. This dynamic process suffers from
inelastic and elastic interaction with the environment. Thus, the dependence of
the incoherent 2PPE signal on the pump-probe delay [black profile in (ii)] is more
complex. Only after the pump pulse (or equivalently the cross-correlation) has
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vanished completely, the excited state’s lifetime can be extracted directly from the
exponential decay [114]. In order to model time-resolved 2PPE spectra during
temporal overlap, the density matrix formalism has been established [118, 119]. It
is used to analyze time-resolved 2PPE spectra quantitatively over all pump-probe
delays and thereby allows to separate inelastic and elastic scattering contributions
to the excitation process.

2.7.2 Density matrix formalism for a three-level system

The theoretical model introduced in the following was used to model the time-
resolved 2PPE spectra presented in Section 5.3.3. It is based on the well-known
density matrix formalism for the phenomenological model of two-photon photoe-
mission [111, 118-120].

The equation of motion Starting point is the Hamilton operator of the unper-
turbed and time independent three-level system

Ho= Y eilgi) (@il with Holg:) =eiles) (2.22)
i=g,e,f
where g4, €. and e are the energy levels of ground state |¢,), excited state |¢.)
and final state |¢f), respectively. When the optical excitation by the laser beams
is turned on, the system couples via dipole interactions to the time dependent
electric fields

E,(t) = E(t)e e +ce. and  Ey(t —t,) = &t — t,)epe ) 4 ce. (2.23)

of the pump and probe pulses [118]. They are characterized by the pulse envelopes
&, (t) and &y(t —1,), the polarization vectors e, and e, and the carrier frequencies
w, and wy, respectively. Note that, the probe pulse arrives at delay time ¢, with
respect to the pump pulse. The Hamiltonian is now given by

H=Hy+ Hyy with Hyy(t) = —fu- E(t) (2.24)

where the interaction term f[mt(t) includes the transition matrix (or dipole op-
erator) fi with matrix elements p;; [119]. Furthermore, the energetic difference
between the monochromatic pump and probe pulses is assumed significantly large,
such that optical transitions only occur from |pg) to |¢.) by the pump pulse and
from |.) to |¢y) by the probe pulse [118]. Therefore, Hi(t) is given by

[:-’int = - |999> (el HgeEq(t) — l©e) <‘Pf| “‘efEb(t —tp) +he (2.25)

where h.c. is the hermitian conjugated of the preceding expressions. Relax-
ation was treated by considering an ensemble average of states |p;) coupled to a
bath. The time evolution of the optically excited system is then described by the
Liouville-von-Neumann equation with density operator p [119]:

PN Los ~relaz
Op = - [H,p) + 0™ (2.26)
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In the matrix representation of the density operator p, the diagonal elements p;;(t)
are the time-dependent populations n;(¢) of the states |¢;). Off-diagonal elements
pii(t) (i # j) describe the optically induced coherent polarizations p;;(t) between
states |¢;) and |¢;). The relaxation of the excited system is included phenomeno-

logically with the dissipative part pr®®. [118, 119]

Phenomenological incorporation of relaxation processes The diagonal relax-
ation terms pff'®® describe the energy relaxation of populations n;(t) due to inelas-
tic scattering [118]. This process is assumed to follow an exponential decay

relax

1
Opii " = —Lipyy = —=mi(t) (2.27)

T;

with relaxation rate I'; being the inverse inelastic lifetime T; of state |p;) [118].
~relax

Equivalently, the off-diagonal terms pf"** (i # j) describe the loss (dephasing) of
the polarization p;;(t) by

Telaxr 1
Ol = —Tiypiy = —pis(t) (2.28)

Here, the decoherence rate T';; (or total dephasing rate) is the inverse decoherence
time T;;. It has contributions due to both the inelastic decay of the population of
the involved states and elastic scattering, so-called pure dephasing [119]. It can

be written as
T 1,1 1 1

PN VR 2.29

where 1/T} is the pure dephasing rate of the polarization p;;(t) [118, 119]. Tt is

further decomposed into
1 1 1

=4 2.30

with T} and T} being the pure dephasing times of states |¢;) and [p;) [117, 118].

In the 2PPE experiment, electrons in the ground state |¢,) do not suffer from
relaxation per definition. Therefore, the inelastic lifetime 7}, is considered infinite.
Moreover, electrons that are excited into the final state above the vacuum level
are captured by the detector. Consequently, both the inelastic lifetime T, and
the pure dephasing time 77 are also considered as infinite. Summarizing, the
relaxation term in Eq. 2.26 is given by

1 1,1 1
0 ﬁ_FTig—’_Tig Tig
srelar ~ . 1,1 1 1 1
atpij = —Typy with I'= 2TC+T;+T5 T. 2TC+Tg , (2.31)
1 1 1
T; ﬁ"‘ng 0

where the damping matrix I" is expressed in terms of the lifetime T, of the ex-
cited state and the pure dephasing times 77 and T of ground state and excited
state [111, 120].
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Applying perturbation theory In order to solve the Liouville-von-Neumann equa-
tion, Ueba and coworkers [118] apply the perturbation expansion as illustrated in
the following. The density operator p is expanded into powers of E(t):

p=p9 40+ 5@ 450 4 with p™ o« (E(t)" . (2.32)

This expansion is entered in the Liouville-von-Neumann equation (Eq. 2.26). Con-
sidering that H = Hy + H,,, with H,,, E(t) and 9,prele® = —fﬁ, the terms of
the Liouville-von-Neumann equation can be sorted by their power n in E(t) and
are solved iteratively:

1*torder :  9ppM) = F([HO7 V) + [Hie, p9)) — TpM x E(t) , (2.33)
ih
1, 4 N N

2order : 0,p% = - ([Ho, ] + [Hine, pU]) = TP o< (B(1)? , (2.34)
i

n™order : 9p" = h([ﬁo,ﬁ(”)]+[I§Iim7,§<'“1)])—fﬁ<”> x (BE(t)" . (2.35)
1

As initial condition, the density matrix p(© describes the unperturbed system
where the ground state is fully populated and no excitation into the higher energy
levels has occurred, yet:

P = liog) ( o - (2.36)

Starting with Eq. 2.33, Hy [cf. Eq. 2.22], Hip [cf. Eq. 2.25] and p© [cf. Eq. 2.36]

are applied as introduced above. This yields a differential equation for pﬁ)(t) =
(1) (4).
pye (1):

Oupge () = i(eg — ec)pf (1) — hugeEa( ) =Tyl (1) (2.37)

which represents an optically induced polarization between ground state and ex-
cited state in the first order of the electric field of the pump laser, as illustrated
in Fig. 2.18(a ) In second-order perturbation theory, Eq. 2.34 yields a differential
equation for p(2)(t) = n(?(t):

0m?(1) = 1 (e Bal0) DY ()~ poe B (1)) = Ten®(t) . (2.38)

Phenomenologically, this means that the polarization p 1)( ) is converted into an
excited state population n(? (t) in the second order of the electric field of the pump
laser.

Up to fourth-order perturbation theory, differential equations are derlved for
polarization and population terms as illustrated in Fig. 2.18(a-d). With nf , an
expression for the population of the final state is obtained. Perturbation expansion
up to fourth order results into a set of nine coupled differential equations. These
so-called Optical Bloch equations were solved numerically by applying the rotating
wave approximation that eliminates fast variations of E(t) with the carrier frequen-
cies w, and wy. In order to model 2PPE spectra, note that the measured photon
intensity is described by the population of the finite state in the limit of ¢ — oo.
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Figure 2.18: Polarization and population terms derived by perturbation theory
(PT) up to 4** order. (a) 1*-order PT results into a polarization between |g) and
le). (b) 2"d-order PT results into a population of |e) and a polarization between
lg) and |f). (c) 3"%-order PT results into a population of |e) and polarizations
between |g) and |e), and |e) and |f), respectively. (d) 4**-order PT results into
populations of |e) and |f), and a polarization between |g) and |f).

2.7.3 Experimental setup

The setup of the time-resolved momentum microscope is introduced, as used for
the time-resolved POT (tr-POT) measurements presented in Section 5.3. It was
build and operated by the Surface & Interface Science Department at the Philipps-
Universidat Marburg. The laser setup is based on the work of Heyl et al. [121].
On the illumination side, two pulsed photon beams with a well defined and
controllable temporal delay are required for time-resolved measurements. Ener-
getically, the pump beam needs to be tunable in the visible range to match the
HOMO-LUMO transition of the investigated molecules and the probe beam needs
to be of sufficiently high energy to probe the photoemission features characteristic
for the molecular orbitals of interest. This is realized with the optical setup dis-
played in Fig. 2.19(a). A Ti:sapphire regenerative amplifier, operated at 200 kHz,
provides pulsed laser light of 800 nm wavelength, 40fs pulse duration and 8 uJ
pulse energy. This laser beam is split into pump and probe branch with an inten-
sity ratio of 7:3. The wavelength of the pump beam can be adjusted in the range of
480-700 nm, using an optical parametric amplifier (OPA). For the HOMO-LUMO
transition of the PTCDA molecule, a wavelength of 540 nm and a pulse duration
of 50 fs is used. Before entering the vacuum chamber through a glass window and
being directed onto the sample, the temporal delay of the pump pulses with re-
spect to the probe pulses is controlled by a linear delay stage. It basically tunes
the delay time ¢, by changing the optical path length. On the probe branch, after
further amplification and frequency doubling, the probe beam is focused into a
krypton gas jet inside the vacuum chamber. By high-harmonic generation (HHG),
the 7" harmonic with a wavelength of 57 nm is obtained [122]. This corresponds
to a photon energy of 21.7¢eV, which makes it possible to access high parallel mo-
menta in reciprocal space up to ~ 2A~!. The residual adjacent harmonics are
suppressed using multilayer mirrors and the residual 400 nm beam is blocked with
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an Al-filter. The probe pulses have a temporal width of 20fs. Both pump and
probe beams enter the momentum microscope on the same trajectory and hit the
sample under an angle of 70° from the surface normal.

On the detection side [see Fig. 2.19(b)], a PEEM lens system is used to project
the photoemitted electrons onto a time- and position-sensitive delay-line detector
[123]. Instead of using a hemispherical analyzer, the energy resolution is obtained
by a time-of-flight measurement. To this end, a drift tube of 1 m length is imple-
mented between lens system and detector. The time of flight is then converted to
Eyin. Very low-energy electrons are suppressed by a biased mesh in front of the
detector. Overall, this setup allows to measure the 3D data set I(Egy,, ky, k) for
each pump-probe delay time ¢, in one shot, with an energy resolution of 150 meV
and a momentum resolution better than 0.01 A=
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Figure 2.19: Experimental setup of the time-resolved momentum microscope.
(a) Schematic of the light-optical illumination setup. A pulsed laser beam of
800 nm wavelength is split into a pump and a probe branch. After compression,
visible pump pulses are provided by an optical parametric amplifier operated at
540nm. The probe beam is further amplified, compressed and frequency-doubled
(by second harmonic generation, SHG) before obtaining a laser beam of 57nm
wavelength through high-harmonic generation (HHG). The delay between pump
and probe pulses is controlled with the delay stage. Fig. 2.19(a) adapted from the
Supplementary Material of Ref. [MR4]. Reprinted with permission from AAAS
(see License Notice). (b) Schematic of the electron-optical detection setup. The
photoelectrons are imaged onto the time- and position-sensitive delay-line detector
by electrostatic optics. In combination with the drift tube, time-of-flight measure-
ments allow for spectroscopic analysis. Fig. 2.19(b) courtesy of Robert Wallauer
from Philipps-Universitat Marburg.
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Chapter 3
Boron Nitride on 6H-SiC(0001)

In the field of van der Waals heterostructures, twisted bilayer graphene (TBLG)
has been found to exhibit intriguing electronic properties that strongly depend on
the exact twist angle[33]. Usually, the latter can only be controlled by manually
stacking monolayers of exfoliated graphene. Recently, however, a promising way
has been found to obtain TBLG with a twist angle of exactly 30° by epitaxy and
intercalation, offering advantages in quality and scaling [41, 53, 54]. It is based
on the sublimation growth of graphene on SiC, which produces multilayers of
graphene without twist. Under the influence of borazine, a precursor commonly
used in hBN growth, the topmost graphene layer is twisted by 30° with respect to
conventionally oriented graphene layers below. A pre-step in understanding this
process is to investigate the formation of boron nitride (BN) on SiC when exposed
to borazine at temperatures below 1150°C [MR5]. In the present work, LEEM is
used to observe BN formation on SiC in-situ and in real-time. New insights into
the growth process, domain structure and temperature dependence of different BN
phases are achieved.

In the first section of this chapter, the growth experiment of BN on 6H-SiC(0001)
is introduced. The experimental procedure used in this work is based on the work
of Lin et al. [MR5], which is briefly summarized. Prior to BN growth, a Si-
rich (3x3) reconstruction is prepared. Its structure and terrace configuration are
characterized by LEEM and LEED. In Section 3.2, LEEM and LEED observations
during the in-situ growth experiment of BN on SiC are presented. In the following
section, the composition of BN on SiC is analyzed. A complex lateral domain
structure is found, consisting of five surface phases, which are identified by their
LEEM and LEED characteristics. Finally, the temperature dependence of BN
formation is discussed in Section 3.4. By increasing the heating rate during BN
preparation, all but one of the surface phases could be suppressed. However,
observations during the in-situ growth experiments suggest that temperature alone
is not the critical parameter in this process.

Please note that the data presented in this chapter were collected under my
guidance as a project for the master thesis of Hao Yin [124].
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Chapter 3 Boron Nitride on 6H-SiC(0001)
3.1 Introduction to the experiment

Borazine (B3HgN3) is the most commonly used precursor gas for epitaxial growth
of hBN by chemical vapor deposition (CVD) [125]. Due to the high interest in
hBN as the insulating counterpart of graphene in vdW heterostructures, the epi-
taxial growth of hBN on various transition metal surfaces has been frequently stud-
ied ([MR1, MR3, MR6, 126-129] and references in [125]). Throughout the CVD
growth process, borazine is adsorbed and catalytically decomposed on the hot
metal surface, followed by diffusion and nucleation or incorporation of the mobile
surface species into the growing film [127]. For sufficiently low borazine pressure,
the growth rate is found to be proportional to the uncovered metal surface area,
so the growth self-terminates at one atomic layer thickness [MR3, MR6, 126-129].
This is attributed to the inertness of the already grown hBN to borazine adsorp-
tion and decomposition in contrast to an uncovered hot metal surface [125, 127].
Furthermore, the BN growth rate was found to increase with temperature [130].

The desire to implement hBN in electronic devices has sparked interest in grow-
ing it directly on SiC, a substrate commonly used in the semiconductor industry
[52]. Note that the temperatures required for CVD growth of hBN from borazine
are high enough to cause sublimation of the substrate species. This process does
not hinder the growth of hBN on metal surfaces, as was observed in situ during
hBN growth on Cu(111) [MR3]. In the case of a SiC substrate, the carbon vapor
pressure is insignificant compared to that of silicon [13]. Consequently, when SiC
is annealed in vacuum, the silicon atoms sublimate, leaving an excess of carbon
atoms on the surface that form graphitic layers. This mechanism is commonly
used to grow epitaxial graphene on SiC in the conventional orientation of 30° with
respect to the SiC substrate lattice (Refs. [50, 51] and references therein). There-
fore, it is of interest to suppress graphitization when growing BN on SiC. However,
BN on SiC can also be replaced by graphene when the annealing temperature is
exceeded. This has been reported under vacuum conditions [41, 52] and during
borazine exposure [MR5, 53]. Interestingly, B and N atoms are replaced by excess
C within their original structure, which is aligned with the SiC substrate. The re-
sulting graphene layer is therefore referred to as Gr-R0°, while the conventionally
oriented epitaxial graphene is referred to as Gr-R30°.

The present work is based on that of Lin et al. [MR5], where BN was grown
on a 6H-SiC(0001) surface by CVD with the precursor gas borazine. To prevent
graphitization of the surface prior to BN growth, the SiC surface was exposed
to a Si flux at 880°C for 30min to create a Si-rich (3 x 3) reconstruction on
the SiC surface. At a temperature below 880°C, the Si exposure was stopped
and borazine was introduced into the experimental chamber. The Si flux was
stopped at a temperature below 880°C, and a borazine partial pressure of 1.5 x
1075 mbar was applied. The sample temperature was then immediately raised to
the desired value and held stable for 30 min. It is assumed that upon Si depletion,
the (3% 3) reconstruction quickly evolves into a less Si-rich and very reactive Si-rich
(\/g X \/3)—R30° reconstruction on which the BN layer forms. After cooling to
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room temperature, the samples were characterized using LEED, ARPES, and the
normal incidence X-ray standing wave (NIXSW) technique (a method for probing
vertical distances with chemical sensitivity). It was found, that a B,N,-R0° layer
forms in the range of 1100-1150°C. While it is composed of B and N atoms (of
unclear stoichiometry x : y) and has a hexagonal structure that is aligned with the
substrate (rotated by 0°), it does not exhibit the typical band structure, bonding
distance, and stability in air, as would be expected for a 2D hBN layer. At the
interface of B,N,-R0° and SiC, a boron buffer layer resides. This buffer layer has
no long-range order and is therefore undetectable by LEED. It was also found that
a (2 %) superstructure coexists with B,N,-R0° at temperatures below 1150°C.
However, it vanished with increasing preparation temperature and disappeared
completely at 1150°C, which is before the replacement of B,N,-R0° by graphene.

With the sublimation of Si at elevated temperatures and the coexistence of
two surface phases (B,N,-R0° and the commensurate surface reconstruction), BN
growth on SiC is a complex experiment attractive for LEEM studies. LEEM
enables in-situ observation of the growth experiment, while switching between
LEEM and LEED modes within a short time. Furthermore, the domain structure
and electronic properties can be probed locally by uLEED, DF-LEEM and LEEM-
I(V) on areas of less than 1pm up to tens of um. This allows a more detailed
insight into the structure and formation process of the two BN phases and their
temperature dependence.

While the experimental procedure of Lin et al. [MR5] is generally followed in this
work, adjustments are required to adapt to the different experimental conditions at
the LEEM instrument. Hence, the (3 x 3) reconstruction is prepared in a separate
preparation chamber and allowed to cool to room temperature. The SiC(0001)
surface is then characterized prior to the BN growth experiment. To correctly
interpret the LEEM features of BN on SiC, the structure of the Si-rich (3 x 3)
reconstructed SiC substrate and the associated LEEM features are discussed in
the following.

3.1.1 The Si-rich (3 X 3) surface reconstruction of
6H-SiC(0001)

SiC surfaces which have been exposed to air need cleaning before they can be used
for the preparation of the Si-rich (3 x 3) surface reconstruction. By annealing in
vacuum, contamination and surface oxides can easily be removed. However, Si
atoms do also desorb from the surface at elevated temperatures. From literature
it is well known that upon increasing Si depletion, the SiC surface evolves through
different carbon rich surface reconstructions depending on the Si:C ratio on the
surface. Prolonged annealing leads to graphite formation. For producing the Si-
rich (3 x 3) reconstruction, this process must be prohibited and turned into a Si
enrichment by supplying extra Si atoms during the annealing process. The most
Si-rich surface reconstruction is the (3x3)-Si reconstruction [131].

In this work, the as-purchased SiC wafer was mounted onto the LEEM sample
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holder without further treatment and transferred into the preparation chamber of
the LEEM setup. For cleaning and outgasing, the sample was then annealed at
600°C for 30min. Subsequently, the (3x3)-Si reconstruction was prepared. To
this end, the sample was annealed at a temperature of 900°C for 30 min, using
combined filament and e-beam heating. During the annealing process, extra Si
is supplied by operating a self-built Si evaporator. The latter consists of a Si
wafer piece heated by direct current up to ~1200°C that is mounted ~8 cm above
the sample. After cool down, the sample is transferred to the main chamber and
characterized with LEEM and LEED.

In Fig. 3.1(a), a representative LEEM image of the (3x3)-Si reconstructed SiC
surface is shown. It is dominated by terraces, which appear as stripes of varying
intensity (discussed below) that run straight and parallel across the whole sample.
Additionally, a number of small bright objects is distributed randomly across the
surface. They are compact and of similar size, some showing a triangular shape
(e.g. those marked with yellow and orange ellipses) or a cross-like imaging artifact
(bottom-right from the orange ellipse) stemming from astigmatism.

The structure of the surface was characterized with pLEED. Illumination aper-
tures of different size were used to select areas of interest, as indicated by colored
ellipses in Fig. 3.1(a). First, the surface region marked by the black ellipse is consid-
ered. It encloses only terraces free from bright objects. The corresponding LEED
image in Fig. 3.1(b) shows the characteristic pattern of a (3x3) reconstruction
with the SiC first-order diffraction spots indicated by black dotted circles. With a
smaller aperture, areas were selected that enclose single bright objects. The diffrac-
tion pattern which corresponds to the yellow ellipse is displayed in Fig. 3.1(c). In
addition to the (3x3) pattern, other diffraction spots appear. The brightest are
highlighted with red circles and form a hexagonal pattern. Compared to SiC, its
reciprocal translation vectors are shorter by a factor of ~0.8 and rotated by +2.5°.
Moreover, a set of weaker diffraction spots forms a (7x7) reconstruction. A simi-
lar LEED pattern is found for the surface area marked with an orange ellipse in
Fig. 3.1(a) and shown in Fig. 3.1(d), where the additional pattern is rotated by
—2.5° with respect to SiC. In total, ten of the bright objects have been studied
with uLEED, the majority of them showing similar or less intense versions of the
LEED characteristics described above. The (7x7) reconstruction is well known
for Si(111) surfaces. Also, the ratio of SiC(0001) and Si(111) lattice parameters is
0.81 (calculated from aSiC<0001):3.08A[132} and aSi(m):&BlA[133])7 which agrees
well with the ratio given above. Therefore, the bright objects are identified as sil-
icon agglomerations. Similar results were reported by Kulakov et al. [134], when
exposing the (3x3)-Si reconstruction to a surplus of silicon.

Note that this chapter presents measurements from two different samples, identi-
fied as Sample 1 and Sample 2. The SiC substrates of these samples have different
terrace configurations. No evidence was found that the terrace configuration has
a significant effect on BN growth. However, it is relevant to the discussion of the
BN domain structure. Therefore, the terrace configuration and its related LEEM
features are analyzed in the following section.
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Figure 3.1: The Si-rich (3x3) surface reconstruction. (a) LEEM image in under-
focus conditions. Terraces appear as horizontal stripes and Si agglomerations as
bright objects. The colored ellipses indicate areas which were characterized with
uLEED in (b-d). (b) pLEED pattern showing the characteristic pattern of the
(3% 3) surface reconstruction. The first order SiC spots are indicated. (c¢,d) pLEED
patterns of areas including single Si agglomerations. The main spots of the addi-
tional (7x7) patterns are indicated in red. Data measured on Sample 2.
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3.1.2 Terrace configuration and step bunching on
6H-SiC(0001)

Further characterization of the (3x3) reconstructed surface in Fig. 3.1(a) at differ-
ent start voltages reveals contrast between neighboring terraces. This is exemplar-
ily shown for Ugare = 4.1V and Usere = 5.2V in Fig. 3.2(a) and (b), respectively.
Terraces of three different brightness levels are identified, following a constant se-
quence across the surface. A group of three terraces is highlighted with black (3),
red (2) and blue (1) boxes in Fig. 3.2(a) and (b). When the start voltage is var-
ied, the contrast between the different terraces changes: While at 4.1V terrace 2
appears brightest and terrace 1 darkest, at 5.2V terrace 3 is brightest and terrace
2 darkest. The evolution of the contrast between the three terraces with U
is illustrated by the LEEM-I(V) measurements in Fig. 3.2(c). The difference in
contrast shows that the terraces are not equivalent in their crystalline structure
and electronic properties.

In the following, the structure of the 6H-SiC polytype is reviewed based on Ref.
[131] and used to explain the observed terrace configuration on the (3x3)-Si re-
constructed surface. As shown in Fig. 3.3(a), the atomic bonding in crystalline
SiC is tetrahedral, whereby every Si atom has only C atoms as direct neighbors
(and vice versa). In Fig. 3.3(b), several of these tetrahedra are assembled laterally,
forming a (0001)-oriented SiC bilayer with three-fold rotational symmetry (and C
atoms of the next layer on top). In the vertical direction, two stacking configura-
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Figure 3.2: LEEM-I(V) characterization of the Si-rich (3 x3) surface reconstruc-
tion. (a) and (b) BF-LEEM images at Ugqre = 4.1V and 5.2V, respectively.
(c) BF-LEEM-I(V) curves measured on the three types of terraces 3, 2 and 1. Uggp
for (a) and (b) are indicated with dashed lines. Data measured on Sample 2.
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tions are possible, either continued or switched stacking. Fig. 3.3(c) depicts the
tetrahedron from panel (a) with a top layer in the continued stacking mode. Here,
the orientation of the tetrahedra is the same in both layers. This configuration
where the bonds between C and Si atoms of the bottom and top SiC bilayer have
the same orientation is referred to as kubic (k) configuration. The hexagonal (h)
configuration in Fig. 3.3(d) emerges from the switched stacking mode, where the
tetrahedra in the top layer are rotated by 60°.

The freedom with respect to stacking results into a multitude of different SiC
polytypes. Out of these, the 6H-SiC polytype (with a six-bilayer-high unit cell
and hexagonal symmetry) follows the stacking sequence ABCACB in the [0001]-
direction, as illustrated in Fig. 3.3(e). Going from bottom to top, a SiC bilayer
that is stacked onto the layer underneath in hexagonal configuration is always
followed by two bilayers stacked in cubic configuration. The next bilayer is again
stacked in hexagonal configuration. In this way, consecutive groups of three equally
oriented SiC bilayers are laterally rotated by 60°. Towards the right side of Fig.
3.3(e), the model is cut diagonally such that terraces with a step height of one SiC
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Figure 3.3: Structure of 6H-SiC. (a) The Si-C, tetrahedron as building block of
the (b) planar SiC bilayer. The orientation of the tetrahedra in the next layer on
top can be identical, as shown in (c) for the continued stacking mode (cubic (k)
configuration) or rotated by 60°, as shown in (d) for the switched stacking mode
(hexagonal (h) configuration). (e) Side view of 6H-SiC. For more information, see
main text. (f) The topmost surface layers of a S,, and a S} terrace and (g) their
diffraction patterns are equivalent by 60° rotation. Hollow and full circles indicate
a difference in intensity. Schematics in (a-g) based on Ref. [131].
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bilayer emerge at the surface. Due to the above introduced stacking, six different
domains can exist on the terraces, differing by their termination and stacking
sequence below the surface. They are identified by S,, and S}, where n € {1,2, 3}
indicates that there is a switch in stacking (60° rotation) n layers below the surface.
S, and S terraces have three-fold symmetry and are identical in their structure
despite a rotation by 60° around the surface normal, as illustrated in Fig. 3.3(f).
The presented structure model with step height of one SiC bilayer and the terrace
sequence S3-S,-51-55-55-57 is consistent with the three different contrast levels seen
in Fig. 3.2, when it is assumed that the S,, and S7, terraces show identical (or very
similar) intensity, while a clear contrast is seen between S;, Sy and S3 terminations.

In LEED [see Fig. 3.3(g)], the symmetry of the S,, and S} terminations manifests
in the different spot intensities of the two three-fold symmetric patterns which are
rotated 60° with respect to each other. This relationship was used to identify S,
and S} domains on the surface area from Fig. 3.2 with DF-LEEM. Fig. 3.4(a) shows
the LEED measurement of the (3x3)-Si reconstructed 6H-SiC(0001) surface. The
pattern exhibits six-fold symmetric spot intensities due to equal contributions of S,,
and S terminated domains. While BF-LEEM images show no contrast between S,

(@ NP

Figure 3.4: Terrace configuration of (3 X 3)-Si reconstructed 6H-SiC in DF-LEEM.
(a) LEED measurement. The highlighted spots have been used for BF-LEEM
image (d) and DF-LEEM images (b,c) and (e,f). All LEEM images show the
same surface region. A red dotted rectangle highlights a specific group of six
terraces. Shape and size of the two defects vary due to slight differences in the
focus condition and aperture position. Data measured on Sample 2.
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and S?, this equivalence is lifted by selecting the first-order SiC diffraction spots b
and ¢ for DF imaging: In Fig. 3.4(b,c), the corresponding DF-LEEM images reveal
successive groups of three terraces with similar brightness that alternate in their
contrast. A red dashed rectangle highlights the same surface area in both images.
Out of the six terraces included, two groups of three consecutive terraces each are
found to be S,, and S terminated, respectively. The contrast of the terraces is
inverted when comparing the DF-LEEM images, which proves their 60° symmetry
relation. Furthermore, by comparison with the BF-LEEM image in Fig. 3.4(d), the
terraces that show the brightest contrast in BFE-LEEM at 4.1V can be identified as
So or S3. It has to be considered that actually, the SiC first order diffraction spots
are superimposed by the third order diffraction spots of the (3x3) reconstruction.
Therefore, DF-LEEM was also performed on spots e and f [cf. Fig. 3.4(a)], which
originate exclusively from the (3x3) reconstruction. The corresponding DF-LEEM
images in Fig. 3.4(e,f) exhibit a similar contrast between the S,, and S} terraces,
but with inverted and stronger contrast compared to Fig. 3.4(b,c). Therefore, it
can be concluded that the (3x3)-Si reconstruction adapts the three-fold rotational
symmetry of the SiC surface, with one rotational domain occuring exclusively on
S, and the other exclusively on S} terminated terraces. This observation agrees
well with the atomic structure model of the (3x3)-Si reconstruction by Schardt et
al. [135].

An important effect related to the terrace configuration of 6H-SiC(0001) is step
bunching due to non-uniform step movement. This effect was observed for example
during hydrogen etching [137, 138] and graphene growth [51, 136] on 4H- and 6H-
SiC polytypes. These processes have in common that they take place at elevated
temperatures, where the sublimation of Si causes a decomposition of the terraces
at their edges. However, the decomposition energies of S;, Sy and Sz terraces
are different (while S, and S} can be considered identical in this context) [51,
136-138]. As a result, the retraction velocities of the individual terraces differ and
depending on the initial state, the terrace configuration will change with prolonged

(a) initial state (b) intermediate state (c) final state

Sz
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Figure 3.5: Step retraction model at the 6H-SiC(0001) surface. (a) Initial state.
All terraces have the same width. Upon decomposition, the step edges of the
terraces retract with the retraction velocities vi > vz > vo (and v = v,), as
idicated by arrows. (b) Intermediate state. S; and S} terraces have vanished.
(c) Final state. S3 and S} terraces have vanished. Only Se and S} terraces remain.
Schematics in (a-c) based on Ref. [136].
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decomposition. In the following, the so-called step retraction model is introduced
based on the work of Momeni Pakdehi et al. [136]. The change of the 6H-SiC(0001)
terraces upon decomposition is illustrated in Fig. 3.5. Starting point is a terrace
configuration with equally wide terraces, constant step height of one SiC bilayer
and a sequence S3-S9-S1-S5-S5-S7 [cf. Fig. 3.5(a)]. The retraction velocities of the
terraces differ as v; > v3 > vy (and v = v,,) [51, 136]. Upon decomposition, the
S1 step edges retract fastest and catch up with those of the Sy terraces as shown in
the intermediate state of the retraction model in Fig. 3.5(b), where the S; terraces
have already vanished. In the same way, the S step edges with their intermediate
retraction velocity bunch together with those of the S, terraces under prolonged
decomposition. In the final state [cf. Fig. 3.5(c)], only So and Sj terraces with a
step height of three SiC bilayers remain.

In this work, step retraction was observed during BN growth on the 6H-
SiC(0001) surface. This is illustrated in Fig. 3.6 by comparing the same surface
area before and after BN growth. Fig. 3.6(a) shows a composite image that
summarizes the DF-LEEM results presented in Fig. 3.4 by superimposing the
BF-LEEM image (d) with a false color composite of (e) and (f) in cyan and
blue, respectively. Additionally, the step edges of the BF-LEEM image have
been emphasized. The terrace configuration which becomes now obvious in Fig.
3.6(a) is similar to the initial state of the step retraction model in Fig. 3.5(a),
only the terrace widths are slightly increasing within each group of three terraces
with S,, or Sy termination from left to right. From the atomic structure model
it was deduced that the middle terrace of each group has S, or Sj character.
Fig. 3.6(b) shows a BF-LEEM image of the same area after BN growth. Three
kinds of terraces can still be identified, whereas the terrace widths have changed
significantly. For better comparison, another composite image is presented in
Fig. 3.6(c). It shows that the thinnest terrace is located on the right side of each

Figure 3.6: Step retraction during BN growth. (a) Terrace configuration before
BN growth. (b) BF-LEEM image and (c) terrace configuration after BN growth.
All images show the same surface area, determined by the position of the defect
in the upper right corner. (a,c) are composite images. See main text for further
information. The red dotted rectangle indicates a particular group of terraces. See
text for terrace assignment. Data measured on Sample 2.

50



3.1 Introduction to the experiment

S, and S} group, while the widest terrace resides in the middle. Considering
the step-retraction model, this terrace configuration fits well with a stage in
between the initial and intermediate state, shortly before the S; terraces have
vanished completely. Assigning the terraces by their widths, the terrace sequence
S3-52-51-55-55-57 is found to run from left to right. This assignment matches with
the retraction direction, which was deduced from the step movement direction
relative to the defect in the upper right corner and is illustrated by the red arrow
in Fig. 3.6(c).

Note that in this chapter, the presented data was obtained from two samples with
different terrace configurations. So far, the data shown was exclusively measured
on Sample 2. The terrace configuration of Sample 1 was investigated by the same
procedure as presented above and found to fit the final state of the retraction model
already before and also after BN growth, i.e., only So and S terraces exist. It was
not possible to deduce the direction of retraction. The terrace configuration as
revealed by DF-LEEM can be easily used to determine the misscut angles of both
samples. In Fig. 3.7, DF-LEEM composite images of both samples are displayed.
The alternating S,, and S} domains appear in blue and cyan. From these images,
the lateral distance across which the total height of the surface steps sums up to
one unit cell height is measured as A; = 0.6 um for Sample 1 and A; = 1.7 um for
Sample 2. With the unit cell height of 1.5 nm [139], the misscut angles of §; = 0.14°
for Sample 1 and 6 = 0.05° for Sample 2 result from simple trigonometry.

(b)

Figure 3.7: Terrace and domain configuration of Sample 1 and Sample 2. (a) False
color composite DF-LEEM image depicting the alternating S,, and S} domains on
Sample 1 in blue and cyan, respectively. The lateral distance across which the total
height of the surface steps sums up to one unit cell height is indicated. (b) Same
as (a) but for Sample 2.
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3.2 In-situ study of BN growth

BN was grown by CVD using the precursor borazine. The latter is stored in a
small glass tube and cooled below 0°C to prevent it from thermal decomposition.
The glass tube is connected with the experimental chamber by a gas line with a
dosing valve. The growth process was followed in-situ and in real time with LEEM
and LEED. Selected images are shown in Fig. 3.8.

Starting point is the (3x3)-Si reconstructed 6H-SiC(0001) surface as introduced
previously. First, it is gassed out at temperatures up to ~500° without borazine.
Then, a borazine partial pressure of 2.0-10~7 mbar is adjusted. After stabilizing
the gas flow, the temperature is further increased with combined filament and
e-beam heating. Under borazine exposure, no change of the surface is observed
while the temperature is below 740°C. A LEED measurement at 740°C shows that
the (3x3)-Si reconstruction is still present. The corresponding LEEM and LEED
images are shown in panel (a) of Fig. 3.8 and its inset. The LEEM image was
taken at underfocus conditions in order to make the step edges visible. The Si
agglomerations appear as bright objects (for better comparison, one of them is
highlighted by a black square in all panels). Up to 845°C [cf. panel (b)], only the
appearance of small point-like objects on the terraces changes slightly, so that they
now appear dark and slightly larger. The first significant change on the surface is
observed when the temperature exceeds 850°C. Some of the Si agglomerations that
appear as bright spots in panel (b) turn suddenly into dark spots of increased size
in panel (c). Starting with the smaller sized ones, the Si agglomerations change
their appearance one by one, until all but the two largest have transformed in panel
(e). At 900°, the microscope was switched to LEED mode briefly, revealing that
the superstructure spots of the (3x3)-Si reconstruction have vanished. Back in
LEEM mode, at 915°C [cf. panel (f)] it is found that the largest Si agglomerations
have now transformed as well. It is concluded that, in the range of 740 — 915°C,
Si-depletion of the surface takes place (as expected for elevated temperatures),
presumably independent from the presence of the precursor gas borazine.

Shortly after the last Si agglomerations transformed, another change of the sur-
face is observed. Simultaneously, a large number of small dark spots appears and
grows in size, as illustrated by the LEEM images in panels (g) and (h). This indi-
cates the nucleation and growth of islands. The size of the islands is not realistic
but over-sized due to imaging in underfocus. Beyond 950°, the growth seems to be
terminated and no significant change on the surface is observed while the tempera-
ture is further increased up to 1000°C. The LEEM image in panel (i) was obtained
after going to slight underfocus imaging conditions, where the remains of the Si
agglomerations are almost unrecognizable and the islands appear in a more realis-
tic size. The inset in panel (i) shows a LEED measurement of this surface, proving
that a new crystalline structure is present. The annealing process was continued
at 1000°C for ~20 min. No further changes on the surface were observed and the
experiment was terminated by cooling down and stopping the borazine flow.
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Figure 3.8: BN Growth on SiC(0001). LEEM images taken while heating the
(3x3)-Si reconstructed surface of Sample 1 in borazine atmosphere. All LEEM im-
ages show the same surface area, as indicated by the black square which highlights
the same object in all images (a slight shift in position appears due to thermal
drift). The images were obtained at a start voltage of 0.2V and in (a-h) under-
focus or (i) slight underfocus conditions. In panels (a,e,i), the inset shows LEED
images taken from a representative surface area at 55V, immediately before or
after the respective LEEM image.
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3.3 Structure of BN on SiC(0001)

This section presents the crystalline structure and lateral domain configuration
of BN on SiC(0001) for Sample 1, the preparation of which was presented in the
previous section. A first overview of the sample surface is provided through LEEM,
and LEED is employed to investigate its structural composition. Three distinct
structures were identified based on their LEED features and Ref. [MR5]: B,N,-R0°,
(V7 x v/7)-R19.1°, and a misoriented minority phase (note that these are not
necessarily thermodynamic phases). Bright-field LEEM-I(V) measurements reveal
a complex domain structure. Each surface phase is then characterized separately
by DF-LEEM, LEEM-I(V), and pLEED.

3.3.1 Structural overview

Fig. 3.9(a) shows a LEEM image of Sample 1 after BN growth and cooling to
room temperature. Note that a different surface area is shown than before. Two
different regions can be identified. The majority of the image shows terraces with
islands similar to Fig. 3.8(i). These regions cover more than 99% of the surface. In
the center-right of Fig. 3.9(a), there is an oval-shaped region that has a different
appearance compared to the surrounding terraces and is free of islands. These

(0) oo R N

- 55v
Figure 3.9: Overview of BN on Sample 1. (a) LEEM image of a representative

surface area. (b,c) HLEED images of region b and region ¢ as marked in (a),
respectively.
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types of regions comprise less than 1% of the surface. As observed in Fig. 3.9(a),
the vast majority of them exhibit a bright defect in their center. Both types
of surface regions were examined separately with uLEED. The positions of the
aperture are indicated by black ovals in Fig. 3.9(a). The corresponding LEED
images are shown in panels (b) and (c¢). While one set of LEED spots is present
in both measurements, another set is exclusive to the measurement of the region
with islands.

The LEED image in Fig. 3.9(b) is comprised of different LEED features. For
a closer look, Fig. 3.10(a) depicts a larger version of this image. The first order
diffraction spots of SiC are marked with black dotted circles and the main features
of other patterns are indicated in different colors. In the following, the different
structures are identified by their LEED characteristics.

Figure 3.10: LEED of BN on SiC(0001). (a) LEED image containing all the LEED
patterns of the structures present on the surface, the main features of which are
indicated by different colors. The inset shows a LEED image taken on the same
surface area but with U = 7V. (b) The LEED pattern obtained from the island-
free region can be fully explained by a single hexagonal pattern (blue) and multiple
scattering, as exemplified for the light blue highlighted 1%¢-order multiple scattering
spot. (c) LEED pattern from (a), all spots of the (v/7 x v/7)-R19.1° reconstruction
are highlighted with red and green spots, originating from two mirror symmetric
domains.
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B,N,-R0° The blue highlighted LEED spots in Fig. 3.10(a) form a hexagonal
pattern with reciprocal unit cell vectors larger by a factor of ~1.17 compared to
SiC (corresponding to a real space lattice constant of 2.6 A) While aligned with
the substrate, the spots are elongated azimuthally, indicating a slight rotational
misalignment of different domains. Considering multiple scattering events between
the substrate and this adsorbate structure, all additional spots in the LEED mea-
surement of Fig. 3.9(c) can be explained. This is demonstated by the example of
the light blue highlighted 1%!-order multiple scattering spot in Fig. 3.10(b) [analo-
gous to Fig. 2.4]. As expected for an MS spot, it is not elongated azimuthally, but
in the same direction as the adsorbate first-order diffraction spot involved in the
multiple scattering process. Note that in LEED, all MS spots are expected to dis-
appear when Uy, is reduced so that the first-order diffraction spots are no longer
inside the Ewald’s sphere. As shown in the inset of Fig. 3.10(a), this is not the
case for the satellite spots surrounding the (00)-spot at Ugqart=7 V. The existence
of first-order diffraction spots that combine the periodicity of both the adsorbate
and the substrate indicates that the substrate significantly alters the structure of
the adsorbate and thus directly imposes its periodicity on it. The described LEED
features correspond well with those of the B,N,-R0° structure reported by Lin et
al. [MR5]. Lin et al. reported a lattice constant of 2.60 A for B,N,-R0°, which
is in agreement with the present work and significantly less densely packed than
expected for 2D hBN (compared to literature values for hBN of 2.51 A [140]).

(V7 X v/7)-R19.1° reconstruction The main features of the pattern that ap-
pears in LEED when islands contribute are highlighted in red and green in Fig.
3.10(a). For clarity, Fig. 3.10(c) shows the same LEED image with all spots high-
lighted that arise from translation of the corresponding red and green unit cell
vectors. Note that the resulting patterns are mirror symmetric with respect to the
substrate and that the first-order diffraction spots of the substrate coincide with
both the red and green patterns. Therefore, they are described by a commensu-
rate superstructure with the two matrices (7 3') (red) and ( ? 3) (green). In the
following, the equivalent Wood notation (v/7 x v/7)-R19.1° is used.

Misoriented minority phase Finally, the LEED features highlighted in orange
in Fig. 3.10(a) are considered. Faint spots form hexagonal patterns of different
orientations. All these spots are located on a circle with a radius that is slightly
larger than that of the B,N,-R0° spots. The corresponding lattice constant of 2.5 A
may correspond to either hBN (a,pny=2.51 A, as reported in Ref. [140]) or graphene
(ag,=2.46 A, as reported in Ref. [141]). Azimuthally, the spots are centered around
an axis 30° from the main directions of SiC(0001) with a wide angular distribution
of £7°. Note that no similar structure was reported by Lin et al. [MR5] or other
literature on BN and graphene growth on SiC(0001) [51, 52, 142]. While thermal
decomposition of SiC results in growth of Gr-R0°, this is usually found to be well
oriented [50, 51].
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3.3 Structure of BN on SiC(0001)

3.3.2 Domain structure

Fig. 3.12(a), depicts again the LEEM image of Fig. 3.9(a). The encircled surface
region is selected as representative for the domain structure analysis of BN on
SiC(0001). Different surface regions are identified by their change in contrast with
varying Ugar¢. To this end, Fig. 3.12(b-f) presents BF-LEEM images of the selected
surface region for designated Ugy,,¢ as specified in the panels. Additionally, LEEM-
I(V) profiles of selected areas are plotted in the range of Ugre = 0-20V in Fig.
3.11.

Most islands are easily recognizable in all panels of Fig. 3.12(b-f). Note that
some of the islands show a different contrast at low Ug¢. This is evident when
comparing the black-marked typical islands with the gray-marked atypical islands
in Fig. 3.12(b,c). For Uga = 1V, the gray islands appear slightly darker than
the black islands, while for U+ = 2V, the gray islands have a similar contrast
to their surroundings, thus becoming almost invisible. At higher values of Ugya-,
there is no significant difference in contrast between the two types of islands. This
observation is also corroborated by the LEEM-I(V) profiles of the typical and
atypical islands depicted in Fig. 3.11. The region between and in the immediate
vicinity of the islands appears relatively uniform. Some areas are marked with
blue arrows in Fig. 3.12. Their LEEM-I(V) characteristics (blue profile in Fig.
3.11) differ strongly from those of the islands. The island-free region in the lower
right of each panel in Fig. 3.12(b-f) appears slightly different and less uniform
than the areas directly between the islands. Small objects in this region are found

O. 1 5 T H H T H T H T
. : : : — typical islands

(V7 x+7)-R19.1°

atypical islands
minority phase of

(V7 x+7)-R19.1°

—_

5010 1| |

u

—— between islands
B,N,-RO°

Intensity (a

——— island free region
minority phase of
BxN,-RO°

0.00
0

Ustart (V)

Figure 3.11: LEEM-I(V) spectra of BN on SiC(0001), in correspondence to
Fig. 3.12. The profiles shown belong to different surface regions as marked with
colored arrows in Fig. 3.12. Dashed lines indicate the Uy, for which BF-LEEM
images are shown in Fig. 3.12(b-f). The structural composition of the different
surface areas as provided in the legend is identified in the same section below.
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Chapter 3 Boron Nitride on 6H-SiC(0001)

Figure 3.12: Identification of different surface regions with LEEM-I(V).
(a) LEEM image from Fig. 3.9(a), the region of interest is marked with a circle.
(b-f) BF-LEEM images of this region taken at different Ust,,+ as indicated in the
panels. Areas of different contrast are marked with colored arrows. The color code
corresponds to the LEEM-I(V) spectra of Fig. 3.11.
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3.3 Structure of BN on SiC(0001)

to have different LEEM-I(V) characteristics than those described so far. Some of
them are marked with purple arrows. While in Fig. 3.12(b-d), they appear to have
similar contrast to the islands, at higher Ugq [cf. panels (e) and (f)], they are
darker than both the islands and the dark blue highlighted areas. Finally, in panel
(f) of Fig. 3.12 some additional nm-sized bright objects (marked in orange) appear
between the islands, which are not visible in panel (e). These objects are to small
to reliably extract a LEEM-I(V) profile for Fig. 3.11.

In the following, the structural composition and the domain structure are related
to each other by DF-LEEM and pLEED. For that purpose, the crystalline structure
and domain configuration of each surface phase are analyzed and discussed in more
detail separately.

B,N,-R0°

Fig. 3.13 presents DF-LEEM data measured on the area that is depicted in the
BF-LEEM image in panel (b). First-order SiC(0001) and B,N,-R0° diffraction
spots were used for DF-LEEM imaging, as indicated in the LEED image in panel
(a). The DF-LEEM images of the first-order SiC(0001) spots in panels (¢) and
(e) reveal the terrace configuration of the substrate, as discussed in Section 3.1.2.
Adjacent SiC terraces are identical in their structure despite a 60° rotation. Note
that the islands show non-vanishing intensity in these images. This is because, in
LEED, the first-order SiC(0001) spots overlap with spots of the island structure,
as illustrated in Fig. 3.10(c).

Panels (d) and (f) show the DF-LEEM images of the first-order B,N,-R0° spots,
revealing a terrace configuration consistent with that of the DF-LEEM images of
the first-order SiC(0001) spots. Furthermore, all islands appear dark, as can be
seen by comparing panels (d) and (f) with the BF-LEEM image in (b). It can be
concluded that B,N,-R0° grows between the islands and in two domains that are
equivalent to each other by 60° rotation. A notable finding is the fixed relationship
between these domains and the terrace configuration of SiC.

In the island-free region (lower right of each image), the aforementioned ter-
race configuration continues. Here, the terraces have a less uniform texture, as if
scattered with nm-sized objects. Given the absence of any other structure than
B,;N,-R0° in the LEED measurement of this region, it is characterized in more
detail with LEEM-I(V) in Fig. 3.14. Panels (b) and (c) show an enlarged image
section of the island-free region for different Uy, Two distinct phases can be
distinguished, referred to as island-free type A and type B, some regions of which
are highlighted in light blue and purple, respectively. For Ugqe = 1V, type A
appears bright and type B dark. The contrast is inverted for Uggs = 4V. The
LEEM-I(V) profiles of both regions are extracted and plotted in panel (a) along
with the LEEM-I(V) profile of B,N,-R0° between the islands (dark blue). It is
found that the profile of the island-free region type A is almost identical with
B;N,-R0° between the islands. Small deviations can be assigned to difficulties to
separate the small areas properly from each other. Therefore, island free region
type A is identified as B,N,-R0° .
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Chapter 3 Boron Nitride on 6H-SiC(0001)

(a) ®d

Figure 3.13: DF-LEEM on B,N,-R0°. (a) LEED image of the investigated sur-
face area. (b) BF-LEEM image at Ugyre = 1 V. (c,e) DF-LEEM images of the
SiC(0001) first-order diffraction spots and (d,f) DF-LEEM images of the B,N,-R0°
first-order diffraction spots at Ugt = 40V. The spots selected for imaging are
marked in (a) and named according to the respective panels.
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Figure 3.14: LEEM-I(V) profiles of different B,N,-R0° regions in the island
free area. (a) LEEM-I(V) profiles of regions as highlighted in respective colors in
the inset and panels (b) and (c). (b,c) Enlarged BF-LEEM image sections of the
island free region at different Ugy. The image section corresponds to the black
dotted rectangle in the inset of panel (a).

Next, domains of type B are considered more closely. These are found exclusively
in the island-free region, which is best recognizable in the BF-LEEM image at
Ustart = 9V [see inset of Fig. 3.14(a) or Fig. 3.12(e) for a larger version]. Note that
due to their small size and proximity to B,N,-R0°, the structural characterization
of type B domains is complicated. From the LEED measurement of the island-
free region in Fig. 3.10, it can be concluded that type B domains either do not
exhibit a crystalline structure, or their LEED spot positions coincide with those
of the B,N,-R0° LEED spots. However, comparing the LEEM-I(V) profiles of
the island-free region type B (purple) and B,N,-R0° (dark blue) in Fig. 3.14(a)
suggests a certain degree of structural similarity. While the profile of the island-
free region type B flattens out more quickly and reaches its first minimum at a
significantly higher start voltage of Ugqe = 2V, both LEEM-I(V) curves have a
similar work function and shape with equivalent numbers of minima and maxima
in the investigated range. LEEM-I(V) curves are qualitatively representative of the
local binding geometry and structure [76], so it is reasonable to assume that despite
minor structural differences, the island-free region type B and B,N,-R0° are similar.
Structural differences that could result in minor alterations to LEEM-I(V) profiles
could be, for example, different adsorption configurations [MR1]. Defects, the
incorporation of other atoms, and differences in the B:N ratio are also plausible
considerations. In this context, different configurations of the boron buffer layer
that was found by Lin et al. [MR5] to reside at the interface of B;N,-R0° and SiC
should also be considered, as it exhibits no LEED pattern.
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(v/7 x v/7)-R19.1° reconstruction

The domain configuration of the (\ﬁ X \ﬁ)—R19.1° surface reconstruction is char-
acterized by DF-LEEM in Fig. 3.15. Four diffraction spots were selected for DF-
LEEM imaging, as highlighted in panel (a). Note that spots ¢ (magenta) and e
(red) are described by the same superstructure matrix of the (v/7 x v/7)-R19.1°
surface reconstruction [cf. Fig. 3.10(c)] and are rotated to each other by 60°. Spots
d (dark green) and f (light green) have been selected to represent the structurally
equivalent mirror symmetric domains. Panels (¢-f) display the corresponding DF-
LEEM images. In all images, intensity is only provided by islands. Note that
each image is distinct and shows two sets of islands with different brightness lev-
els. A comparison of DF-LEEM images (c¢) and (e) (or (d) and (f), respectively)
reveals that both images depict the same islands, but with inverted contrast. This
finding is consistent with the symmetry relation of the selected LEED spots, if
the two sets of island domains with different contrast in a DF-LEEM image are
structurally identical despite an in-plane rotation of 60°. Images (d) and (f) show
different islands than images (c) and (d), since the corresponding LEED spots are
attributed to the mirror domain. Overall, DF-LEEM reveals the presence of four
symmetry-equivalent rotational and mirror domains of the (/7 x /7)-R19.1° sur-
face reconstruction. In the following, the domain that appears brightest in each
image of Fig. 3.15(c-f) is designated by the corresponding color.

The aforementioned symmetry relations of the four (v/7 x v/7)-R19.1° domains
can be readily verified by uLEED measurements of selected islands. In each DF-
LEEM image of Fig. 3.15(c-f) one of the brighter islands is highlighted and chosen
for uLEED characterization. The corresponding measurements are displayed in
Fig. 3.16. As expected, the red and magenta islands (or the light green and dark
green islands, respectively) produce LEED spots at the same positions. However,
the intensity of the spots varies, such that a rotation of the magenta (light green)
pattern by 60° reproduces the spot intensities of the red (dark green) pattern.
A comparison of the intensity of specific spots in the magenta and red patterns
implies which domain will appear brighter in DF-LEEM imaging at the same
Ustare- For instance, the first-order diffraction spot ¢ exhibits higher intensity in
the magenta pattern and spot e in the red pattern. For confirmation, see the
DF-LEEM charactrization in Fig. 3.17. It should be noted that here, the contrast
of the images has been enhanced to such an extent that the less bright rotational
domain in each DF-LEEM image is not visible anymore. Finally, the red and
dark green patterns are found to be mirror-symmetric to each other, as well as the
magenta and the light green. This observation is in agreement with the symmetry
relations of the LEED spots that were chosen for DF-LEEM imaging.

To relate the domain configuration of the (\/7 X \ﬁ)—RlQ.lo islands to that of
B,;N,-R0° and the underlying SiC terraces, the DF-LEEM images of the LEED
spots indicated in Fig. 3.18(a) are superimposed in the composite image in panel
(b). It is evident that the majority of the islands are located on single terraces.
Furthermore, it is found that the red and dark green islands grew preferably on
the same terrace as the dark blue B;N,-R0° domain, and the magenta and light
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3.3 Structure of BN on SiC(0001)

Figure 3.15: DF-LEEM on the (v/7 X +/7)-R19.1° reconstruction. (a) LEED
measurement of the investigated surface area. (b) BF-LEEM image at Ugqe = 1 V.
(c-f) DF-LEEM images of selected higher-order (v/7 x v/7)-R19.1° diffraction spots
at Usiart = 40V, The spots selected for imaging are marked in (a) and named
according to the respective LEEM images.
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Figure 3.16: uLEED on the (/7 X +/7)-R19.1° reconstruction. (a) BF-LEEM
image, the examined islands are highlighted. (b) LEED image with all LEED
features. (c-f) LLEED images that represent each of the four (v/7 x v/7)-R19.1°
domains, as indicated by the color code.
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Figure 3.17: DF-LEEM on the (/7 X +/7)-R19.1° reconstruction. (a) LEED
measurement of the investigated surface area. (b) BF-LEEM image at Usyers = 1 V.
(c-f) DF-LEEM images of the (v/7 x v/7)-R19.1° first-order diffraction spots at
Ustart = 40V. The spots selected for imaging are highlighted in (a) and named in
accordance to the respective LEEM images.
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Figure 3.18: DF-LEEM composite of B;N,-R0° and (\/7 X ﬁ)-RlQ.l".
(a) LEED spots used for DF-LEEM. (b) Composite of the two B,N,-R0° domains
from Fig. 3.13(d,f) and the four (v/7 x /7)-R19.1° domains from Fig. 3.17(c-f).

green islands grew preferably on the same terrace as the light blue B,N,-R0°
domain. Given that the B,N,-R0° rotational domains share a fixed adsorption
configuration with the underlying substrate, it can be deduced that this also applies
to the (v/7 x v/7)-R19.1° reconstructed islands.

However, not all (v/7 x v/7)-R19.1° islands exhibit the same adsorption config-
uration. As highlighted in white in Fig. 3.18(b), some of the dark green and red
islands grew on light blue terraces and some of the magenta or light green islands
grew on dark blue terraces. These are identical with the previously introduced
atypical islands. Based on the symmetry relations of the different domains, it
can be concluded that the atypical islands are characterized by a rotation of 60°
with respect to the majority of the (\ﬁ x V7 )-R19.1° reconstructed islands on the
same three-fold rotationally symmetric SiC terrace. It stands to reason that an-
other adsorption configuration goes along with a difference in electrical properties,
resulting in different LEEM intensities as reported in previous works, e.g. [MR1].
Therefore, typical and atypical islands can be distinguished by their LEEM-I(V)
profiles shown in Fig. 3.11 and also in the DF-LEEM images of Fig. 3.17, where the
atypical islands (white circles) show a reduced intensity compared to other islands.
The small number and size of the atypical islands indicate that the adsorption
configuration of this minority domains is energetically less favorable.

Misoriented minority phase

In order to characterize the domain structure of the misoriented minority phase,
the contrast aperture was positioned on the faint ring, 30° off from the SiC main
axes, as indicated by the yellow and brown arrows in Fig. 3.19(a). The correspond-
ing DF-LEEM images in Fig. 3.19(c,d) show that the minority phase manifests
as small point-like objects. Their distribution across the surface is reminiscent
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of the orange-marked nm-sized objects in Fig. 3.12(f). For better comparison,
the composite image of the (v/7 x v/7)-R19.1° structure has been superimposed
on a BF-LEEM image at Usor = 15V in Fig. 3.19(b). The small bright objects
near the islands exhibit different LEEM-I(V) characteristics than any other
surface phase discussed so far. They are identified to belong to the misoriented
minority phase. Because of its small contribution, small size, and orientational
range, further characterization of this phase would be disproportionately elaborate.

Figure 3.19: DF-LEEM characterization of the misoriented minority phase.
(a) LEED measurement and (b) BF-LEEM image of the investigated sur-
face area. The composite of the (v/7 x v/7)-R19.1° domains is superimposed.
(c,d) DF-LEEM images of the misoriented minority phase. The contrast aper-
ture positions selected for imaging are marked in (a).
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3.4 Temperature dependence

To investigate the influence of temperature on the growth of BN, Sample 2 was an-
nealed at a higher heating rate than Sample 1 while keeping the other preparation
parameters constant. In the following, the surface structure of BN on Sample 2 is
presented and compared with that of Sample 1. Then, the growth characteristics
of BN on SiC(0001) and their temperature dependence are discussed in more detail
and in the context of the literature.

3.4.1 BN on Sample 2 after fast annealing in Borazine

Fig. 3.20(a) shows a BF-LEEM image of Sample 2 after BN growth. The area
shown is representative of Sample 2 and Uy = 9V was chosen to provide op-
timal contrast between the bright (v/7 x v/7)-R19.1° reconstructed islands and
the darker B,N,-R0° terraces. Note that regions analogous to the island-free re-
gions on Sample 1 were not found on Sample 2. Also, the number and size of
the islands has strongly decreased compared to Sample 1. This is further sub-
stantiated by the LEED measurement in Fig. 3.20(b), which is dominated by the
B,N,-R0° pattern. With different brightness and contrast [see Fig. 3.20(d)], spots
of the (v/7 x v/7)-R19.1° structure are better recognized (green and red). Ad-
ditionally, traces of the misoriented minority phase are present, as indicated by
the orange and brown arrows. Fig. 3.20(c) shows a DF-LEEM composite image
of B,N,-R0° and (v/7 x v/7)-R19.1° domains of the surface area from panel (a),
analogous to that of Sample 1 [see. Fig. 3.18]. Apart from their reduced occur-
rence, the (\ﬁ X \ﬁ)-R19.1° reconstructed islands are found in a similar domain
configuration as on Sample 1.

Additional and more detailed information on the domain structure was obtained
at a higher lateral resolution. To this end, the region marked with a dashed circle in
Fig. 3.20(a) is characterized at a smaller field of view in Fig. 3.21. Panel (a) shows
a BF-LEEM image at Ugq,y=5.5 V. Three types of terraces can be distinguished by
their width and contrast. The terrace marked in light blue is very thin and exhibits
the darkest contrast. The terraces marked in medium and dark blue are nearly the
same width and show bright contrast, however, the dark blue terrace is slightly
thinner and darker. The LEEM-I(V) profiles of these three terraces are shown in
panel (b). As discussed in Section 3.1.2, the different LEEM-I(V) profiles of these
terraces are due to the varying SiC terminations underneath the B,N,-R0° layer,
and the different widths of the terraces result from the non-uniform step retraction
of differently terminated SiC terraces during BN growth.

As in Section 3.1.2, the stacking configurations of the different terraces are iden-
tified by considering the stacking sequence of 6H-SiC(0001) and the step retraction
model. Fig. 3.21(e) shows a BF-LEEM image at Ug,,v=47.5V. In this image, all
three terrace types can easily be distinguished by their contrast. In panel (f), this
BF-LEEM image is superimposed on a DF-LEEM composite of the B,N,-R0° and
(V7 x V/7)-R19.1° domains, allowing identification of the S, and S’ groups. Ac-
cording to the step retraction model, the terrace edge of S; terraces retracts the
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fastest during SiC decomposition at elevated temperatures. Thus, the stacking
configuration of the thinnest terrace type (light blue) is identified as B,N,-R0° on
S1. From the stacking sequence of 6H-SiC(0001), it follows that the medium blue
and dark blue marked terraces have B,N,-R0° on S, and B,N,-R0° on Sz stacking
configurations, respectively. In agreement with Section 3.1.2, it is concluded that
the surface slopes from left to right with step heights of one SiC bilayer and a
terrace sequence S3-S,-S1-S3-535-57 underneath B,N,-R0°. Note that observations
during the growth process indicate that step retraction terminates as soon as the
terraces are covered with B;N,-R0°.

Figure 3.20: Overview of BN on Sample 2. (a) LEEM image of a representative
surface area and (b) corresponding LEED measurement. (¢) DF-LEEM composite
of B,N,-R0° (light blue, dark blue) and (v/7 x v/7)-R19.1° (red, magenta, dark
green, light green) domains, in analogy to the DF-LEEM composite of Sample 1 in
Fig. 3.18(b). (d) LEED image from (b) but with different brightness and contrast.
The spots used for DF-LEEM are colored in agreement with (c).
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Now that the stacking configuration of the three different terrace types has
been identified, the LEEM-I(V) data in Fig. 3.21(b) is considered again. As ex-
pected, the LEEM-I(V) profile of B,N,-R0° on S, terraces agrees well with that of
B,N,-R0° on Sample 1, as shown in Fig. 3.14(a). This is because the terrace con-
figuration on Sample 1 corresponds to the final state of the step retraction model
[see Fig. 3.5(c)], exhibiting only S, terraces underneath B,N,-R0°. Notably, the
LEEM-I(V) profile of B;N,-R0° on S3 is almost identical to that of B,N,-R0° on
S, while the LEEM-I(V) profile of B;N,-R0° on S; differs more strongly. This is
in good agreement with the short penetration depth of electrons in LEEM. From
top to bottom, the stacking of the first three layers of all terraces is identical,
namely B,N,-R0° on a boron buffer layer on a SiC bilayer. For B,N,-R0° on S,
and B;N,-R0° on Ss, the fourth layer is a SiC bilayer in cubic stacking. However,
for B;N,-R0° Sy, the fourth layer is a SiC bilayer in hexagonal stacking. B,N,-R0°
on Sy and B,N,-R0° on S; only differ in stacking from each other in the fifth. As
the contribution of deeper layers to the LEEM signal decreases, it is in agreement
with the stacking sequences that the LEEM-I(V) profiles of B,N,-R0° on S, and
B,N,-R0° on S; differ less from each other than from that of B,N,-R0° on S;.

The (v/7 x v/7)-R19.1° reconstruction and the misoriented minority phase in the
investigated surface region in Fig. 3.21 are identified by imaging at higher Us,¢
in panels (c) and (d). As presented in Section 3.3.2, the (v/7 x v/7)-R19.1° recon-
struction exhibits bright contrast at U = 9V and 13V, whereas the misoriented
minority phase exhibits bright contrast only at Uy, = 13 V. The latter manifests
as nm-sized, point-like objects. The domains of the (/7 x v/7)-R19.1° reconstruc-
tion and the misoriented minority phase appear to be randomly distributed.

While the contrast between B,N,-R0° terraces of different SiC terminations
almost vanishes in Fig. 3.20(c,d), a contrast between two domains of B, N,-R0° be-
comes apparent. For better visibility, the contrast of the images was enhanced and
a selected surface area is enlarged by a factor of 2 in the insets of both panels. Note
that the two domains cannot be distinguished in DF-LEEM of the B,N,-R0° main
spots at Usery = 47.5V. Furthermore, compared to B,N,-R0° and its minority do-
main as found on Sample 1, the contrast between both domains is less strong and
shows different LEEM-I(V) characteristics. Consequently, structure and electronic
properties of the two domains largely match. Observations by Shin et al. [52] may
provide a direction to explain the appearance of these domains. Upon the transi-
tion from BN to Gr-R0° under annealing in vacuum, the two structures were found
to coexist in domains of similar size and shape. However, Sample 2 is not expected
to show a transformation from BN to graphene already at the applied annealing
temperatures. Thus, the difference between the domains is more likely due to
differences in the stochiometry of B,N,-R0° as reported by Lin et al. [MR3].

Furthermore, the large number of dark spots scattered across all terraces in pan-
els (a) and (e) is addressed. They do not correspond to the misoriented minority
phase, as can be seen by comparing the surface region marked with a white ellipse
in the lower left of panels (d) and (e). Given their similarity in contrast to the
step edges, these dark spots are interpreted as point-like defects.
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Figure 3.21: Domain structure of Sample 2. (a,c,d,e) BF-LEEM images of the

same surface area that is marked with a dashed circle in Fig. 3.20(a).

Imag-

ing at selected Ugyqy reveals further details on the domain structure, as dis-
cussed in the main text. (b) LEEM-I(V) profiles of the B,N,-R0° terraces and
(V7 x \/T)-R19.1° reconstruction. (f) DF-LEEM composite image in analogy to

Fig. 3.20.
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In summary, the structural characterization of BN on Sample 2 shows that an-
nealing at a higher heating rate during BN growth yields a more homogeneous
B.N,-R0° layer. The (\/7 X \ﬁ)—RlQ.lo reconstruction and the misoriented mi-
nority phase remain present, exhibiting a domain structure consistent with that
of Sample 1. However, their overall contribution has decreased significantly in
favor of B,N,-R0°. This finding is consistent with the work of Lin et al. [MR5],
who completely suppressed the growth of the (v/7 x /7)-R19.1° reconstruction by
applying an even higher heating rate during BN growth.

3.4.2 Discussion of BN growth characteristics

Finally, this section is devoted to the growth process of BN on SiC. New insights
into the BN growth characteristics can be derived from observations during the
growth experiments on Sample 1 and Sample 2 and are discussed in the following.

For both samples, the growth of B,N,-R0° could not be observed directly in
LEEM mode. One possible reason could be that for the chosen Ugy,, there is no
contrast between B,N,-R0° and the uncovered surface. Another possibility is that
B;N,-R0° grows on a size scale too small to resolve and evolves by a uniform and
continuous transformation of the surface. For example, a dendritic growth mode
was found for NTCDA growth on Cu(001), which showed only a continuous change
of intensity in LEEM mode [130]. Note that the boron buffer layer that was found
to reside at the interface of B,N,-R0° and SiC in the work of Lin et al. [MR5] was
not detected in this work, owing to its non-existing LEED signal.

To better understand the temperature dependence of the BN growth process, the
temperature of both samples was recorded over time during BN growth, as shown
in Fig. 3.22. Important observations in LEEM mode and LEED measurements
are indicated, as well as the start of borazine exposure. The resulting surface
composition is illustrated by the LEED and DF-LEEM composite images to the
right of each panel. Throughout the experiment, emphasis was placed on correct-
ing thermal drift, maintaining a constant borazine partial pressure, and applying
appropriate imaging parameters. As the heating power was adjusted manually,
the temperature-versus-time plot cannot be described by a simple function.

During the BN growth experiment, the temperature was measured using a ther-
mocouple (W/Re 95:5 and 74:26) spot welded to the sample holder near the sample.
However, in the case of the LEEM instrument the temperature measurement is
complicated by the fact that the sample is floating at 20keV, as well as a large
part of the electronics, which includes the thermocouple readout. This results in
a temperature offset that changes with the temperature inside the HV rack [130].
For this reason, the temperature scale has been corrected by an offset, assuming
that the sample is at room temperature at the start of the experiment. By care-
ful calibration, the uncertainty is estimated to be between 5°C and 15°C [130].
However, it should be noted that Samples 1 and 2 were mounted on two different
sample holders. Furthermore, the thermocouple contacts are spot welded to the
sample holder several millimeters away from the sample area observed with LEEM.
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Figure 3.22: (a) Temperature-versus-time plot of Sample 1 during BN preparation.
Events of interest (LEED measurements, borazine injection and observations in
LEEM) are indicated. LEED measurement and false color composite image repre-
sent the surface composition after BN growth. (b) Temperature-versus-time plot
of Sample 2, in analogy to (a).
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Thus, systematic errors cannot be excluded. Estimating all these errors, the tem-
peratures at which Si agglomerations dissolve (~ 850 — 910°C) and islands grow
(~ 920 — 950°C) were similar in both experiments.

The experimental course and the final composition of the two samples offer valu-
able insights into the growth mechanism of BN on SiC. For Sample 1, a LEED
measurement towards the end of the Si agglomerations dissolving and immediately
before the island growth showed only the LEED pattern of SiC. Consequently, the
(3% 3) reconstruction has vanished and no other stable surface reconstruction of SiC
is present on the surface just before BN growth starts. Furthermore, a LEED mea-
surement on Sample 2, less than 10 min after the (v/7 x v/7)-R19.1° islands began
to grow, already showed a strong signal of the B,N,-R0° structure. This suggests
that B,N,-R0° begins growing almost simultaneously with the (V7 x \/T)-R19.1°
structure, and proceeds at a considerable rate. Presumably, the (v/7 x v/7)-R19.1°
reconstruction stops to grow at an early stage, because the surrounding area is al-
ready covered by B,N,-R0° or other growth conditions are no longer met. In
this context, note that Lin et al. [MR5] suggest that Si atoms are incorporated
into the (/7 x v/7)-R19.1° reconstruction. Under this hypothesis, an early termi-
nation of the growth of the (v/7 x v/7)-R19.1° reconstructed islands is plausible,
since the Si-rich reconstruction is gone and Si atoms desorb faster with increasing
temperature. Subsequent to the LEED measurement on Sample 2, the growth
conditions were sustained for an additional 20 min. Since no evidence of second
layer formation was found on either sample, it is concluded that BN growth on
SiC is self-terminating, as it is also the case on metal surfaces.

Summarizing, the discussed BN growth characteristics imply that BN growth
follows the typical scheme of CVD growth. However, when growing hBN on metal
surfaces using CVD, the standard approach is to expose the metal to borazine
only once the desired growth temperature is reached. This will initiate the growth
immediately. The situation in the present experiment is more complicated because
the composition of the SiC surface changes due to the ongoing Si sublimation
during annealing. Previous studies have reported that the presence of a Si-rich
reconstruction prior to borazine exposure at elevated temperatures is a necessary
prerequisite for the growth of BN on SiC [MR5, 52]. Without the possibility to
follow the growth process in situ, it was assumed that BN grows on the highly
reactive Si-rich (\/3 X \/§>—R30° reconstruction, which is less Si-rich than the
(3 x 3) reconstruction. However, the in situ study presented here indicates that
BN growth begins only once the excess of silicon has vanished due to sublimation
at elevated temperatures. This results in a narrow regime of temperature and
annealing duration where the Si loss has a specific grade and BN growth starts.
It can be concluded that the reactivity necessary for CVD growth of BN on SiC
is produced not only by the elevated temperature, but also by the Si depletion of
the surface.
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3.5 Conclusion

The study of BN growth on SiC is an important step in understanding the for-
mation of unconventionally oriented Gr-R0° on SiC. In this chapter, BN growth
was performed analogously to the work of Lin et al. [MR5]. New insights into the
growth and domain structure of BN on SiC are obtained by LEEM, which allows
BN growth to be observed in situ and in real time, and its structure and domain
configuration to be characterized with lateral resolution.

Prior to BN growth, the SiC surface is enriched with Si by preparing a Si-rich
(3 x 3) surface reconstruction. In this process, an excess of Si is found to form
three-dimensional crystalline agglomerations. The structure of the 6H-SiC(0001)
polytype and step retraction upon Si sublimation are discussed in context of liter-
ature and the LEEM-I(V) and DF-LEEM data of the two samples investigated in
this chapter. The terrace configurations of Sample 1 and Sample 2 correspond to
different stages of step bunching.

After BN growth, three structures were identified by LEED, namely B,N,-R0°,
a (VT x V/7)-R19.1° surface reconstruction, and a misoriented minority phase. A
detailed discussion of their domain structure is presented for Sample 1. The most
dominant surface phase is B;N,-R0°. It covers the SiC terraces uniformly and
with one fixed adsorption configuration. The (\ﬁ x V7 )-R19.1° reconstruction
forms compact islands that are randomly distributed on the SiC terraces and do
not cross step edges. Two adsorption configurations with SiC are possible, one
of them being less energetically favored. FEach configuration manifests in two
mirror-symmetric domains. The misoriented minority phase (presumably BN or
graphene) appears as nm-sized, point-like objects that are randomly distributed on
the B;N,-R0° covered islands. Sample 2 was prepared in the same way as Sample
1, but the heating rate during BN growth was increased. This resulted in a more
homogeneous BN layer and shifted the ratio of (v/7 x v/7)-R19.1°reconstruction,
misoriented minority phase, and B;N,-R0° in favor of the latter, which is in good
agreement with the work of Lin et al. [MR5].

The BN growth process is studied by LEEM and LEED in situ and in real time
on both samples. Thereby, the formation of the (v/7 x 1/7)-R19.1° reconstruction
by nucleation and island growth is directly observed in LEEM mode. The forma-
tion of ByN,-R0° can not be directly observed, suggesting growth by a uniform
and continuous transformation of the surface on a size scale too small to resolve.
From LEED measurements it is concluded that B,N,-R0° begins to grow almost
simultaneously with the (\ﬁ X ﬁ)-R19.1° reconstruction and shortly after the
Si agglomerations dissolve. During the growth experiment, step retraction occurs
due to thermal decomposition of SiC. This process as well as BN growth are found
self-terminating once the surface is completely covered by one layer.

With a high initial growth rate and self-termination, the growth of BN on SiC fits
the characteristics of CVD growth on metal surfaces. Yet, BN growth only begins
at elevated temperatures when a specific level of Si depletion is reached. Therefore,
it can be concluded that the necessary reactivity for CVD growth is produced not
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Chapter 3 Boron Nitride on 6H-SiC(0001)

only by elevated temperatures directly, but also indirectly due to the surface’s
structural change upon the temperature-induced Si sublimation. Note that this
observation revises the assumption of Lin et al. [MR5] and Shin et al. [52] that BN
grows on the highly reactive Si-rich (\/§ x 1/3)-R30° reconstruction. Nevertheless,
it highlights the importance they attributed to silicon-rich starting conditions.
These allow the necessary Si depletion for BN growth to be reached at higher
temperatures, which results in higher-quality B,N,-R0° layers.
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Chapter 4
Graphene on 6H-SiC(0001)

As previously outlined, the borazine-induced growth of Gr-R0° on SiC(0001) of-
fers a promising way of producing large-scale, high-quality, 30°-twisted bilayer
graphene (30°-tBLG) [41, 53, 54]. The first step in understanding this process was
to investigate the growth of BN under borazine exposure at temperatures up to
1050°C, as discussed in the previous chapter. To replace BN with graphene, the
temperature must be increased significantly for a sufficiently long time. Thereby,
silicon sublimates, leaving behind an excess of carbon atoms. This graphitization
process is commonly used to grow conventional Gr-R30° on SiC(0001). However,
when B,N,-R0° covers the SiC(0001) surface prior to graphitization, it is gradually
replaced by Gr-R0°, while the 0°-orientation is conserved [MR5, 41, 52]. For the
study reported in this chapter, the well-characterized BN layers from the previous
chapter serve as templates for graphene growth on SiC(0001). This process and the
resulting surface structures are investigated with LEEM. Thus, the graphitization
processes of B;N,-R0° and the (\ﬁ x V7 )-R19.1° reconstruction can be charac-
terized separately. Furthermore, evidence was found that the surface morphology
influences the graphitization process.

The first section of this chapter briefly summarizes the relevant details on the
structures and the growth processes of Gr-R30° and Gr-R0° as reported in litera-
ture. Next, the experimental procedure is discussed that was applied to observe
the replacement of BN by graphene in the in-situ LEEM experiment. During the
experiment, the lateral domain configuration of the BN surface phases was found
to remain unaltered. However, the graphitization of the surface becomes apparent
through a structural analysis presented in Section 4.2. First, a structural overview
of Sample 1 and Sample 2 (as presented in Chapter 3) after graphitization is given.
Then, the structural change of three different surface domains is demonstrated for
Sample 2: B,N,-R0° transforms continuously into Gr-R0°. Conventional Gr-R30°
emerges in a small and clearly distinct area surrounding a defect. Strikingly, the
(V7 x V/T)-R19.1° reconstruction is found to vanish in favor of a structure that
shows characteristics of both Gr-R0° and Gr-R30°. Finally, different manifesta-
tions of bilayer graphene, possibly being 30°-tBLG, are identified on Sample 1 and
Sample 2. In this context, it is discussed how the morphology of the samples
affected the growth of graphene.

Please note that parts of the LEEM and LEED data presented in this chapter
were collected under my guidance as a project for Hao Yin’s master’s thesis [124].
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Chapter 4 Graphene on 6H-SiC(0001)

4.1 Introduction to the experiment

To motivate the experimental procedure of choice and interpret the LEED and
LEEM features of different graphene configurations, an introduction to epitaxial
graphene growth on SiC(0001) is provided first.

4.1.1 Gr-R30° and Gr-R0° on SiC(0001) in literature

In the context of this work, two methods of epitaxial graphene growth on
SiC(0001) are relevant and were briefly introduced in the previous chapter.
The first is the conventional growth of Gr-R30° by thermal decomposition in
vacuum [50, 51, 143-145]. The second is the growth of Gr-R0° by using borazine
as precursor gas [MR5, 41, 52-54]. This section provides more details on these
graphene structures and their preparation, based on literature and selected by
their relevance to the present work.

Gr-R30° grown by sublimation

As introduced in Section 3.1.2, SiC(0001) consists of SiC bilayers that are stacked
on one another. In each bilayer, the silicon atoms on top form bonds with three car-
bon atoms below, resulting in a a hexagonal lattice. When SiC(0001) is annealed
at sufficiently high temperatures, Si atoms sublimate, leaving behind an excess of
C atoms at the surface. Thereby, the decomposition of about three SiC bilayers
is required to form a carbon layer with a graphene-like atomic density. When SiC
decomposition continues, a second carbon layer emerges underneath the first. [50]

Fig. 4.1(a) illustrates the vertical stacking of this layer system. The carbon layer
directly atop SiC(0001) is the so-called carbon buffer layer or zeroth layer graphene
(ZLG-R30°) [145]. This layer has a hexagonal lattice and forms a commensurate
(6v/3 x 61/3)-R30° superstructure on SiC(0001). Although it is geometrically very
similar to graphene, it does not exhibit its characteristic electronic properties [143].
This can be attributed to the covalent interaction of about every third carbon
atom with the Si dangling bonds at the interface of the SiC bulk and ZLG-R30°
[143]. The second carbon layer on top is a former ZLG-R30°. Seperated from
the SiC bulk by the new ZLG-R30°, it does not share covalent interlayer bonds
[145]. Therefore, it is found to exhibit the electronic characteristics of graphene.
Note that the sublimation growth of graphene on SiC(0001) in UHV is a process
far from equilibrium, resulting in inhomogeneous graphene layer thickness [51]. In
LEEM, the layer thickness can easily be determined by LEEM-I(V) spectra due to
the quantum size contrast [146, 147]. Thus, the number of minima in the ~0-8 eV
range corresponds to the number of graphene layers (with ZLG-R30° not included),
as demonstrated in Section 4.2.3 below.

Fig. 4.1(b) shows the characteristic LEED pattern of a monolayer Gr-R30° on
ZLG-R30°/SiC(0001) obtained by thermal decomposition [144]. The unit cell vec-
tors of SiC and graphene are indicated by black and brown arrows, respectively.
The latter show the typical 30° rotation with respect to the SiC lattice. Other
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Figure 4.1: Gr-R30° on SiC(0001), grown by thermal decomposition.
(a) Structure model of a monolayer graphene on ZLG-R30°/SiC(0001). Schematic
based on Ref. [145]. (b) LEED measurement of Gr-R30°/ZLG-R30°/SiC(0001).
The unit cell vectors of SiC (black) and graphene (brown) are indicated. The
shown LEED data is courtesy of Hao Yin from PGI-3, Forschungszentrum Jiilich.
(¢) Simulated LEED pattern. The (6v/3 x 64/3)-R30° lattice points are drawn in
gray. The 61/3 x 61/3-spots that are visible in the experiment are drawn in yellow.

spots lie on the (6\/§ X 6\/§)—R30° grid of the superstructure pattern, as illus-
trated by the simulated LEED pattern in Fig. 4.1(c). The most intense spots on
the (6v/3 x 64/3)-R30° grid are colored in yellow.

Gr-R0° grown by borazine exposure

Annealing SiC(0001) in the presence of the precursor gas borazine opens up a
route to obtain Gr-R0°, an unconventionally orientated graphene layer aligned
with the SiC substrate [MR5, 41, 52-54]. Two preparation techniques have been
established to grow Gr-R0° on SiC(0001), applying either a template-induced or
a surfactant-mediated growth mode.

The template-induced growth mode was introduced by Shin et al. [52]. First,
they prepared a BN layer on SiC(0001) by annealing a Si-enriched surface under
borazine exposure. Then, they gradually converted the BN layer into graphene
by performing annealing sequences at higher temperatures in UHV. The resulting
stacking configuration is Gr-R0°/ZLG-R30°/SiC(0001). Based on this work, it was
demonstrated that 30°-tBLG can be obtained by either further annealing of Gr-
R0°/ZLG-R30°/SiC(0001) in UHV or by hydrogen intercalation of the ZLG-R30°
underneath Gr-R0° [41]. However, it is evident that the quality of the final 30°-
tBLG is constrained by the quality of the BN layer used as a template. Bocquet
et al. [53] addressed this issue by introducing the surfactant-mediated growth
method. Thereby, Gr-R0°/ZLG-R30°/SiC(0001) is obtained by directly annealing
the Si-enriched SiC(0001) surface to the final temperature in borazine.

Following the surfactant-mediated growth mode, Bocquet et al. [53], Lin et al.
[MR5] and Yin et al. [54] investigated the structural properties of layer systems
obtained at different temperatures in more detail. Based on those works, Fig. 4.2
summarizes structural information of four different layer systems resulting from
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Figure 4.2: Surface structures obtained by annealing a (3 X 3)-Si reconstructed
SiC(0001) surface in borazine at increasingly higher temperatures. (a,b) Verti-
cal structure models and SPA-LEED patterns of B,N,-R0° on SiC, obtained by
annealing at 1100-1150°C and IqGr-R0° on SiC, obtained by annealing at 1225-
1250°C. Ball-and-stick models of the vertical structures in (a) and (b) are based
on NIXSW data and adapted with permission from Ref. [MR5], © 2022 by the
American Physical Society (see License Notice). SPA-LEED data in (a) and (b)
are taken from [148], licensed under CC-BY 4.0, see also Supplemental Material of
Ref. [53]. (c,d) LEEM and LEED data of Gr-R0° on SiC, obtained by annealing
at 1330° and twisted multilayer graphene on SiC, obtained by annealing at 1380°.
The respective layer configuration is illustrated in the bottom left of each panel.
LEEM and LEED data in (c) and (d) taken from [149], licensed under CC-BY 4.0,
see also Ref. [54]. Note that all samples were produced in the same experimental
setup, applying a borazine partial pressure of 1.5 x 107% mbar [MR5, 53, 54]. The
sample temperature was increased rapidly to the respective preparation tempera-
ture and kept constant for 30 min.
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4.1 Introduction to the experiment

annealing a (3 x 3)-Si reconstructed SiC(0001) surface in borazine at increasingly
higher temperatures.

Fig. 4.2(a) shows the structure of B,N,-R0°, as previously introduced. A boron
zeroth layer (BZL) is located between B, N,-R0° and SiC [MR5]. The BZL does not
exhibit long-range order. Consequently, the LEED pattern only exhibits features of
SiC (black) and B;N,-R0° (blue), along with satellite spots that can be explained
by multiple scattering [see Section 3.3]. Note that boron also diffuses into the bulk,
thereby possibly replacing C atoms in the SiC lattice (see Ref. [MR5]).

When the preparation temperature of B,N,-R0° is exceeded, a carbon layer
is found on the BZL instead, as shown in Fig. 4.2(b). In LEED, the first-order
diffraction spots of this carbon layer form a hexagonal pattern (blue), which is
aligned with SiC but has slightly larger reciprocal lattice vectors than B,N,-R0°.
This graphene layer exhibits a significant N doping and shows only faint, broad
Dirac cones in ARPES [MR5]. Therefore, it is referred to as low-quality Gr-R0°
(1gGr-R0°) [MR5].

At high enough annealing temperatures, ZLG-R30° evolves between Gr-R0°
and SiC. This is evident in the LEED pattern shown in Fig. 4.2(c). The satellite
spots surrounding the 00-spot and the spots marked yellow are characteristic of
ZLG-R30°, as shown in Fig. 4.1. Furthermore, the satellite spots surrounding the
blue-marked Gr-R0° spots can be explained only by multiple scattering involving
Gr-R0° and ZLG-R30° [53]. In LEEM, this layer system showed uniform terraces
with LEEM-I(V) characteristics of a graphene monolayer, as well as indications of
30°-tBLG at the step edges [54].

Further increasing the temperature or extending the annealing time both results
in the growth of Gr-R30° multilayers underneath Gr-R0°. As illustrated by the
LEEM image and the schematic drawing to the left of Fig. 4.2(d), this manifests
as small domains of various layer thicknesses [54]. In the corresponding LEED
pattern, Gr-R0° and Gr-R30° (or ZLG-R30°) spots are marked in blue and brown,
respectively. Besides the satellite spots surrounding the 00-spot and the Gr-R0°
spot (discussed above), two rings of additional twelve spots each (marked pink)
are present. These LEED spots were found to be characteristic of 30°-tBLG [41,
54] and can be attributed to its quasicrystalline properties (see Ref. [41]).

4.1.2 The in-situ LEEM experiment

As described above, two pathways may be considered to obtain Gr-R0° on
SiC(0001). By first impression, it appears more attractive to aim for the
surfactant-mediated growth mode, as it has proven to produce samples of higher
quality [53]. Yet, the template-induced growth method was chosen for several
technical reasons.

One of the major advantages of LEEM is the ability to observe the sample
surface in situ during an experiment. However, fast annealing while operating
the LEEM instrument is problematic. As the sample and sample holder heat
up, material outgases, causing the pressure in the experimental chamber to rise.
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The increased pressure in the mm-sized gap between sample and objective lens,
where the electric potential drops by ~20kV, encourages sparks. The faster the
annealing process, the greater the pressure increase and risk of sparks. These
sparks contaminate sample surfaces with large amounts of defects and can destroy
the surface structures that shall be investigated. Furthermore, maintaining proper
imaging conditions and correcting thermal drift while monitoring temperature and
pressure control is challenging, even at an annealing rate far below that used in the
surfactant-mediated growth method. Finally, the well-characterized BN samples
from the previous chapter are an optimal starting point for applying the template-
induced growth method.

Accordingly, the BN layers prepared on Sample 1 and Sample 2, which were an-
alyzed in the previous chapter, were observed with LEEM in situ while annealing
in UHV. Note that two effects were encountered during annealing at high temper-
atures that significantly impacted the in situ LEEM measurement. The first effect
is the increased emission of thermally excited electrons from the sample’s surface.
The second is a warming up (and hence a slight deformation) of the objective lens
due to its short distance of ~2mm to the hot sample. Strategies to address the
related imaging issues were successfully tested throughout this work and can be
implemented in future experiments. For more details, refer to Appendix A.

The aforementioned effects can sometimes make in situ measurements during
high-temperature annealing impossible. In the present work, however, this was a
minor drawback because no visible changes occurred in the morphology or lateral
domain distribution of BN on SiC. This can be seen, for example, in Fig. 4.3, which
shows the same surface area of Sample 2 after BN preparation in panel (a) and after
subsequent annealing in UHV at ~ 1200°C for 20 min in panel (b). In both images,
the contrast between the different terraces is dominant. Furthermore, the terrace
contours remain unchanged, proving that no step retraction took place. The same
applied to Sample 1 and Sample 2 when annealed in UHV up to ~ 1250°C, as can
be seen from the measurements presented in the following section.

Figure 4.3: BN on Sample 2 before and after annealing in UHV. LEEM images
taken of the same surface region (a) before and (b) after annealing at ~ 1200°C.
The blurring of (b) is mainly attributed to different imaging settings.
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4.2 Graphitization of BN on SiC(0001) upon
annealing in UHV

While the lateral domain distribution did not change upon annealing in UHV, BN
was replaced by graphene. In this section, the structural composition of Sample
1 and Sample 2 is investigated at different stages of graphitization. The resulting
graphene configurations vary, depending on the BN template, the sample mor-
phology, temperature, and duration of the heat treatment. First, an overview of
the structural composition of the examined surface regions after replacement by
graphene is presented. Then, the evolution of different graphene configurations
from the BN template is discussed in detail. Their structure and electronic prop-
erties are investigated using LEED, LEEM-I(V), DF-LEEM, and ARPES. Finally,
hints for 30°-tBLG formation are discussed.

4.2.1 Structural overview

The following discussion of the template-grown graphene on SiC focuses on two
surface regions. The first region is on Sample 2 and produced large, uniform
areas of Gr-R0°. However, a different region is chosen to that observed during
BN formation. The second region is on Sample 1, for which a detailed analysis
of the BN domain structure prior to graphitization was presented in Section 3.3.2.
Here, a first structural overview of these two regions after graphitization is given
by LEEM and pLEED.

Graphene on Sample 2

To obtain Gr-R0°, the BN on SiC(0001) prepared on Sample 2 was annealed in
UHV by several runs. A first annealing was performed at ~ 1200°C for 20 min.
This yielded characteristics of lqGr-R0°. Subsequently, a temperature of ~ 1250°C
was applied for a total duration of >60min (second annealing). Note that charac-
teristics of Gr-R0° were evident after only 20 min of this process. However, further
annealing did not significantly alter the structural composition of Sample 2.

Fig. 4.4(a) shows a LEEM image of a particular surface area of Sample 2 taken
after the second annealing. The left side of the LEEM image is representative of
almost the entire investigated sample surface. It shows uniform terraces scattered
with a few small, point-like objects. Some of these objects are defects with no crys-
talline structure that remained from the silicon agglomerations. Others originate
from (v/7 x v/7)-R19.1° reconstructed islands. These did not change shape during
annealing but were replaced by graphene, as discussed below. A uLEED mea-
surement of this surface area is shown in panel (b), confirming that it is largely
dominated by Gr-R0° which replaced B,N,-R0°. The characteristic pattern of
ZLG-R30° is recognizable by the satellite spots surrounding the 00-spot and the
Gr-RO0° spots, as well as the fainter spots in between.

In the right of Fig. 4.4(a), there is an area with a different domain structure. This
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Chapter 4 Graphene on 6H-SiC(0001)

region is the only one with this particular domain structure on Sample 2. A defect
located in its center is marked with a black arrow. This three-dimensional defect
shows no LEED structure. Within a radius of several pm, it is surrounded by
a compact domain with darker contrast than Gr-R0°. A uLEED measurement
of this domain is shown in panel (c). It shows only the pattern characteristic of
conventional Gr-R30° on SiC(0001). In the vicinity of the Gr-R30° domain, the
surface is scattered with objects that can be identified as former (v/7 x v/7)-R19.1°
reconstructed islands, by their shape and similar contrast to the small islands found
in other regions of the surface. With increasing distance from the large defect, they
decrease in size and number.

Note that the BN configuration of this region was not characterized prior to
graphitization. Presumably, the defect served as a nucleation center for a large
silicon agglomeration when the (3 x 3)-Si reconstruction was prepared but did
not dissolve completely during BN growth. Once annealed in UHV, the silicon
agglomeration likely dissolved completely, resulting in the formation of conven-
tionally oriented Gr-R30° from the bare SiC surface. Furthermore, the large Si
agglomeration may have served as a Si reservoir during BN growth, altering the
growth conditions in its surroundings. This could explain the increased number
and size of former (v/7 x v/7)-R19.1° reconstructed islands found near the defect.

(a) | (b) ©

~®

.
55V

b .
*
oHm o

: * 55v

Figure 4.4: Graphene on Sample 2. (a) LEEM overview image of a particular
surface region on Sample 2 after the second annealing. (b,c) LEED measurements
of selected surface areas, as indicated in panel (a).
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4.2 Graphitization of BN on SiC(0001) upon annealing in UHV

Graphene on Sample 1

Sample 1 exhibited graphene-like features after just one annealing at ~ 1200°C
for 20 min. The surface area shown in Fig. 4.5 is the same as that characterized
after BN growth and before graphitization. Under the chosen imaging conditions,
the islands appear bright on the darker terraces. Direct comparison with LEEM
images of BN on Sample 1 in Fig. 3.12(a,b) and the DF-LEEM composite image
in Fig. 3.18(b) confirms that the shapes of the islands and step edges have not
changed.

LEED measurements of a surface region that encloses islands, and of the region
that is free of islands, are depicted in panels (b) and (c), respectively. Both patterns
exhibit characteristics of Gr-R0° and Gr-R30°. Additionally, a faint ring indicates
the presence of misoriented graphene with various rotational angles, but centered
azimuthally around the Gr-R30° spots. The two patterns differ significantly only
in the intensity of the Gr-R30° spots, which are more intense in the pattern of
the surface region enclosing islands. Note that the carbon buffer layer spots are
present in both LEED patterns, however less well pronounced than for Sample 2.
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Figure 4.5: Graphene on Sample 1. (a) LEEM overview image of the same sur-
face region that was characterized after BN growth in Section 3.3.2. (b,c) LEED
measurements of selected surface areas, as indicated in panel (a).
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4.2.2 Replacement of B,N,-R0° by Gr-R0°

In the following, the structure and electronic properties of B,N,-R0° upon anneal-
ing in vacuum is presented for Sample 2. As previously discussed, Sample 2 exhibits
large, uniform areas of B;N,-R0° after BN growth, which can be easily character-
ized with LEED and LEEM-I(V). Equivalent measurements were performed after
the first and second annealing in UHV and are displayed in Fig. 4.6. Note that
only the LEEM-I(V) profiles of terraces with SiC terminations of type Sy and S;
are shown. Those with S; SiC termination vanished in the evaluated surface region
displayed in Fig. 4.4. Panel (a) once again illustrates the LEED characteristics
of ByN,-R0°. The first-order diffraction spots of B;N,-R0° are marked in blue.
Most of the remaining spots are the result of multiple scattering including the SiC
substrate and B,N,-R0°. Some faint but sharp spots from the (\ﬁ X \ﬁ)—RlQ.lo
reconstruction are also present.

After the first annealing in UHV, the LEED pattern changed, as shown in
panel (b). The reciprocal lattice vectors of the first-order diffraction spots be-
came longer, corresponding to a shorter lattice vector in real space compared to
B,N,-R0°. This is also evident in the change of the multiple scattering pattern.
Additionally, the traces of the island reconstruction have vanished. The LEED
pattern described here agrees well with that of 1qGr-R0° reported by Bocquet et
al. [563] upon annealing B,N,-R0° in vacuum at 1225°C, and by Lin et al. [MR5]
upon annealing to similar temperatures during borazine exposure. At this stage,
the surface of Sample 2 was characterized by DF-LEEM, as presented in Fig. 4.7.
Here, only the DF-LEEM images of the lqGr-R0° main spots in panels (¢) and
(d) are considered. The terraces between the islands still exhibit inverted con-
trast, proving the three-fold symmetry of 1qGr-R0°. If all the boron and nitrogen
atoms had already been replaced by carbon atoms, the inverted contrast of these
DF-LEEM images would disappear. The LEEM-I(V) measurements of 1qGr-R0°
on the right side of panel (b) differ significantly from those of B,N,-R0° in panel
(a). However, they also do not correspond to those of graphene monolayers on
SiC reported in literature. This is another indication that the replacement by Gr-
R0° is incomplete. Therefore, the LEEM-I(V) profiles shown here may serve as a
fingerprint to identify similar surface structures.

Panel (c) shows a LEED measurement taken after the second annealing in UHV.
The first-order diffraction spots of lqGr-R0° shifted slightly to larger |k!|. These
spots, as well as the 00-spot, are now surrounded by satellite spots that cannot be
explained by multiple scattering at the graphene layer and the substrate. However,
these spots, as well as other faint spots indicated in yellow, can be explained
by the emerging carbon buffer layer at the interface of Gr-R0° and SiC(0001),
as previously discussed. The described LEED features are consistent with those
expected for Gr-R0°, as measured by Yin et al. [54] for a monolayer of Gr-R0° on
SiC obtained by surfactant-mediated growth [cf. Fig. 4.2(c)].

At this stage, the surface of Sample 2 was investigated again with DF-LEEM,
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Figure 4.6: Replacement of B,N,-R0° by Gr-R0°. (a) LEED measurement and
LEEM-I(V) profiles of B,N,-R0° on SiC. (b,c) Same as (a), after the first and sec-
ond annealing in UHV, respectively. The structures are identified as (b) 1qGr-R0°
and (c¢) Gr-R0°. In the LEED images, the first-order diffraction spots of the adlayer
are highlighted in blue and some characteristic spots of the carbon buffer layer are
highlighted in yellow. Data measured on Sample 2.
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Figure 4.7: DF-LEEM data recorded from Sample 2 after the first annealing in
UHV. (a) LEED measurement of the area marked in the (b) BF-LEEM image,
which shows a section of Fig. 4.4(a) with a field of view of ~15pum. (c-f) DF-
LEEM images of the same area at Ugqy = 45V. The spots selected for imaging
are marked in (a) and named according to the respective LEEM images.
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Figure 4.8: DF-LEEM data recorded from Sample 2 after the second annealing
in UHV. (a) LEED measurement of the area marked in the (b) BF-LEEM image.
The latter shows a section of Fig. 4.4 with a field of view of ~5um. (c-f) DF-
LEEM images of the same area at Ugyqry = 45 V. The spots selected for imaging
are marked in (a) and named according to the respective LEEM images.
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as shown in Fig. 4.8. Once more, only the terraces between the islands in the DF-
LEEM images of the Gr-R0° main spots in panels (¢) and (d) are discussed. The
different SiC terminations of the underlying substrate result in slightly different
contrast of alternating terraces. However, there is no contrast inversion between
panel (¢) and (d). This confirms that the three-fold symmetry of B,N,-R0° and
lqGr-R0° has vanished, indicating that the replacement of boron and nitrogen
atoms is largely complete. However, note that considerable doping by substitu-
tional B and N atoms is likely to remain present [MR5, 53].

Next, the LEEM-I(V) characteristics of Gr-R0° are addressed. It is well known
from previous studies that for graphene layers grown on SiC with a carbon buffer
layer at the interface, the number of dips in the 0-7V range of LEEM-I(V) spectra
corresponds directly to the number of graphene layers (see Ref. [147] and references
therein). The LEEM-I(V) spectra of Gr-R0° to the right of Fig. 4.6(c) show one
well pronounced dip close to Ugqe = 3 V. The overall shape of the profiles also
corresponds well with measurements of epitaxial graphene on SiC as reported in
literature [54, 96, 145, 146, 150]. This confirms that Gr-R0° exhibits the electronic
characteristics of monolayer graphene on SiC with ZLG-R30° at the interface.

In addition to LEEM, ARPES was applied to study the band structure of
lqGr-R0° and Gr-R0°. Fig. 4.9 shows the momentum maps of both structures
taken at Fj, = 1.5eV. The inset in each panel shows a band map along the TK
direction, however with low statistical significance. Data on both surface struc-
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Figure 4.9: ARPES data, recorded on Sample 2. Momentum maps of (a) lqGr-
R0° and (b) Gr-R0° at a binding energy of Ej, = 1.5eV. The inset of each panel
shows a band map along 'K, as indicated in the momentum map.
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4.2 Graphitization of BN on SiC(0001) upon annealing in UHV

tures were taken with the same imaging parameters, allowing direct comparison of
intensities. The ARPES data show the characteristic features of graphene’s Dirac
cones for both 1qGr-R0° and Gr-R0°. However, the latter yields a significantly
stronger signal and sharper features. This further supports the improvement of
the electronic structure of Gr-R0° upon the second annealing in UHV.

4.2.3 Emergence of conventional Gr-R30°

Next, the area close to the defect in Fig. 4.4 is investigated. As mentioned above,
it exhibits LEED features solely of Gr-R30°. Since Gr-R30° naturally grows by
SiC decomposition during annealing in UHV, it is concluded, that the surface area
covered by Gr-R30° at this stage has not been covered by B,N,-R0° during BN
growth. Presumably, this is due to the large defect that may have served as a
nucleation center for an exceptionally large Si agglomeration. In this case, the Si
agglomeration would have dissolved completely during the first annealing in UHV,
thereby enabling the growth of conventional Gr-R30.

Fig. 4.7 shows DF-LEEM images of the area of interest obtained from Gr-R30°
first-order diffraction spots after the first annealing in panels (d) and (f). Areas of
three different intensities can be distinguished. The darkest intensity is found on
the 1qGr-R0° terraces. The islands exhibit an intermediate intensity, which is dis-
cussed below. The region surrounding the defect provides the brightest intensity.
In the DF-LEEM images obtained from the lqGr-R0° spots in Fig. 4.7(c,e), this
region exhibits no intensity. Investigating this surface region with DF-LEEM after
the second annealing in UHV [cf. Fig. 4.8] shows an equivalent structural compo-
sition. Consequently, this region is covered exclusively by conventional Gr-R30°
after the first and second annealing in UHV.

After the second annealing, the area covered by Gr-R30° was examined more
closely using LEEM-I(V), as presented in Fig. 4.10. Panel (a) shows the same
surface area that was previously investigated with DF-LEEM. This image was
captured in BF-LEEM mode at Uy = 5.2V. The area highlighted in yellow
is covered exclusively by Gr-R30°, as identified by DF-LEEM. Within this area,
some of the terrace contours are visible. However, the terraces are not uniform;
rather, they show small domains of varying intensity. For a closer view, the surface
region within the black rectangle is shown again in panels (i-iv) for varying Ussars.
Four domains are identified by their different LEEM-I(V) characteristics and
marked with colored arrows. Panels (b) and (c) display the extracted LEEM-I(V)
profiles of these domains in two different diagrams. In the latter, the profiles
are shifted in intensity and sorted by the number of dips in the range of 0-7V.
This number corresponds directly to the number of graphene layers on top of the
carbon buffer layer [147], which is indicated for each profile. By comparing the
unmodified LEEM-I(V) profiles in panel (b), areas can be assigned to specific
film thicknesses. Following the contours of the terraces from bottom to top in
the LEEM images, it is evident that the area adjacent to Gr-R0° is dominated
by one-layer thick Gr-R30°. At the top of panels (i-iv) and farther away from
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Chapter 4 Graphene on 6H-SiC(0001)

Gr-R0° on the same terrace, the coverage of one-layer thick domains decreases
and three-layer and four-layer thick domains appear more frequently. Overall, it
is concluded that the observed domain structure of Gr-R30° is consistent with the
results of previous LEEM studies on the growth of Gr-R30° on SiC by thermal
decomposition in UHV (e. g. Refs. [144, 145]).

(b)

u
1N
'S

Intensity (a.u.)
o
N

S 1.0 2L

s 3L

>

= 2L

c

§05— -
0.0 1 1 1

5 10
Ustare (V)

Figure 4.10: Determination of the multilayer thickness of Gr-R30° on Sample 2.
(a) BF-LEEM image. The yellow line marks the Gr-R30° region [c.f. DF-LEEM
characterization in Fig. 4.7]. The area marked with a black rectangle is shown
in the BF-LEEM images (i-iv) for different Ugy,,+ and at a smaller field of view.
(b) LEEM-I(V) profiles of different surface arcas, as marked in panels (i-iv).
(c) LEEM-I(V) profiles as shown in (b), shifted vertically by applying an offset.
Data measured after the second annealing in UHV.
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4.2.4 Replacement of the (/7 X 1/7)-R19.1° reconstruction
by mixed Gr-R0°/Gr-R30°

As previously mentioned, the spots originating from the (/7 x v/7)-R19.1° recon-
struction disappeared in LEED after the first annealing of Sample 2. Nevertheless,
the island-shaped domains of the (v/7 x v/7)-R19.1° reconstruction remain visible
in LEEM, even after the second annealing in UHV. Their structural change upon
graphitization is analyzed by uLEED, DF-LEEM, LEEM-I(V) and ARPES.

The DF-LEEM measurements presented in Fig. 4.7 and 4.8 gave a first idea of
the structural composition of the islands on Sample 2. Fig. 4.7(c,e) shows the DF-
LEEM images obtained from the lqGr- R0° first-order diffraction spots. The islands
appear darker than the 1qGr-R0° covered terraces. However, they still exhibit a
non-vanishing intensity, unlike the Gr-R30° region. Moreover, the islands can be
divided into two groups of slightly different intensities. The islands on the brighter
lqGr-R0° terraces exhibit lower intensity than the islands on the less bright 1qGr-
R0° terraces. Similar to the 1qGr-R0° terraces, the contrast is inverted between
panels (¢) and (e). This contrast inversion disappeared after the second annealing,
as shown in Fig. 4.8(c,e). Again, the intensity of the islands is lower than that
of the surrounding terraces. Strikingly, the islands also exhibit intensity in the
DF-LEEM images obtained from the Gr-R30° spots after the first and the second
annealing in UHV [cf. Figs. 4.7(d,f) and 4.8(d,f)], respectively. However, their
intensity is significantly lower than that of the area covered exclusively by Gr-
R30°.

In addition to DF-LEEM, uLEED was applied to the islands. Fig. 4.11 depicts
pLEED measurements of an individual island after the first and second annealing
in panels (a) and (b), respectively. After the first annealing in UHV, the LEED
pattern characteristic of 1qGr-R0° [cf. Fig. 4.6(b)] is clearly visible. Additional
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Figure 4.11: uLEED measurements on an island on a S, terminated terrace of
Sample 2, recorded (a) after the first and (b) after the second annealing.
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spots are found at the Gr-R30° positions. After the second annealing, the uLEED
image in panel (b) shows a superposition of the Gr-R0° and Gr-R30° patterns.
The spots of the carbon buffer layer are also present. Note that these images
were obtained with different settings and statistics. Therefore, the intensities and
sharpness of the spots cannot be compared. However, the spots of Gr-R0° and Gr-
R30° are azimuthally broadened compared to the patterns of exclusively Gr-R0°
and Gr-R30° areas discussed previously [cf. Fig. 4.4(b,c)].

The coexistence of Gr-R0° and Gr-R30° LEED characteristics on the areas pre-
viously covered by the (v/7 x v/7)-R19.1° reconstruction is an interesting finding.
Of particular note, the islands are laterally homogeneous in their intensity in the
DF-LEEM images for both graphene orientations [cf. Figs. 4.7 and 4.8]. This nat-
urally evokes associations with 30°-tBLG. Therefore, the next step is to consider
LEEM-I(V), as it has proven to be an effective tool for layer thickness determina-
tion.

In the vicinity of the defect, islands grew on SiC of different termination. There-
fore, slight variations in their LEEM-I(V) characteristics were observed. This is
illustrated in Fig. 4.12 for Sample 2 after the first annealing. Panels (i-iii) show
the surface at different Ugy,¢. In each image, a distinct group of islands exhibits
the brightest contrast. These groups differ considerably in the number and size of
islands, which relates to the different terrace widths resulting from step bunching

1 T
1
1
' = islandon S,
]
02} E ———islandon S,
E islandon S;
= 1qGr-R0° on S,
© ! o
= E 1qGr-R0° on S3
£~ 1
8 1
g o1f 2
E 1
:
i
14
]
1
i
0.0 L
0 10

Ustare (V)

Figure 4.12: LEEM-I(V) profiles of islands on Sample 2 after the first anneal-
ing in UHV, recorded from different surface regions as shown in the BF-LEEM
images (i-iii). Different sets of islands show the brightest intensity depending on
Ustare- The different areas in the BF-LEEM images and their respective LEEM-
I(V) profiles are color-coded.
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during BN growth. Note that the SiC termination underneath the BN layer is
likely to change upon graphitization, as SiC is decomposed. However, the actual
termination cannot be measured. Therefore, it is always referred to the termina-
tion that was assigned in Chapter 3, after BN growth.

The islands on the Sy termination are the largest and most numerous. They
stand out from the other islands in panel (ii) of Fig. 4.12. Fewer and smaller
islands are found on the thinner S; termination in panel (i). Lastly, some of
the smallest islands exhibit the brightest intensity in panel (iii). These islands
are located next to Sy terraces on the left and S3 terraces on the right. This is

(d) = island on S, —— Gr-R0°on S,
—— island on S3 Gr-R0° on S3
island on S Gr-R30°

Intensity (a.u.)

Figure 4.13: Different graphene monolayer configurations on Sample 2 after the
second annealing in UHV. (a) BF-LEEM image. (b) DF-LEEM composite image
of the same surface area, created from the data shown in Fig. 4.8 with Gr-R0° in
blue, conventional Gr-R30° in yellow, and the islands in green. (c) Same as (a),
but with contours. (d) LEEM-I(V) profiles of different surface regions, color-coded.
See the main text for more details.
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where the S; termination is expected, as discussed in the previous chapter [see
Fig. 3.5 and related text]. However, it vanished almost completely due to step
bunching. LEEM-I(V) profiles were extracted from these three types of islands
and are shown alongside the profiles of neighboring 1qGr-R0° regions in Fig. 4.12.
Interestingly, the profiles extracted from the islands resemble those of 1qGr-R0°,
exhibiting maxima at ~2.5V and ~ 10V, and a minimum at ~ 5 V. It is concluded
that the electronic properties of the islands are highly comparable to those of 1qGr-
R0°. However, it is noteworthy that within the 1-3V range, all types of islands
exhibit significantly higher intensity compared to the IqGr-R0° covered terraces.

Next, the LEEM-I(V) measurements on the islands after the second annealing
in UHV are discussed. It is important to note that in this instance, differentiating
the islands from the terraces in BF-LEEM became increasingly difficult. Therefore,
the respective surface areas are first identified in Fig. 4.13(a-c) by considering
previous measurements. Panel (a) shows a BE-LEEM image of Sample 2 with a
field of view of 5 um. The surface area shown has previously been characterized by
DF-LEEM, as presented in Fig. 4.8. These DF-LEEM results were used to create
the composite image in Fig. 4.13(b), thereby differentiating the areas of Gr-R0°
(blue), Gr-R30° (yellow) and the islands (green). The latter show a mixed Gr-R0°
and Gr-R30° LEED signal, as discussed above. The composite image is used to
trace the island’s and Gr-R30° contours onto the BF-LEEM image in Fig. 4.13(c).
Thereby, different shades of green indicate the termination of the SiC terraces of
each island, as identified in Fig. 4.12. In addition, the Gr-R0° covered S, and S3
terraces in Fig. 4.13(a,b) can be distinguished by their slight intensity difference,
with Sy appearing slightly darker. Eventually, Fig. 4.13(d) shows the LEEM-1(V)
profiles of all these regions, along with that of one layer Gr-R30°. Overall, they
all exhibit the signature of monolayer graphene on a carbon buffer layer on SiC.
Therefore, it can be concluded that the islands are not 30°-tBLG.

Finally, the electronic structure of the islands is investigated with ARPES. How-
ever, the islands are too small to measure them exclusively. Therefore, ARPES is
applied on two regions, as illustrated in Fig. 4.14(a). The ARPES measurement
on the uniform Gr-R0° region (i) has been discussed previously [cf. Fig. 4.9(b)
and related text]. In Fig. 4.14(b), it is now compared to the ARPES measurement
on region (ii), which includes a considerable amount of islands in addition to Gr-
RO°. As highlighted by the arrows, the latter exhibits additional faint features of
Dirac cones 30° rotated with respect to those of Gr-R0°. Thereby, the presence of
Gr-R30° on the islands is proofed. In conclusion, the islands consist of monolayer
graphene with Gr-R0° and Gr-R30° fragments below resolution limit.

In the interest of comprehensive analysis, it should be noted that in particular
the islands, but also the terraces, are not as uniform in their structure as the data
presented so far suggests. As illustrated in Fig. 4.15, this becomes apparent in
BF-LEEM, when different values for Ug,,+ are applied. Panel (a) shows a section
of the BF-LEEM image at U,y = 1.7V shown previously. The different domains
appear rather uniform except for what appears like point-size defects. However,
BF-LEEM images at Ugare = 3.5V in panel (b) and Uggere = 5.0V in panel (c)
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give the impression of a much more complex lateral structure within the domains
so far identified. These local variations may correspond to slight differences in the
stage of graphitization, which in general is a continuos process.

Figure 4.14: ARPES data recorded on the islands on Sample 2 after the second
annealing in UHV. (a) LEEM image. The black ellipses mark the areas investi-
gated with ARPES. (b) ARPES measurement of (i) Gr-R0° and (ii) Gr-R0° with
islands, taken at a binding energy of 1.5eV. The signal of Gr-R30° is indicated by
arrows.

Figure 4.15: Inhomogeneity of the domains revealed by LEEM-I(V).
BF-LEEM images of Sample 2 after the second annealing in UHV, taken at differ-
ent Ugqre as indicated in the panels. The contours of the islands are drawn and
colored in equivalence to Fig. 4.13.
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4.2.5 Formation of 30°-tBLG

In both surfactant-mediated and template-induced growth modes, Gr-R0° growth
is limited to one layer [41, 53, 54]. Sufficiently high temperatures and long anneal-
ing times can lead to the formation of 30°-tBLG, when Gr-R30° emerges under-
neath Gr-R0°[41, 54]. 30°-tBLG on SiC can be identified by combining LEEM-I(V)
and DF-LEEM since areas covered with 30°-tBLG exhibit LEEM-I(V) profiles that
are characteristic of two graphene layers and show a signal in DF-LEEM when Gr-
R0O° spots are used for imaging. As discussed in the following, indications for be-
ginning 30°-tBLG formation on Sample 2 were found at defects and terrace edges.
On Sample 1, large areas of 30°-tBLG were identified. However, it appears to be
of low structural quality. These different 30°-tBLG configurations are discussed
in the context of the samples’ morphologies and differences in their preparation
procedure.

Indications for starting 30°-tBLG formation on Sample 2

As shown above, Sample 2 is mostly covered by monolayer graphene after the sec-
ond annealing in UHV. To search specifically for signs of 30°-tBLG, the LEEM-I(V)
data are considered again. As known from previous measurements on convention-
ally grown graphene multilayers [see Fig. 4.10] and on 30°-tBLG in the work of
Yin et al. [54], the LEEM-I(V) spectrum of bilayer graphene on SiC exhibits a
maximum at Ugers ~ 3V, where the LEEM-1(V) spectrum of monolayer graphene
exhibits a minimum. Therefore, 30°-tBLG is expected to show bright contrast at
~ 3V and dark contrast at slightly smaller and larger Ugqys-

Fig. 4.16(a,b) shows BF-LEEM measurements of the same surface area that was
previously characterized. The images were taken at Ugqre = 2.2V and 3.2V and
after the second annealing. The majority of the surface appears bright at 2.2V
and dark at 3.2V, which agrees well with the LEEM-I(V) signature of monolayer
graphene. However, many small objects and step edges that show dark contrast
at Ugare = 2.2V exhibit bright contrast at 3.2 V. Out of these, three areas at step
edges (A-C) and three of the brightest point-like objects (D-F) are marked by
colored arrows in panel (b) and further investigated.

To confirm that these surface areas are covered with graphene bilayers, LEEM-
I(V) spectra were extracted and plotted in Fig. 4.16(i,ii). The general shape of
curves A-F indicates the presence of two minima at ~2.4V and ~4.5V (dashed
lines) and differs significantly from the spectrum of monolayer graphene, which
is drawn in black in panel (i). Considering each curve individually in panel (ii),
curves A, C, and D show two distinct minima. Curves E and F are relatively flat,
and curve B has a strong maximum at ~ 2.4V but only a weak one at ~4.5V.

The shapes of curves B, E and F may be explained by a superposition of two
differently weighted spectra, one with a single minimum at ~3V and one with
two minima to the left and right. Note that many other bright objects that ap-
pear bright in Fig. 4.16(b) show either similar or less well-pronounced LEEM-I(V)
signatures of bilayer graphene. This finding is consistent with the work of Yin et
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Figure 4.16: Bilayer graphene, domains and terrace configuration on Sample 2.
(a,b) BF-LEEM and (c,d,e) DF-LEEM images. (f) Composite image. A BF-LEEM
image taken at Ugay = 9V is superimposed with island (green) and Gr-R30°
(yellow) domains as identified by DF-LEEM. The magenta dotted lines correspond
to step edges that appear bright in panel (b). (i,ii) LEEM-I(V) spectra of different
surface areas as indicated. See main text for more details. 99
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al. [54], who found that the transformation of the buffer layer underneath Gr-R0°
into Gr-R30° is a continuous process, evident in a steady change of LEEM-I(V)
spectra.

To verify the presence of Gr-R0° on the marked surface areas, DF-LEEM mea-
surements are shown in Fig. 4.16(d,e). Areas A-C show intensity in the DF-LEEM
image of the Gr-R0° spots in panel (d) but not in the DF-LEEM image of the Gr-
R30° spots. This indicates that the Gr-R0° layer strongly attenuates the signal
of Gr-R30° underneath. It is concluded that 30°-tBLG has started to form at the
step edges that appear bright in Fig. 4.16(b). Additionally, 30°-tBLG is assumed
to start forming at the bright, point-like surface areas that are scattered across
the terraces in Fig. 4.16(b). Areas D-F are located on the islands. These show
DF-LEEM intensity for both Gr-R0° and Gr-R30° because they consist of mono-
layer graphene with Gr-R0° and Gr-R30° fragments below the resolution limit, as
discussed above.

Given that the graphene formation underneath Gr-R0° requires the evaporation
of Si atoms from the SiC bulk, the described domain distribution of 30°-tBLG
is plausible and in agreement with observations by Yin et al. [54]. In locations
where SiC is most directly exposed to vacuum, the sublimation process proceeds
fastest. Therefore, Si evaporation and graphene bilayer formation are favored at
step edges and on defective surface areas rather than on flat terraces. However,
indications for 30°-tBLG are not equally present at all step edges on Sample 2. To
illustrate this, the terrace configuration on the investigated surface area is analyzed
more closely in the composite image in Fig. 4.16(f). The underlying BF-LEEM
image was recorded at Ugyy = 9.0V and shows good contrast between Gr-R0°
on neighboring terraces. Areas covered with islands and Gr-R30° are colored
in green and yellow, respectively, and the contours of the step edges showing
indications of beginning 30°-tBLG formation are drawn as magenta dashed lines.
Notably, several step edges between neighboring terraces are recognizable that
did not appear bright in Fig. 4.16(b) and therefore do not show indications of
beginning 30°-tBLG formation.

A plausible explanation for this finding could be different step heights at the
terrace edges. As discussed before, Sample 2 was found to slope down from left
to right in the sequence S3-S9-S1-S3-S5-S7, with step heights of one SiC bilayer
[as discussed in Section 3.1.2]. During BN growth, step bunching took place as
a result of unevenly fast step retraction of the differently terminated terraces. In
this process, Si-type terraces have mostly vanished in the examined surface area.
Only small islands which grew on S;-type terraces remain present (see above). As
a result, the step edges of the former S;-type terraces have merged with the step
edges of the higher So-type terraces to the left to form two-bilayer-high step edges.
This step configuration corresponds to the intermediate state of step bunching that
was illustrated in Fig. 3.5(b).

In Fig. 4.16(f), the SiC termination underneath Gr-R0° is indicated for each
terrace. At U = 9V, the Ss-type terraces show a bright contrast against the
darker Sp-type terraces [cf. LEEM-I(V) spectra in Fig. 4.6(c)]. The S,, and S}
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groups were identified from the DF-LEEM image of 1qGr-R0° spots after the first
annealing, as displayed in Fig. 4.16(c). Comparing panels (c¢) and (f), the step
edges that show beginning 30°-tBLG formation are found to be those where S,
and S groups meet. This is where Sq-type terraces merged with So-type terraces
to form two-bilayer-high step edges. Note that in Fig. 4.16(f), it sometimes appears
that the terrace edges bordering S,, and S} groups have So-type terraces on both
sides. This indicates an irregularity in step retraction at this surface area, resulting
in local step heights of three SiC bilayers.

In summary, the SiC bilayers beneath Gr-R0° on So-type terraces and to the
left of the magenta dotted lines are directly exposed to vacuum at the step edge.
This promotes Si evaporation and sublimation growth of Gr-R30° at the step edge.
Other step edges between Sy and S3 (or S; and S%, respectively) are only one SiC
bilayer high. These seem to have been well enough protected by Gr-R0° during
the second annealing to prohibit Si sublimation and graphene growth underneath.

Large areas of low-quality 30°-tBLG on Sample 1

So far, only the graphitization of Sample 2 has been addressed. This is because,
for Sample 1, bilayer graphene was already formed after a single annealing at
~1250°C for only 20 min.

Fig. 4.17(a) shows a BF-LEEM image of the same surface area that was char-
acterized after BN growth in Chapter 3. At Ug e = 10V, the islands are clearly
visible on the dark terraces. On the island-free area, domains of even darker in-
tensity are present. Their lateral domain distribution corresponds well to that
of the B;N, minority domains discussed in Section 3.3. LEEM-I(V) profiles were
extracted from these three surface areas and are displayed in panel (b). The LEEM-
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Figure 4.17: LEEM-I(V) data of Graphene on Sample 1. (a) BF-LEEM at
Ustart = 10V. (b) LEEM-I(V) profiles extracted from the highlighted surface areas
in (a).
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I(V) profile of the islands on Sample 1 shows the signature of monolayer graphene
and agrees well with the LEEM-I(V) data for islands on Sample 2 that were pre-
sented above [cf. 4.13(d)]. The profile extracted from the surrounding terraces
is rather flat, but it clearly exhibits two minima in the range of 0-7V, matching
the expected features of bilayer graphene. For the slightly darker domains in the
island free region, the LEEM-I(V) profile is almost identical, despite the overall
lower intensity. Except for the contrast observed between these two domains, no
other variations in LEEM-I(V) were observed across the terraces.

The DF-LEEM measurements performed on Sample 1 after graphitization are
presented in Fig. 4.18. The data obtained by selecting the Gr- R0° spots for imaging
are shown in panels (¢) and (e). Both images appear identical and no contrast
is observed between consecutive terraces. As discussed above regarding Sample
2, this result proves that the transformation of B,N,-R0° into graphene is also
complete for Sample 1. While the terraces exhibit strong intensity in these images,
the islands and minority domains in the island-free surface area exhibit lower
intensity. The DF-LEEM images of the Gr-R30° spots are shown in panels (d) and
(f). In these images, the islands appear bright on the dark terraces. Some bright,
nm-sized objects are found between the islands. These are likely corresponding
to the misoriented minority phase observed already prior to graphitization [cf.
Section 3.3]. In addition, a large number of bright, nm-sized objects are found
in the island-free region. Their locations appear to roughly coincide with the
domains that show darker contrast in the BE-LEEM image [cf. Fig. 4.18(b)] and
the DF-LEEM images of the Gr-R0° spots [cf. Fig. 4.18(c,e)].

The presented measurements imply that, except for the islands, Sample 1 is
covered with 30°-tBLG. However, several experimental findings suggest that its
structural quality differs significantly from that of 30°-tBLG described in literature
[41, 54]. The most obvious difference is that the 30°-tBLG layer in this work
is interspersed with nm-sized Gr-R30° domains and the mixed Gr-R0°/Gr-R30°
structure at the islands. Furthermore, the oscillations in the LEEM-I(V) spectra
of 30°-tBLG on Sample 1 have a rather low amplitude compared to literature [54].
Note that, in general, differences in absolute LEEM-I(V) intensities cannot be
considered meaningful across different studies. In this case, however, the LEEM-
I(V) spectra of monolayer graphene serve as a reference in both studies. Finally,
the LEED patterns of Sample 1 [cf. Fig. 4.5(b,c) and Fig. 4.18(a)] do not exhibit
the additional spots that were found to be characteristic of 30°-tBLG in literature
[41, 54], as presented in Fig. 4.2(d). It is concluded that the 30°-tBLG on Sample 1
is of rather low structural quality. A possible reason for this could be an incomplete
transformation of the underlying ZLG-R30° into Gr-R30°.

In this context, the different speed at which the graphitization of Sample 1 pro-
gressed compared to Sample 2 is discussed. After annealing Sample 1 at ~ 1250°C
for 20 min, bilayer graphene was found to cover the terraces rather homogeneously.
For comparison, Sample 2 was annealed at ~ 1200°C for 20 min and at ~ 1250°C
for > 60min. Even then, the terraces previously covered by B,N,-R0° showed the
LEEM-I(V) signature of monolayer graphene. Based on the discussion of bilayer
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Figure 4.18: DF-LEEM data recorded from Sample 1 after graphitization.
(a) LEED measurement and (b) BF-LEEM image of the investigated surface area.
(c-f) DF-LEEM images taken at Usor = 50 V. The spots selected for imaging are
highlighted in (a) and named according to the respective DF-LEEM images.
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graphene on Sample 2, one might suspect that this diffence is due to the two
sample’s different terrace configurations. As discussed above, the graphitization
progresses faster at higher step edges, likely due to easier diffusion and sublimation
of Si atoms. The terrace configuration of Sample 1 corresponds to the final state of
the step retraction model [cf. Fig. 3.5], meaning all of its terraces are separated by
step edges that are three SiC bilayers high. This appears to be a good prerequisite
for uniform and fast graphitization. However, Sample 2 exhibited three-bilayer-
high step edges locally and showed indications of 30°-tBLG only on ~ 20nm wide
stripes along these terrace edges, despite much longer annealing.

Note also that a homogeneous graphene thickness of two layers all over the ter-
races is an unexpected outcome when growing graphene on SiC by Si sublimation
in UHV. Typically, multilayer growth occurs such that the growth of the third and
higher layers starts before a homogeneous bilayer can be found [51, 54]. There-
fore, it can be concluded that Si sublimation on the terraces beneath Gr-R0° is
favored over sublimation at step edges on Sample 1. Considering that Gr-R0° on
Sample 1 is also interspersed with nm-sized Gr-R30° domains, this indicates that
the Gr-R0° layer on Sample 1 is defective in a way that makes it more permeable
for Si sublimation. This conclusion may be further supported by the finding that
the islands still exhibit a LEEM-I(V) profile associated with monolayer graphene.
This proves that graphitization is inhibited in these areas, but not in areas covered
by Gr-R0°.

Overall, Gr-R0° on Sample 1 appears to be of lower structural quality than Gr-
R0° on Sample 2. In the template-induced growth mode, the quality of Gr-R0° is
strongly influenced by the quality of the B,N,-R0° template. Thus, this finding
corresponds well with the data presented on the BN templates of Sample 1 and
Sample 2, as discussed in Chapter 3.

4.3 Conclusion

A comprehensive understanding of the growth process is essential for producing
large-area, high-quality Gr-R0° monolayers on SiC(0001), which are known to offer
a promising way of producing 30°-tBLG. This chapter reports on the growth of
Gr-R0° on SiC(0001) by annealing BN on SiC(0001) in UHV. With LEEM, the
graphitization process is analyzed at different stages and with lateral resolution.
Thus, information is provided on how the configuration and quality of the BN
templates, as well as the sample morphology, influence the graphitization process.

Gr-R0° on SiC can be obtained either via a template-induced or a surfactant-
mediated growth mode. While the latter has the potential to yield higher-quality
samples [53], the experimental procedure for the template-induced growth mode
allows for detailed analysis of the intermediate stages. This includes the growth
of BN on SiC(0001), discussed in Chapter 3, and the stages of graphitization
presented in this chapter.

Following the template-induced growth technique, the BN covered samples are
annealed in UHV up to 1250°C. During the experiment, the lateral domain con-
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figuration of the BN surface phases remaines unchanged. However, the structural
analysis at different stages of graphitization reveals a continuous transformation
of different surface structures into graphene. For Sample 2, this transformation is
seen in areas that are initially covered by B,N,-R0°, in areas initially covered by
(V7 x /T)-R19.1° reconstruction, and also in one area initially uncovered by a BN
template. These are located in close proximity to each other and are examined at
two stages of graphitization, after a first and a second annealing in UHV:

» B,N,-R0° transforms via lqGr-R0° (first stage) into Gr-R0° (second stage),
which agrees well with previous studies [MR5, 41, 52].

« The (v/7 x \/7)-R19.1° reconstruction is replaced by a structure that shows
similar LEEM-I(V) characteristics as 1qGr-R0° in the first stage and mono-
layer graphene in the second stage. However, this monolayer graphene con-
sists of both Gr-R0° and Gr-R30°, which are found laterally next to each
other in fragments below resolution limit.

e On areas of bare SiC that have not been covered by BN in the first prepa-
ration step, conventional Gr-R30° emerges. It produces small domains of
different multilayer thicknesses, as known from previous LEEM studies on
the growth of Gr-R30° on SiC by thermal decomposition in UHV (e.g., Refs.
[144, 145]).

Upon annealing at sufficiently high temperatures and for a sufficiently long time,
Gr-R30° is known to also emerge below Gr-R0°, thereby producing the desired 30°-
tBLG [41, 54]. Indications of this were found on Sample 2 after extend annealing in
UHV at 1250°C for more than 60 min, but only in areas about ~ 20 nm wide at step
edges higher than one SiC bilayer. This demonstrates the Gr-R0° layer’s potential
to protect the underlying SiC substrate from further Si sublimation and illustrates
the importance of morphology in this process. On Sample 1, however, B,N,-R0°
was found to be replaced uniformly by 30°-tBLG already after annealing in UHV
at 1250°C for only 20 min. Several findings suggest that the faster graphitization
of Sample 1 compared to Sample 2 is due to the inferior structural quality of its
B,N,-R0° layer that is inherited during replacement by Gr-R0°.

Consequently, the data on graphitization of BN on SiC(0001), presented in this
chapter, reinforce the conclusion from Chapter 3 that an increased heating rate
during BN growth improves the quality of the BN layer. The quality of the BN tem-
plate limits the quality of Gr-R0° and, in turn, the quality of the final 30°-tBLG.
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Chapter 5

Electron Dynamics of Molecular
Orbitals in Time and Space

Frontier orbitals determine fundamental molecular properties such as chemical re-
activities. Although the electron distribution of occupied orbitals can be imaged
in momentum space by photoemission tomography, it has so far been impossible to
follow the momentum-space dynamics of a molecular orbital in time, for example
during an excitation process or a chemical reaction. In the present experiment,
time-resolved photoemission is combined with a momentum microscope to estab-
lish a tomographic, femtosecond pump-probe experiment to probe a transiently
occupied molecular orbital. Thereby, the full momentum-space distribution of
transiently excited electrons was measured successfully, connecting their excited-
state dynamics to real-space excitation pathways. Since in molecules this distribu-
tion is closely linked to orbital shapes, the presented proof of principle experiment
may in the future offer the possibility to observe ultrafast electron motion in time
and space: A new window is opened to investigate the ultrafast electron transfer
dynamics in such processes as chemical reactions on surfaces and intermolecular
charge transfers.

The data and results presented in this chapter have been published in R. Wal-
lauer, M. Raths, K. Stallberg, L. Miinster, D. Brandstetter, X. Yang, J. Gtdde, P.
Puschnig, S. Soubatch, C. Kumpf, F. C. Bocquet, F. S. Tautz, and U. Hofer, “Trac-
ing orbital images on ultrafast time scales”, Science 371, 1056 (2021)[MR4]. This
work was part of the collaborative research center SFB 1083 “Structure and Dynam-
ics of Internal Interfaces”. While R. Wallauer and U. Héfer’s group from Philipps-
Universitat Marburg built the measurement setup and contributed their expertise
in pump-probe experiments, the co-authors from Forschungszentrum Jilich (PGI-
3) selected and provided the sample system, and contributed their expertise in
POT of molecular orbitals. This collaboration was supported by P. Puschnig and
his group at the University of Graz, who conducted simulations of molecular or-
bitals and momentum maps. As a PhD student at PGI-3, I contributed to this
work by preparing and pre-characterising the samples, with support from F. C.
Bocquet and C. Kumpf. I also organized and carried out the transport of the
samples under UHV conditions to Marburg, where I joined R. Wallauer, K. Stall-
berg, L. Miinster and J. Giidde in performing the experiment. A more detailed
description of all author contributions is provided in Ref. [MRA4].
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In the first section of this chapter, the proof of principle tr-POT experiment
on transiently occupied molecular orbitals is introduced. The requirements on
the sample are discussed and a suitable sample system is chosen: PTCDA on the
missing-row oxygen reconstructed Cu(001) surface. In Section 5.2, detailed infor-
mation on the preparation process is provided. A well understood and controlled
preparation process was established to provide reproducible samples of high qual-
ity for the tr-POT experiment. The sample’s structure is characterized with LEED
and a real-space structure model is presented. Finally, the results of the tr-POT
experiment are presented and discussed in Section 5.3.

5.1 Introduction to the experiment

The basis for a quantum-mechanical description of matter is the many-electron
wave function. At various levels of approximation, up to the exact configuration
interaction wave function, this can be written in terms of single-electron wave func-
tions: the orbitals. Orbitals provide a link between spectral properties and spatial
electron distributions, which is of obvious benefit in chemistry [151, 152]. Con-
sequently, there has been a lot of interest in measuring orbitals [153-156]. With
photoemission tomography, a powerful technique has recently been introduced by
which the electron distribution in orbitals of molecules adsorbed on surfaces can
be imaged in momentum space [57, 157-159]. Addressing molecular orbitals of
excited states in pump-probe experiments brings photoemission tomography to its
culmination, because it empowers it to provide access to molecular excitation and
electron transfer processes at surfaces not only in time but also in space: Instead
of just recording the photoemission intensity from the corresponding energy level,
the evolution of the electron wave function after excitation is traced by monitor-
ing the orbitals in momentum space. This new technique is called time-resolved
photoemission orbital tomography (tr-POT).

Photoemission by conventional lasers with photon energies of a few electron volts
can access only small electron momenta parallel to the surface. The prominent
features in frontier orbital photoemission from organic molecules, as determined
by the periodicity of the molecular C—C bond network, are therefore out of reach
[57]. Recently, however, probe photon energies that are high enough have become
available through high-harmonic generation (HHG) and have enabled time-resolved
photoemission experiments to record band structure movies of solids, i.e., to trace
the temporal evolution of the electron system over the complete Brillouin zone [65,
67-69]. In their investigation of the laser-induced phase transition of In nanowires
on Si(111), Nicholson et al. [68] related this information to real-space chemical
bond formation in a lattice. However, photoemission tomography of unoccupied
states of molecules, the missing element to following molecular electron dynamics
in time and space, has not yet been accomplished.

In gas-phase photochemistry, it has long been recognized that femtosecond
time-resolved photoelectron spectroscopy is a powerful method to investigate the
coupled electron and nuclear dynamics [160-162]. There, it is difficult to align
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Figure 5.1: 1PPE Results for PTCDA on Ag(110). (a) Energy dispersive curves
integrated along the [110] direction, measured with the ARPES setup at Jiilich.
(b) Experimental and theoretical constant binding energy maps of PTCDA on
Ag(110), measured on the same sample with 1PPE at the tr-POT setup in Marburg.
The asymmetric intensity distribution in the experimental maps stems from the
off-normal incident photons and irregularities stem from gain inhomogeneities of
the detector. Fig. 5.1(b) is courtesy of Robert Wallauer from Philipps-Universitét
Marburg.

molecules in all three dimensions [162-164]. As in photoemission experiments
the signal from all molecular orientations is superimposed, the interpretation of
tomographic data is complicated.

For conventional POT, the situation is reversed. Single crystalline metal sur-
faces are used as substrates for molecular layers, since both a conductive and a
sufficiently corrugated substrate is required. The latter promotes a small number
of well-defined azimuthal orientations of the molecular adsorbate on the substrates
surface. Ideally, only one molecular orientation occurs. This simplifies the interpre-
tation of tomographic data as momentum maps are directly obtained in the molec-
ular frame [57, 157-159]. However, interaction between the organic molecules and
metallic substrates inhibits excitation dynamics within the molecule, as they are
observed for gas phase molecules.

In the following, this issue is adressed by looking more closely at the example
of PTCDA on the Ag(110) surface. At room temperature, the PTCDA molecules
arrange in an well-ordered structure with only one molecular orientation [165]. As
this leeds to well differentiable molecular features in POT [cf. Sec. 2.6], this sample
system has been already object of several conventional POT studies [59, 113, 158,
166, 167]. Therefore, it also serves as a convenient test sample to confirm that
the molecular orbitals can be imaged in good quality with the tr-POT setup in
this work. Fig. 5.1(a) shows the photoemission spectrum of one layer PTCDA
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on Ag(110) with two distinct maxima right below the Fermi edge, measured with
ARPES. For the corresponding peak binding energies, the momentum maps in Fig.
5.1(b) were measured with the tr-POT experimental setup in Marburg. The data
were obtained by direct photoemission (1PPE). This corresponds to turning off
the pump beam and using only the probe beam at the tr-POT setup, which makes
it a conventional POT experiment. The momentum in Fig. 5.1(b) are identified
as the HOMO and the f-LUMO of the gas phase PTCDA molecule, which is
consistent with literature [59, 113, 158, 166, 167]. From various experimental
studies, the strong interaction between the PTCDA molecules and the Ag(110)
surface is well known [166, 168-171]: The oxygen atoms of the PTCDA molecules
are covalently bound to the Ag surface atoms. Hybridization of the metal states
with the molecular orbitals occurs, going along with a negative charge transfer
into the f-LUMO. This makes the latter a well known indication for the strong
electronic coupling of molecules and metallic surfaces.

Due to the charge transfer into the PTCDA molecules, the HOMO-LUMO tran-
sition cannot be excited in 2PPE experiments and in general, no exciton states are
supported [172, 173]. Therefore, an additional requirement on the sample system
arises: Sufficient electronic decoupling of the organic molecules from the substrate.

5.1.1 On decoupling organic adsorbates from metal supports

While various model systems of organic semiconducting molecules on metal sur-
faces have been studied intensively in the past decades, the general interest in
decoupling strategies is growing recently. As previously exemplified for PTCDA
on Ag(110), many sample systems with organic molecules on metal surfaces show
strong adsorbate-substrate interactions. These often result in an altering of the
electronic properties, sometimes strong enough to turn off the desired functional-
ity of the organic molecules. Decoupling mechanisms open a possibility to reduce
the strong interactions and therefore, preserve the molecules’ intrinsic properties.
Consequently, decoupling mechanisms are of high interest for the development of
electronic and optoelectronic devices as well as for fundamental research. [174]

For metal substrates, the most common decoupling method is to introduce ultra-
thin semiconducting or insulating spacer layers. These hinder direct chemical
bonding between metal and molecule and therefore physically decouple them from
each other. Ideally, the spacer materials also prevent wavefunction hybridization
of the spacer layer with the molecular states as well as with the metallic substrate.
In this way, not only physical but also electronic decoupling is realized. [174, 175]
Promising candidates for decoupling spacer layers are:

o Ultrathin dielectric layers of either alkali halides (NaCl [154]), metal oxides
(MgO [176], Al,O3 [177], CuO [175]) or nitrides (CuN [178])

« Van der Waals 2D materials such as hBN [179, 180], graphene [181-183], and
MoS, [184]

o Ultrathin organic spacer layers [185-187]
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o Post-deposition intercalation of atomic species, allowing retrospective decou-
pling of on-surface-synthesized organic nanostructures [188]

None of the above mentioned approaches is universal. How well the decoupling
mechanism works depends also on the choice of substrate and molecule, provided
that the preparation of the sample system is actually possible. In addition, it
should be remembered that the tr-POT experiment requires well-aligned molecules
with only few well-distinguishable molecular orientations.

5.1.2 Choosing a suitable sample system

Considering recent publications on decoupling approaches for organic adsorbates
on metal surfaces, two sample systems appear as promising candidates, both using
the prototype organic molecule PTCDA as probing molecule: PTCDA decoupled
from a Cu(111) surface by a monoatomic layer of the 2D material hBN [180], and
PTCDA decoupled from a Cu(001) surface by oxygen atoms that induce the well
known (v/2 x 2v/2)R45°-20 missing-row reconstruction [175]. For both sample
systems, the probed adsorption heights of PTCDA above the supports indicate
good physical decoupling. Moreover, no charge transfer into the molecular LUMO
was observed, indicating also a good electronic decoupling [175, 180].

The number of molecular orientations arises as the decisive criterion. While
the PTCDA molecules on the oxygen missing-row reconstructed Cu(001) sur-
face form a structure with only two molecular orientations, it appears in twelve
orientations on hBN/Cu(111) [180]. Therefore, the sample system PTCDA on
Cu(001)-(v/2 x 2v/2) R45°-20 is chosen for the proof of principle tr-POT exper-
iment. In the following section, the preparation procedure and the structural
properties of this sample system are discussed.

5.2 The sample preparation in Jiilich

In the previous section, it was explained how crucial the sample is for the suc-
cess of the tr-POT experiment. Moreover, the time expenditure which goes along
with time-resolved orbital mapping and the coordination of sample preparation
and experiment taking place at spatially separated laboratories has to be taken
into account. Consequently, it is important to establish a preparation proce-
dure which provides well defined samples of high and reproducible quality on
demand. Therefore, the preparation process needs to be well understood and
controlled. This is a non-trivial task, although the sample system PTCDA on
Cu(001)-(v/2 x 2¢/2) R45°-20 has already been produced and measured in other
experiments [175, 189)].

As the sample preparation was my main contribution to the project, it is ex-
plained in detail here. After starting with an overview of the experimental setup,
detailed information on the different steps of the preparation process is provided:
Cleaning of metal substrates, calibration of the PTCDA evaporator, oxidation
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of the Cu(001) surface and deposition of PTCDA on the oxygen reconstructed
Cu(001) surface. To fully understand the preparation process, the results of recent
publications are included into the discussion. Moreover, the problems that needed
to be understood and solved in order to optimize the preparation procedure for
high sample quality and reproducibility are illustrated. Finally, a detailed char-
acterization of the real-space structure of the sample system is presented and the
photoemission features which are expected to be observed in the tr-POT experi-
ment are discussed.

5.2.1 Experimental setup

The samples for the tr-POT experiment have been prepared under UHV conditions
in a preparation setup in Jiilich, as shown schematically in Fig. 5.2(a). The sam-
ple holder with the metal crystal [Fig. 5.2(b)] is introduced via the load lock and
transferred onto the manipulator heads sample stage in the preparation chamber.
The manipulator head [Fig. 5.2(c)] is equipped with a filament [Fig. 5.2(d)]. Fila-
ment and electron bombardment heating were used for sample heating up to 860 K.
Furthermore, the preparation chamber has a sputter gun for sample cleaning. Its
gas line was also used to expose the sample to oxygen. Moreover, the chamber is
equipped with an evaporator for PTCDA deposition and an ion gauge for pressure
control. Outside the vacuum, a pyrometer is directed through a glass window onto
the sample to measure its temperature. Between the preparation steps, the sam-
ple can be transferred to the measuring stages for LEED and ARPES. Finally, the
sample can be transferred through the load lock into the transportable vacuum
suitcase.

5.2.2 The metal substrate - Cleaning and sample handling

In this work, the metal substrates Cu(001) and Ag(110) have been used. The
crystals have a cylindrical shape with a height of 2mm and a diameter of 7-10 mm.
They are fixed on the commercial sample holders (ScientaOmicron PNO7177-S) by
spot-welding stripes of tantalum foil onto the sample holder and around the base
of the metal crystal as shown in Fig. 5.2(b). When introducing new samples into
the preparation chamber, and between different sample preparations, the metal
substrates are cleaned by repeated cycles of sputtering with argon ions (with a
partial pressure of ps+ = 1 x 107 mbar in the preparation chamber, a kinetic
Energy of 1keV, an incident angle of 45°, and for a duration of 30 min per cycle)
and annealing (at a temperature of 860K, and for the duration of 30 min per
cycle). The cleanliness is controlled with LEED measurements: The substrate’s
LEED pattern of a clean sample surface exhibits sharp and bright substrate spots
which don’t show significant changes in intensity in between consecutive cleaning
cycles. After the last cleaning process and before subsequent preparation processes,
the metal substrates are allowed to cool down for at least 1 hour.

As the manipulator at the setup in Marburg is not able to rotate the sample
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Figure 5.2: Experimental setup for sample preparation in Jiilich.

(a) The sample is introduced via the load lock and transferred into the prepara-
tion chamber, which is equipped with a sputter gun, a PTCDA evaporator and a
pyrometer for temperature control. In all chambers, ion gauges are used to con-
trol the pressure. After the preparation, the sample is transferred through the
load lock into the transportable vacuum suitcase. (b) Schematic of the sample
holder (ScientaOmicron PN07177-S). The metal crystal is fixed with spot welded
tantalum stripes. (c) Photo of the sample holder fixed on the manipulator head.
(d) Photo of the manipulator head without sample, showing the filament used for
sample annealing.
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with respect to the direction of the incoming photons, the metal crystals had to be
oriented in the desired direction upon mounting on the sample holder. Therefore,
the crystal’s orientation was determined with LEED and the crystal was remounted
in the desired direction.

5.2.3 Calibration of the PTCDA evaporator

For the planned tr-POT experiment, a homogeneous layer with a thickness of one
molecular layer of PTCDA is desired to be grown on the oxygen-reconstructed
Cu(001) surface. This requires a well calibrated growth rate. But in the prepara-
tion chamber used in this work, neither the deposition rate nor the coverage can
be tracked during PTCDA deposition. Although the intensity of LEED spots is a
relative reference for the coverage, it is not precise enough for the determination of
the absolute coverage. Therefore, the growth rate is calibrated by a growth series
of PTCDA on the Ag(110) surface at room temperature, taking advantage of the
fact that PTCDA exhibits different structures in the first and second layer, which
are well distinguishable in LEED.

The sample system PTCDA on Ag(110) has been frequently discussed in lit-
erature [113, 165, 167, 169, 170, 190-195]. Its structure, growth behavior and
optoelectronic properties are well understood. When PTCDA is deposited on a
Ag(110) surface at room temperature, it forms a so-called brickwall (BW) struc-
ture in the first layer. The corresponding structure model and LEED pattern are
illustrated in Figs. 5.3(a-c). From literature it is also known that the first layer
of PTCDA closes completely before molecules start to form a second layer on top
[169]. In the second layer, the PTCDA molecules arrange in a different configura-
tion, the so-called herringbone (HB) structure. The corresponding structure model
is presented in Fig. 5.3(d). Note that in the simulated and measured LEED images
of the bilayer structure, both patterns superimpose as shown in Figs. 5.3(e,f).

In order to deposit PTCDA, the molecules were evaporated from a commercial
Knudsen cell evaporator. In several runs, the position of the sample relative to the
evaporator was optimized to achieve a homogeneous coverage on the whole sample.
A constant deposition rate was achieved by applying a preheating procedure. For a
rough calibration of the growth rate, PTCDA was deposited in sequences of 2 min.
The approximate deposition time required for a closed layer was derived by the
time when the spots of the second layer structure appear [cf. Fig. 5.3(f)].! It had to
be considered that a growth rate estimated by sequential deposition always suffers
a systematical error, as with every interruption of the deposition (by closing the
shutter in front of the Knudsen cell) the evaporated molecules do not vanish from
the chamber immediately and can still adsorb on the sample surface. Therefore,
the calibration was refined by depositing the full amount of PTCDA in one run.

The deposition rate depends mainly on the evaporation temperature of the

IThe obvious disagreement of the LEED patterns measured in this work [cf. Fig. 5.3(f)] and
the structure proposed by Willenbockel et al. [167] [cf. Fig. 5.3(e)] is not relevant here. For
a detailed discussion, see Appendix B.

114



5.2 The sample preparation in Jiilich

Knudsen cell. It changes over time slightly, as e.g. the amount of molecules in the
crucible decreases. Especially after dismounting and refilling of the evaporator, a
new calibration is necessary. In this work, the evaporation temperature was always
chosen such that it took 10-15min to grow a closed layer. This allowed accuracy
and efficiency at the same time. Close to the deposition time for one layer, the
step size for calibration experiments was chosen to be 30sec. Therefore, the
statistical error on the coverage is estimated not to exceed £2.5% of a closed layer.
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Figure 5.3: Structure of PTCDA on the Ag(110) surface. (a) Structure model
and (b) simulated LEED pattern of the PTCDA brickwall (BW) monolayer as
presented by Willenbockel et al. [167] and (¢) LEED pattern as measured in
this work, for tgeps = 6x2min. (d) Structure model and (e) simulated LEED
pattern of the PTCDA herringbone on brickwall (HB on BW) bilayer as proposed
by Willenbockel et al. [167] and (f) LEED pattern as measured in this work for
tdepos = 7X2 min.
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5.2.4 Oxygen induced reconstruction of the Cu(001) surface

The oxygen reconstruction of the Cu(001) surface has been frequently studied
and debated in literature [82, 196-223]. While the LEED pattern of the Cu(001)-
(V2 x 2/2)R45°-20 reconstruction [cf. Fig. 5.4(i)] was known already in 1965
[196], a satisfying structural model could not be found for a long time. Toward the
end of the 1980s, a missing-row model was developed by Zeng et al. [207, 209] and
verified through STM measurements by Jensen et al. [211] in 1990. By now, the
Cu(001)-(v/2 x 2v/2) R45°-20 missing-row reconstructed surface structure is well
understood and has served as model system and substrate in different experiments
[189, 224, 225]. This energetically most favored surface structure for an oxygen
saturated Cu(001) surface [222] is introduced in this section.

The Cu(001) surface is saturated at an oxygen coverage of o = 0.5, forming
the (v/2 x 21/2) R45°-20 missing-row reconstruction [208, 211, 214]. To illustrate
how this oxygen reconstruction is formed, atomic structure models of the clean
Cu(001) surface and the missing row reconstructed Cu(001) surface are shown in
Figs. 5.4(a,g). The latter is formed by oxygen atoms occupying every second hollow
site at the surface (which alone would form a ¢(2 x 2) structure, as illustrated in Fig.
5.4(d)), and ejection of one quarter of the Cu surface atoms in a way that missing
Cu rows emerge [208, 209, 220]. Due to the four-fold rotational symmetry of the
Cu(001) substrate, two missing row domains occur, as illustrated in Fig. 5.4(d),
left vs. right side. The missing rows are aligned with the [100] and [010] direction,
respectively [211, 215]. During the preparation process, surface oxygen and copper
atoms are mobile [223]. The ejected Cu atoms diffuse across the surface and are re-
incorporated into the surface structure elsewhere [211, 221, 223]. As a consequence,
step edges move and both step edges and domain boundaries preferably align with
the [100] and [010] direction, creating characteristic rectangular terraces [211, 215,
221, 224].

The presented structure is described by the superstructure matrices (:% _21)
and (% %). The corresponding unit cells are drawn with red lines in Fig. 5.4(g).
Compared to the Cu(001) unit cell, which is depicted by black lines in Fig. 5.4(a),
the unit cell of the missing row reconstruction is rotated by 45° and the vector
lengths are multiplied with v/2 and 2v/2, respectively. One unit cell contains
2 oxygen atoms. Therefore, this missing-row reconstruction is called Cu(001)-
(v/2 x 2¢/2) R45°-20 in Wood notation. In the following, the short name Cu(001)-
MR-20 will be used. In this work, the surface structure is probed with LEED
before and after the oxidation process. Simulated and measured LEED patterns
for the clean Cu(001) surface, a ¢(2 x 2) oxygen reconstructed surface and the
Cu(001)-MR-20 surface are shown in Figs. 5.4(b,c), Figs. 5.4(e,f) and Figs. 5.4(h,i),
respectively. Note that the (%%) spots of the ¢(2 x 2) LEED pattern are common
with the Cu(001)-MR-20 pattern, whereas the quarter-order spots, such as the
highlighted (ﬁ) spots in Figs. 5.4(h,i), are characteristic only for the Cu(001)-
MR-20 pattern.

The Cu(001)-MR-20 reconstruction is obtained by exposing the clean Cu(001)
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Figure 5.4: Formation of the Cu(001)-(+/2 X 2+/2) R45°-20 surface reconstruc-
tion. (a) Structure model of the Cu(001) surface and (b,c) the corresponding sim-
ulated and measured LEED patterns, respectively. The unit cell is drawn in black.
(d) Idealized c(2 x 2) oxygen reconstruction with oxygen atoms occupying every
second hollow site. The ¢(2 x 2) unit cell is highlighted with black dashed lines, the
corresponding primitive unit cell in red. (e) Simulated LEED pattern of a ¢(2 x 2)
structure. In addition to the substrate spots, (%%) spots appear. (f) LEED pattern

with faint (%%) spots, as measured by Scheidt et al. [82] for oxygen-reconstructed
Cu(001) with 6o < 0.5. Panel (f) adapted from Ref. [82], © 1988, with permission
from Elsevier. See License Notice. (g) The (v/2 x 2v/2)R45°-20 surface recon-
struction derives from the idealized ¢(2 x 2) structure by removing every fourth
Cu row. Two mirror symmetric domains occur, with missing rows along the direc-
tions [100] (left) and [010] (right). (h,i) Simulated and measured LEED patterns
of the Cu(001)-(v/2 x 24/2) R45°-20 surface reconstruction. The first order diffrac-

tion spots in all LEED patterns are marked with black dotted circles. m
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surface to oxygen atmosphere. The relevant preparation parameters are: The
sample temperature 75, ' quring oxygen exposure, the partial oxygen pressure
Po,, and the duration of the oxygen exposure tp,. In literature, often only values
for T and a dosage are given [82, 205, 206, 208]. The dosage is defined
as the product of Pp, and to, in units of Langmuir (1L = 1078 Torr-s) [82, 205].
Frequently, an additional post-annealing of the sample surface in absence of oxygen
is applied to improve the lateral ordering of the missing-row reconstruction [189,
209, 211, 218].

It should be noted that, especially due to recurring reports on deviant oxygen ad-
sorption structures at comparably low 75" ' and /or very small oxygen exposure
(which result into a low oxygen coverage of 6o << 0.5), the oxygen reconstruction
of the Cu(001) surface has been a much debated research topic in the 1980’s and
1990’s [82, 205, 208-212, 217, 218]. A frequently reported surface structure is a
¢(2x2) reconstruction [82, 199-202, 204, 213] with its characteristic LEED pattern
shown in Fig. 5.4(f). As all LEED spots of the ¢(2 x 2) structure are also present
in the LEED pattern of the Cu(001)-MR-20 structure [see Figs. 5.4(e,f,h and i)], a
coexistence of both structures is difficult to exclude based on LEED measurements
alone. By quantitative LEED studies or including other surface characterization
techniques such as STM, a disordered phase [208, 211], later identified as clusters
of nanometer size ¢(2 x 2) domains [217], was reported to dominate for o < 0.3.
In the range of 0.3 ~ 6o < 0.5, this phase coexists with but vanishes in favor of the
Cu(001)-MR-20 structure with increasing 6o [208, 217, 221]. For more detailed
information on the oxygen reconstruction for 0o < 0.5, refer to Appendix C.

In the first try to prepare a Cu(001)-MR-20 reconstructed surface, the prepa-
ration process was performed in analogy to Yang et al. [175, 226]: The Cu(001)
crystal was heated up with the filament which sits behind the sample. Using the
signal of a pyrometer as reference, a temperature of 470 K was kept stable during
the exposure to an oxygen atmosphere of Pp, = 5 x 107" mbar for 30 min. The
exposure corresponds to a dosage of 675 L. At the end of the oxidation process, the
filament heating and the oxygen flow were switched off at once. No post-annealing
was applied. In Figs. 5.4(c,i), LEED measurements of the clean Cu(001) surface
before and after oxidation are shown. Comparing Fig. 5.4(h) and Fig. 5.4(i), it is
found that the measured LEED pattern after oxygen exposure exhibits the charac-
teristic quarter-order spots of the Cu(001)-MR-20 reconstruction. For simplicity,
the preparation process of the oxygen reconstruction on the Cu(001) surface will
be called oxidation process in the following. Note that in this work, all prepa-
ration procedures used pressures and dosages far below the range where thicker
oxide layers (growth of Cup0) are expected [214, 221].
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5.2.5 Structure of PTCDA on the oxidized Cu(001) surface

In the second preparation step, after a cool-down time of at least one hour, a
monolayer of PTCDA is deposited on the Cu(001)-MR-20 surface. The deposition
time is chosen according to the calibration process on the Ag(110) surface described
in Section 5.2.3. In general, the growth rate cannot be considered equal for different
surfaces. However, experimental results show that this assumption is adequate for
PTCDA deposition on the Ag(110) surface and Cu(001)-MR-20 surface at room
temperature.? In the following, the LEED results of the sample system PTCDA
on Cu(001)-MR-20 are discussed.

Structural variations of PTCDA on Cu(001)-MR-20

Subsequent to the growth of PTCDA on the oxidized Cu(001) surface, the surface
structure of the sample was probed with LEED. The LEED pattern shown in
Fig. 5.5(a) was obtained after the deposition of PTCDA on the oxide preparation
according to the recipe provided at the end of Section 5.2.4. The (ii) spots of
the Cu(100)-MR-~20 LEED pattern are highlighted with red circles. All remaining
spots appeared after PTCDA deposition. The LEED spots of PTCDA are sharp
and intense, indicating a well ordered adsorption structure. Characteristic features
of the PTCDA pattern are two rings of LEED spots. The spots on the outer ring
can be subdivided into eight groups of three spots each (triplets). The spots in
the middle of each triplet are more intense and located at the same azimuth as
the (ﬁ) spots of the Cu(100)-MR-20 reconstruction, or rotated by 45°. A close
look at the inner ring shows that some spots are located at a slightly larger radius
than the majority of the spots. They can be subdivided into eight groups of two
spots each (doublets). These are centered around the same azimuth as the triplets
on the outer ring.

In literature, the deposition of PTCDA on Cu(001)-MR-20 has been reported
by Yang et al. [226] and Gartner et al. [189]. Fig. 5.5(b) displays the measured and
simulated LEED pattern by Yang et al. [226]. The (%i) spots of Cu(100)-MR-20
are indicated in analogy to Fig. 5.5(b). The LEED pattern of PTCDA is simulated
by the incommensurate structure matrix ( %, §-2) with four symmetry-equivalent
rotational and mirror domains. Characteristic LEED features are recognizable:
The outermost LEED spots are located on a ring and grouped into four triplets,
with the middle spot of each triplet being azimuthally aligned with the (ﬁ) spots
of Cu(100)-MR-20 and more intense than its side spots. On an inner ring, four
doublets and four quadruplets are arranged in an alternating fashion. The doublets
are located on a ring with slightly larger radius than the quadruplets. Azimuthally,
the quadruplets are aligned with the (%i) spots and the doublets are rotated off by

2In the aftermath of the present work, a layer of PTCDA on Cu(001)-MR-20 was prapared with
the same procedure (and covered with an additional submonolayer of the organic molecule
Tetraphenylporphyrin) by M. Stettner. STM measurements of this sample by S. Wenzel
showed a well ordered and closed layer of PTCDA molecules on the Cu(001)-MR-20 surface
with no indication for PTCDA molecules forming a second layer. [227]
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Figure 5.5: LEED of PTCDA on Cu(001)-MR-20, comparison with literature.
(a) LEED pattern measured in this work. (b) Measured and simulated LEED
pattern with (%% 5:3) structure. Adapted from Ref. [226], licensed under CC BY
4.0. (c) Measured and simulated LEED pattern with (%7 29) structure. Adapted
from Ref. [189], licensed under CC BY 2.0. In each panel, the simulated LEED
spots of the PTCDA structure are shown in blue and the (i%) spots of the oxygen
reconstruction are highlighted in red in analogy to Fig. 5.4(h,i).

45°. Strikingly, Gértner et al. [189] presents a different LEED pattern for PTCDA
on Cu(100)-MR-20, which is displayed in Fig. 5.5(c). The PTCDA structure is

simulated by the incommensurate structure matrix (%7 29).

By comparing the simulated PTCDA LEED patterns presented by Yang et al.
[226] [cf. Fig. 5.5(b)] and Gértner et al. [189] [cf. Fig. 5.5(c)], both are found to
exhibit four symmetry-equivalent rotational and mirror domains, with unit cells
of similar dimensions. A rotation of the PTCDA LEED pattern by Gértner et al.
by 45° (while leaving the (i%) spots of the Cu(100)-MR-20 pattern unchanged)
completely reproduces the LEED pattern presented by Yang et al. [226]. This
structural similarity of the two PTCDA patterns despite the symmetrical non-
equivalent orientation with respect to the substrate indicates that the PTCDA
layer formation is mainly determined by the inter-molecular interaction and not
by the molecule-substrate interaction. Consequently, the substrate-molecule in-
teraction can be considered relatively small for both PTCDA structures. Despite
these similarities, the structural difference of both preparations is still of scientific
interest. Moreover, the reproduction of the PTCDA structure observed by Yang
et al.[175] is the primary goal of this work. In the following, this desired sturcture
will be called Yang structure, while the structure reported by Gértner et al. [189]
will be referred to as 45°-rotated PTCDA structure.

Next, the LEED patterns of the Yang structure [cf. Fig. 5.5(b)] and the 45°-
rotated PTCDA structure [cf. Fig. 5.5(c)] are compared with the preparation of
this work in Fig. 5.5(a): All LEED spots of the latter can be identified either with
the Yang structure or the 45°-rotated PTCDA structure. Consequently, the Yang
structure and the 45°-rotated PTCDA structure coexist. Due to the difference in
spot intensities, it can be concluded that the Yang structure slightly dominates.
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The fact that both the Yang structure and the 45°-rotated PTCDA structure
coexist on the sample indicates that this preparation represents the transition be-
tween two structural phases of the same system. In order to control the phase
transition, the relevant parameters during sample preparation need to be iden-
tified. As the preparation procedure is divided into two preparation steps, the
structural variation may originate from the PTCDA deposition process or the
oxidation process. While the structural difference between the phases becomes ap-
parent in the LEED pattern of PTCDA, the process of PTCDA deposition itself is
straight forward and does not leave much room for variation. Moreover, PTCDA
has become a common model molecule within the class of organic semiconductors
[228]. Its growth behavior in the submonolayer and monolayer level has been ex-
tensively studied and is considerred as well understood, especially on metal and
insulator substrates where the molecule-substrate interaction is relatively weak
[229]. The preparation process of the Cu(100)-MR-20 reconstruction however,
has been debated intensively in literature. The involved parameters interplay in a
more complex way and need to be chosen careful. Especially the possibility of a
¢(2 x 2) phase coexisting with the Cu(100)-MR-20 reconstruction has to be con-
sidered in this context, because it does not become apparent in LEED. Therefore,
the different PTCDA structures result most likely from different configurations of
the underlying oxygen reconstructed surface.

A comparison of the preparation procedure for the Cu(100)-MR-20 reconstruc-
tion by Yang et al. [175] (which was adapted in this work) and Gértner et al. [189)
gives a first hint on the origin of the structural variation. Considering that the
preparation parameters at different setups are comparable only to a limited extent,
two significant differences stand out: While the sample temperature during oxygen
exposure appears comparable for both works (470K for the Yang structure and
T = 500K for the 45°-rotated PTCDA structure), the first difference is an
oxygen exposure larger by a factor of two for the Yang structure (~740 L compared
to ~360L for the exclusively 45°-rotated PTCDA structure). The second differ-
ence is that for the 45°-rotated PTCDA structure an additional post-annealing at
700K for 10 min was applied after the actual oxidation process.

sample

In this work, the post-annealing or likewise the temperature Tt during oxy-
gen exposure was found to cause the variation of the PTCDA adsorption structure.
By applying an additional post-annealing after the oxygen exposure and before
PTCDA deposition, it was possible to significantly shift the intensity ratio of the
two PTCDA structures towards higher contributions of the undesired 45°-rotated
PTCDA structure. Without post-annealing and gradually reducing ngmme7 the
spots of the 45°-rotated PTCDA structure became fainter. The measurements dis-
played in Figs. 5.6(a-c) describe the structural transition with variation of 75"
based on the PTCDA LEED pattern. Compared to the LEED pattern in Fig.
5.5(a), the LEED pattern in Fig. 5.6(c) was obtained by using the same prepa-

ration procedure, only a lower 75" ' was applied during oxygen exposure. The

sample

reduction of Tp), results into strong LEED spots of the Yang structure and sig-
nificantly fainter spots of the 45°-rotated PTCDA structure. By further reducing
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Figure 5.6: LEED measurements for different preparations of PTCDA on oxy-
gen reconstructed Cu(001). The first row shows the patterns of the oxygen re-
constructed Cu(001) after deposition of PTCDA at 11¢V, the second row before
(75eV): (a,d) The oxidation temperature was too cold, as the spots of the PTCDA
structure are blurred in (a). (b,e) The oxidation temperature was optimal, as
sharp spots of only the Yang structure are observed in (b). (c) and (f) The oxida-
tion temperature was too hot, as additional spots from the 45°-rotated PTCDA
structure are visible in (c). By further increasing 75" '* a LEED pattern similar
to Fig. 5.5(a) is obtained.

5" ' the LEED spots of the 45°-rotated PTCDA structure vanish completely
[Cf. Fig. 5.6(b)]. For even lower T35, the LEED spots of the Yang structure be-
come blurred [cf. Fig. 5.6(a)], which hins for a reduction of the structural quality
of the oxygen reconstruction. In this way, the optimal T ' to obtain the Yang

structure is clearly delimited both to higher and lower Tsamp le,

Comparing Fig. 5.6(b) with the LEED pattern reported by Yang et al. [cf.
Fig. 5.5(b)], some differences in the spot intensities are observed. Firstly, the
PTCDA spots which are arranged on the inner ring in alternating doublets and
quadruplets show all the same intensity for this work’s preparation but not for the
preparation by Yang: Half of the spots show reduced intensity compared to the
others. This difference of the spot intensities can be explained easily by imbalanced
contributions of the four PTCDA domains. The spots of low intensity can all
be assigned to one of the PTCDA domains and its mirror-symmetric equivalent.
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Secondly, the intensity ratio of the fgii) spots of the missing row reconstruction
compared to the PTCDA spots differs for this work’s preparation and for the
preparation by Yang. On one hand, this can be simply a result of the different
LEED energies. On the other hand, a reduced intensity of the substrate spots in
this work can hint for an increased PTCDA coverage compared to Yang. Overall,
the Yang structure was reproduced successfully.

In order to better understand the structural transition of the oxygen recon-
structed Cu(001) surface with decreasing 75" ' the LEED measurements of the
oxygen reconstructed surfaces themselves are discussed. Figs. 5.6(d-f) display the
LEED patterns of the oxygen reconstructed surface before PTCDA deposition
for the same preparation experiments which resulted in the previously discussed
PTCDA patterns [cf. Figs. 5.6(a-c)]. With decreasing T¢."™"", the spots of the
surface reconstruction lose intensity and undergo a slight blurring. In general, this
development hints for a reduced structural long-range order of the oxygen recon-
struction. However, from LEED alone it remains unclear how exactly this reduced
structural order manifests. One possibility could be a reduction of the domain
size. Another possibility could be the coexistence of the Cu(001)-MR-20 recon-
struction with clusters of nanometer sized ¢(2 x 2) domains, which was reported
for oxygen coverage 6o < 0.5 (see above). For the oxygen reconstruction which
results in the well ordered Yang structure [cf. Figs. 5.6(b,e)], the latter can be con-
sidered unlikely: In the context of other experiments, the oxygen reconstructed
Cu(001) surface (as prepared for exclusively 0°-rotated PTCDA) was covered with
CuPc molecules instead and investigated with low-temperature STM [MR7]. The
measurements revealed that, under the well-ordered and closed molecular layers,
the terraces of the oxygen reconstructed surface exhibited well-defined rectangular
shapes. The latter is characteristic to a Cu(001)-surface covered with large areas
of missing-row reconstruction [221, 224]. However, a coexistence of the Cu(001)-
MR-20 reconstruction with clusters of nanometer sized ¢(2 x 2) domains with
decreasing 15" ' seems to agree well with the transition from the LEED pattern
in Fig. 5.5(b) to the same but more diffuse pattern in Fig. 5.5(c).

The LEED measurements of the oxygen reconstructed surfaces in Figs. 5.6(d-f)
reveal another structural trend: In addition to the intensity reduction and blurring,
faint lines running through the quarter-order spots and along the [100] or the
(010] direction gradually appear in Figs. 5.6(d-f) with decreasing 75", These
lines hint for a Cu(001)-MR-20 structure which exhibits domains large and well
defined in one direction (the direction in which the line in the LEED pattern is
thin) and domains small and out of phase in the other direction (the direction
in which the quarter-order spots are elongated). From the elongation directions,
it can be deduced that both of the missing row domains are elongated in the
direction of the missing rows [cf. Figs. 5.4(g-i)].> As no other structural difference
could be revealed, the question arises if the size and shape of the domains and
domain boundaries of the Cu(001)-MR-20 reconstruction can play a crucial role

3Note that the (%%) spots and the substrate spots are common with both missing row domains
and therefore comprise the stripes of both domains.
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in the formation of the Yang structure and the 45°-rotated PTCDA structure.
Eventually, conventional LEED is an averaging technique and provides only limited
information on the local surface structure.

Summarizing, the described changes in the LEED measurements of the oxygen
reconstructed surface with varying 75, ' agree well with literature on the forma-
tion process of the missing row-reconstruction, as summarized in Section 5.2.4. It
should be mentioned that the occurrence of the 45°-rotated PTCDA structure was
believed to result from a destruction of the long-range order of the missing rows
at elevated T, ™" '* IMR4, 226]. This conclusion is based on the order-disorder
phase transition observed by Iddir et al. [220], which goes along with a decreasing
intensity of the quarter-order spots [220] with increasing 75" e 4" As the opposite
trend is observed in the present work, a destruction of the long-range order of the
missing rows can be excluded to be the origin of the structural transition of the
oxygen reconstructed Cu(001) surface with increasing 752" as described above.
However, the exact structural configuration of the Cu(001)-MR-20 surface which
results either in the Yang structure or the 45°-rotated PTCDA structure can not
be identified with conventional LEED before PTCDA was deposited. This makes
the deposition of PTCDA and subsequent LEED measurement a very sensitive
and accurate probe for the desired structural configuration of the Cu(001)-MR-20
reconstruction.

Optimization of the sample preparation procedure

In order to achieve a better reproducibility, a higher sample quality and a shorter
preparation time, the oxidation temperature was optimized. As mentioned before,
the sample was heated with a filament and the temperature of its surface was
measured using a pyrometer. During the oxidation process, the filament current
was adjusted to maintain a constant temperature 7™ . For this procedure, the
preparation of the oxygen reconstruction was found to be not well reproducible:
The range of 75, ' for which a Yang structure of high quality could be obtained

appeared to be very narrow and often PTCDA structures characteristic for higher

or lower 75" during the oxidation process [cf. Figs. 5.6(d,f)] were observed,
although the nominal T¢"™" ' was constant. By recording the signal of the py-

rometer during the whole preparation process, it was found that the pyrometer’s
signal does not resemble the sample temperature while the filament is operated.
This becomes obvious in the right part of the temperature profile displayed in Fig.
5.7. For a duration of 30 min, the filament current was operated in a way to keep
the pyrometer’s signal [black curve in Fig. 5.7] stable at ~430K. After turning
off the filament at ¢ = 55 min, the temperature dropped immediately by ~35K.
This fast drop does not resemble a realistic cool-down process of the sample. The
conclusion is that the pyrometer’s signal is rather a measure for the heating power
of the filament than the actual sample temperature. As a consequence, the actual
temperature during the oxygen preparation process as described before is unknown

4For more information on the order-disorder phase transition, refer to Appendix C.
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and cannot be assumed to be constant.

600 T T T T T
—— Pyrometer's signal
—— Extrapolated profile without heating
Real profile with heating
=3 ; ;
Y o0l 1< Oxygen flow on —>]
3 Po.= 5107 mbar :
© i
g <—— Filamenton —>
IS 1
9] .
) R
400 395
™ 365
1
0 10 20 25 30 40 50 55

Time (min)

Figure 5.7: Temperature profile during the optimized oxidation process. The
pyrometer’s temperature signal (black curve) is recorded from that point (¢ = 0),
where the annealing process of the preceding cleaning procedure is finished. Up
to t = 25min, the profile describes a realistic exponential cool-down process. At
t = 25min, oxygen is introduced into the preparation chamber and kept at a
constant pressure of Pp, = 5 x 107" mbar. Immediately after, the filament is
turned on. At ¢ = 55min, the oxidation process is finished by turning off the
oxygen flow and the filament current at once. The real temperature profile during
heating and the temperature profile without filament heating are estimated by the
red and grey curve, respectively. For more information, see main text.

In order to improve the temperature control, the residual heat of the sample after
the cleaning procedure was used for the oxidation process. The following procedure
was established: As displayed in Fig. 5.7, the sample temperature was tracked by
the pyrometer, starting from the time when the filament was switched off at the end
of the cleaning procedure (¢ = 0 min). During the cool-down process of the sample,
the ion gauge in the preparation chamber and all other sources of thermal radiation
were switched off, such that the pyrometer’s signal did resemble the actual sample
temperature. Up to ¢ = 25 min, the profile describes a realistic exponential cool-
down process and the sample temperature dropped down to ~ 430 K. At this point,
oxygen was introduced into the chamber so that the temperature at the beginning
of the oxidation process is well defined. As the ion gauge in the neighboring load
lock was found to not affect the pyrometer’s signal, it was used to maintain a
constant oxygen pressure of 5 x 107" mbar. Immediately after starting the oxygen
flow, the filament was tuned up to a current of I = 1.6 A and its power was kept
stable by using the pyrometer’s signal as a reference. Thereby, the temperature
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variation during the oxidation procedure was reduced such that 75 = 395K
at the end of the oxidation process (which can be measured after the filament
is switched off). The real temperature profile during the oxidation process is
estimated by the red curve in Fig. 5.7. Without heating, the temperature profile
would have followed the exponential decay described by the grey curve, resulting
in 75" = 365 K. It should be noted that a procedure without the additional
heating during oxygen exposure was tried and discarded, as the LEED pattern of
the subsequently deposited PTCDA was of lower quality.

The described procedure made it possible to fabricate reproducible samples of
high quality, confirmed by LEED measurements after the subsequent deposition
of PTCDA. Although the temperature measurement with a pyrometer did not
work while operating the filament, the applied procedure guarantees a well defined
temperature profile during the oxygen exposure. Moreover, starting the oxidation
already during the cool-down process shortened the preparation time by 30 min.

Structure and expected photoemission features of PTCDA on
Cu(001)-MR-20

Finally, detailed real- and reciprocal-space structure models of the Yang structure
on the Cu(001)-MR-20 surface reconstruction are presented. For that, the results
of this work and Yang et al. [175, 226] are combined. The section concludes with
a discussion of the expected photoemission features in the tr-POT experiment.

The resulting PTCDA structure, as depicted in Fig. 5.8, was a well-ordered,
incommensurate superstructure that is described by the matrix ( %5, 32). The
corresponding unit cell [dark blue colored solid rectangle in the upper right quad-
rant of Fig. 5.8(a)] is almost rectangular with a; = 13.38A, a, = 21.06 A, and
~v = 91.0°. From the size and dimensions of this unit cell it was concluded that the
molecules orient themselves in a herringbone-like pattern. The herringbone struc-
ture is stabilized by hydrogen bonding and is very often seen upon adsorption on
weakly interacting surfaces, as well as in the bulk crystal [228]. The molecules
adopt an angle of ~ 90.0° with respect to each other, and they are rotated by
+45° with respect to the fundamental Cu(001) crystallographic directions [110]
and [110], an orientation that is confirmed by Yang et al. [175] and the photoe-
mission tomography results in the following section. In the work of Yang et al.
[175] it was also found that the adsorption height of PTCDA above the oxide layer
is ~ 3.49 A. This value is in the range of the sum of the van der Waals radii of
copper and carbon/oxygen [see Fig. 5.8(b)], which indicates an efficient electronic
decoupling of the molecules from the copper substrate [175].

The adsorption structure of PTCDA as such exhibits only two-fold rotational
symmetry. Considering the two (by 90°-rotation equivalent and 2mm symmet-
ric) Cu(001)-MR-20 domains that form on the 4mm symmetric Cu(001)-surface,
the Cu(001)-MR-20 surface exhibits an effective 4mm symmetry. As a result,
PTCDA crystallizes in four symmetry-equivalent rotational and mirror domains,
the structures and unit cells of which are shown in Fig. 5.8(a). Fig. 5.8(c) shows
the corresponding simulated LEED pattern, which has been presented already be-
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Figure 5.8: Structure of PTCDA on the Cu(001)-MR-20 surface. (a,b) Adsorp-
tion geometry of the PTCDA ( %5, §2) structure on Cu(001)-MR-20. (a) Top view
on all four equivalent domains resulting from the effective 4mm symmetry of the
Cu(001)-MR-20 surface. The unit cell is drawn with solid blue lines, its rotational
domain (90° counterclockwise) as dashed lines (upper right and left, respectively).
The corresponding mirror domains are shown in the bottom part with cyan unit
cells. (b) Side view on the vertical adsorption geometry. Numbers are given ac-
cording to Ref. [175]. (c) Simulated LEED pattern of the PTCDA overlayer. The
LEED spots and reciprocal unit cells of all four domains are shown (color coding
as in (a), full and open circles correspond to solid and dashed lines, respectively).
(d) Simulated real-space orbitals for the PTCDA HOMO and LUMO of the two
molecular orientations 0° and 90° (left), their corresponding theoretical momentum
maps (middle) and theoretical momentum maps for the sum of both molecular ori-
entations (right). Fig. 5.8 adapted from the Supplemental Material of Ref. [MR4].
Reprinted with permission from AAAS (see License Notice).
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fore [cf. Fig. 5.5(b)]. Here, the LEED spots and unit cells of the four domains are
colored according to the color code used in Fig. 5.8(a). Although the presented
sample system forms four domains with two molecular orientations per unit cell,
overall only two orientations (labeled 0° and 90° with respect to the laboratory
frame) exist for every single PTCDA molecule on the Cu(001)-MR-20 surface [cf.
Fig. 5.8(a)]. All symmetry operations of the 4mm symmetric substrate reproduce
these same two orientations.

Finally, the simulated momentum maps for the HOMO and LUMO signatures
of PTCDA on Cu(001)-MR-20 are presented in Fig. 5.8(d). These have been
generated with “kMap.py” (a Python program for simulation and data analysis
in photoemission tomography [230]) and a database of DFT calculated gas phase
molecular orbitals [231], both provided by the cooperation partners from the Uni-
versity of Graz. By Fourier transforming the calculated real-space HOMO and
LUMO orbitals of PTCDA (left), theoretical momentum maps have been gener-
ated (middle). The experimentally expected photoemission features (right) result
from the sum of the momentum maps for the 0° and 90° oriented molecule. It
becomes clear that all four photoemission features of the HOMO and LUMO of
both the 0° and 90° oriented molecules are expected to be well distinguishable in
the experiment. This simplifies the interpretation of the experimental photoemis-
sion data significantly and therefore proves that the sample system PTCDA on
Cu(001)-MR-20 is a good choice for the tr-POT experiment.

5.3 The tr-POT experiment in Marburg - Results
and discussion

For the tr-POT experiments, the prepared samples were transported to Marburg
under UHV conditions by using a vacuum suitcase. The suitcase kept a base
pressure of 1 x 1071 mbar stable during the transport. The sample transfer to the
measuring chamber was completed within one day after sample preparation.

The cooperation partners from the Philipps-Universitat Marburg designed the
experimental setup especially for the tr-POT experiment [see Sec. 2.7.3]. It com-
bines two recent developments: For illumination, a 2PPE laser setup with a tunable
visible pump beam and a HHG probe beam of 21.7¢eV photon energy were imple-
mented [66, 121, 122]. This allows for resonant excitation of the molecules and
makes it possible to access high parallel momenta up to ~ 247", For detection,
a newly designed momentum microscope with a PEEM-like lense system, a drift
tube and a time- and position-sensitive delay-line detector is implemented, which
enables recording of the full momentum space in one shot [123].

Figure 5.9(a) displays the scheme of the experiment: A 2.3eV pump pulse ex-
cites electrons resonantly from the molecules HOMO into the LUMO. With a
21.7eV probe pulse, the electrons are photoemitted at variable delay times %,.
The parallel photoelectron momenta k, and k, were mapped onto the detector,
and the energy F was retrieved simultaneously for every single photoelectron by
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Figure 5.9: Femtosecond
time-resolved photo- emis-
sion tomography of molecular
orbitals. (a) Scheme of the
experiment. Electrons from
the PTCDA HOMO are
excited into the LUMO by the
pump pulse (green) and then
photoemitted by the probe
pulse (purple) after a variable
delay time t,. The photoemit-
ted electrons are recorded in a
TOF-PEEM setup. Theoreti-
cal I(k,, k,) maps indicate the
distribution of photoelectrons
in momentum space. Momen-
tum maps and corresponding
real-space orbitals of HOMO
and LUMO have been calcu-
lated with density functional
theory. (b) Experimental
I(E,k,;) map, extracted
from  I(E, ky, ky,tp), for
k, € [-0.2;0.2] A" in tempo-
ral overlap ({, = 0). E =0
refers to the Fermi energy Frp.
For E >0, the experimental
Fermi-Dirac distribution has
been subtracted by using
the most negative delay time
t, = —46fs and the signal has
been scaled with a factor of
650. Fig. 5.9 adapted from
Ref. [MR4]. Reprinted with
permission from AAAS (see
License Notice).
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the time-of-flight (ToF) measurement. The recorded four-dimensional data cube
I(E, ky, ky, t,), where I denotes the photoemission intensity, makes it possible to
deduce the spatial electron distribution in terms of orbitals in momentum space,
their energy position, and their time evolution. Figure 5.9(b) shows a cut through
a data cube integrated in the interval k, € [—0.2;0.2] Ail, displaying I(E, k) at
zero delay time. As expected for 7-orbitals of flat lying PTCDA molecules, pho-
toemission occurred at parallel momenta of ~ 1.4 to 1.6 AT [166]. The intensity
in the range from 1.3 to 2.3€eV below the Fermi energy Ep (defined as £ = 0)
derived from standard 1PPE (composed of the HOMO of the PTCDA molecule
at B ~ 2.2¢€V sitting on top of the Cu d-band onset and the O 2p states of the
oxide), whereas the weaker intensity at ~0.25eV above Er originated from 2PPE
of the LUMO, populated by the pump pulse before photoionization. These as-
signments are unambiguous, as the constant energy intensity maps, evaluated at
orbital energies I as a function of k, and k,, are fingerprints of individual orbitals.
Theoretical momentum maps of HOMO and LUMO of PTCDA are displayed in
the excitation scheme in Fig. 5.9(a).

In the following, the results of the tr-POT experiment on the sample system
PTCDA on Cu(001)-MR-20 are presented as published in [MR4]. The experi-
ment was performed by R. Wallauer, myself and K. Stallberg, with support by
L. Minster and J. Giidde. The resulting data was analyzed and interpreted by
R. Wallauer, K. Stallberg, F. S. Tautz and U. Héfer. D.Brandstetter, P.Puschnig,
and S.Soubatch simulated the momentum maps of the PTCDA molecule in the
gas phase. In general, when molecules undergo excitation processes, electronic
relaxations may result in alterations to the shapes of their orbitals. This issue is
adressed by P. Puschnig in the supplemental material of Ref. [MR4]. It was found
that only minor changes of the orbital’s shape occur, which do not play any role
for analyzing the tr-POT data of the present work.

5.3.1 Observing transiently occupied molecular states

In a first experiment, the in-plane rotation of the sample was chosen such that the
plane of incidence of pump and probe pulses is oriented 45° to both the 0° and the
90° molecule. In this way, both molecules were illuminated under symmetrically
equivalent conditions. The projected light incidence is illustrated in Fig. 5.10(a)
with colored arrows. Figs. 5.10(a,b) display the theoretical momentum maps of
LUMO and HOMO, respectively. These are obtained in analogy to Fig. 5.8(d),
whereby it was taken into account that the angle of incidence is inclined by 70°
from the surface normal. Hence, the maps show a gradient of intensity along the
projected light incidence.

In Figs. 5.10(c,d), measured momentum maps at the energies of the LUMO and
HOMO for three selected delay times are presented. The LUMO map was scaled
by a factor of 1850. Each orbital shows a distinct momentum distribution that can
be traced on the ultra-fast time scale of the experiment. The agreement between
the theoretical and measured momentum maps is obvious, both for the LUMO
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Experiment

LUMO

HOMO

Figure 5.10: Momentum maps of the frontier orbitals. (a) Two-dimensional cuts
through the real-space LUMO of gas-phase PTCDA (left) and corresponding theo-
retical momentum maps with polarization factor P(k) plotted for two orientations
0° and 90° (middle) and their sum (right). The colored arrows indicate projected
light incidence (45°) with different photon energies hv. (b) Same as for (a) but for
the HOMO. Both orbitals have been calculated for neutral, closed-shell PTCDA.
However, an open-shell calculation of the highest occupied orbital for the PTCDA
anion yields almost indistinguishable results from the LUMO of neutral PTCDA
[refer to the supplement of Ref. [MRA4]]. (c) Experimental momentum maps ob-
tained at selected delay times ¢, and E = 40.45¢eV. Both pump and probe pulses
are p-polarized. The two dotted circles indicate the momentum integration range
used for the determination of the lifetime [see Sec. 5.3.2 and Fig. 5.11]. (d) Same
as for (c), but at £ = —2.18¢V (intensity reduced by a factor 1850). Note that
the intensity of the experimental HOMO features for k, > 1 Afl) is reduced due
to irregularities of the detector. Fig. 5.10 adapted from Ref. [MR4]. Reprinted
with permission from AAAS (see License Notice).
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[cf. Figs. 5.10(a,c)] and for the HOMO [cf. Figs. 5.10(b,d)]. As the single-photon
photoemission pattern for the HOMO in Fig. 5.10(d) shows no dependence on the
delay time, only a small fraction of the molecules was excited by the pump pulse.
Saturation effects due to optical pumping as well as cross-talk between excited
molecules can thus be neglected for the data analysis.

As can be seen in Fig. 5.10(c), the population of the LUMO shows a strong
dependence on the delay time. For a delay time of —46 fs, the measured momentum
map shows no distinct features. As the delay time is negative, the probe pulse
arrives before the pump pulse. The measuring condition corresponds to a 1PPE
experiment. Therefore, no -LUMO is observed, which proves that there is no
static charge transfer from the Cu(001)-MR-20 surface to the PTCDA molecules
[175]. For a positive delay just above temporal overlap of the pump and probe
pulse (t, = 931s), the measured momentum map exhibits clear features, which
agree well with the theoretical LUMO pattern. This already confirms that the
excited molecular state’s finite lifetime is sufficiently long enough to be probed in
the presented tr-POT experiment. With increasing delay time, the intensity of
LUMO features decreases [ cf. Fig. 5.10 (c), ¢, = 1531fs]. It was found that at
delay times far beyond temporal overlap the LUMO pattern is still detectable [cf.
Fig. 5.11, t, = 393 fs]. This already indicates that the oxygen reconstruction of the
Cu(001) surface decouples the PTCDA molecules very efficiently. Otherwise, the
lifetime of the excited LUMO state was much shorter. For a quantitative analysis,
the lifetime of the excited state is determined in the following section.

5.3.2 Determination of the inelastic lifetime T of the LUMO

As introduced in Section 2.7.2, the inelastic lifetime T} of the excited state describes
its population relaxation due to inelastic scattering. This effect becomes dominant
at significantly large delay times beyond the temporal overlap, when the optically
induced coherence between ground state and excited state has decayed. In this
regime, the population of the excited state is expected to describe an exponential
decay with the decay rate I'y = —1/73.

In order to determine the lifetime 77 of the excited electron in the PTCDA
LUMO, the decay of the excited state’s measured intensity with increasing delay
time is analyzed. Importantly, the shape of the LUMO pattern in momentum
space [as shown in Fig. 5.10(c)] remained constant for all delay times, proving
that no changes in the excited orbital took place during its decay. Therefore, the
measured intensity of the excited state is considered directly proportional to the
population of the LUMO. For a fixed delay time, the photoemission intensity of the
orbital features was determined separately for every constant energy plane. This
was done by integrating the intensity over the momentum range as indicated by
the area between the two white dotted circles in Figs. 5.10(c,d). By plotting the
orbital feature’s intensity versus the energy, an energy distribution curve (EDC)
was obtained for every delay time. The EDC for the most negative delay (-46 fs) is
shown as black curve on the left side of Fig. 5.11(a). It corresponds to the 1PPE
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signal from the PTCDA HOMO and the substrate. Above Er, the green curves
show the intensity differences between the EDC for t, = —46fs and the EDCs
for increasing delay time ¢,. This signal corresponds to photoemission from the
transiently occupied LUMO.

In a second step, the peak area of the LUMO signal in the energy dispersion
curves is determined for every delay time. By plotting this intensities of the LUMO
as a function of delay time, the decay curve is obtained as displayed in Fig. 5.11(b).
For comparison, the dependence of the measured photoemission for the HOMO
is also plotted as black data points with time average (black line) in Fig. 5.11(b).
While the HOMO signal is constant for all delay times, the integrated LUMO
intensity reveals that after about 100fs, the LUMO population suffered a single-
exponential decay with a lifetime of 77 ~250fs. For an excited molecule at a metal
surface, this longevity is exceptional [115, 232].
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(a) Energy distribution curves (EDC) of the experiment in Fig. 5.10, with
the intensity integrated between the two white dotted circles in Figs. 5.10(c,d).
The black curve belongs to the data obtained for the most negative delay time
(-4618), corresponding to 1PPE from the HOMO and the metal substrate. On the
right side above Er = 0, the 2PPE signal is displayed by green curves that were
obtained by subtracting the EDC for t, = —46fs from the EDCs for increasing
delay time t,. The area highlighted in a lighter green shade corresponds to
photoemission from the transiently occupied LUMO. (b) LUMO intensity (green
data points with error bars) with fit to a single exponential decay (green line)
and HOMO intensity (black data points) with time average (black line). The
curve for the LUMO is scaled by a factor of 14650 compared to the curve for the
HOMO. The energy integration ranges used in (b), as well as in Figs. 5.10(c,d),
are indicated by thick horizontal bars in (a). The integration range of the LUMO
is between 0.3 and 0.6eV. Fig. 5.11 adapted from the Supplemental Material of
Ref. [MRA4]. Reprinted with permission from AAAS (see License Notice).
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5.3.3 Real-space excitation pathways

In a second experiment, the symmetry between the two differently oriented
PTCDA molecules was broken by aligning the plane of light incidence with the
long axis of the 0° molecule. As the orbital features of the 0° molecule and the
90° molecule do not overlap in the momentum-space patterns, both molecules can
be tracked separately. Moreover, the 2PPE measurements were performed both
for s- and p-polarized pump pulses.

First, the 2PPE measurement was done with s-polarized pump pulses. As il-
lustrated in Fig. 5.12(a), this means that the polarization vector E of the pump
pulse is perpendicular to the plane of incidence. Consequently, it is parallel to the
sample surface (E = Ej) and the long axis of the 90° molecule. The measured
momentum map of the excited state is presented in Fig. 5.12(c), with white and
orange contours highlighting the positions where signal from the 0° molecule and
the 90° molecule is expected, respectively. The data of all delay times was summed
up fur this image, showing that s-polarized light only excited the 90° molecule but
not the 0° molecule. Based on the HOMO-LUMO transition being a dipole tran-
sition, a group theory analysis confirmed that the transition is only allowed when
the polarization vector is aligned along the long molecular axis, as it is the case for
the 90° molecule, but not for the 0° molecule (for more details, see supplemental
material of Ref. [MRA4]).

Secondly, the experiment was repeated with p-polarized pump pulses [experi-
mental geometry as depicted in Fig. 5.12(b)]. The p-polarized geometry is defined
by the polarization vector E lying in the plane of incidence. As the photon beam is
tilted with respect to the surface normal, E exhibits both a component E| parallel
and E, perpendicular to the surface. Now, Ej is aligned with the long axis of the
0° molecule. Measured momentum maps of the excited state for different delay
times are presented in Fig. 5.12(d). These show, that p-polarized light was able to
excite both molecules, albeit with surprisingly different excitation dynamics: The
LUMO pattern of the 0° molecule lit up much earlier and much brighter than that
of the 90° molecule.

In order to quantify the different excitation dynamics, the intensities of the two
molecular orientations were integrated within the contours and plotted versus the
delay time both for s- and p-polarized pump pulses in Fig. 5.12(e). Before the
excitation dynamics are discussed in detail, it should be mentioned that excitation
only happens during temporal overlap of the pump and probe pulses. The temporal
overlap was quantified for each measured transient by integrating the photoelectron
signal in the unoccupied part of the spectrum, far from intermediate states. The
energy range of 1.5 to 2.0 eV above Er was chosen, where the intensity is most
likely caused by a direct two-photon transition out of substrate electronic states
just below Er. This resulted in the fully symmetric cross-correlation trace, as
depicted by the grey triangles (cc) in Fig. 5.12(e). Its maximum defines the delay
time ¢, = 0. Note that, due to the finite pulse duration (50fs for the pump and
20 fs for the probe pulse), temporal overlap exists not only at ¢, = 0 but also before
and after, as described by the shape of the cross-correlation trace.
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Figure 5.12: Momentum-resolved LUMO dynamics for different excitation
pathways. (a) Schematic illustration of the experimental geometry for s- and
(b) p-polarized pump pulse. (¢) Momentum map integrated over all delay
times ¢, for an s-polarized pump pulse. The momentum map is overlaid by
theoretical constant-intensity contours as expected for the 0° (white) and 90°
molecules (orange). (d) Momentum maps for a p-polarized pump pulse at selected
delay times. (e) Temporal evolution of the photoelectron intensity of the two LU-
MOs (0°, black circles; 90°, orange squares) for s- and p-polarized pump pulses.
Intensities are integrated within circular regions with a radius of 0.2 A" centered
within the main lobes of each molecular orientation. Solid lines indicate the best
fit to the optical Bloch equations for the four-level system, see main text. The
dashed orange line represents a completely incoherent excitation. It is obtained
within the same model by setting the decoherence time to zero. Gray triangles
show the cross-correlation (cc) of the pump and probe pulses. (f) Schematic rep-
resentation of the four-level model used to fit the data in (e), with Ey,. being the
vacuum level. Fig. 5.12 adapted from Ref. [MR4]. Reprinted with permission from
AAAS (see License Notice).

135



Chapter 5 FElectron Dynamics of Molecular Orbitals in Time and Space

The different excitation dynamics for the two molecular orientations under s- and
p-polarized excitation are illustrated by the orange (90° molecule) and black (0°
molecule) data points in Fig. 5.12(e). Upon excitation with s-polarized light, the
LUMO signal of the 90° molecule rose fast, reaching a pronounced maximum after
~15fs. At later times (¢, > ~ 751{s), it exhibits a slow decay with the time constant
of Ty ~ 250 fs (orange curve, top). As signal from the 0° molecule is absent in the
momentum map for excitation with s-polarized light [see Fig. 5.12(c)], no data is
displayed. For excitation with p-polarized light, the markedly different behavior
for the two molecular orientations [see Fig. 5.12(e), bottom] is confirmed. Whereas
the 0° molecule behaved similar to the 90° molecule under s-polarized excitation,
the LUMO signal of the 90° molecule gradually built up over the duration of the
pump pulse (compare with cc), reaching a less pronounced maximum at ~30 fs.
At later times, it exhibits the same slow decay with time constant 7T as for the 0°
molecule.

Obviously, the question arises why these different excitation dynamics are ob-
served. The possibility that a second excited state with different excitation dynam-
ics than the LUMO is involved, can be excluded easily: The momentum maps of
Fig. 5.12 show signal only from the LUMO and momentum maps at higher energies
showed no involvement of another state for all delay times. Instead, the differences
in the excitation dynamics indicate that there must be two distinct real-space exci-
tation pathways of the electron in the sample before it is photoemitted: Electrons
can be excited to the LUMO either from the HOMO or the metal substrate. As
resulted from the measured excitation dynamics for the s-polarized pump pulse,
excitation from the HOMO into the LUMO occurs only, when the polarization
vector E of the pump pulse exhibits a component Ej parallel to the long axis of
the molecule. This is the case for 90° molecules under s-polarized pump and for 0°
molecules under p-polarized pump, which show similar excitation dynamics in Fig.
5.12(e). As the 90° molecules under p-polarized pump do not meet this condition
and show qualitatively different excitation dynamics, a second excitation pathway
from the metal into the LUMO must be involved. The results for the p-polarized
pump pulse indicate that this excitation pathway is only allowed if E exhibits a
component E| perpendicular to the sample surface.

Based on this picture, the present experiment is described by a four-level system
as schematically illustrated in Fig. 5.12(f). It consists of the HOMO |¢1) and an
occupied substrate state |¢;/) as initial states, the LUMO as intermediate state
|p2), and the photoemission final state |p3). As the two different excitation chan-
nels are decoupled from each other, the problem can be reduced to solving two
three-level systems with initial state |¢4) (= |@1) or |¢,/)), intermediate excited
state |¢.) (= |p2)) and final photoelectron state |ps) (=|ps)). In this way, the
density matrix formalism and perturbation theory for a three-level system was
applied to obtain the optical Bloch equations, as presented in Section 2.7.2. The
parameters which are defined by the experimental pre-conditions were chosen ade-
quately as provided in the supplement of Ref. [MR4]. This left the true dephasing
time Ty of the molecular state (HOMO and LUMO are assumed to exhibit similar
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dephasing) and the true dephasing time TQ*/ of the metallic ground state as well
as the overall intensity as free parameters. By solving the Bloch equations numer-
ically and fitting the population ns of the final state to the data points, the fitted
curves in Fig. 5.12(e) were obtained.

Interpretation of the fit results

In the perturbative description [cf. Sec. 2.7.2] of light-matter interaction, the pump
pulse creates a coherent polarization between the ground state |p1) or |¢1/) and
excited state |@q) in the first order of the electric field. In second order of the
electric field, this polarization is converted into a population of the excited-state
no. This conversion is governed by phase-destroying elastic scattering processes,
which are quantified by the pure dephasing times Ty and Ty .

Fitting the intensity profile of the 90° molecule under p-polarized pump in Fig.
5.12(e), it was found that the data is described well with an extremely short true
dephasing time T3 =~ 3 fs of the substrate state |¢,/). In this limit, when dephasing
is fast and the inelastic decay of the excited state’s population is slow, the build-up
of the intermediate state’s population nsy follows the time-integrated intensity of
the pump pulse. The field component E ;| drives a perpendicular electron motion
between substrate and molecule. As the initial state |¢y/) is metallic and coupled to
a bath, it dephases fast. Although this mechanism applies also to the 0° molecule
under p-polarized pump, a competing process takes place (see below), such that
the signature of the fast dephasing was only seen in the data for the 90° molecule.

Fitting the data of the 90° molecule under s-polarized pump in Fig. 5.12(e),
a surprisingly long decoherence time T2 of more than 150fs was found for the
polarization between the molecular ground state |¢1) and the excited state |¢a).
This corresponds to a pure dephasing time 73 ~ 490 fs of the molecular state. As
a consequence, dephasing is slow compared to the inelastic decay of the excited
state’s population. Therefore, the oscillating polarization between ground and
excited state decays slowly. In this coherent regime, the interaction of the electric
field of the probe pulse with the induced polarization between groundstate and
excited state can contribute to the two-photon photoemission process for short
delay times. In addition, if the driving pump laser is slightly detuned from the
transition energy, the excited state can be populated and depopulated by the pump
pulse. Both effects give rise to a pronounced peak in the photoemission signal, as
observed in Fig. 5.12(e) for the 90° molecule excited with s-polarized light as well
as for the 0° molecule excited with p-polarized light.

The existence of such a long-lived coherence in an electronic excitation at a metal
surface is unexpected [232, 233]. It has previously only been observed for image-
potential states with high quantum numbers where the electron is mainly located
in the vacuum, tens of angstroms above the surface [232]. In the present experi-
ment, this long coherence time can be rationalized by the fact that the pump pulse
induced an in-plane oscillatory electron motion that is confined to the molecule:
For both combinations, s-polarization-90° molecule and p-polarization-0° molecule,
there is an electric field component along the long axis of the respective molecule [cf.
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Fig. 5.12(e)], i.e., parallel to the HOMO-LUMO transition dipole, thus permitting
an excitation directly from the HOMO |¢p;) into the LUMO |ps). If the hybridiza-
tion of the molecule with the metal beneath the oxide is negligible, which is also
revealed by the long inelastic lifetime 77 measured for the LUMO, this spatial
confinement of electron motion in the molecule explains the long coherence. The
modeling thus suggests that for this excitation pathway, the emitted photoelectron
can be traced back to the HOMO.5

5.4 Conclusion

Following molecular excitation and electron transfer processes in time and space
within a single experiment is a long-standing goal of spectroscopy in the field of
chemistry. In this chapter, a proof of principle tr-POT experiment was presented,
which combines tomographic photoemission imaging with a femtosecond pump-
probe scheme to trace the excited state molecular orbitals of surface-adsorbed
molecules with both spatial and temporal resolution.

For the success of the experiment, the choice of a suitable sample system is
of crucial importance. As few as possible molecular orientations with well distin-
guishable photoemission features are desired because only this makes it possible
to unambiguously assign the orbital data directly to the molecular orientations.
While the investigation of surface-adsorbed molecules (compared to gas phase
molecules) allows a good alignment of the molecules, the strong interaction be-
tween the molecules and the metallic substrate results into excitation dynamics
too fast to be observed in the tr-POT experiment. This problem was solved by
introducing an ultrathin oxygen layer between the PTCDA molecules and the
Cu(001) substrate which decouples them physically and electronically. Moreover,
the submonolayer oxygen coverage provided a (v/2 x 2v/2) R45°-20 surface corruga-
tion that imposed two clearly defined orthogonal orientations of PTCDA exhibiting
well distinguishable HOMO and LUMO photoemission features.

Preliminary to the experiments, a preparation procedure for the described sam-
ple system was established to provide samples of high and reproducible quality
on demand. Meanwhile, also the understanding of the formation process of the
oxygen reconstruction and the different PTCDA adsorption structures reported
in literature [189, 226] was deepened. Moreover, successful UHV transport of the
prepared samples from the preparation setup in Jiilich to the measurement setup
in Marburg was demonstrated.

In a first tr-POT experiment, the measurement geometry was chosen to be
symmetric, such that the two molecular orientations where excited under the same
incident angle by the p-polarized pulse. Observing transiently occupied states of

5Note that for nonresonant excitation, the coherent interaction of pump and probe light can
lead to the emission of photoelectrons from the HOMO in a true two-photon process without
involving an intermediate state [232]. The observed momentum map, which in this experiment
was that of the molecular LUMO |¢3) and not that of the HOMO |p;), however, provided
clear experimental evidence that this was not the case here.
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organic molecules for the first time, a surprisingly long lifetime 77=250 fs of these
was found. This confirms the potency of the atomically thin oxide as a decoupling
layer. Considering that chemical bonding and reaction dynamics at the molecular
level are characterized by the fundamental molecular motions [234], a lifetime of
250 fs exceeds the time scale of typical vibrational motion and therefore, makes
future time-resolved investigations of chemical bond breaking highly promising.
A different measurement geometry was chosen to exploit distinct real-space exci-
tation pathways in a targeted manner. To describe the excitation dynamics of the
system quantitatively, a quantum-mechanical four-level model was applied and its
optical Bloch equations were solved. This made it possible to reveal surprisingly
long-lived coherence in the electronic excitation of the molecules in contrast to
extremely fast decoherence for the excitation from the metal into the molecule.
In conclusion, the present tr-POT experiment proves that the combination of
photoemission tomography with laser pump-probe techniques is a highly promising
tool for the future investigation of the ultrafast electron transfer dynamics in such
processes as chemical reactions on surfaces and intermolecular charge transfers.
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Chapter 6

Summary and Outlook

This work investigates the growth and excitation dynamics of 2D materials and
molecular layers by means of electron and momentum microscopy. Chapters 3
and 4 focus on the first project, which studies the growth of BN on SiC(0001)
under borazine exposure, and its replacement by graphene upon annealing
in UHV at elevated temperatures. Building on the methodology of previous
studies [MR5, 41, 52-54], this work aims to expand the understanding of the
growth mechanisms involved. To this end, LEEM is employed to perform in
situ growth experiments, and to study the different BN and graphene surface
structures and their lateral domain configuration. The second project, discussed
in Chapter 5, is dedicated to a proof-of-principle experiment that combines time-
resolved 2PPE with photoemission orbital tomography. The realization of this
experiment enables the observation of excitation dynamics of surface-adsorbed
molecules in both time and momentum space for the first time.

Growth of BN and graphene on SiC(0001)

The epitaxial growth of unconventionally oriented Gr-R0° on SiC(0001) presents a
promising avenue for the large-scale, high-quality production of 30°-twisted bilayer
graphene. The key to preparing unconventionally oriented Gr-R0° is the exposure
of a (3x3)-Si reconstructed SiC(0001) surface to borazine at elevated temperatures.
An important step in understanding the formation of Gr-R0° on SiC(0001) is BN
growth at temperatures below 1050°, as discussed in Chapter 3.

The growth of BN on SiC(0001) is found to be more complex than expected.
The necessary reactivity for CVD growth is produced not only by elevated tem-
peratures directly, but also indirectly, by the surface’s structural change upon Si
sublimation. As a result, BN does not grow on a Si-rich surface reconstruction,
contrary to previous hypotheses [MR5, 52]. Instead, it starts to grow only when
the Si-rich surface reconstruction and crystalline Si agglomerations have vanished
from the SiC(0001) surface. During BN growth, step retraction occurs due to ther-
mal decomposition of SiC. This process, as well as BN growth, is self-terminating
once the surface is completely covered by one BN layer.

Three different structures are found to form on the SiC(0001) surface during BN
growth: B,N,-R0°, a (/7 x v/7)-R19.1° surface reconstruction, and a misoriented
minority phase. However, only the growth of the (v/7 x v/7)-R19.1° reconstruction
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via nucleation and island growth has been directly observed in LEEM mode. It
forms compact islands that are randomly distributed on the SiC terraces and do
not cross step edges. The dominant surface phase is B,N,-R0°. It starts growing
almost simultaneously with the (\/7 x /7 )-R19.1° surface reconstruction; however,
its formation could not be observed in LEEM mode. This suggests growth by a
uniform and continuous transformation of the surface on a size scale that is too
small to resolve. Eventually, B,N,-R0° uniformly covers the SiC terraces with
one fixed adsorption configuration. After BN growth, the misoriented minority
phase is identified. Presumably consisting of either BN or graphene, it appears as
nm-sized domains randomly distributed across the B,;N,-R0°-covered terraces.

It has been demonstrated that by increasing the heating rate during BN growth,
the ratio of surface phases is shifted in favor of the desired surface phase B,N,-R0°.
This also enhances the structural quality of B,N,-R0°.

Following the template-induced growth route, the replacement of BN by
graphene upon annealing in UHV is studied in Chapter 4. During this process,
the lateral domain configuration of the BN surface phases is found to remain
unchanged. B,N,-R0° transforms continuously into Gr-R0°, supporting the
assumption that B and N atoms are gradually replaced by C atoms that originate
from the decomposing SiC surface. In a similar scheme, the (v/7 x v/7)-R19.1°
reconstruction is replaced by monolayer graphene that consists of both Gr-R0° and
Gr-R30°, which are found to reside laterally next to each other in fragments below
the LEEM instrument’s resolution limit. A region that had not been covered
by BN during borazine exposure was found to give rise to conventional Gr-R30°
multilayer growth. The misoriented minority phase remains present as nm-sized
point-like graphene domains. Consequently, B,N,-R0° is the only template that
produces Gr-R0°. In this way, it is demonstrated how the inhomogeneity of the
BN template affects the quality of the Gr-R0° layer.

Sufficiently high and long annealing can result in conventional sublimation
growth of Gr-R30° at the interface of Gr-R0° and SiC. This process depends
not only on the annealing temperature and duration but also on the sample’s
morphology and the structural quality of the Gr-R0° layer. A B,N,-R0° template
prepared at a higher heating rate evolves into a Gr-R0° layer that effectively
protects the underlying SiC terraces from further graphitization, even during
prolonged annealing at 1250°C. First indications of bilayer formation are mainly
found at step edges that are more than one SiC bilayer high. In contrast, a
B,;N,-R0° template prepared at a lower heating rate evolves into a Gr-R0° layer
that appears to be highly permeable to Si sublimation. As a result, B,N,-R0°
is replaced by 30°-twisted bilayer graphene of uniform thickness, albeit low
structural quality, already after short annealing at 1250°C.

In conclusion, this work demonstrates how the inhomogeneity and reduced struc-
tural quality of the B,N,-R0° template are inherited by Gr-R0°, thereby limiting
its quality as well as that of the resulting 30-tBLG. It also emphasizes the impor-
tance of silicon-rich starting conditions and a fast heating rate during preparation
of the BN layer for template-induced growth of Gr-R0°.
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While the graphitization process of the BN template in UHV is rather well
understood, the same cannot be said for Gr-R0° growth on SiC via the surfactant-
mediated growth method. This method is of particular interest, since it yields
higher-quality, more homogeneous samples compared to the template-induced
method [53]. In this dynamic approach, the (3 x 3)-Si reconstructed SiC(0001)
surface is prepared at 880°C and heated directly in borazine to temperatures
at which Gr-R0° grows. Bocquet et al. [53] assume that the B,N,-R0° layer
does not stabilize in this process, thereby eliminating the intermediate stage
of template growth that limits quality. However, the question remains of how
the unconventional Gr-R0° orientation would be induced in this scenario. One
reasonable explanation could be the transient formation of a metastable B,N,-R0°
phase that defines the orientation.

Thus far, surfactant-mediated growth has not been observed in situ and in real
time. Therefore, it should first be clarified whether Gr- R0O° really forms without the
intermediate stage of B,N,-R0°. To this end, a (3 x 3)-Si reconstructed SiC(0001)
surface could be heated in borazine while the LEED signal is detected in situ and
in real time. This experiment could also shed more light on the growth behavior
of B,N,-R0°.

For the goal of producing 30°-tBLG on SiC(0001), the next step is to obtain a sin-
gle layer of Gr-R30° underneath a high-quality Gr-R0° layer. Two approaches have
been suggested, either further annealing of Gr-R0°/ZLG-R30°/SiC(0001) in UHV
or hydrogen intercalation of the ZLG-R30° underneath Gr-R0° [41]. The present
work shows that graphitization is strongly inhibited underneath a Gr-R0° layer
of reasonable quality at temperatures below 1250°C. Furthermore, higher anneal-
ing temperatures promote multilayer growth before a bilayer can fully spread [54].
Therefore, intercalation of the ZLG-R30° layer at the interface of Gr-R0° and SiC
is considered a more promising approach for obtaining large-scale, high-quality
30°-tBLG on SiC(0001). Work in this direction is further pursued by Hao Yin as
part of his PhD thesis [235].

Electron dynamics of molecular orbitals in time and space

Chapter 5 presents a proof-of-principle tr-POT experiment. It combines tomo-
graphic photoemission imaging at high parallel momenta with a femtosecond pump-
probe scheme. Thereby, the full momentum-space distribution of transiently oc-
cupied molecular orbitals of surface-adsorbed molecules is traced for the first time
with both spatial and temporal resolution. The proof-of-principle tr-POT exper-
iment was realized through a fruitful collaboration of the research groups of U.
Hofer from Philipps-Universitait Marburg, F. S. Tautz from Forschungszentrum
Jilich, and P. Puschnig from University of Graz. The primary contribution of
this work, which was conducted at Forschungszentrum Jiilich, was providing high-
quality, reproducible samples on demand.

For the experiment to be successful, selecting a suitable sample system was
crucial. Although growing molecular layers on metallic surfaces allows for good
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molecular alignment, the strong interaction between the molecules and the metal-
lic substrate results in excitation dynamics that are too fast to be observed in
the tr-POT experiment. This problem was solved by passivating the Cu(001) sur-
face with an ultrathin layer of oxygen prior to depositing the PTCDA molecules,
which physically and electronically decoupled the molecules from the substrate.
Additionally, the submonolayer oxygen coverage provides a (v/2 x 2v/2) R45°-20
surface corrugation, which imposes two clearly defined, orthogonal orientations of
PTCDA. These orientations exhibit well distinguishable HOMO and LUMO pho-
toemission features, which is a necessary prerequisite for unambiguously assigning
orbital data to molecular orientations.

The samples were transported in UHV to the tr-POT setup, operated by the
group of U. Héfer at the Philipps-Universitdt Marburg. In a first experiment, the
transiently occupied LUMO of PTCDA was observed in both time and momentum
space for the first time. With 250 fs the lifetime of the excited state was found to
be unexpectedly long, thereby confirming the effectiveness of the atomically thin
oxide as a decoupling layer. In a second tr-POT experiment, distinct real-space
excitation pathways were exploited in a targeted manner. A quantum-mechanical
four-level model was applied and its optical Bloch equations were solved to describe
the excitation dynamics of the system quantitatively. This revealed surprisingly
long-lived coherence in the electronic excitation of the molecules, contrasting the
extremely fast decoherence found for excitation from the metal to the molecule.

The ability to investigate molecular excitation and electron transfer processes
with both temporal and spatial resolution in a single experiment has long been
a goal of spectroscopic research in chemistry. In this context, the successful real-
ization of the proof-of-principle tr-POT experiment presented in this work is an
important breakthrough with the potential to greatly enhance our understanding
of the nanocosmos. In the future, tr-POT may provide unique insight into the
inner structure of quantum leaps, strong-field control of electrons, charge transfer
processes, and chemical reactions, as well as their control by electric fields and
light [236]. A promising follow-up experiment to the present work is the investiga-
tion of charge transfer processes in more complex systems. An investigation that
has been already started is the charge transfer across an organic heterointerface,
consisting of two layers of different molecular species. With PTCDA being a well-
characterized molecule, a potential candidate for the second molecular species is
copper phthalocyanine (CuPc). From literature, it is known that an ordered layer
of CuPc can be grown on PTCDA /Ag(111) [237]. In a first step, CuPc has already
been prepared as an ordered monolayer on the Cu(001)-MR-20 surface and stud-
ied with tr-POT [MR7] in the aftermath of the presented work. The realization of
this and other tr-POT experiments is being pursued by the groups of F. S. Tautz
(Forschungszentrum Jiilich), U. Héfer (Universitiat Regensburg), R. Huber (Uni-
versitdt Regensburg) and P. Puschnig (University of Graz). Their joint project
“Photoemission Orbital Cinematography: An ultrafast wave function lab” (short:
“Orbital Cinema” [236]) was awarded a major Synergy Grant by the European
Research Council (ERC) in 2022 [238].
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Appendix A

Challenges in LEEM Imaging at
High Sample Temperatures

During annealing of SiC samples at high temperatures two effects were encountered,
that lead to an impairment in LEEM imaging. In the following, these effects and
countermeasures are discussed in more detail.

The first effect addressed is a blurring of the LEEM image, which is observed at
temperatures above ~ 1100°C and independent of the annealing time. Fig. A.1(a)
illustrates this effect on the example of a LEEM image of BN on Sample 1 taken
at an annealing temperature of 1230°C. Compared to LEEM images taken during
BN growth at temperatures up to ~1000°C [cf. Fig. 3.8], the image is blurred
such that islands and terraces are barely recognizable. The described effect can
be attributed to thermally emitted electrons. An easily applicable countermeasure
to block these electrons is to introduce the energy slit (ES) into the electronic
beam path (for details on the LEEM electron optics refer to Section 2.3.1). Fig.
A.1(b) demonstrates the effect on the LEEM image when introducing the largest

(a) LEEM at 1230°C without ES (b) LEEM at 1230°C with largest ES

Figure A.1: Thermal electrons. LEEM images of Sample 1 at ~ 1230°C, taken
(a) without energy slit and (b) with energy slit. A black arrow marks a character-
istic object in both images.
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Contrast Aperture | Energy Slit
(diameter in wm) | (width in pm)
1000 60 (1eV)
70 25 (0.46V)
60 12.5 (0.2¢V)
50
30
25
10

Table A.1: Available contrast apertures and energy slits at the AC-SPELEEM.
The apertures are sorted by their size from large to small. The energetic resolution
of the respective energy slits is given in brackets.

ES into the beam path (see Table A.1 for technical details on the available energy
slits). The contrast between islands and terraces has significantly improved, and
the image is less blurred compared to Fig. A.1(a).

A second effect complicates in situ LEEM imaging when the annealing time is
sufficiently long. Note that this effect may also be encountered at temperatures
below those at which blurring due to the thermal emission of electrons becomes
noticeable. This effect is illustrated in Fig. A.2(a), which shows a LEEM image of
Sample 1 during BN growth. The sample was slowly heated to ~ 1000°C and held
at that temperature for ~ 20 min before the image was recorded. At the bottom
left, a segment of the LEEM image appears dark. As annealing continues, the
border between bright and dark areas moves in the direction of the white arrow.
Consequently, the dark segment gradually enlarges, obscuring more of the LEEM
image.

It was found that the border between the bright and dark areas in Fig. A.2(a)
is actually the edge of the electron beam spot on the surface. The LEEM images
presented in this work thus far have been taken at a field of view (FoV) of 30 um or
smaller, where the entire FoV is illuminated by the electron beam. At a larger FoV,
the electron beam spot profile becomes visible, as illustrated in Fig. A.2(b). The
image depicts an alignment sample illuminated by both the mercury lamp and the
electron beam. The image was taken at a FoV of 100 um, in which the electron
beam’s profile is recognizable as an oval-shaped bright spot with a diameter of
~70-90 um. For well-aligned LEEM optics, the electron beam is centered within
the FoV. However, with prolonged annealing at sufficiently high temperatures, the
electron spot slowly slides off center. This occurs because the thermal radiation
from the sample heats up the objective lens, which is positioned only a few mil-
limeters away. Due to thermal expansion, the objective lens’s optical properties
change, deflecting the electron beam away from the original alignment.

To maintain good imaging quality throughout the experiment, it is important
to avoid shadowing the LEEM image due to the aforementioned effect. However,
thermal expansion of the objective lens due to heating the sample is inevitable
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Figure A.2: Spot profile of the electron beam. (a) LEEM image of Sample 1 after
prolonged annealing at ~1000°C. The white arrow indicates the movement of the
edge of the electron beam profile with increasing duration of annealing. (b) Image
of an alignment sample, illuminated with electron beam and mercury lamp at a
field of view of 100 pm.

Figure A.3: LEEM imaging at high T with optimized settings. (a) Image of
Sample 2 at room temperature, prior to annealing. (b) LEEM image of Sample 2
annealed at ~ 1250°C.
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during in situ LEEM studies. One option would be to adjust the alignment during
the experiment, but this would significantly complicate the experimental procedure.
Therefore, an intentional misalignment of the electron beam was introduced prior
to the experiment. To this end, the deflectors in the imaging column were used
to deflect the electron beam in the opposite direction from that in which it moves
when the objective lens heats up. This significantly delayed the shadowing of the
LEEM image during an annealing experiment.

In the course of the experiments conducted for this work, the countermeasures
against the aforementioned effects were further refined. Good and still practical
LEEM imaging was established by intentionally misaligning the electron beam be-
fore the experiment, using the medium-size energy slit to block thermally emitted
electrons, and using the second smallest contrast aperture (CA) to enhance lateral
resolution (see Table A.1 for technical details on the available energy slits and con-
trast apertures). Fig. A.3 illustrates the effect of these optimized settings. Panels
(a) and (b) show images of the surface of Sample 2 taken at room temperature
and at ~1250°, respectively. Good imaging is maintained, only slight blurring is
observed, and no shadowing occurs by the deflection of the electron beam.

Although the improved settings in general enable for proper imaging at high
temperatures, they make in situ LEEM measurements more complicated. First of
all, using the CA makes switching between LEEM and LEED modes more time-
consuming. Additionally, the positions of both CA and ES require readjustment
due to the steady change in alignment caused by the thermal expansion of the
objective lens. Finally, the use of CA and ES reduces the overall intensity.
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Appendix B

Second Layer Formation of PTCDA
Deposited on Ag(110)

Here, the discrepancy between the measured LEED pattern in this work and the
simulated LEED pattern proposed by Willenbockel et al. [167] is discussed, which
was found for two layers of PTCDA deposited on Ag(110) at room temperature.
For clarification, the measured and simulated LEED patterns of Willenbockel et
al. and this work are reproduced from Ref. [167] and Fig. 5.3, respectively, and
compared in Fig. B.1. The LEED measurement in this work [cf. Fig. B.1(b)]
exhibits double spots for the second layer PTCDA structure where the simulated
pattern by Willenbockel et al. [cf. Fig. B.1(c)] suggests single spots. Since the
double spots appear only for the second layer PTCDA spots and the measured
pattern still exhibits 90° rotational symmetry, the spots are not artifacts. A closer
look at the zoomed insets of Fig. B.1 (a) and (b) shows that both measurements
are indeed in good agreement: The features of the second PTCDA layer that were
identified as single spots by Willenbockel et al. are blurred, but their shape is
elongated and similar to the double spot features observed in this work. Only the
higher resolution in the latter reveals that these features consist of two spots that
are very close to each other. Therefore, both measurements cannot be correctly
described by a single herringbone structure with the matrix ( _%42), as proposed
by Willenbockel et al. [167]. Based on the latter, a corrected structure model is
presented in Fig. B.1(d): By preserving the size and dimensions of the unit cell
and rotating it by 2.5° (light blue) and -2.5° (dark blue), the double spots are
reproduced.
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Appendix B Second Layer Formation of PTCDA Deposited on Ag(110)

Willenbockel et al 2013 this work

Figure B.1: Measured and simulated LEED images of the PTCDA bilayer struc-
ture on Ag(110). (a,c) LEED measurement at 19 eV and simulated LEED pattern
as proposed by Willenbockel et al. [167]. Fig. B.1(a) adapted from Ref. [167], li-
censed under CC-BY 3.0. (b,d) LEED measurement at 16 ¢V and simulated LEED
pattern within this work. The spots of the first layer PTCDA with brickwall struc-
ture are colored in red, the spots of the second PTCDA layer are colored in shades
of blue. The reciprocal unit cells are shown as rectangles, the unit cells of the
corresponding mirror domains as dashed lines.
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Appendix C

Review: The Oxygen Reconstruction
of the Cu(001) Surface

Since ion bombardment and subsequent annealing emerged in the 1950s as the stan-
dard surface cleaning procedure for LEED studies of metallic crystalline surfaces
[239, 240], the oxygen reconstruction of the Cu(001) surface has been frequently
studied and debated in the literature [82, 196-198, 200, 203, 205-223]. In par-
ticular, the observation of different oxygen adsorption structures was a point of
discussion. Throughout many LEED studies in the 1960s and 1970s (e.g., [196-198,
200]), the existence of three different oxygen surface reconstructions was reported.
These are identified by their characteristic LEED patterns, displayed schematically
in Fig. C.1:

« A c¢(2x2) pattern, which is also described by the primitive (v/2 x v/2) — R45°
unit cell [see Fig. C.1(b)].

o A so-called “4-spot” pattern, characterized by groups of four spots that ap-
pear instead of the half-order spot of the ¢(2 x 2) pattern [see Fig. C.1(c)].

o The (v/2 x 21/2) — R45° pattern of the Cu(001)-MR-20 (missing-row) recon-
struction with a rectangular real-space unit cell twice the size of the primitive
(V2 x v/2) — R45° unit cell of the c¢(2 x 2) structure [see Fig. C.1(d)].

The ¢(2 x 2) pattern and the “4-spot” pattern have been reported to appear
as pre-stages to the Cu(001)-MR-20 structure at an oxygen coverage of 6o < 0.5.
Either only the ¢(2x 2) pattern [198, 206], or only the “4-spot” pattern[196, 197] or
both of them were observed sequentially [200]. In other works, a disordered phase
has been found as the only pre-stage to the Cu(001)-MR-20 reconstruction [205,
208, 211]. The experimental conditions under which these different structures
were observed did not complement each other well. It is important to consider
that different experimental setups may use different instrumentation and position
it differently in the preparation chamber. This makes it difficult to quantitatively
compare preparation parameters and resulting surface structures, even when the
preparation procedures and parameters appear similar. Eventually, contamination
of the experimental chamber or the sample surface may also play a role and cannot
be excluded.
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(a) clean Cu(001) (b) (V2 xV2)R45°  (c) "four-spot" pattem (d) (V2 x 2v2)R45°
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Figure C.1: Schematic LEED patterns of different oxygen induced reconstruc-
tions of the Cu(001) surface. Schematic LEED patterns of (a) the clean Cu(001)
surface, (b) the “4-spot” pattern, (c) the c¢(2 x 2) or (v/2 x v/2) — R45° pattern,
and (d) the (v/2 x 2v/2) — R45° pattern Schematics in (a-d) based on Ref. [200].

Despite disagreement on the exact experimental conditions that lead to the
respective oxygen reconstruction pre-stages, there is agreement on the following
points:

o Overall, the ¢(2x2) structure and the “4-spot” structure are accessible mainly
for a combination of relatively low oxygen exposure and low preparation
temperature [82, 200, 210, 217, 218]. Another way to obtain the ¢(2 x
2) structure or the “4-spot” structure is to start with a Cu(001)-MR-20
reconstructed Cu(001) surface. The sample is then treated without oxygen
exposure either by prolonged annealing [200] or by a combined process of
bombardment with ~ 50uC of ~ 350-eV Ar* ions! and subsequent annealing
[217].

o At saturation coverage 6o = 0.5, oxygen atoms occupy every second hollow-
site on the Cu(001) surface, and in the topmost Cu layer a quarter of the Cu
atoms are missing, forming the Cu(001)-MR-~20 missing-row reconstruction.

o The oxygen reconstruction of the Cu(001) surface is a self-terminating pro-
cess. At the beginning of the oxygen exposure, the sticking coefficient is large
and the coverage increases rapidly. With increasing coverage, the sticking
coefficient decreases such that it asymptotically approaches the saturation
coverage of 6o = 0.5.[208, 221]

o The higher 75" ' the sample’s temperature during oxygen exposure, the
lower the dosage required to obtain an oxygen saturated surface [200, 208,
221]. For a fixed T, ' the characteristic dosage to obtain the Cu(001)-
MR-20 structure is independent of the pressure [200].

!Note that for Art sputtering during metal surface cleaning procedures, the parameters are
typically in the order of ~ 1mC and 1-2keV.
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In the following, additional information on the structure and formation of the
¢(2x 2) structure and the “4-spot” structure is provided. For a detailed description
of the structure of the Cu(001)-MR-20 reconstruction and its formation process,
refer to Section 5.2.4. Finally, the order-disorder phase transition of the Cu(001)-
MR-20 structure at elevated 75" is discussed.

The c(2 X 2) oxygen reconstruction and the
“4-spot” pattern

The ¢(2 X 2) pattern is frequently reported for oxygen reconstructed Cu(001) sur-
faces [82, 198-202, 204, 213]. In an idealized structure model of the ¢(2 x 2) struc-
ture, the oxygen atoms would occupy every second hollow site on the Cu(001)
surface, such that the surface is saturated for an oxygen coverage of o = 0.5 as
shown in Fig. C.2(a). However, in all experiments the (v/2 x 2/2) — R45° pattern
of the Cu(001)-MR-20 reconstruction is observed when the coverage approaches
6o = 0.5 [cf. Fig. 5.4]. Initiated by Mayer et al. [205] in 1986, the idea that the
¢(2 x 2) structure does not exist on the Cu(001) surface became popular: Several
works reported clear evidence for a disordered phase being the only pre-stage for
6o < 0.3 and coexisting with the Cu(001)-MR-20 structure for 0.3 ~ 6, < 0.5,
independent of the preparation temperature [205, 208, 211]. Because the LEED
spots of the ¢(2 x 2) structure represent a subset of the LEED spots of the Cu(001)-
MR-20 reconstruction, it was concluded that LEED measurements of low quality
Cu(001)-MR-20 structures were misinterpreted as ¢(2 x 2)[210].

This conclusion demanded a more convincing proof of the existence of the ¢(2x2)
structure, which was provided, for example, by the STM study by Fujita et al. in
1996 [217]. Fig. C.2(b) displays a schematic structure model of a realistic ¢(2 x 2)
adsorption configuration, based on STM measurements of Fujita et al. [217]. The
estimated local coverage is fp =~ 0.16. The oxygen atoms occupy hollow sites
on the Cu(001) surface and thus locally form a ¢(2 x 2) structure. However, the
domains are very small and larger areas of the Cu(001) surface remain uncovered.
Due to the surface registry, two anti-phase ¢(2 x 2) domains occur: Both the phase
A domains (red oxygen atoms and unit cells) and the phase B domains (magenta
oxygen atoms and unit cells) show the same fourfold symmetry and fulfill the rule
that only every second hollow site of the Cu(001) surface is occupied by oxygen
atoms. A unit cell of phase A can be transformed into a unit cell of phase B
by translating it by one substrate lattice vector (the unit cell of the substrate
is indicated in black). As the occupation of directly neighboring hollow sites is
forbidden, domain boundaries between phase A and phase B domains of minimum
width v/2aq are formed, where aq is the lattice constant of the Cu(001) surface.

Experimentally observed c¢(2 x 2) LEED spots are often described as diffuse
and weak in intensity, as is the case for the LEED measurement by Scheidt et al.
[82], displayed in Fig. C.2(d). This can easily be attributed to the low coverage
and small domain size at which the ¢(2 x 2) structure occurs. Additionally, an
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(a) idealized c(2x2) structure (b) low coverage c(2x2) structure
(6o = 0.5, saturation coverage) (6o = 0.16, based on Fuijita et al.)
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Figure C.2: Structure of the ¢(2 X 2) oxygen surface reconstruction.

(a) Idealized c¢(2 x 2) adsorption structure for saturation coverage o = 0.5 with
oxygen atoms occupying every second hollow site. The unit cell of the ¢(2 x 2)
structure is indicated in red. (b) Schematic structure model of a realistic ¢(2 x 2)
adsorption configuration, based on STM measurements of a ¢(2 x 2) reconstructed
Cu(001) surface with a local oxygen coverage of o ~ 0.16 by Fujita et al. [217].
The unit cell of Cu(001) is marked with a black square. Due to the surface registry,
two anti-phase domains of the ¢(2 x 2) structure occur. These are highlighted in
red (phase A) and magenta (phase B). For the original STM data, please refer
to Fujita et al. [217]. (c) Simulated LEED pattern, as expected for the idealized
¢(2 x 2) surface structure depicted in (a). (d) LEED pattern with faint (%%) spots,
as measured by Scheidt et al. [82] for oxygen-reconstructed Cu(001) with 6o < 0.5.
The LEED spots are broad and of low intensity, most likely due to small domain
size and low coverage. The elongated shape of the half-order spots can be at-
tributed to anti-phase domain boundaries [204]. Panel (d) adapted from Ref. [82],
© 1988, with permission from Elsevier. See License Notice. (e) Simulated LEED
pattern of a realistic ¢(2 x 2) adsorption configuration at low oxygen coverages
such as suggested in panel (b). Based on Ref. [204].
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elongation of the 1/2-order LEED spots perpendicular to the (100) directions is
observed. Generally, the elongation, broadening, or splitting of certain adsorbate
LEED spots is caused by either anti-phase scattering from atomic steps that are
misaligned with respect to the vicinal high-symmetry plane or anti-phase domains
of the adsorbate. In the case of the ¢(2 x 2) structure, the latter was found to be
true [82, 204].

In the following, the effect of anti-phase domains on the LEED pattern, as in-
troduced in Sec. 2.2.3, is discussed for the ¢(2 x 2) reconstruction of Cu(001) and
based on the work of Richter et al.[204]. In a simplified, one-dimensional picture,
the periodicity of the ¢(2 x 2) reconstruction is described by the distance a between
two oxygen atoms, which leads to the appearance of first-order reflections for a
momentum transfer of Ak = G; = 27” A periodic arrangement of alternating
anti-phase domains of the ¢(2 x 2) reconstruction with a length scale of d in one di-
mension results in anti-phase scattering. This means that the scattering amplitude
vanishes at Ak = (1, but scattering intensity appears at Ak = G1 £ 0k = G1 £ 7.
Thus, the first-order reflection splits into two spots, separated by 27/d. Since
LEED averages over an extended surface region, statistical variation in the size d
will result in an elongation of the 1/2-order spot. Additionally, the total scattering
amplitude is not zero at Ak = (G; because it includes in-phase contributions from
the substrate [204]. Going back to the two-dimensional picture, the (10)-spot and
the symmetrical equivalent spots suffer from anti-phase scattering for both the
[100] and [010] directions. Therefore, they have a cross-like shape, as illustrated
by the simulated LEED pattern in Fig. C.2(e).

The formation of ordered anti-phase domain structures is also believed to be
the origin of the “4-spot” pattern [82, 200, 217]. Fig. C.3(a) presents a structure
model of an oxygen reconstructed Cu(001) surface, based on STM measurements
by Fujita et al. [217] for an estimated local oygen coverage of 6o =~ 0.31. At
this increased coverage, Fujita et al. observed that in ¢(2 x 2) reconstructed
surface areas, the anti-phase domains are preferentially arranged in such a way
that sawtooth-shaped domain boundaries form along the (110) directions [217].
Perpendicular to the phase boundaries, the domains are typically only one to two
oxygen adsorption sites wide. Along the (110) directions and perpendicular to
the direction of the sawtooth-shaped domain boundaries, a periodic arrangement
with a single distinct length scale d = 6ay is found. Based on this structure model
and the previously introduced effect of LEED spot splitting, the “4-spot” pattern
in Fig. C.3(b) is derived. The substrate spots of the Cu(001) surface appear at
distances Gy = 5—2 from the 00-spot along the (110) directions. The ¢(2 x 2) unit
cell is spanned by unit vectors along the (100) directions and length of Gy = 2,
with @ = v/2ag. The periodic arrangement of the ¢(2 x 2) anti-phase domains
d along the (110) directions results into a splitting of the ¢(2 x 2) spots with
ok = %’r = 627”0 in the respective directions. Note that, in LEED measurements
reported in literature (e.g. in the works of Fujita et al. [217] and Scheidt et al.
[82]), the spots of the “4-spot” pattern are typically diffuse and of low intensity

compared to the substrate’s first-order diffraction spots.
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The STM data presented by Fujita et al. [217] also shows that c(2 x 2)
domains coexist with Cu(001)-MR-20 domains at oxygen exposures as low as
8L (1 x 107" Torr for 80s) at ~ 180°C. Due to the generally low structural
quality of both the ¢(2 x 2) and the “4-spot” structures, as well as the difficulty
of producing samples with homogeneous ¢(2 x 2) or “4-spot” surface structure,
there is little interest in these two intermediate surface structures compared to
the Cu(001)-MR-20 reconstruction. Nevertheless, these structures are important
for understanding the formation mechanism of the desired Cu(001)-MR-20
reconstruction. When measurement techniques are employed that average over
large areas, such as LEED, it is important to consider that less well-ordered
¢(2 x 2) domains may coexist locally with the Cu(001)-MR-20 reconstruction.

(@) "4-spot" structure model (b) "4-spot" LEED pattern
(6o = 0.31, based on Fujita et al.) (based on Fujita et al.)
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Figure C.3: The “4-spot” surface structure and its LEED pattern. (a) Schematic
structure model of a possible configuration of the ¢(2 x 2) structure for 6o ~ 0.31,
showing a periodic anti-phase domain arrangement as suggested by Fujita et al.
[217]. The structure repeats on the length scale d. Note that panel (a) is based on
STM measurements of a ¢(2 x 2) reconstructed Cu(001) surface and the discussion
by Fujita et al. [217]. For the original STM data, please refer to Fujita et al.
[217]. (b) Simulated “4-spot” LEED pattern for the structure suggested in panel
(a). The 1/2-order spots of the ¢(2 x 2) structure at positions Ak = G are split
into four spots. See main text for more information. Note that panel (b) is based
on a simulated LEED pattern and the discussion by Fujita et al. [217].
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The order-disorder phase transition of the
Cu(001)-MR-20 structure at elevated T(‘;‘;mple

The structure of the Cu(001)-MR-20 reconstruction and its formation process
have been presented in detail in Section 5.2.4. As already mentioned in Section
5.2.4, higher T3 ' during oxygen exposure [200] as well as post-annealing of the
Cu(001)-MR-20 structure without oxygen exposure [196] makes the LEED spots
of the Cu(001)-MR-20 structure become sharper, which is interpreted as an im-
provement of the Cu(001)-MR-20 structural order [196]. Extended post-annealing
was found to remove the oxygen reconstruction [196, 220]. A more detailed study
of the effect of an elevated annealing temperature during oxygen exposure was per-
formed by Iddir et al. in 2007 [220]. While previous works investigated the oxygen
reconstructed surface only after oxygen exposure and cooling to room temperature,
Iddir et al. investigated the stable oxygen induced surface structure on Cu(001)
in situ at high temperature and under equilibrium controlled oxygen exposure.
Fig. C.4(a) shows the phase diagram for the oxygen reconstruction on the
Cu(001) surface, as determined by Iddir et al. [220] with an in situ X-ray scattering
(XRD) experiment. Depending on the oxygen partial pressure and the temperature
of the sample, three different surface structure phases occur: (1 x 1), ¢(2 x 2), and
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Figure C.4: Experimental data on the order-disorder phase transition by Iddir
et al. [220]. (a) Surface phase diagram for the oxygen reconstructed Cu(001)
surface. The solid light gray line is an equilibrium phase boundary between the
(v/2 x 2¢/2)R45° and c(2 x 2) surface phases. The dashed line is the hysteretic
boundary for oxygen adsorption and desorption. Data points are shown with
symbols. (b) Temperature dependence of the (330) XRD peak intensity at different
oxygen partial pressures. Solid line is the best fit to a 2D Ising model. Fig. C.4(a,b)
reprinted with permission from [220]. © 2007 by the American Physical Society.
Courtesy of Argonne National Laboratory, managed and operated by UChicago
Argonne, LLC, for the U.S. Department of Energy under Contract No. DE-AC02-
06CH11357. See License Notice.
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(\/§ X 2ﬂ)R45°. Up to a temperature of 473 K, the (\/5 X 2\/§)R45° structure of
the Cu(001)-MR-20 reconstruction is found to be stable. Above 473 K, the quarter-
order superstructure spots, which are characteristic for the (v/2 x 2v/2) R45° struc-
ture, disappear completely. This results in the ¢(2 x 2) structure, which has been
observed to be stable up to a temperature of 1000 K (provided the oxygen partial
pressure is high enough). At sufficiently high temperature and low oxygen partial
pressure, oxygen desorbs from the surface and only the (1 x 1) structure of the
substrate is observed.[220]

Iddir et al. [220] studied the transition from the (v/2 x 21/2) R45° phase to the
¢(2 x 2) phase in more detail. In Fig. C.4(b) the temperature dependence of the
peak intensity of a quarter-order reflection is displayed for different oxygen partial
pressures Pp, within the range where oxygen adsorbs. The intensity profile was
found to be independent of Pp, and fully reversible with temperature, showing
little hysteresis. Above ~373 K, the intensity begins to slowly decrease with in-
creasing temperature. Towards the experimentally determined phase transition
temperature of 473 K the decay rate increases. Further quantitative analysis of
the XRD data revealed that the surface remains saturated with oxygen (6o ~ 0.5)
and that the topmost Cu layer has a constant occupancy of 3/4, not only for
the (v/2 x 2v/2)R45° phase but also for the ¢(2 x 2) phase and independent of
temperature [220]. Therefore, the [c(2 X 2)]pignr phase observed here cannot be
described by the ¢(2 x 2) structure model with o < 0.5 and without Cu vacancies
as introduced in the previous section.

Supported by first-principle calculations, Iddir et al. [220] describe the phase
transition by an order-disorder transition of the Cu vacancy structure, as schemat-
ically illustrated in Fig. C.5. The starting point at low oxidation temperature
is a Cu(001) surface with oxygen atoms occupying every second hollow site and
well-defined rows of Cu vacancies [see Fig. C.5(a)]. With increasing temperature,
the vacancies begin to rearrange, which gradually destroys the missing rows [cf.
Figs. C.5(b,c)]. When the temperature exceeds the phase transition temperature,
the vacancies arrange completely randomly [see Fig. C.5(d)]. During and after
the phase transition, the adsorption positions of the oxygen atoms and the oxygen
coverage 6o = 0.5 did not change. Upon cool down, this order-disorder transition
is fully reversible. Therefore, the [¢(2 X 2)]pignr structure model does not conflict
with the ¢(2 x 2) structure model introduced above. The [c¢(2 X 2)]pignr structure
cannot be observed at room temperature.

Finally, the process of structural order improvement of the Cu(001)-MR-20
reconstruction upon post-annealing or elevated preparation temperature is dis-
cussed in the context of the order-disorder transition. Experiments have shown
that when exposed to oxygen at a temperature below the phase transition temper-
ature, a coverage close to saturation 6o ~ 0.5 ML can always be achieved if the
dosage is sufficiently high. The resulting Cu(001)-MR-20 reconstructed surface
was found to be of rather low structural quality, most likely due to small domain
sizes. Strikingly, Cu atoms and vacancies were found to be very mobile on the
Cu(001) surface at room temperature [241], and this effect is not expected to be
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hindered by the adsorbed oxygen atoms [220]. Moreover, oxygen atoms are also
mobile at room temperature, at least in the ¢(2 x 2) configuration [217]. Indeed,
experimental results show that at room temperature, the structural order of the
Cu(001)-MR-20 reconstructed surface slowly improves with time [205].

However, each domain configuration is equivalent and represents a local mini-
mum in the surface free energy [220]. Below the phase transition temperature, the
missing rows are likely to form locally in different registries, resulting in relatively
small anti-phase domain sizes. By annealing a Cu(001)-MR-20 reconstructed
surface above the order-disorder phase transition temperature, the missing-row
domains dissolve into the disordered vacancy structure. And if the preparation
is done at a temperature above the order-disorder phase transition temperature,
the disordered vacancy structure is formed directly. Upon cool down, the surface
free energy can then be minimized on a larger scale and larger lateral missing-row

domains are formed.
increasing tempe_

well defined missing rows some disordered vacancies the number of disordered random vacancy structure
with (v/Z X 2v/2)R45° unit cell appear vacancies increases with ¢(2 X 2) unit cell
decreasing temperature

Figure C.5: Structure model of the temperature-induced order-disorder phase
transition of the Cu(001)-MR-20 structure. (a) The starting point is the Cu(001)-
MR-20 reconstruction. With increasing temperature the missing rows are grad-
ually destroyed: (b) Single vacancies/Cu atoms have moved to another position.
(¢) The number of disordered vacancies increases, slowly removing the missing
rows. (d) The Cu vacancies are randomly distributed. This transition is reversible
upon cooldown. Schematics (a-d) based on the description by Iddir et al. [220].
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