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Chapter 1

Introduction

For the past decades, the semiconductor industry has been pushing the tech-
nology development to meet Moore’s Law’s postulation, that the number of
transistors in an IC of the same size doubles approximately every two years.
Obviously, the miniaturization of device size, which is necessary for this, can-
not go on forever. Novel materials as alternatives for Si-based semiconduc-
tors are therefore much desired. Other than replacing Si with SiGe in the
channel area to have higher carrier mobility, materials with single and few
atomic layers benefit the scale-down immensely. Bonded by mainly the van
der Waals interaction between layers, the so-called ”two-dimensional materi-
als” (2D-materials) can be separated layer by layer. Materials with such crystal
structure are found with conducting (e.g. NbSe2, graphene), semiconducting,
and insulating electronic properties, all needed to build the ”smallest possi-
ble transistor”. For example, graphene can not only act as contact layers for
such vdW devices [1–3], but also can be used as the active layer itself [4, 5].
MoS2, WS2 and WSe2 monolayers are semiconductors with direct bandgaps
and can be used for the fabrication of phototransistors, photodetectors, and
photomemories [6]. Hexagonal boron nitride (hBN) has a bandgap of about
6 eV and hence can serve as an insulating capping layer in a 2D-transistor [5].

By stacking the 2D-materials with designed orientations and layer thick-
nesses, one makes so-called ”van der Waals heterostructures”, which show
intriguing electronic properties. Just to name a few, graphene/hBN stacking
shows an improvement in the homogeneity of charge density compared to the
graphene/SiO2 [5]. Another example is a WS2-graphene-based tunneling tran-
sistor that shows a high on/off ratio up to 106, which can function on a flexible
and transparent substrate as well [1].

Graphene, as the first 2D-material discovered in the breakthrough of the
vdW materials, is the thinnest material yet the strongest ever measured [7–9].
Its unusual bandstructure offers possibilities to controllable valleytronics [10].
It develops supercurrent when attached to superconducting contacts [11]. And
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Chapter 1. Introduction

graphene in one-dimensional form - as carbon nanoribbons - shows 1000 times
higher carrier mobility than bulk silicon [12, 13]. When breaking the valley
degeneracy, graphene quantum dots can host spin qubits [14]. Qubits are the
fundamental unit in quantum computing, similar to bits in digital computing.
Physical hosts for qubits in the next-generation quantum computers are what
scientists seek at present. In Ref. [14], several graphene quantum dot structures
were suggested as hosts of qubits, e.g. graphene nanoribbons with armchair
boundaries or single- or bilayer graphene.

Creating a bandgap opening is a challenging topic for graphene [15] when
it comes to an application as a semiconductor. Therefore, numerous studies
(see Ref. [16] and references therein) were carried out to explore possibilities for
engineering the bandgap of graphene. Not only does the underlying substrate
affect the bandgap of graphene [17,18], the twist angle between two graphene
monolayers can also be tuned [19–24]. Two chapters in this work are therefore
dedicated to graphene on SiC and its related structure induced by the precursor
molecule, to control the lattice orientation of graphene during epitaxial growth.

Besides 2D-materials, also superconducting materials have been a long-
lasting topic because of their potential for applications in digital circuits, super-
conducting magnets, superconducting quantum interference devices (SQUIDs),
etc. [25]. In recent years, the so-called ”topological superconductors” gained
more and more interest. A topological insulator is insulating in its bulk state
while its topological surface state exhibits metallic properties. By doping
a topological insulator (e.g. Bi2Se3) with metallic elements (e.g. Cu, Sr),
it is possible to make topological superconductors, such as CuxBi2Se3 and
SrxBi2Se3 [26]. Understanding the origin of this kind of superconductivity
is an important step to optimize superconducting materials. By finding the
positions of dopants in the crystal structure, we may be able to answer this
question. However, the very little dopant concentration makes it difficult to
measure their positions precisely. Therefore, the last chapter of this work is
dedicated to the structural determination of Sr dopant in superconducting
SrxBi2Se3 crystal.

This work is located in this emerging working field and utilizes diffrac-
tion as well as spectroscopic methods to study crystal structures in detail.
Besides one chapter for the theoretical and technical background of the prob-
ing methods and sample preparation (chapter 2), the experimental results are
structured in three parts: (i) the borazine-mediated epitaxial growth of high-
quality single-layer graphene on SiC in an unusual orientation (chapter 4)
and it’s the boron-nitride intermediate phase (chapter 3), (ii) intercalation of
atomic Sb underneath high-quality graphene epitaxially grown on SiC (chap-
ter 5), and (iii) a structural study of the Sr-doped Bi2Se3, aiming for a better
understanding of topological superconductivity (chapter 6).

2



Chapter 1. Introduction

Epitaxial graphene on SiC

After the exfoliation of graphene monolayers, bilayer graphene was found to
have very different electronic properties than its monolayer counterpart [27].
While investigating possibilities for stacking graphene bilayers, the twist an-
gle between the bilayer emerges as an important parameter that impacts the
hybridization of bandstructures [19, 28]. Besides the twisted-bilayer graphene
(tBLG) with 1.1◦ twist angle that shows superconductivity [20,21,23], the 30◦-
twisted bilayer graphene (30◦-tBLG) shows bandgap opening at Dirac points
that is induced via Umklapp scattering [29, 30]. For controlled angles be-
tween graphene layers with respect to each other or to the substrate lattice,
exfoliation has been the main method used to prepare samples for such re-
searches [19–21,23, 24]. However, exfoliation is not scalable and hardly repro-
ducible. With the ultimate aim of material research being applicable in future
industrial products, epitaxial growth of graphene provides a potential solution
for mass production [31–34], for which the scalability and reproducibility are
indispensable.

In this work, a step forward on the way to an optimal preparation recipe
for high-quality single-layer graphene with 0◦ rotation with respect to the SiC
substrate (G-R0◦) is presented. This could pave the way towards 30◦-tBLG.
The graphene samples in this work are prepared via thermal decomposition,
where a piece of SiC wafer is annealed in either UHV or borazine atmosphere.
During the heating process, Si atoms in the SiC wafer sublimate, and the
excessive carbon atoms remaining on the surface form graphene, which is then
located on a boron or carbon bufferlayer (or zeroth-layer) on the Si-terminated
substrate. It is found that the preparation temperature affects the stacked
system in its chemical composition, also its lateral and vertical structure. In
this work, the stacked system prepared between 1100◦C and 1250◦C will be
presented in chapter 3. Based on the knowledge collected from studying this
system, high-quality G-R0◦ could be prepared at 1300◦C, see chapter 4.

The lateral structure is quantitatively studied using spot-profile analy-
sis low electron energy diffraction (SPA-LEED) while the vertical structure
model is proposed based on normal-incidence x-ray standing wave (NIXSW)
measurements. The electronic bandstructure of the structures is measured
with angular-resolved photoemission spectroscopy (ARPES).

3
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Sb-intercalated graphene on SiC

Intercalation is a useful method to decouple 2D-layers from the bulk crystals.
For epitaxial graphene (EG) grown from SiC via thermal decomposition, the
formation of a zeroth-layer (ZL) between the graphene layer(s) and the SiC
substrate is inevitable [35–37]. However, the ZL scatters charge carriers and
reduces carrier mobility in the graphene layers [38, 39]. With intercalation of
atomic species into the ZL/SiC interface, quasi-freestanding graphene mono-
layers can be obtained, which demonstrated much-improved device perfor-
mance [40]. Prominent examples of atomic species that have been successfully
intercalated on the EG/SiC system are H, O, Ge, and Pd [41–48]. The typical
way to intercalate atomic species is to deposit metallic atoms onto the EG/SiC
sample via sublimation, sputtering, or evaporation from a Knudsen-cell, and
then anneal the sample to temperature > 600◦C in UHV [48, 50, 51]. In con-
trast to the UHV method, intercalation of elements from gaseous precursors
(H and O) is usually performed under atmospheric pressure [41,46,53].

Recently, Wolff et al. demonstrated that atomic antimony (Sb) can also be
intercalated in the ZL/SiC interface [49]. They annealed a µm-thick Sb layer
that was deposited on ZL/SiC under 1 bar Ar atmosphere, and show that a
quasi-freestanding graphene monolayer can be obtained in this way. However,
the thickness of the intercalated Sb-layer was unknown so far. Since the thick-
ness of the intercalated layer may impact the electronic properties of graphene
on top, as already shown for the case of Ag intercalation [54], a chapter in this
work is dedicated to answering this question. In chapter 5, the vertical struc-
ture of the Sb-intercalated quasi-freestanding graphene is determined using
NIXSW technique.

4



Chapter 1. Introduction

Sr-doped bismuth selenide

As mentioned before, researchers are eager to understand the origin of topo-
logical superconductivity in order to further optimize it. One may find the
answer by determining the positions of the dopants in topological supercon-
ducting crystals. The positions of dopants in topological superconductors such
as CuxBi2Se3 and SrxBi2Se3 have been debated for the last decade [55–64].
Although defect sites of intrinsic Bi2Se3 can provide some hints for possible
dopant positions [62,63], there has been no direct evidence for specific dopant
positions in the unit cell so far.

Hor et al. proposed that Cu dopants mainly reside in the van der Waals
gap [55], and this became a common belief for studies thereafter. M. Wang
et al. used first-principle calculations to simulate the structure of Cu-doped
Bi2Se3 and proposed five favorable sites for Cu dopants [56]. Shruti et al.
suggest Sr dopants locate in the van der Waals gaps [58]. However, with
both high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and reflection high-energy electron diffraction (RHEED),
Y.-L. Wang et al. could only conclude that the Sr atoms are possibly mobile
within the van der Waals gaps and therefore difficult to detect [64]. Froehlich
et al. used neutron diffraction to detect Cu dopant position with no clear
conclusion [61].

In this work, the vertical dopant positions of Sr atoms of topological
superconducting Sr-doped Bi2Se3 crystal could be unambiguously determined,
as reported in chapter 6. This study is based on NIXSW, under consideration
of the inelastic mean free path of electrons in matter. Our result clearly shows
that the Sr dopants are located within the quintuple layers and not in the van
der Waals gaps. This knowledge serves as an important step forward toward
a better understanding of the origin of superconductivity in this and similar
systems.
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Chapter 2

Experimental techniques

The experimental techniques for sample characterization in this work require
an ultra-high vacuum (UHV) environment to have the crystals and thin lay-
ers on top remain free of condensed water and contaminating particles. In
this work, electron spectroscopy is used for the determination of the elec-
tronic structure. Electron diffraction and normal-incidence x-ray standing
wave (NIXSW) technique is used for structural and geometrical determination.
These techniques are non-destructive methods and show no beam damage on
the systems studied in this work. Besides the above-mentioned advantages,
electrons have an inelastic mean free path of several Ångströms at low ki-
netic energy between 30 to 100 eV [65] and hence can provide surface sensitive
information of the sample.

2.1 Low energy electron diffraction

Low energy electron diffraction (LEED) is commonly used in surface science to
characterize the lateral periodicity, such as lattice parameters and orientations,
of crystals or layers adsorbed atop. Electrons with energies around 100 eV have
the shortest mean free path in solids [65] and thus provide surface-sensitive in-
formation of the sample. An electron with a kinetic energy E can be described
as a wave with wavelength λ =

√
h2/2meE and wave vector k (|k| = 2π

λ
). The

electrons with wavelength λ which fulfill the Bragg condition nλ = 2d sin θ,
where d is the lateral spacing of the crystal’s lattice mesh and θ is the angle
between the incidence beam and the diffraction plane, interfere constructively
in the detector, resulting in a measurable diffraction intensity. A simplified
illustration of the LEED instrument is shown in Fig. 2.1(a). The electron
gun emits electrons with tunable energy around 100 eV. In general, only the
electrons fulling the diffraction condition ∆k = G, where G is the reciprocal
lattice vector, will be diffracted and can thus be imaged on the fluorescence

7



Chapter 2. Experimental techniques

Figure 2.1: (a) Simplified illustration of the LEED technique in real space.
Note that the LEED screen is exceptionally shown as flat here (true only for
MCP-LEED). Usually it is a hemisphere. (b) Illustration of Ewald’s construc-
tion in reciprocal space. Electrons with momentum ki hit the sample and get
diffracted. The direction and length of ki are determined by the relative posi-
tion of the electron gun to the sample and the electron energy, respectively. kf

are wave vectors of all the elastically scattered electrons. At the points where
they intersect with the reciprocal lattice rods, the two-dimensional diffraction
condition ∆k∥ = G∥ is fulfilled (G∥ = (hk)).

screen. As shown in Fig. 2.1(b), the Ewald’s sphere is a graphical illustration
of the diffraction equation ∆k = G, representing all scattering vectors that
fulfill the diffraction condition. The radius of the Ewald’s sphere is |kf | = |ki|.
In the case of electron diffraction, due to the small penetration depth of the
electrons, the reciprocal lattice vectors lie on ”diffraction rods” oriented per-
pendicular to the sample surface. The problem is hence two dimensional and
only the components of ∆k and G parallel to the surface and the lateral lattice
vectors a1 and a2 have to be considered: ∆k∥ = kf,∥ − ki,∥ = G∥ = ha⋆

1 + ka⋆
2,

with a⋆
1 and a⋆

2 being the lateral reciprocal unit vectors.

2.1.1 Spot-profile analysis LEED

A SPA-LEED instrument [66] is constructed with four major parts: an elec-
tron gun, a set of octopole plates for electrostatic field control, an entrance
lens to focus the electron beam, and a channeltron for electron detection, see
Fig. 2.2(a). The electron gun and channeltron are mounted at fixed positions,
defining a fixed angle of 7◦ at the sample between the incidence beam and
the diffracted beam, which is detected by the channeltron. In a SPA-LEED
measurement, the reciprocal space is scanned by changing the electrostatic

8
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Figure 2.2: (a) Schematic of a SPA-LEED instrument in real space, taken
from Ref. [67]. The octopole plates have 3 segments that are individually
supplied with designated voltages to control the electrostatic field and direct
the electron path in ”S-like” trajectories. In a measurement, the angles of the
incident and diffracted beams with respect to the sample surface are scanned,
whereby the angle between incidence and diffracted beam is kept constant 7◦.
(b) Modified Ewald’s construction for SPA-LEED: The momentum vector of
the incidence beam ki is shown in blue and that of the diffracted beam kf in
red. In a SPA-LEED scan, the diffraction vector ∆k = kf − ki (purple) is
rotated according to the modified Ewald’s sphere, which is about twice as big
as in conventional LEED given the same electron energy.
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field that controls the electron beams. Note that the electrostatic field has
to be passed twice by the electrons (on the incidence and diffracted path),
and that influences the electron paths as well as the incidence and excidence
angles of the electron beams at the sample, but not the angle between the
incident and the excident beam, which is always 7◦. The diffraction condition
for a SPA-LEED measurement can be represented by the modified Ewald’s
construction, which is illustrated in Fig. 2.2(b). With the angle between inci-
dence and diffracted beam kept constant, the scattering vector ∆k = kf −ki is
continuously rotated during scanning of the electrostatic field. ∆k forms the
so-called “modified Ewald’s sphere”, which is much larger than the (conven-
tional) Ewald’s sphere in conventional LEED, see Fig. 2.2(b). All intersection
points of the modified Ewald’s sphere and the diffraction rods correspond to
LEED reflections that can be detected in a SPA-LEED scan.

With the channeltron as a detection device, the method is very sensitive
to small electron signals and hence the primary beam intensity and beam
intensity can be largely reduced compared to conventional LEED. This is an
important advantage for studying sensitive organic adsorbate. The resolution
of a LEED, as well as a SPA-LEED, is restricted by the maximum area from
which the electrons interfere coherently, which is referred to as transfer width
of the instrument [68–71]. The transfer width T is observed to be

T =
k01
w
a0, (2.1)

where w is the FWHM of the specular spot, k01 is the distance between the
first order fundamental spots and the specular spot, a0 is the lattice parameter
of the measured sample [68, 72]. The transfer width of a conventional LEED
is about 100 Å [68, 69], while that of a SPA-LEED is about 2000 Å [68]. For
this high resolution, the spot profile analysis of diffraction spots can provide
information of the domain sizes of the structures on the surface. The beam
footprint of the SPA-LEED instrument is several mm2, making SPA-LEED
insensitive to local defects and providing averaged information on the measured
area.

2.1.2 Diffraction image correction

For a precise analysis of conventional LEED as well as SPA-LEED measure-
ments, it is important to correct the diffraction images for systematic distor-
tions. This could be performed using the software LEEDLab and LEEDCal [73]
developed by Sojka et al. [74].

The image distortion in a conventional LEED measurement is mainly
caused by the fact that the fluorescence screen is not spherical, and hence the
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spots are seen at too high K∥-values in the outer part of the LEED images,
see Fig. 2.1 (a).

In a SPA-LEED diffraction image, the intensity for each K∥-vector is mea-
sured at a different angle of incidence at the sample and with a different beam
path through the octopole lens. In particular at high K∥-values, the e-beam
passes through the electrostatic field relatively far away from the axis of the
instrument, and hence in an area where the electrostatic field becomes asym-
metrically distorted. Image distortions are the consequence, usually shifting
the LEED spots to smaller K∥-values. These distortions are instrument re-
lated, and (at identical settings of the instrument) can be measured using a
sample with a well-known structure. Such a measurement can be used for
calibration, and in turn for correcting the images obtained for unknown sam-
ples. Several steps have to be performed in order to obtain a proper image
correction:

1 Measure the sample under study with optimized parameters for image
quality and desired presentation of the diffraction pattern in the image:
(i) sample to SPA-LEED position and tilt angle; (ii) offset for (00) spot
in k-space, which is controlled by the voltages set in the red box shown
in Fig. 2.3; (iii) image size in k-space and (iv) in pixels – theses two
parameters define the image resolution and are set in the blue box shown
in Fig. 2.3 –; (v) primary energy of incidence electrons and (vi) lens
voltages setting, which are set from the SPA-LEED controller.

2 Measure the calibration sample. It is important to use the same parame-
ters to measure a calibration sample. Samples suitable for the calibration
measurements are Si(111)-(7 × 7) or PTCDA/Ag(111) since they have
a well-known structure with a large unit cell, i.e. rather many visible
LEED spots in the relevant k-space region. In this work, Si(111)-(7× 7)
is used, see Fig. 2.3. Note that if one centered the (00) spot for the sur-
face under study, most likely, using the same measurement parameters
(in particular, ”X Center” and ”Y Center” voltages in the WinSPA soft-
ware) to do the calibration measurement, one would find the (00) spot
of the calibration sample not centered in the diffraction image, as in the
case for Fig. 2.3.

3 Extract the distortion matrix with the LEEDCal software. It compares
the measured Si(111)-(7 × 7) diffraction image with the theoretical lat-
tice. Fig. 2.4 shows a screenshot of the LEEDcal software with a Si(111)-
(7× 7) calibration measurement. First, the radial distortion is extracted
by the software. Then, it uses the residuals as a reference point for
approximation of the asymmetrical distortion. The radial and asymmet-
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ric distortion is described by a distortion matrix that can be applied to
future measurements performed with the same parameters [74].

4 Apply the distortion matrix to the diffraction image of the sample un-
der study obtained in step 1. Fig. 2.5 shows an example for G-R0◦ on
SiC(0001) before and after applying the distortion correction.
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Figure 2.3: Screenshot of the WinSPA software showing the measurement
parameters set for a Si(111)-(7 × 7) reconstructed surface. The ”X Center”
and ”Y Center” voltages set in the red box control the position of the diffraction
pattern in the image. The parameters in the blue box control the image
resolution. ”X size” and ”Y size” define scan ranges in volts. These voltages
control the ”S-like” electron paths (in real space) shown in Fig. 2.2(a) and
control the scan in reciprocal space. Therefore, the axes can be converted
from Volts to %BZ or Å−1.
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Figure 2.5: Diffraction images of a graphene (G-R0◦) sample measured at
165 eV by SPA-LEED before (left) and after (right) distortion correction.
The black and red lines indicate that the diffraction spots are aligned in the
corrected image, but not in the uncorrected. Before correction, the two spots
indicated by small arrows are slightly off the black line and rather lie on the
red curve.
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2.2 Photoelectron spectroscopy

2.2.1 Theoretical description of photoelectron
spectroscopy

Photoelectron spectroscopy is widely used in surface science for studying elec-
tronic properties. The photoelectric effect describes the absorption of a photon
with well-defined energy hν in a solid (h is the Planck’s constant and ν is the
frequency of the photon). The energy hν transfers from the photon to an
electron and the electron is emitted from the sample with kinetic energy Ekin

(Fig. 2.6(a)). The system remains in an excited state for a short time and
relaxes via Auger electron emission (Fig. 2.6(b)) or fluorescence. In the Auger
emission process, an electron from higher energy level relaxes to the hole at
lower energy level that was produced by the photo-absorption process. Both
photo- and Auger-electrons are detected in photoemission spectroscopy.

Figure 2.6: Schematic of the photoemission process in the case of metal. (a)
Photoemission from the initial state to the excited state. (b) Auger electron
emission.

Considering the energy transfer between photon and electron, we can ex-
cite one electron in a system of N electrons from its initial state |ψi⟩ to an
excited state (final state) |ψf⟩ with a photon field (namely an electromagnetic
field) having the vector potential A. Assuming that the excitation is sudden
and there is no interaction between the escaping photoelectron and the re-
maining system, the probability wi,f that the initial state transforms to the
final state per time unit can be described by Fermi’s Golden Rule [75]:

wi,f ∝ 2π

ℏ

∣∣∣⟨ψf | Ĥint |ψi⟩
∣∣∣2 δ(Ef − Ei − hν), (2.2)

where Ĥ is the Hamiltonian of interaction between the N electrons and the
vector potential of the electromagnetic field A. Ef and Ei are the energies of
the final and initial states of the system. ℏ is the reduced Planck constant. The
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δ-function represents the energy conservation in the photo-excitation process.
In a general form Ĥ is:

Ĥ =
(p + eA)2

2me

− eU

=
1

2me

(p2 + eA2 + ep ·A + eA · p) − eU,

(2.3)

where U is the vector and scalar potential and p the momentum operator
p = iℏ∇. e is the electron charge, me the electron mass, and A · p + p ·A =
2A · p + iℏ(∇ ·A). With U = 0, neglecting of the ”two-photon process” term
A ·A, and assuming that ∇·A = 0 because of transitional invariance in solids,
one obtains

Ĥ =
p2

2me

+
eA · p
me

. (2.4)

According to Ĥ = p2

2me
+ Ĥint, the interaction Hamiltonian Ĥint is therefore

Ĥint =
e

me

A · p. (2.5)

Typical photon energies are hν = 10 to 1000 eV, corresponding to λ = 103 to
10 Å, i.e. rather large wavelength compared to atomic distances. Therefore,
A can be assumed to be constant at atomic scale (A = const). Considering a
system with N electrons, the wave function of the system ψN

i can be written
as a product of the electron orbital k from which one electron is excited and
the wave function of the remaining electrons ψN−1

i , such as

ψN
i = Cϕk

iψ
N−1
i , (2.6)

where C is the operator for breaking the symmetry of the wave function. The
final state of the wave function can be written in a similar way:

ψN
f = Cϕk

fψ
N−1
f . (2.7)

Hence, the matrix element in eq. 2.2 becomes

⟨ψf | Ĥint |ψi⟩ ∝
〈
ϕk
f

∣∣ Ĥint

∣∣ϕk
i

〉 〈
ψN−1
f |ψN−1

i

〉
. (2.8)

The matrix element is thus a product of a one-electron Hamiltonian and an
(N − 1)-electron overlap integral. With the assumption that orbitals that are
not involved in the process do not change (frozen-orbital approximation), we
write ψN−1

f = ψN−1
i , and

〈
ψN−1
f |ψN−1

i

〉
= δi,f = δ(EN

f − EN
i − hν). Hence,

the Hamiltonian becomes just the one-electron Hamiltonian. Therefore, the
probability of the photoemission process can be written as

wi,f ∝
∣∣〈ϕk

f

∣∣A · p
∣∣ϕk

i

〉∣∣2 δ(EN
f − EN

i − hν). (2.9)
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In a photoemission experiment, we can measure the kinetic energy of the ex-
cited electron Ekin (see Section 2.2.2). We know that the photon energy hν
excites the system from its equilibrium state (EN

i ) to an excited state (EN−1
f )

and relieves one electron (with Ekin) from the system , thus

Ekin = hν − (EN−1
f − EN

i ) = hν − (EB + Φ), (2.10)

where EB is the binding energy of the electron (i.e. the energy necessary to
lift the electron to the Fermi level EF ) and Φ the work function in the case
of metal (see Fig. 2.6). The binding energy EB is unique for each of the core
shells of each element. It also shifts, when the emitting atom is bound to other
atoms. Therefore, probing the core-level binding energy also gives information
about the chemical environment of the species. The photon energy used for
measuring the core-level is 100 to 5000 eV, which is in the (soft) x-ray range.
Thus, this measurement is known as x-ray photoelectron spectroscopy (XPS).
With lower photon energy in a range of 20 to 100 eV, mostly the valence
electron will be excited. In all cases, the electron mean free path is short and
provides the surface sensitivity of this method [76].

2.2.2 The photoemission spectroscopy experiment

Angular resolved photoemission spectroscopy (ARPES) allows us to determine
the electronic band structure of a system in reciprocal space when not only the
energy but also the momentum of the excited electron is measured. By scan-
ning polar (θ) and azimuthal (ϕ) angles, the electron intensity in k-space can
be mapped. Modern electron analyzers are equipped with a two-dimensional
photo-detector (channel plate), which is able to record energy and momentum-
resolved data, see Fig. 2.7.

The setup for the ARPES measurements performed in this thesis is shown
in Fig. 2.8. It consists of three chambers: the main chamber with a Scienta
R4000 hemispherical analyzer and a monochromatic UV source (Scienta VUV
5K), a LEED chamber with an Omicron LEED and a preparation chamber.
Samples can be introduced via a load lock. For the samples measured in
this work, direct current heating and electron bombardment heating is used
for sample annealing. The preparation chamber is equipped with gas inlet
for borazine. The temperature of the sample is measured with a pyrometer
during preparation. After preparation, the sample can be transferred to the
LEED chamber to determine its geometric structure. The transfer system is
compatible with the I09 beamline at Diamond Light Source (see Sec. 2.3).
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Figure 2.7: Schematic of the ARPES measurement. The left side illustrates the
spherical analyzer which is equipped with a two-dimensional detector offering
electron detection with both energy and angular resolution. The right side
shows the schematic of the measurement geometry at the surface. θ is the
angle between the analyzer and the surface normal. ϕ is the surface in-plane
rotational angle. By rotating the sample, one can define the two parameters
for measurement. This figure is adapted from Ref. [77,78].
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Figure 2.8: Schematic of the ESCA chamber for sample preparation and
ARPES measurements. Gate valves to separate the chambers are indicated
in blue. Two manipulators are indicated as dashed rectangles. LEED is indi-
cated as a green circle.
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2.3 The normal incidence x-ray standing wave

technique

Utilizing the chemical sensitivity of XPS, x-ray standing wave technique probes
the vertical structure of the adlayers on a crystal with good resolution better
than 0.05 Å. The basic principle of the normal incidence x-ray standing wave
(NIXSW) technique is as follows: When illuminating a crystal with x-rays
under a selected Bragg condition, the incoming and diffracted beam interfere
at the proximity of the crystal and form an x-ray standing wave (XSW) field
(see Fig. 2.9). The periodicity of the XSW field is equal to the Bragg plane
spacing dhkl, and hence defined by the chosen bulk reflection (h k l). Therefore,
within and above the crystal, there are nodal plane maxima and minima of
XSW intensity. The phase Φ of the XSW field, which is the relative position
(in vertical direction to the Bragg planes) of the maxima of the XSW to the
Bragg planes, can be tuned by changing the photon energy of the incoming
beam. By tuning Φ, i.e. varying the photon energy in a range of several eV,
the photon absorption of the atoms is varied in an NIXSW scan. The range of
this scan covers only an energy range that is slightly larger than the Darwin
profile of the Bragg reflection. Φ shifts from π to 0 when scanning through the
Bragg condition. Since the amount of photoelectrons excited from the same
atom is dependent of the XSW phase, by measuring the emitted photoelectron
yield around the Bragg energy, one can extract the vertical distance of the
atomic species relative to the Bragg planes. More details will be discussed in
the following. Only the basics of the technique will be presented here, while
detailed description can be found in Ref. [79] and Ref. [80].

2.3.1 Photoelectron emission process in NIXSW

In this section, we aim for quantifying the photoemission process taking place
in an NIXSW experiment. For this, we first calculate the x-ray intensity of
the XSW and use this as the primary intensity for the photoemission process
resulting in the photoelectron yield Y of a certain atomic species that is emitted
in the NIXSW experiment. An incoming wave field of x-rays is diffracted
backward as shown in Fig. 2.10:

E0 = e0E0e
2πi(ν0t−K0·r) (2.11)

EH = eHEHe
2πi(νH t−KH·r), (2.12)

where e0, eH are polarization vectors, r is a real space vector and the wave
propagation vectors K0 and KH are with length |K0| = |KH| = K = λ−1,
where λ is the x-ray wavelength. Since we consider elastic scattering, ν0 =
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Figure 2.9: Schematic of the crystal surface illuminated by x-ray under Bragg
condition with maxima of the XSW in blue. The bulk crystal represented
by gray and green spheres has an adatom (orange) on the surface. The Bragg
planes are indicated as black dashed lines with the interplanar spacing dhkl. By
scanning the photon energy of the incoming beam through the Bragg condition,
the phase Φ of the XSW field shifts by π (left to right side of the schematic).
Hence, the amount of excited photoelectrons, i.e. the photoelectron yield,
varies with the photon energy. The NIXSW technique probes the relative
vertical distances of atomic species to Bragg planes.

νH = ν. One important aspect to utilize the XSW field is that the phase Φ of
the term EH/E0 varies as one scans through the Bragg condition. Thus, the
wave field of the reflected beam is related to the incoming beam as

EH =
√
RE0e

iΦ, (2.13)

with the amplitude
√
R and phase Φ. The reflectivity of the x-ray is

R =
|EH |2

|E0|2
, (2.14)

where R and Φ vary across the scanned photon energy range. The total wave
field is

E = E0 + EH = e0E0e
2πi(νt−K0·r) + eHEHe

2πi(νt−KH·r)

= E0e
2πiνt

[
e0e

−2πiK0·r + eH
√
ReiΦ−2πiKH·r

]
= E0e

2πi(νt−K0·r)
[
e0 + eH

√
ReiΦ−2πiH·r

]
.

(2.15)
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In the last line the diffraction condition H = KH −K0 was used. Hence, the
normalized x-ray intensity at a certain position r is

IXSW(ξ) =
|E0 + EH|2

|E0|2
= 1 + R + Px−ray(ξ)2

√
R cos(Φ − 2πH · r), (2.16)

where Px−ray(ξ) is the polarization factor. For σ-polarized x-ray, e0σ = eHσ are
both perpendicular to the plane of incidence defined by K0 and KH. While
for π-polarized beam, e0π and eHπ lie in the plane of incidence and are not
parallel (see Fig. 2.10). This leads to

Px−ray(ξ)e0 · eH =

{
cos 2θ = − cos 2ξ for π-polarization

1 for σ-polarization
(2.17)

where θ is the Bragg angle, and ξ = 180◦ − θ, see Fig. 2.10.
It is useful to decompose the real space vector r, pointing to an absorbing

core-electron in the crystal into the position of the electron in the crystal ra
and the position of the electron in an atom re: r = ra + re. The electrostatic
field E can therefore be written as:

E = E0e
2πi(νt−K0·ra−K0·re)

[
e0 + eH

√
ReiΦe−2πiH·rae−2πiH·re

]
. (2.18)

The photoelectron yield is proportional to the square modulus of the ma-
trix element Mfi given by Eq. 2.5

Mfi ≡ ⟨ψf | Ĥint |ψi⟩ = ⟨ψf |
e

me

A · p |ψi⟩ = ⟨ψf |E · p |ψi⟩

=
e

me

E0e
−2πi(νt−K0·ra)

[
M0 +

√
ReiΦ−2πiH·raMH

]
,

(2.19)

where s0 = K0/|K0|, sH = KH/|KH|, and

M0 = ⟨ψf | e−2πiK0·re(e0 · p) |ψi⟩
MH = ⟨ψf | e−2πiKH·re(eH · p) |ψi⟩ .

(2.20)

The emitted photoelectron intensity is proportional to the matrix element
squared:

I = |Mfi|2 = |E0|2
{
S00 + SHHR + 2

√
RRe

[
S0He

i(Φ+H·ra)
]}
, (2.21)

with S00 = |M0|2, SHH = |MH|2, S0H = M⋆
0MH. Finally, the photoelectron

yield can then be written as

Y =
I

I0
= 1 + SRR + 2|SI |

√
RFH

c cos(Φ − 2πPH
c + Ψ), (2.22)
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Figure 2.10: Geometry of the NIXSW measurement. K0, KH are wave prop-
agation vectors with polarization vectors e0π and eHπ lying in the plane of
incidence. For σ-polarization, both e0σ and eHσ are oriented perpendicular to
the scattering plane (not shown). The diffraction condition is H = KH −K0.
The intensity of the reflected x-ray beam (reflectivity R) is measured by mon-
itoring the intensity on a fluorescent screen. The schematic is adapted from
Ref. [82].

where SR = SHH/S00, SI = |SI |eiΨ = S0H/S00 include a correction for non-
dipolar effects. These parameters depend on geometric parameters (ϕ and
ξ), and on γ, a complex number quantifying the d-wave contribution to the
photoemission intensity and the phase difference between p- and d-emitted
waves. ξ = 3.5° is usually held constant. By analyzing the electron yield
ϕ-angle resolved, one can gain information about the non-dipole effect [80,81].

The coherent position P H
c and coherent fraction F H

c in Eq. 2.22 are the
fitting parameters that are obtained in the data analysis. They allow a di-
rect, model-free determination of the vertical position of the atomic species
considered. P H

c and F H
c , spanning both from 0 to 1, characterize the spatial

distribution of the probed atomic species in the direction H. P H
c allows the

determination of the average height, or vertical distance, modulo dhkl, of the
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species to the next lattice plane below. F H
c is a measure of the vertical order.

For F H
c = 1, all atoms of the probed atomic species are well-ordered at the

same height that can be calculated from P H
c . For F H

c = 0, there is no peri-
odic order for the species within dhkl. Note that also special cases of multi-site
occupation within dhkl can cause very low F H

c (see chapter 6).
An NIXSW experiment is performed as follows: While scanning the pho-

ton energy through the Bragg condition, for each photon energy step the re-
flected x-ray intensity and a photoelectron spectrum of the region of interest
are recorded. The former yields the x-ray reflectivity as a function of the pho-
ton energy. The latter (photoelectron spectra) is analyzed in detail, e.g. by
background subtraction and peak fitting, so that the integrated photoelectron
intensity of the selected core-levels can be extracted. This is done for all the
spectra recorded at each photon energy step, and results in the photoelectron
yield Y , also plotted versus the photon energy. This yield curve is finally fitted
by Eq. 2.22, resulting in values for P H

c and F H
c .

With

z = (n+ PH
c )dhkl, (2.23)

where n is an integer and dhkl the vertical spacing between two adjacent Bragg
planes, one can obtain the relative height z of the probed atomic species X.
The coherent position and fraction can be visualized as a vector

DX = FH,X
c e2πiP

H,X
c (2.24)

in a polar diagram, where the P H
c is the polar angle, F H

c is the length of the
vector. For an example see Fig. 3.9 in chapter 3.

2.3.2 Experimental setup at I09 beamline at the DLS

The I09 beamline at Diamond Light Source (DLS), Didcot, UK, is a ded-
icated beamline for NIXSW experiments based on photoemission. Samples
can be introduced through load locks of preparation chambers 1 and 2 as
shown in Fig. 2.11. Facilities for sputtering, annealing, and layer deposition
are available in both preparation chambers. The six-axis main manipulator
(not shown) can transfer samples from preparation chamber 1 into the main
chamber for measurements. The main chamber is equipped with a VG Scienta
EW4000 hemispherical electron analyzer with an acceptance angle of 56◦. The
thoughtfully-designed and well-aligned beamline allows both soft and hard x-
ray to be focused on the same spot on the sample, which is of great advantage
for surface characterization since high-resolution XPS and UPS measurements
are possible on the same sample position that is used for NIXSW. An MCP-
LEED (Omicron) and a UV-lamp (Scienta VUV 4K) are also available in the
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main chamber. When x-rays illuminate the sample, the reflected beam inten-
sity can be measured on the fluorescence screen.

Figure 2.11: Simplified (a) side-view and (b) top-view schematics of the I09
beamline at Diamond Light Source, Didcot, UK. Most parts equipped are la-
beled. Preparation chamber 1 is not shown in the top-view. The manipulators
are not illustrated. Gate valves to separate the chambers are indicated in blue,
LEED in green.
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Chapter 3

Epitaxial boron nitride on
6H-SiC(0001)

The two-dimensional (2D) material, graphene, as one of the next-generation
materials for nanoelectronics, has attracted the highest attention since Novoselov
and Geim demonstrated its phenomenal electronic properties [7,83]. It turned
out that – among many other variables that can be used to engineer its
electronic properties – the twist angle between the individual sheets in bi-
layer graphene stacks emerges as a highly interesting parameter [84, 85]. Not
only does the twisted bilayer graphene (tBLG) system show superconductivity
at the magic angle of 1.1◦ [20, 21, 23, 24], it also exhibits topological corner
charges at 30◦ twist angle, potentially making the 30◦-tBLG system a higher-
order topological insulator [22]. So far, in most cases, the twist angle of bi-
layer graphene has been realized by stacking two micro-mechanically exfoliated
graphene flakes under atmospheric or glove-box conditions [86], however, this
method is neither scalable nor well reproducible. For any type of large-scale
production, strategies involving epitaxial growth of graphene are highly desir-
able to circumvent these two disadvantages.

Another 2D-material, hexagonal boron nitride (hBN), can be exfoliated
down to single atomic layers [87] and is stable at ambient conditions. Because
of its large electronic band gap, it is used as insulating material in hetero-
stacks of 2D-layers [2,4], as the substrate for isolating graphene layers [88] and
for encapsulating other 2D-material layers [89,90]. Such potential applications
reinforced the interest in growing hBN epitaxially. While this is frequently
studied on metallic substrates (Refs. [91–93] and references therein), only a
few studies have been performed on semiconducting substrates [94,95].

Usually the precursor molecule borazine (B3H6N3) is used for epitaxial
growth of hBN. In this chapter, borazine-mediated growth was carried out by
annealing a SiC(0001) surface at a temperature in a range of 1100◦C to 1250◦C
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in a borazine atmosphere. At lower preparation temperatures, the boron
nitride structure is more dominant, which transitions into a low-quality 0◦-
rotated graphene (lqG-R0◦) structure with higher preparation temperatures.
The vertical and lateral structure of both the boron nitride structure and the
lqG-R0◦ was determined using the NIXSW technique SPA-LEED. Additional
ARPES experiments revealed that the boron nitride structure does not ex-
hibit the electronic bands expected for hBN, indicating that the boron nitride
overlayer is not a decoupled 2D-hBN layer. The boron nitride overlayer is also
found not robust in air. Therefore, this overlayer is addressed as a 0◦-rotated
boron nitride (BxNy-R0◦) layer in the following. Note that the BxNy-R0◦ and
lqG-R0◦ layers are both found on a boron bufferlayer (or zeroth-layer, ZL) at
the interface to SiC.

In the experiments presented in this chapter, it turns out that the prepa-
ration temperature is a crucial parameter for the structure formation of the
BxNy-R0◦ and graphene layers. This temperature aspect was noticed, and
hence a procedure to apply a certain temperature gradient along one lateral
direction on the surface during BxNy-R0◦ growth was developed. These gra-
dient samples allow one to study the effect of the preparation temperature in
detail, as demonstrated by the XPS and MCP-LEED experiments shown in
Sec. 3.3.

On selected samples, which were prepared with homogeneous preparation
temperatures, I investigated the lateral structure in more detail using SPA-
LEED (Sec. 3.4) and the vertical structure based on NIXSW data (Sec. 2.3).
The comprehensive analysis based on these complementary techniques allows
me to understand the transition from BxNy-R0◦ to lqG-R0◦ taking place in
the temperature range from 1150◦C to 1250◦C.

Please note that this project has been started by Markus Franke, Shayan
Parhizkar, and Nafiseh Samiseresht. Samples mentioned in this chapter are
prepared by Markus Franke, Dr. François C. Bocquet, and me. The SPA-
LEED measurements and most of the ARPES measurements were carried out
by me. The NIXSW measurements were carried out by a team of experimen-
talists during several beamtimes at beamline I09, Diamond, Didcot, UK. The
content of this chapter is published with additional DFT calculation as an
article, see Ref. [96].

3.1 Sample preparation

Samples were cut from a nitrogen-doped 6H-SiC(0001) wafer purchased from
TankeBlue Semiconductor Co. Ltd. The surfaces were cleaned by direct cur-
rent annealing for 30 minutes at 1150◦C in UHV conditions (pressure better
than 1 × 10−9 mbar), while applying a Si flux towards the surface in order
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to compensate sublimation of Si from the surface at this stage [37]. The Si
flux was produced by a heated Si wafer positioned ≈ 10 cm above the sample
surface.

During sample preparation, the SiC wafer piece was annealed for another
30 minutes at 880◦C, also under Si flux, in order to obtain the Si-rich (3 × 3)
reconstruction [37, 98], which was confirmed using MCP-LEED. At a temper-
ature below 880◦C, the Si flux was stopped and a borazine partial pressure of
1.5 × 10−6 mbar was applied. The sample temperature was then quickly in-
creased to the desired value (between 1100◦C and 1250◦C) within less than five
minutes. At this temperature, the sample was annealed for 30 minutes. Note
that the SiC samples were mounted in a dedicated way enabling either a very
homogeneous temperature distribution across the sample, or a temperature
gradient along the direction of direct heating current (see Sec. 3.3). After-
ward, the sample was cooled down within 10 minutes and transferred under
UHV to the dedicated apparatus for the experiments. Borazine was purchased
from Katchem, Praha, Czech Republic.

3.2 Electronic structure and air stability

ARPES measurements were performed in order to identify the 2D structures
forming on the SiC surface at different temperatures. Fig. 3.1 shows energy
distribution maps around the Γ, K and M points of the clean SiC(0001) surface
(upper part) and of BxNy-R0◦ on SiC, prepared at 1150◦C in borazine atmo-
sphere (lower part). The data is recorded using He II radiation (hν = 40.8 eV),
since the band structures are best visible at this photon energy.

The BxNy-R0◦ maps exhibit some broad and faint bands, but no indica-
tions of the typical band structure of decoupled 2D-hBN [92,99]. This finding
is in contradiction with Ref. [95], but was confirmed by repeating the exper-
iment using He I UV light and soft x-ray synchrotron radiation (hν = 21 eV
and hν = 110 eV, respectively, data not shown), with the same result.

The same conclusion – the BxNy-R0◦ layer is not a decoupled 2D-hBN
layer – can be drawn from diffraction experiments performed on samples which
were transferred in air: Fig. 3.2 shows a comparison of LEED patterns recorded
from one sample directly after preparation of BxNy-R0◦ and after 48 hours ex-
posure to air. Even with mild annealing in UHV, the original pattern cannot
be recovered. hBN, however, is known to be stable in air [92,100,101]. In con-
trast, for samples prepared using the same procedure but higher temperatures
(1225◦C), a weak and broad Dirac cone was found in the energy dispersion
map, as displayed in Fig. 3.3. This confirms that low-quality graphene (lqG-
R0◦) forms from the BxNy-R0◦ structure.
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Figure 3.1: Valence band photoemission energy distribution maps of the clean
(3 × 3) reconstructed SiC surface (upper) and a BxNy-R0◦ layer prepared at
1150◦C (lower). hν = 40.8 eV (He II).
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Figure 3.2: Diffraction patterns of a BxNy-R0◦ sample (a) before (E = 100 eV)
and (b) after exposure to air for 48 hours (E = 110 eV). After exposure, all
LEED spots have vanished, except those of the substrate.
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Figure 3.3: Band map of lqG-R0◦ prepared at 1225◦C. hν = 110 eV.
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3.3 Growth temperature dependency

In Fig. 3.4, core-level spectra are shown, obtained using both hard and soft
x-rays. The data is recorded at different positions on the temperature gradient
sample, correlated to preparation temperatures between 1100◦C and 1250◦C,
as color-coded from blue to red. Three B 1s and two C 1s components were
identified. The fact that hard and soft x-rays have different probing depths
allows one to find out where the individual components stem from. For C 1s,
the situation is very clear, see Fig. 3.4(a-b): The peak at ≈ 284.8 eV is a
bulk species (CSiC) since it is stronger at higher photon energy and almost
independent from preparation temperature. The other peak at ≈ 286.0 eV is
a surface component, very dominant at the smaller photon energy, and only
present for higher preparation temperatures. It hence stems from the graphene
layer (CG). For B 1s, it is more difficult to identify the components. Fig. 3.4(f)
reveals a bulk-like behavior for the peak at ≈ 190.8 eV (BSiC). Fig. 3.4(d) and
(e) also show that this peak is present at all preparation temperatures. Hence,
some of the boron atoms must have diffused into the bulk, an effect that has
already been reported earlier [102]. The other two components at ≈ 192.6 eV
and ≈ 191.8 eV turn out to be located closer to the surface and stem from the
BxNy-R0◦ layer (BBxNy) and the boron bufferlayer underneath (boron zeroth-
layer, BZL), respectively, as can be seen in a careful analysis of the temperature
behavior.

Fig. 3.4(c) and (d) reveal that the N 1s and BBxNy components decrease
in their intensities with increasing preparation temperature. This evolution
is better quantified in Fig. 3.5(a), showing normalized intensities of the XPS
peaks. It indicates that both the BBxNy and N 1s components stem from
the same boron nitride structure, which vanishes with increasing preparation
temperature. At the same time, the CG component clearly increases, indicating
that the graphene layer (lqG-R0◦) is formed as BxNy-R0◦ disappears.

In Fig. 3.5(b), the absolute areas of the three B 1s components are shown.
At a temperature of ≈ 1100◦C, BBxNy is the dominant component, the BZL

component is also clearly visible, while the BSiC component is small. With
BBxNy disappearing, the other two components increase, most likely just indi-
cating that the B-N bonding in the boron nitride layer is being broken, which
causes a core-level shift towards smaller binding energies. This is supported
by the fact that both the BZL and the BSiC curves are running through a max-
imum, but at the end of the temperature scale (at 1250◦C) reach very much
the same intensity as in the beginning (at 1100◦C). This indicates that the
boron atoms from the BxNy-R0◦ layer in the end either evaporate or diffuse
deeper into the bulk so that they are not detected anymore.

Hence, the scenario to be deduced from these measurements is straightfor-
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Figure 3.4: (a,b) C 1s, (c) N 1s and (d-f) B 1s core-level spectra measured with
hard and soft x-rays on a temperature gradient sample at different positions
corresponding to the preparation temperatures color-coded by blue (low T)
and red (high T). A comparison of hard (a and d) with soft x-rays (b and e)
allows one to identify surface and bulk species, see text. In (f), the comparison
is demonstrated for a B 1s spectrum recorded with higher statistics on a BxNy-
R0◦ sample. The data are shown after background subtraction, normalization,
and calibration of the binding energy scale. All spectra have been measured
in a grazing emission geometry.
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intensities of the three B 1s components.

ward: At a transition temperature of ≈ 1150◦C the BxNy-R0◦ layer (BBxNy),
which is located above a boron zeroth-layer (BZL) on the SiC substrate, is grad-
ually replaced by graphene (CG), while – judging from the core-level spectra
– neither the bulk nor the boron zeroth-layer are largely affected.

For the same gradient sample, LEED patterns were recorded and can be
correlated to the core-level spectra. Fig. 3.6 shows six diffraction patterns,
corresponding to different preparation temperatures. Between 1125◦C and
1175◦C the LEED patterns are dominated by groups of six reflections in a
hexagonal arrangement around each of the SiC {10} and {01} substrate spots.
Their intensity goes through a maximum at 1150◦C and decreases afterward
so that they are hardly visible anymore at 1200◦C. As demonstrated in the
following (Sec. 3.4), these spots can be attributed to the BxNy-R0◦ layer. The
outermost spots are the BxNy-R0◦ {10} and {01} spots, all others are explained
by multiple diffraction effects. At 1200◦C and above the {10} and {01} spots
become very weak and move slightly towards larger k||. This indicates the
transition from BxNy-R0◦ to low-quality graphene (lqG-R0◦), driven by carbon
atoms replacing boron and nitrogen [97].

Note the lqG-R0◦ layer can be obtained by directly ramping the SiC(0001)
temperature to 1225◦C, as described in Sec. 3.1, as well as by post-annealing
the readily prepared BxNy-R0◦ layer in UHV, as discussed Sec. 3.1. However,
the much higher quality G-R0◦ layer that is formed when exposing the SiC
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Figure 3.6: Series of LEED images recorded at different positions on the tem-
perature gradient sample, corresponding to preparation temperatures between
1100◦C and 1250◦C. Electron energy: 100 eV.

sample to borazine at higher temperatures (1330◦C, see Fig. 4.1 and the dis-
cussion in Sec. 4.1) cannot be obtained by post-annealing of either BxNy-R0◦

or lqG-R0◦ layers.
Lastly, in the 1100◦C pattern, additional spots of a ( 3 1

−1 2 ) superstructure
are visible. They vanish already below 1150◦C, i.e., before the N and BBxNy

XPS peaks disappear, indicating that the underlying reconstruction is lifted
even before the BxNy-R0◦ → lqG-R0◦ layer transition process (see below).

3.4 Lateral structure

The data presented so far are recorded from temperature gradient samples,
illustrating the effect of the growth temperature on the BxNy-R0◦ and lqG-
R0◦ samples. In the following, results obtained from detailed investigations on
homogeneous samples prepared at different temperatures will be presented.

Fig. 3.7(a) displays a SPA-LEED pattern of a sample prepared at 1150◦C.
The (10) and (01) spots of the SiC substrate spots are marked by red circles,
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Figure 3.7: (a) Distortion-corrected SPA-LEED pattern of a homogeneous
BxNy-R0◦ sample prepared at 1150◦C. The (10) and (01) LEED spots of SiC
and BxNy-R0◦ are marked by red and blue circles, respectively. The short blue
line indicates where the radial line scan shown in (c) is recorded. Electron
energy 165 eV. (b) Illustration of the LEED spot positions. Red and blue
circles as in (a). All other spots originate from double diffraction processes
involving both SiC and BxNy-R0◦, colored spots are explained in the text. (c)
Radial line scan through the BxNy-R0◦ (01) diffraction spot. The asymmetric
peak is fitted with two symmetric Voigt profiles. (d) As (a), but for a BxNy-
R0◦ sample prepared at 1100◦C.
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and those of BxNy-R0◦ by blue circles. These are the only single diffraction
spots visible in the LEED image. All other spots are due to multiple diffrac-
tion processes of the BxNy-R0◦ layer and the SiC substrate, as illustrated in
Fig. 3.7(b): The ”satellites” around the (00) spot are double-diffraction spots
of the first order BxNy-R0◦ and SiC spots. E.g., the one indicated by a light
green circle is due to diffraction at the (01)BN and the (01)SiC. Those located
around the SiC first order reflections involve some higher order BxNy-R0◦ or
SiC diffraction spots, e.g., (02)BN + (01)SiC (dark green), (01)BN + (02)SiC (or-
ange), and (10)BN + (11)SiC (magenta). All other spots marked by gray circles
can be explained in a similar way. Note that all spots involving a first-order
BxNy-R0◦ reflection are relatively strong and form the hexagon around the
first-order SiC reflections. Spots involving the second-order BxNy-R0◦ reflec-
tions are weaker and not always visible. However, the disappearance of the
BxNy-R0◦ {10} and {01} reflections and all the double diffraction spots at
temperatures between 1175◦C and 1200◦C (see Fig. 3.6 and discussion above)
indicates the transformation of the BxNy-R0◦ → lqG-R0◦ layer in this temper-
ature range.

Owing to the high k-space resolution of the SPA-LEED technique, ra-
dial line scans through the BxNy-R0◦ spots reveal an asymmetric profile as
shown in Fig. 3.7(c). This was found for both the BxNy-R0◦ first order (single
diffraction) reflections and all double diffraction spots involving a BxNy-R0◦

reflection. The peak broadening is symmetric to the SiC first-order reflections,
the satellite is always broadened at the high-K∥ side of the SiC bulk peak,
which confirms that the satellites are double diffraction peaks involving the
BxNy-R0◦ first order reflections. The asymmetric peak can be fitted by two
symmetric Voigt profiles with a difference in k-space of about 2 %BZSiC, see
Fig. 3.7(c). While the main peak clearly stems from BxNy-R0◦, the side peak
is possibly due to the formation of lqG-R0◦ at a very early stage. This is
not only indicated by the difference in lattice parameters between BxNy-R0◦

and graphene but also by the small CG component in the C1s XPS spectrum
already visible at 1100◦C, see Fig. 3.4(e).

Using the LEEDLab software [73, 74] the SPA-LEED images were cor-
rected for distortions in order to determine the lattice parameters of the in-
volved structures. Lattice parameters of 3.08(4) Å were determined for the SiC
bulk and 2.60(3) Å for the BxNy-R0◦ layer. The latter indicates a (3.6±1.2)%
expansion compared to literature values for hBN (2.51 Å [103]), i.e., the BxNy-
R0◦ layer is significantly less densely packed than a 2D-hBN layer. From the
width of the BxNy-R0◦ SPA-LEED peaks, in comparison to that of SiC bulk
peaks, the average size of the BxNy-R0◦ domains can also be estimated. The
main component of the line scan shown in Fig. 3.7(c) has a full width at half
maximum (FWHM) of 1.709(8) %BZSiC, which is approximate twice the width
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of the SiC bulk peaks (0.853(1) %BZSiC). From these numbers, an approximate
average domain size of 30 nm for the BxNy-R0◦ domains is estimated.

Fig. 3.7(d) shows a SPA-LEED pattern of a sample prepared at a lower
temperature (1100◦C). Besides the BxNy-R0◦ and SiC diffraction spots, this
pattern also shows some additional spots stemming from a ( 3 1

−1 2 ) superstruc-
ture. The unit cell is indicated by cyan arrows (solid and dashed for two mirror
domains) in Fig. 3.7(d). As mentioned above, this pattern disappears when
higher preparation temperatures are applied, clearly before the BBxNy and N 1s
XPS peaks vanish. Furthermore, the reflections are sharp and rather intense
in relation to the BxNy-R0◦ {10} and {01} reflections, suggesting that this
superstructure does not stem from the BxNy-R0◦ layer but rather from a re-
construction of the SiC(0001) surface. Based on the preparation temperature
(1100◦C), it is expected that this reconstruction consists of B and Si adatoms,
since it is known that a Si-rich reconstruction of SiC(0001) is stable in UHV
up to 1050◦C [104]. The ( 3 1

−1 2 ) surface reconstruction is destroyed even before
the BxNy-R0◦ → lqG-R0◦ layer transformation, i.e. already at preparation
temperatures higher than 1100◦C.

3.5 Vertical structure

In this section, the vertical structures of the BxNy-R0◦ and lqG-R0◦ samples
determined by NIXSW are presented. Typical XPS spectra and the yield
curves extracted from the XPS data are shown in Fig. 3.8(a)-(e) for the BxNy-
R0◦ sample (preparation temperature 1150◦C) and Fig. 3.8(f)-(j) for the lqG-
R0◦ sample (1250◦C).

The first crucial step in an analysis of NIXSW data is finding the best-
fitting model for the XPS spectra. This is straightforward for the N 1s and
Si 2s species since the spectra contain only one slightly asymmetric peak and
can both be fitted well with one (asymmetric) Voigt profile. Also, the C 1s
data is easily fitted, since the SiC and graphene species are well separated
(see also Sec. 3.3). For B 1s, the analysis is more difficult. As discussed in
Sec. 3.3, there are three components showing relatively small core-level shifts.
It turned out that the data set recorded on the sample prepared at 1150◦C
can best be fitted with all three components under tight constraints, namely
fixed binding energy differences of the BBxNy and BZL component relative to
the BSiC peak (1.76 eV and 0.97 eV, respectively). The B 1s fitting model is
shown in Fig. 3.8(a) (see also Fig. 3.4(a)).
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Figure 3.8: NIXSW results of the BxNy-R0◦ sample prepared at 1150◦C and
the lqG-R0◦ sample prepared at 1250◦C. (a-d, f-i) Core-level spectra recorded
at a photon energy ≈ 2 eV below the (0006) Bragg energy. Single peaks
(solid lines) were fitted to the data, except for the B 1s (both samples) and
C 1s spectra (lqG-R0◦ sample only), which were fitted using two- or three-
component models. (e, j) Yield curves of the probed core-levels and reflectivity
curve of the SiC(0006) Bragg reflection. In (e), the yield curves for BBxNy , BZL,
BSiC, N, and CSiC are displaced vertically by 7, 6, 5, 3, and 2, in (j) those for
BZL, BSiC, N, CG and CSiC by 8, 7, 5, 3, and 2, respectively.
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Table 3.1: NIXSW results (averaged values from measurements on several
spots on the sample) for the BxNy-R0◦ sample prepared at 1150◦C and the
lqG-R0◦ sample prepared at 1250◦C. The distances z are given with respect
to the topmost Si atoms of the substrate. dhkl = 2.520 Å.

BxNy-R0◦ lqG-R0◦

X NX P H
c F H

c z [Å] P H
c F H

c z [Å]

BBxNy 2 0.19(1) 0.95(10) 5.50(3) – – –

N 2 0.18(1) 0.73(2) 5.46(3) 0.16(2) 0.36(7) 5.43(5)

CG 2 – – – 0.18(1) 0.55(4) 5.47(3)

BZL 1 0.02(1) 0.69(3) 2.54(3) -0.02(2) 0.50(10) 2.45(5)

SiSiC 0 0.01(1) 1.06(4) 0.0 0.00(1) 1.02(1) 0.0

BSiC -1 0.78(1) 0.90(3) – 0.82(1) 0.62(8) –

CSiC -1 0.75(1) 0.92(1) -0.65(3) 0.76(1) 0.85(1) -0.62(3)

These models were used to extract NIXSW yield curves from the XPS
data. Several yield curves on different sample positions were recorded. Fig. 3.8(e)
shows a set of typical yield curves of each of the probed species and a reflectiv-
ity curve of the SiC(0006) reflection. From fitting the yield curves, the values
for the coherent fractions F H

c and coherent positions P H
c are obtained, and

their averages listed in Table 3.1. Fig. 3.9(a) shows a so-called Argand diagram,
which illustrates the results of all individual scans as vectors in a polar diagram
with F H

c as the length and P H
c as the polar angle. This diagram illustrates

very well the basic findings of our NIXSW analysis: All coherent fractions are
sufficiently high to indicate single-height adsorption of the individual species,
with some slight disorder in some cases, see below. In particular, three differ-
ent boron species are very clearly confirmed, since their coherent positions are
very different.

For the sample prepared at 1150◦C, both BBxNy and N have very similar
P H
c , indicating that these species are located within one layer with only a

small buckling. The BZL layer below is similarly flat, since its F H
c is close to

that of N in the BxNy-R0◦ layer, although smaller than that of BBxNy . The
third boron species, BSiC, is attributed to boron atoms diffusing into the bulk.
Its F H

c is surprisingly high, indicating that boron adopts well-defined doping
sites in the bulk.

In the sample prepared at 1250◦C, the BxNy-R0◦ layer was replaced by
lqG-R0◦, as discussed in Sec. 3.3. Hence, when fitting the B 1s spectra, the
best results were obtained with the BBxNy component removed from the fitting
model, and with constraining the FWHM of the BSiC component to 1.2 times
that of BZL (see Fig. 3.8(f)). Alternatively, I also tried to use the three-
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Figure 3.9: Argand diagrams summarizing the NIXSW fit results of (a) BxNy-
R0◦ and (b) lqG-R0◦ on SiC. The results of all individual measurements are
shown as data points representing a polar vector with F H

c as its length and
P H
c as its polar angle.

component fitting model used for the BxNy-R0◦ sample, but the fitting was
more unstable, and the results, therefore, were less reliable. For the other
spectra (C 1s, N 1s, and Si 2s) the fitting models are unchanged. The NIXSW
yield curves obtained for this sample are presented in Fig. 3.8(j). The NIXSW
results are shown in the Argand diagram in Fig. 3.9(b) and their averages are
listed in Table 3.1.

It is obvious that some coherent fractions are smaller for the lqG-R0◦

compared to the BxNy-R0◦ sample, in particular for BZL, BSiC, and N. For
the latter, this is easy to understand, since the BxNy-R0◦ layer does not exist
anymore and the small remaining amount of N does not occupy such a well-
defined vertical position. Its coherent position, however, which is very close
to that of carbon in the lqG-R0◦, indicates that the majority of the remaining
nitrogen acts as a dopant of the lqG-R0◦ layer, similar to Ref. [105].

For the two boron species BZL and BSiC, it means that more vertical disor-
der is introduced by the higher temperature. This is, in particular, interesting
for the boron zeroth-layer, since it might explain why the graphene layer above
also exhibits a significantly smaller coherent fraction compared to the BxNy-
R0◦ layer. For the BxNy-R0◦ layer F H

c of 0.73 and 0.95 were found for N and
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BBxNy , respectively. After the transformation of this layer to lqG-R0◦, F H
c

= 0.55 for was measured for CG in lqG-R0◦. This is attributed to the fact
that the graphene layer is of lower quality compared to the sample produced
by the alternative scenario at even higher temperatures, where no BxNy-R0◦

precursor structure can form [97]. It also agrees with the finding of a rather
weak Dirac cone in the ARPES experiments (Fig. 3.3) and rather weak and
blurry LEED spots (Fig. 3.6).

Based on these results, structural models for the BxNy-R0◦ and the lqG-
R0◦ samples are shown in Fig. 3.10. It is remarkable that the boron nitride
layer in the BxNy-R0◦ sample and the graphene layer in the lqG-R0◦ sample
are almost precisely found at the same height above the SiC surface – 5.48 Å
(average of the B and N heights) and 5.47 Å, respectively – while the boron
zeroth-layer is slightly closer to the substrate in the lqG-R0◦ sample compared
to BxNy-R0◦ (2.45 Å instead of 2.54 Å). But when considering the distances
in units of the expected van der Waals (vdW) bonding distance, it can be seen
that the effective interaction strength does not differ significantly. In these
units, the distances to the zeroth-layers are almost identical (80.6% for the
average of B and N in BxNy-R0◦, and 83.4% for C in lqG-R0◦, see Table 3.2).

(a) BxNy-R0° sample (1150°C) (b) lqG-R0° sample (1250°C)

CG SiCSiCBZL NBSiCBBxNy

B-ZL

0.00

2.54

BxNy-R0°

-0.65

5.48

B-ZL 2.45

lqG-R0° 5.47

-0.62
0.00

(c) EMLG:N

C-ZL 2.37

G-R30° 5.65

0.00

Figure 3.10: Ball-and-stick models of the vertical structures of (a) BxNy-
R0◦ and (b) lqG-R0◦ and (c) EMLG:N on SiC. The latter is reproduced from
Ref. [105]. Note that in (a) and (b) the ZL consists of boron, and in (c) of
carbon. Numbers represent vertical distances to the uppermost Si layer in Å.

A comparison to values obtained by Sforzini [105] for the N-doped mono-
layer graphene (EMLG:N), which is located on a carbon bufferlayer (graphene
zeroth-layer), is more instructive: Although the van der Waals radii of the
species in the zeroth-layer are smaller in the EMLG:N system (1.70 Å for C
compared to 1.92 Å for B), the distance of the EMLG:N layer itself to the
zeroth-layer is clearly larger, even in absolute units (3.28 Å vs. 3.02 Å for lqG-
R0◦). This difference, 83.4% vs. 90.6% of the vdW distances, indicates the
rather strong interaction of lqG-R0◦ to its substrate, in agreement with weak
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and broad Dirac bands seen in ARPES and faint reflection spots in LEED,
while the decoupling of the EMLG:N layer from the substrate is significantly
better.

Table 3.2: Bond length analysis. The distances between the layers (BxNy-
R0◦ layer to ZL, lqG-R0◦ layer to ZL, and ZL to substrate) as obtained from
NIXSW, are listed in Å and in percentage of the corresponding van der Waals
bonding distance (% vdW). For BxNy-R0◦ and lqG-R0◦, the ZL consists of
boron, and for EMLG:N of carbon. Van der Waals radii are taken from
Ref. [106].

vdW Distances [Å] and [%vdW]
Bond type [Å] BxNy-R0◦ lqG-R0◦ EMLG:N [105]
BBxNy - ZL 3.84 2.94 77.1% – – – –
NBN - ZL 3.47 2.92 84.1% 2.98 85.9% 3.35 96.5%
ClqG - ZL 3.62 – – 3.02 83.4% 3.28 90.6%
ZL - Si 4.02 2.54 63.2% 2.45 60.9% 2.37 59.0%

Another obvious conclusion to be drawn from the analysis of bonding
distances is that the BxNy-R0◦ layer is located closer to the ZL than a mere
van der Waals interaction would suggest. BBxNy and N are located at 77% and
84% of the B-B and N-B van der Waals bonding distances, respectively, see
Table 3.2. This can be understood as a first indication of an (at least partly)
chemisorptive (covalent) interlayer interaction.

3.6 Conclusion

The transition of BxNy-R0◦ to lqG-R0◦ on SiC(0001) at preparation temper-
atures between 1100◦C and 1250◦C is investigated. At 1150◦C, a BxNy-R0◦

layer is formed, which is located above a boron zeroth-layer and aligned with
the substrate (0◦ rotation). It turned out that this layer is not decoupled from
the surface, as it does not show the typical band structure of a 2D-hBN layer
and it is not stable in air. Nevertheless, it has only a small corrugation as
indicated by a high coherent fraction obtained from NIXSW.

At preparation temperatures higher than 1225◦C, the BxNy-R0◦ layer
transforms gradually to lqG-R0◦ conserving its orientation, hence, graphene
is formed in the unconventional orientation of 0◦ with respect to the SiC sub-
strate. Some of the nitrogen atoms remain in the layer as dopants, as indicated
by the almost identical adsorption heights for C and N in lqG-R0◦. This high
doping level might also be contributing to the fact that the quality of the
graphene layer is rather poor. An important finding is that in both cases
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(the BxNy-R0◦ layer before and the lqG-R0◦ layer after the transition) the
interaction of the topmost layer with the underlying substrate is relatively
strong, much stronger than for the case of an N-doped EMLG-R30◦ layer.
This is indicated by relative bonding distances of ≈ 80% (average of B and
N in BxNy-R0◦), 83% (lqG-R0◦), and more than 90% (EMLG-R30◦) of the
expected vdW distances.

Note that the quality of the lqG-R0◦ can be significantly improved by us-
ing the so-called ”surfactant method” for preparation, as proposed in Ref. [97].
With this preparation route, which basically applies an even higher preparation
temperature, no BxNy-R0◦ precursor structure is formed prior to the formation
of a high quality R0◦ graphene layer that is decoupled from the SiC substrate
by a graphene zeroth-layer. This system is supposed to serve as a perfect
starting point to produce a 30◦ twisted bilayer graphene by transforming the
carbon zeroth-layer into a (conventionally oriented) graphene layer, e.g., by
hydrogen intercalation.
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0°-rotated Graphene on
6H-SiC(0001)

As motivated in chapter 1 and 3 for the bilayer graphene, the twist angle
between graphene layers influences the electronic properties of the stacked
system [85]. In 30◦-tBLG, electrons are expected to localize, giving rise to flat
bands and strong correlation physics [120–123]. Also, large twist angle tBLG
is predicted to show nontrivial higher-order band topology [22]. In chapter 3,
it was found that the BxNy-R0◦ on SiC(0001) transitions to lqG-R0◦ with
increasing preparation temperature. It is rather intuitive to study the system
at even higher preparation temperatures, since this kind of epitaxial growth
provides not only reproducible control of lattice orientation but also scalability.

In this chapter, two routes to prepare epitaxial single-layer graphene with
unconventional 0◦ orientation on SiC(0001) are compared. The first route,
the template method, uses a BxNy-R0◦ sample as a template (see chapter 3)
and anneals it in UHV at 1300◦C for 30 min. The BxNy-R0◦ layer is thus
replaced by G-R0◦ conserving the 0◦ orientation. This route (also reported in
Ref. [95]) produces so-called ”template graphene” (template-induced uncon-
ventionally oriented graphene, T graphene), which is prepared in the same way
as the lqG-R0◦ only at higher temperatures. The second route, the surfactant
method, uses borazine as a surfactant. The (3 × 3) reconstructed SiC(0001)
surface is prepared at 880◦C, thereafter, exposed to borazine atmosphere at
1 × 10−6 mbar. The preparation temperature is then quickly ramped up to
1300◦C and kept for 30 min, leading to the formation of high-quality G-R0◦.
This route produces ”surfactant graphene” (surfactant-induced unconvention-
ally oriented graphene, S graphene). For both systems, SPA-LEED measure-
ments were performed to study their lateral structures. ARPES was used to
verify the existence of graphene and compare its quality. And, in particular,
the NIXSW technique provided crucial insight into the vertical structure of
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the stacking as well as the coverages of the graphene layers.
Please note that this project was originally started by Markus Franke

and continued by Shayan Parhizkar, Nafiseh Samiseresht, and me. Samples
mentioned in this chapter were prepared by Markus Franke, Dr. François
C. Bocquet, and myself. The SPA-LEED measurements were carried out by
me with some assistance from Shayan Parhizkar. The NIXSW measurements
were carried out by a team of experimentalists during several beamtimes at
beamline I09, Diamond Light Source, Didcot, UK. This chapter is published in
Ref. [97]. The ARPES measurements in this chapter are performed by Markus
Franke, Nafiseh Samiseresht, and Dr. François C. Bocquet.

4.1 Lateral structure

As discussed in chapter 3, BxNy-R0◦ is a structure related to G-R0◦ because of
the same lattice orientation and similar way of preparation. Fig. 4.1 shows the
transition from BxNy-R0◦ to T graphene in high-resolution LEED patterns.
In Fig. 4.1(a), the diffraction spots corresponding to BxNy-R0◦ (dotted black
circles) are broader in the radial direction than the substrate spots, indicating
that the average BxNy-R0◦ domain size is smaller than the SiC terrace size.
In Fig. 4.1(b), the lattice parameter corresponding to the spots marked by
dashed blue circles is smaller compared to the one found for BxNy-R0◦ and
corresponds to G-R0◦. The average domain size of this sample is even smaller
than that of BxNy-R0◦, indicating the G-R0◦ to be of low quality. Moreover, if
these samples are exposed to air for 48 hours, the diffraction patterns of both
cannot be recovered by mild annealing in UHV (see also Sec. 3.2). As hBN
and graphene are known to be stable in air, such observations suggest that
neither BxNy-R0◦ nor lqG-R0◦ form a closed layer, thus allowing the oxidation
of SiC and the interface layer.

In Fig. 4.1(c), the elongated diffraction spots marked by blue circles are as-
signed to G-R0◦. Additionally, diffraction spots (purple circles) corresponding
to a similar lattice parameter but aligning with ΓKSiC (G-R30◦) are present.
They originate from G-R30◦ that is formed most likely underneath the G-R0◦

(see Sec. 4.3). Nonetheless, the background remains noticeable, indicating
that large areas without long-range order exist. Therefore, it appears that nei-
ther BxNy-R0◦ nor lqG-R0◦ are adequate starting points to form high-quality
30◦-tBLG by further annealing.

Before going in-depth with the experimental results of SPA-LEED on
S graphene and T graphene, it is useful to consider the diffraction patterns
expected for G-R0◦, G-R30◦, and ZLG-R30◦ layers on SiC(0001). The diffrac-
tion spots stemming from each of the structures present at the surface of
S graphene samples are represented in Fig. 4.2(b, d, f) by circles and by the
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Figure 4.1: Diffraction pattern of (a) BxNy-R0◦ (b) lqG-R0◦ and (c)
T graphene measured with SPA-LEED at 165 eV. First-order diffraction spots
are assigned as follows: red - 6H-SiC(0001); dotted black - BxNy-R0◦; dashed
blue - lqG-R0◦; blue - G-R0◦ and purple - G-R30◦. The high symmetry di-
rections of the SiC surface Brillouin zone are indicated by arrows in (a). The
gray scale is linear. Images are not corrected for distortion.

following colors: SiC(0001) – red, ZLG-R30◦– green, G-R0◦– blue. Diffraction
spots stemming from multiple diffraction involving more than one structure are
represented by a color that is the red-green-blue (RGB) sum of the assigned
colors of the involved structures. Different symbols represent a different num-
ber of structures involved: ✸ for two, and □ for three structures. The resulting
color code is summarized in Table 4.1. Note that only spots and vectors rel-
evant to the present discussion are displayed. That is, not all visible spots
are shown. The lattice vectors of the structures simulated are represented by
arrows with corresponding colors in Fig. 4.2(a, c, e).

Table 4.1: Color code used in Fig. 4.2 and Fig. 4.4 for indicating single, double,
and triple diffraction spots in the (schematic) LEED images.

Involved structures (RGB) value color
⃝ SiC (1,0,0) red
⃝ ZLG-R30◦ (0,1,0) green
⃝ G-R0◦ (0,0,1) blue
✸ SiC + ZLG-R30◦ (1,1,0) yellow
✸ SiC + G-R0◦ (1,0,1) magenta
✸ ZLG-R30◦ + G-R0◦ (0,1,1) cyan
✷ SiC + ZLG-R30◦ + G-R0◦ (1,1,1) white
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Figure 4.2: Step-by-step geometrical construction to explain the origin of
diffraction spots of G-R0◦. For the satellites centered around the {10} SiC
spots, the relevant vectors are defined in (a), and a selection of spots is shown
in (b) together with a list of possible diffraction paths. Additional information
regarding the satellites around the G-R30◦ {10} spots are given in (c-d) and
for the satellites around the G-R0◦ {10} spots in (e-f).
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In Fig. 4.2(a), the relevant reciprocal surface lattice unit vectors of SiC
and (6×6)SiC reconstruction are depicted. The (6×6)SiC spots stemming from
the ZLG-R30◦ reconstruction (independent of the presence of G-R0◦ or G-R30◦

atop) are shown in Fig. 4.2(b) by summing up the (10) scattering vector of
SiC and the fundamental vectors of the (6 × 6)SiC reconstruction. Because of
the commensurability (6aSiC = a(6×6)SiC , where aSiC and a(6×6)SiC are the lattice
parameters of the SiC and (6 × 6)SiC reconstruction, respectively), scattering
only on the (6×6)SiC vectors (green circles) is equivalent to scattering on both
(6 × 6)SiC and SiC vectors (dark yellow diamonds) in Fig. 4.2(b).

In Fig. 4.2(c), reciprocal surface lattice unit vectors of G-R30◦ and ZLG-
R30◦ (

(
6
√

3 × 6
√

3
)
-R30◦) are added. The inset presents a zoom around the

origin. Note that aZLG−R30◦ ≈ 13aG−R30◦ , where aZLG−R30◦ and aG−R30◦ are the
lattice parameters of the ZLG-R30◦ and G-R30◦, respectively. In Fig. 4.2(d),
the (10) spot of G-R30◦ is depicted as a blue circle. The six spots around it at a
distance of 16.67 %BZSiC can be explained both by scattering with ZLG-R30◦

vectors only (black circles), or by the double scattering on both ZLG-R30◦ and
(6 × 6)SiC vectors (cyan diamond). Scattering on the (6 × 6)SiC vectors only
(light green circles) cannot reproduce these six spots.

Finally, one can turn to the case of G-R0◦ on ZLG-R30◦ (Fig. 4.2(e-
f)). Given the structural relationship between the (6 × 6)SiC and G-R0◦, the
question arises immediately as to the nature of the six scattering spots around
the G-R0◦ spots as in Fig. 4.1(c) (indicated by cyan diamonds in Fig. 4.2).
Since they do not coincide with the genuine (6 × 6)SiC but at the same time
their distance to the G-R0◦ (10) spot corresponds to the (6×6)SiC unit vectors,
only one explanation remains: They must stem from the double scattering on
vectors of both (6 × 6)SiC and G-R0◦, as shown in Fig. 4.2 (e-f).

Note that recent x-ray diffraction results by two independent groups re-
vealed that the ZLG-R30◦ is not commensurate to the bulk of SiC [136–138].
Actually, the ZLG-R30◦ and the Si-terminated SiC substrate surface form
an incommensurate supercell with a real space period of 6.037(2)aSiC. Addi-
tionally, the presence of a graphene layer affects the lattice parameter of the
ZLG-R30◦ below. It is also established that ZLG-R30◦ has a slightly different
lattice parameter than graphene. However, the deviation from the commen-
surate case is small and can not be resolved by electron diffraction. Both
LEED and SPA-LEED see SiC, ZLG-R30◦, and G-R30◦ as commensurate to
each other. It has even been demonstrated that the G-R0◦/ ZLG-R30◦ stack
exhibits quasi-crystalline order [30, 135, 139]. For this reason, although there
are only small deviations in either twist angle or lattice parameters, no com-
mensurability between ZLG-R30◦ and G-R0◦ is expected.

Fig. 4.3(a) and (b) display the high-resolution LEED measurement of
T graphene and S graphene, respectively. For S graphene, compared to
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Figure 4.3: Diffraction pattern of (a) T graphene and (b) S graphene mea-
sured with SPA-LEED at 165 eV. The gray scale is logarithmic to enhance the
intensity diffraction spots. Image distortion was corrected with LEED-cal-corr
(v. 1.3).

T graphene, the diffraction spots are narrower, and more ZLG-R30◦ spots
(in particular the (6× 6)SiC spots) as well as multiple scattering spots are visi-
ble. This indicates S graphene is of higher layer quality than T graphene. Note
that the G-R30◦ diffraction spots are not really visible on S graphene, while
on T graphene, the G-R30◦ spots can be seen in all six directions. Nonethe-
less, the G-R30◦ {10} diffraction spots are weaker compared to the G-R0◦

{10} spots (see Fig. 4.1(c) and Fig. 4.3(a)). Two possible scenarios may lead
to this result: (1) G-R30◦ lies underneath G-R0◦ and give rise to lower spot
intensity due to attenuation. (2) G-R30◦ and G-R0◦ lie on the same height
and the intensity ratio corresponds to the relative amount of the two. So far,
there is no direct way to determine which scenario leads to this measurement
result. However, with the help of NIXSW, it is possible to correlate the lateral
structure to the vertical and have a reasonable hypothesis, see Sec. 4.3 and
Sec. 4.4. Note that the diffraction pattern of S graphene can be recovered by
mild annealing in UHV after two months of air exposure. It indicates that the
surfactant route yields a closed layer of G-R0◦ on ZLG-R30◦ with high crys-
talline quality and coverage, which protects the SiC surface quality against
oxidation.

Fig. 4.4(a) shows the upper half of Fig. 4.3(b) with the left side super-
imposed with simulated diffraction spots. Fitting the corrected diffraction
pattern yields lattice parameters of 32.1± 0.4 Å for ZLG-R30◦ and 2.45± 0.04
Å for G-R0◦. Fig. 4.4(b) shows the spot profiles of the SiC (10) in the radial
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Figure 4.4: (a) Distortion-corrected SPA-LEED pattern of S graphene.
Diffraction spot positions were simulated for each of the three structures
(empty circle: SiC(0001), red; ZLG-R30◦, green; G-R0◦, blue) and for mul-
tiple electron diffraction by two (✸) and three (□) structures (see color code
in Table 4.1). (b) Typical radial profile of the {10} SiC spot (red) as well as
radial (blue) and azimuthal (olive green) profiles of the {10} spot of G-R0◦.
Colored dots represent experimental data, black lines represent the best fits.
The paths used for the spot profiles are indicated in (a) as colored lines.
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direction (red), the radial (blue) and azimuthal (olive green) direction of the
G-R0◦ spot. The full widths at half maxima w of the radial spot profiles arise
from the combined effects of the finite instrumental resolution and the finite
size of crystalline domains. Hence, 2π/w represents a lower limit to the average
domain size. An azimuthal profile broader than the radial profile is a direct
indication of azimuthal disorder. To estimate the azimuthal distribution, as-
sumed in this particular case to be Gaussian, the radial fit profile (Voigt) is
convoluted with a Gaussian in order to fit the azimuthal profile. The fitted
standard deviation σ of the Gaussian is a measure of the azimuthal disorder.
The {10} SiC spots (red) have a circular shape and the radial profile is fitted
by a Voigt function with w = (0.341 ± 0.004) %BZSiC. In contrast, the {10}
radial spot profiles of the G-R0◦ (blue) are broader, (0.863 ± 0.009) %BZSiC,
indicating a smaller average domain size than the average SiC terrace size.
Moreover, the {10} spots of G-R0◦ are elongated in the azimuthal direction
(olive green), corresponding to an azimuthal disorder with the standard devi-
ation σ = (0.458 ± 0.002)◦.

In this section, a qualitative comparison between S graphene and T graphene
was given with high-resolution LEED measurements, indicating that S graphene
has a larger average domain size than T graphene. Quantitative spot profile
analysis on S graphene was carried out, showing that the G-R0◦ average do-
main size is smaller than the average SiC terrace size by a factor of 2.5. The
G-R0◦ has an azimuthal disorder and has the lattice orientation distributing
with a standard deviation of (0.458 ± 0.002)◦. Since the diffraction measure-
ments only provide information about lateral order, the electronic proper-
ties are determined using ARPES (see next section) and NIXSW experiments
were carried out to determine the vertical order of these stacked systems (see
Sec. 4.3).

4.2 Electronic band structure

To track the presence of graphene in both 0◦ and 30◦ orientations with respect
to the SiC lattice, and to assess graphene quality, ARPES measurements were
performed on samples prepared at different temperatures. Energy distribu-
tion maps (EDMs) were taken around K0◦ (stemming from G-R0◦) and K30◦

(from G-R30◦) to verify the Dirac cones of graphene. The intensity grayscale
around K30◦ is enhanced by a factor of 2 with respect to the data around K0◦ .
Note that the samples are prepared in a way that there is always a tempera-
ture gradient on the sample during preparation, see Sec. 3.3. Therefore, even
though the preparation temperatures for both T graphene and S graphene are
set at 1300◦C, the actual preparation temperatures of each sample are slightly
different.
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Figure 4.5: ARPES EDMs taken at beamline I09 of the Diamond light source
with hν = 110 eV for (a)-(c) around K0◦ (upper) and K30◦ (lower, color
scale magnified by a factor of 2) for T graphene prepared at (a) 1270◦C and
(b) 1330◦C (75◦ incidence angle) and (c) for S graphene prepared at 1330◦C
(87◦ incidence angle). (d) Same maps as in (c) but measured with hν =
21 eV at our home laboratory (color scale for K30◦ magnified by a factor of
10). Normalized momentum distribution curves taken at a binding energy of
about 0.8 eV (dashed lines) around K0◦ (blue) and K30◦ (orange) are shown as
solid lines. These measurements were carried out by Markus Franke, Nafiseh
Samiseresht, and Dr. François C. Bocquet.
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Fig. 4.5(a) and (b) show EDMs of T graphene prepared at 1270◦C and
1330◦C, respectively. With increasing preparation temperature, the signal-to-
background ratio increases. Also, the Dirac cone intensity ratio of G-R30◦

over G-R0◦ increases and the FWHM of the π band decreases with increasing
preparation temperature. Fig. 4.5(c) and (d) show EDMs of S graphene pre-
pared at 1330◦C measured with hν = 110 eV and 21 eV, respectively. With
both photon energies, S graphene shows a Dirac cone around K0◦ of compa-
rable quality as for the high preparation temperature side of T graphene, but
no intensity was found around K30◦ . Moreover, the EDMs remain unchanged
for preparation temperatures ranging from 1300◦C to 1360◦C, thus only the
one recorded at 1330◦C is shown.

By comparing the EDMs of both T graphene and S graphene, one may
notice that for T graphene, a lower coverage of G-R30◦ comes along with a
broad π band for G-R0◦ (Fig. 4.5(a)). For S graphene, a sharp π band can be
achieved for G-R0◦, without growing G-R30◦, proving improved homogeneity
and quality of G-R0◦. This supports again that the S graphene is a better
platform for preparing tBLG than T graphene. Interestingly, for T graphene,
the FWHM of the π band is smaller around K30◦ than around K0◦ (see colored
curves in Fig. 4.5(b)). However, for both G-R0◦ and G-R30◦ in either T or
S graphene, the FWHM of the π band remains larger than for EMLG [105]
and the Dirac point is located at about 200 meV below the Fermi level. Two
facts can explain these observations. First, doping by substitutional N and
B atoms is observed in XPS, and this doping is known to have led to band
broadening [105]. Second, the sizeable azimuthal distribution observed in SPA-
LEED for the G-R0◦ layer in S graphene (Fig. 4.4) and T graphene (Fig. 4.1(c))
samples can also contribute to the broadening around K0◦ .

4.3 Vertical structure

In order to disentangle the vertical structure, XPS and NIXSW were per-
formed. However, the situation is rather difficult in this case, since carbon
species are located in up to three layers (ZLG-R30◦, G-R30◦, and G-R0◦) at
(potentially) different heights. In other cases, it would be easy to separate the
signals stemming from different layers that have different chemical surround-
ings, and hence, different core-level shifts. But, as expected, chemical shifts
in the graphene components of the C 1s core-level are found neither in T or
S graphene (Fig. 4.6(a)). Hence, a more sophisticated analysis of the NIXSW
data is required, based on some assumptions, but in the end, providing insight
into the coverages of the individual graphene layers.

As discussed in Sec. 3.3, also the samples presented in this section are
prepared with temperature gradients. In Fig. 4.6(a), C 1s core-level spectra
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Figure 4.6: (a) C 1s core-level spectra taken off Bragg with a two-component
fit model for T graphene and S graphene. Blue (red) corresponds to 1270◦C
(1330◦C) for T graphene and 1300◦C (1360◦C) for S graphene. (b) The cor-
responding yield curves of the high-binding-energy component (G) are shifted
by 1 in yield for clarity. The colored points are the data; the black lines are
the fits. (c) Argand diagram summarizing all NIXSW fit results obtained from
T graphene (filled inverted triangles) and from S graphene (filled diamonds).
The large black full circles in the inset represent the expected vectors D0, D1

and D2 and constitute the anchoring points of the additional axes θ1/θ0 and
θ2/θ0.
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are shown for the lowest (blue) and highest (red) preparation temperature
for T and S graphene. The component at low binding energy can clearly be
attributed to carbon in the SiC bulk, while the component at higher binding
energy is graphene-related, representing the sum of the C 1s yields from the
ZLG-R30◦, the G-R0◦, and the G-R30◦ layers. Furthermore, NIXSW identifies
graphene-related layers by their different adsorption heights (G-ZL, G-1st, and
G-2nd) independently from their azimuthal orientations.

For such a three-layer system, an NIXSW analysis was carried out to
disentangle the relative coverages of the individual layers. Since the G-ZL,
G-1st and G-2nd layers are inseparable in XPS (only one peak entitled G in
Fig. 4.6(a)). In a NIXSW experiment, the Fourier transform

D =

∫ dhkl

0

D(z)e
2πi z

dhkl dz (4.1)

at spatial frequency 2π/dhkl, where dhkl is Bragg spacing, of the height distri-
bution function

D(z) =
1

N

N∑
i=1

δ(z − di) (4.2)

of photoemitters is measured [79,189]. N is the total number of photoemitters
that contribute to a given signal. As a number in the complex plane,

D = FH
c e

2πiPH
c (4.3)

is parameterized by two parameters, the modulus F H
c is known as the coherent

fraction, and the reduced phase P H
c , the coherent position, see Sec. 2.3.

For the case of a stacked system with three graphene-like layers, the dis-
tribution function of photoemitters is a superposition of three sharp delta
distributions at the height of each layer n(n = 0, 1, 2),

D(z) =
1

N0 +N1 +N2

(
N0∑
i=1

δ(z − d0i) +

N1∑
i=1

δ(z − d1) +

N2∑
i=1

δ(z − d2)

)
(4.4)

which can equivalently be written as

D(z) =
N0

N

(
1

N0

N0∑
i=1

δ(z − d0i)

)
+

1

N

N1∑
i=1

δ(z − d1) +
1

N

N2∑
i=1

δ(z − d2) (4.5)

with N0, N1 and N2 the number of emitters in the layers 0, 1, and 2, respec-
tively, and with N = N0 + N1 + N2, the total number of emitters. It is also
assumed that the zeroth-layer is buckled and thus the emitters within this layer
have different heights d0i, while the G-1st and G-2nd layers are assumed to be
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perfectly flat, with unique values for the emitters (d1 and d2). Note that in
this analysis the attenuation of the XPS signal from deeper layers is ignored.
Taking the Fourier transform (Eq. 4.1) yields

D =
N0

N
FH
c,0e

2πiPH
c,0 +

N1

N
e
2πi

d1
dhkl +

N2

N
e
2πi

d2
dhkl , (4.6)

where FH
c,0 and PH

c,0 are coherent fraction and position of the zeroth-layer, which
are known from a previous study [105].

Here, θn is defined as the coverage in layer n as the number of photoemit-
ters in this layer relative to θmax

0 , the maximal number of photoemitters in the
zeroth-layer, i.e.,

θn ≡ Nn

Nmax
0

∈ [0, θmax
n ] with θmax

n ≡ Nmax
n

Nmax
0

, (4.7)

where Nmax
n is the maximal number of photoemitters the layer n can have inde-

pendently of its environment. Equivalently, one can write θmax
n in terms of the

surface density of photoemitters Nn/An in the completely ”filled” crystalline
structure of layer n where Nn is the number of photoemitters per surface unit
and An the surface unit area:

θmax
n ≡ Nn

An/N0
A0
. (4.8)

From this definition, one can see that θmax
0 = 1 and obtain

D =
θ0N

max
0

N
FH
c,0e

2πiPH
c,0 +

θ1N
max
0

N
e
2πi

d1
dhkl +

θ2N
max
0

N
e
2πi

d2
dhkl (4.9)

or

D =
θ0F

H
c,0e

2πiPH
c,0 + θ1e

2πi
d1

dhkl + θ2e
2πi

d2
dhkl

θ0 + θ1 + θ2
. (4.10)

It is thus possible to decompose the measured signal D on the left-hand side
of Eq. 4.3, into a normalized vector sum of three vectors in the complex plane.
Hereby, the orientation of each of the three summed vectors remains fixed,
because the height of each layer is fixed. However, according to Eq. 4.10 the
length of each summed vector is given by the coverage of the respective layer.
Note that the vector for the zeroth-layer is additionally scaled by its coherent
fraction FH

c,0. Also note that in Eq. 4.9 a common scaling factor Nmax
0 /N

remains unspecified. This means that, e.g., θ1 and θ2 can only be determined
relative to θ0. For this reason, it is auspicious to write Eq. 4.10 in the form

DG =
FH
c,0e

2πiPH
c,0 + (θ1/θ0)e

2πi
d1

dhkl + (θ2/θ0)e
2πi

d2
dhkl

1 + (θ1/θ0) + (θ2/θ0)
(4.11)
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for the graphene component in the C 1s core-level.
If one considers now the result of a NIXSW experiment, given by a mea-

sured coherent fraction F H
c and position P H

c , represented by the point in the
Argand diagram D = FH

c e
(2πiPH

c ), we can decompose this result in the sum of
three terms representing the contribution of the three layers:

DG =
D0 + (θ1/θ0)D1 + (θ2/θ0)D2

1 + θ1/θ0 + θ2/θ0
(4.12)

where Di, (i = 0, 1, 2) are the Argand vectors representing the G-ZL, G-1st and

G-2nd layers, respectively. And Di = FH
c,ie

2πiPH
c,i , with their individual coherent

fractions FH
c,i and positions PH

c,i. In order to solve this equation for θ1 and θ2,
D0 and D1 are assumed to be identical to the experimental results obtained for
EMLG [105], and that D2 reflects the G-1st to G-2nd layer distance of 3.37Å,
as found in Ref. [142], with F H

c = 1.0 , same as for D1.
In the inset of Fig. 4.6(c), the three vectors used in the sum, D0, D1, and

D2 are indicated by large black full circles. These three vectors are necessary
to form the additional axes θ1/θ0 and θ2/θ0 in Fig. 4.6(c). The fit result DG

of the yield curve is displayed in the Argand diagram in terms of (FH
c,G;PH

c,G)
and can be directly reread in terms of the additional axes (θ1/θ0; θ2/θ0).

Therefore for each data point p, Dp is a weighted sum of the known
D0, D1 and D2 vectors and is dependent only on the relative coverage pair
(θp1/θ

p
0; θp2/θ

p
0) while θp0 remains undetermined. In order to ease reading from the

plot in Fig. 4.6(c), additional axes in terms of (θ1/θ0; θ2/θ0) are drawn. For the
specific system G-R30◦/ZLG-R30◦ we have N0 = N1 = 2 and thus following
Ref. [136] we obtain θmax

1 = A0

A1
= 1.0029±0.0017. In other words, for NIXSW,

the differences in photoemitters density between G-ZL, G-1st and G-2nd are
negligible and one can set θmax

1 ≃ θmax
2 ≃ θmax

0 = 1. Moreover, the G-1st layer
can only be present on top of the G-ZL, i.e., θp0 ∈ [0, 1], θp1 ∈ [0, θp0 ≤ θmax

0 ],
and θp2 ∈ [0, θp1 ≤ θmax

1 ]. For each experimental data point p, the corresponding
coverage θpn/θ

p
0 for n = 1, 2 as defined in Eq. 4.7, can be read off directly in

Fig. 4.6(c). The total coverage of all graphene overlayers Θ for data point p is
decomposed:

Θp ≡ θp0 + θp1 + θp2, (4.13)

into partial coverages θp0, θ
p
1, θ

p
2 in the G-ZL, G-1st and G-2nd layers respec-

tively, one obtains

ΘT−G,highT = θT−G,highT
0

(
1 +

θT−G,highT
1

θT−G,highT
0

+
θT−G,highT
2

θT−G,highT
0

)
≃ θT−G,highT

0 (1 + 0.7 + 0.6) = 2.3 θT−G,highT
0 ,

(4.14)

ΘT−G,lowT ≃ θT−G,lowT
0 (1 + 0.5 + 0.1) = 1.6 θT−G,lowT

0 (4.15)
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Figure 4.7: Intensity of the overlayer component G (G-ZL + G-1st + G-2nd)
in Fig. 4.6(a) normalized to the SiC bulk component for different preparation
temperatures. ✸ for S graphene and ▽ for T graphene, for the color code see
Fig. 4.6.

and
ΘS−G ≃ θS−G

0 (1 + 0.9 + 0.1) = 2.0 θS−G
0 , (4.16)

Finally, in order to enable the comparison to XPS data, it is further assumed
that θT−G,highT

0 ≃ θT−G,lowT
0 ≃ θS−G

0 . From Eqs. 4.14, 4.15, 4.16, one thus
recovers the relations

ΘT−G,highT > ΘS−G > ΘT−G,lowT. (4.17)

In addition to the overall coverages, NIXSW also yields coverages of the various
layers (Eqs. 4.14, 4.15, 4.16) relative to the coverage of G-ZL. The NIXSW
analysis does not reveal θp0. However, the fact that S graphene is stable in air,
indicates that θp0 ≃ θmax0 = 1 and that G-ZL is covering SiC nearly completely,
thus protect it from oxidation in air. As a consequence, θS−G

1 /θS−G
0 = 0.9±0.1

means that also G-1st layer covers almost the complete sample.
Fig. 4.7 displays the integrated intensity of the graphene component (IG:

IS−G for S graphene and IT−G for T graphene), normalized by the bulk sub-
strate component (ISiC), of C 1s core-level measured off the Bragg energy as a
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function of the preparation temperature (corresponding to the position along
the sample, see Sec. 3.3). The symbols and the color code are identical to
Fig. 4.6(c).

It is readily visible in Fig. 4.7 that IS−G/ISiC is much less changing with
temperature than IT−G/ISiC. Moreover, for high temperatures, it is observed
that

IT−G,highT/ISiC ≃ IS−G/ISiC ≃ 2.4, (4.18)

while for low temperatures

IT−G,lowT/ISiC ≃ 1.2. (4.19)

To a first approximation, one can expect IG/ISiC to be proportional to the
total coverage Θ of all graphene overlayers, that is

IG/ISiC = c−1Θ, (4.20)

with c = const. Thus,

ΘT−G,highT ≃ ΘS−G ≃ 2.4c (4.21)

and
ΘT−G,lowT ≃ 1.2c, (4.22)

leading to the conclusion

ΘS−G ≃ ΘT−G,highT > ΘT−G,lowT, (4.23)

which is at least partly in agreement with Eq. 4.17.
In agreement with ARPES results, it is found that T graphene is very

inhomogeneous with θT−G
1 /θT−G

0 = 0.6 ± 0.1 and θT−G
2 /θT−G

0 varying from

Figure 4.8: Coverage model for T graphene. Coverages relative to the ZLG-
R30◦ in the red boxes are results from the NIXSW analysis. Suggested
graphene orientations are indicated by dashed (R0◦) and solid (R30◦) lines,
see text for detailed discussion.
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0.1 to 0.6 depending on the preparation temperature. It shows that about
40% of the G-ZL remains always uncovered on the T graphene sample, see
Fig. 4.8. With increasing preparation temperature, θT−G

2 /θT−G
0 increases with

the concomitant appearance of a π band at K30◦ in ARPES, see Fig. 4.5(b).
In contrast, S graphene is much more homogeneous with θS−G

1 /θS−G
0 = 0.9 ±

0.1 and θS−G
2 /θS−G

0 = 0.1 ± 0.1, independent of the preparation temperature.
This means that almost only G-R0◦ is present on top of ZLG-R30◦ and that
both have essentially the same coverage, while G-R30◦ is almost absent. In
conclusion, S graphene is composed of a highly homogeneous G-R0◦/ZLG-
R30◦ stack, almost fully covering SiC(0001). Therefore, it constitutes an ideal
platform to study 30◦-tBLG with different doping levels, as well as different
interaction strengths to the substrate, by choosing the atomic species used for
intercalation.

As depicted in Fig. 4.8, G-2nd exist only on top of G-1st. Even though
there is no direct evidence to link the orientations to the heights of graphene
layers, it is believed that G-R30◦ only grows underneath G-R0◦ because of two
facts: (1) The borazine-mediated SiC surface produces G-R0◦ at a preparation
temperature of about 1300◦C. (2) With even higher preparation temperature,
graphene multi-layers with R30◦ orientation form epitaxially on the SiC sub-
strate [37]. Therefore, it is reasonable to have the assumption that after the
borazine-mediated SiC surface is used up for G-R0◦ growth, G-R30◦ grows
from excessive carbon atoms from the substrate (more precisely ZLG-R30◦)
and adopts the

(
6
√

3 × 6
√

3
)
-R30◦ lattice orientation.

4.4 Conclusion

In this chapter, the differences between T graphene and S graphene in terms of
lateral, and vertical structures as well as electronic properties were compared.
With high-resolution LEED, the origins of the diffraction spots measured were
discussed in detail. S graphene showed higher layer quality and larger grain
size than T graphene from qualitative comparison. Quantitative spot pro-
file analysis of the S graphene showed that the G-R0◦ has a smaller domain
size than the averaged SiC terrace width and has an azimuthal disorientation
of σ = 0.458◦ around the 0◦ direction of SiC lattice. ARPES measurement
showed that there was G-R30◦ present on T graphene, which is in agreement
with the high-resolution LEED measurement. On the other hand, S graphene
showed no sign of G-R30◦ and therefore can serve as a platform for 30◦-tBLG
preparation. With NIXSW, coverages of G-1st and G-2nd could be determined
relative to the G-ZL layer under some assumptions. The relative coverages are
in agreement with the XPS intensity ratio of the graphene component to the
SiC bulk component.
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Finally, I briefly comment on the growth mechanism of graphene on SiC in
a borazine atmosphere leading to the unconventional orientation of 0◦. Because
of the high temperature at around 1300◦C, BxNy-R0◦ does not stabilize despite
the presence of borazine. Yet, due to the presence of the surfactant borazine
molecule, the graphene layer that grows at this temperature is forced to adopt
the lattice orientation of BxNy-R0◦. The layer underneath G-R0◦ has not
been exposed to borazine atmosphere, and therefore ZLG-R30◦ keeps the R30◦

orientation. At preparation temperature higher than 1300◦C, G-R30◦ grows
from excessive carbon atoms underneath G-R0◦. For S graphene, the growth
of G-R0◦ is a self-limiting process. This new preparation method, in which the
borazine enables epitaxial growth of a graphene layer in an unconventional 0◦

orientation, can foster a new way to produce large-scale tBLG and bring its
intriguing properties closer to applications.
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Chapter 5

Sb-intercalated freestanding
monolayer graphene

Following the epitaxial-graphene-related studies in the previous two chapters,
this chapter focuses on the intercalation of antimony into ZLG-R30◦ and the
layer property of the quasi-freestanding graphene obtained. As discussed in
chapter 3 and 4, it is known that SiC decomposes at temperatures above
1200◦C, at which the volatile silicon atoms sublimate whereas the carbon
atoms arrange in a

(
6
√

3 × 6
√

3
)
-R30◦ superstructure with respect to the SiC

substrate [144, 145]. This carbon layer, which is denoted as the zeroth-layer
graphene (ZLG-R30◦) in this work, is strongly coupled to the SiC substrate and
lacks typical π-bands of graphene [146, 147] while exhibiting the same lateral
structure as epitaxial monolayer graphene (EMLG). At even higher prepara-
tion temperature (> 1250◦C), the ZLG-R30◦ transforms into graphene, as in-
dicated by the appearance of its characteristic electronic band structure, since
a new ZLG-R30◦ is formed underneath, which decouples the first one from the
substrate [144, 145]. In this way, one can rather easily prepare EMLG and
even stacked graphene multilayer. However, the decoupling is not complete,
the ZLG-R30◦ influences the electronic properties of the graphene layers on
top, resulting in n-type doping with a Dirac point energy ED of 450 meV [148]
and undesirable temperature dependence of the carrier mobility [149].

An elegant way to avoid the influence of the ZLG on the electronic prop-
erties of the graphene layers is to decouple it from the SiC substrate by in-
tercalation. Thereby, a certain element (intercalant) is brought between the
SiC(0001) surface and the ZLG-R30◦, which decouples the latter from the sub-
strate and transforms it into so-called quasi-freestanding monolayer graphene
(QFMLG).

A prominent example is the intercalation of hydrogen [41,44], which pro-
duces QFMLG on an H-saturated SiC(0001) surface. Such a QFMLG shows lit-

63



Chapter 5. Sb-intercalated freestanding monolayer graphene

tle temperature dependency in charge carrier mobility [149] and excess of holes
due to the spontaneous polarization of the hexagonal SiC substrate [150–152].
Several other elements have been used to intercalate ZLG-R30◦ [54]. Depend-
ing on the type of intercalant and its amount, it is possible to induce interesting
electronic properties of QFMLG. For example, ambipolar doping was observed
for germanium intercalation [43], where the charge carrier type depends on
the amount of intercalated Ge. This effect can also be seen for gold interca-
lation [48]. Another example is lithium- or calcium-doped graphene showing
superconductivity [153]. For bismuth intercalated graphene, depending on the
amount of the intercalated material, two phases of different crystalline and
electronic structures can be distinguished [154].

Recently a new method for intercalation of solid elements with high vapor
pressure was reported [49]. In this process, intercalation under the ZLG-R30◦

was achieved by annealing the Sb-covered SiC(0001) sample in Ar at atmo-
spheric pressure [49]. X-ray photoelectron spectroscopy (XPS) verified the de-
coupling of the ZLG-R30◦ and the formation of a QFMLG [49]. Sb 3d core-level
spectra indicated a layer of metallic Sb at the interface between SiC(0001) and
QFMLG. The reported changes in the low-energy electron diffraction (LEED)
pattern in Ref. [49], namely a strong reduction of the Moiré spots associated
with the ZLG-R30◦, supported the decoupling observed in XPS. This is typ-
ical for ZLG-R30◦ intercalation on SiC and was observed, for instance, for
H [41], Au [48], Ge [43], Si [155], Cu [52], and Yb [156] intercalants. Us-
ing angle-resolved photoelectron spectroscopy (ARPES) it was shown that
QFMLG formed in this way is n-doped [49]. However, no information about
the vertical structure of this system has been reported so far, such as the thick-
ness of the Sb layer or its vertical distances to the graphene layer and to the
substrate, despite such information would be highly relevant, since the layer
distance is a good indicator of interaction strength [105,157–161].

LEED also revealed clear signatures of the intercalation, i.e., a strong
reduction of the Moiré spots associated with the ZLG-R30◦. Besides diffraction
spots arising from graphene and SiC(0001), only very weak spots from multiple
electron scattering were observed, which suggests an efficient decoupling. The
thickness of the intercalated layer can affect the electronic properties and the
possible application of the system, as in the case of two-dimensional Ag layers
on epitaxial graphene [54]. In this chapter, the success and homogeneity of the
Sb decoupling are unambiguously confirmed using LEED and normal incidence
x-ray standing wave (NIXSW). The latter also reveals the vertical structure
of QFMLG, which is intercalated by metallic Sb, with a precision better than
±0.2 Å.

Please note that this project was a collaboration with the group of Prof.
Thomas Seyller, TU Chemnitz. Susanne Wolff intercalated the samples and
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carried out LEED and ARPES measurements at TU Chemnitz. The NIXSW
experiments were performed by a team of experimentalists from PGI-3 (in-
cluding myself), and with the help of Dr. Tien-Lin Lee at the Diamond Light
Source, Didcot, UK. The data analysis and interpretation, however, were part
of my PhD project. The content of this chapter is published [162].

5.1 Sample preparation

Nitrogen-doped 6H-SiC(0001) wafers purchased from SiCrystal GmbH, Ger-
many were used for sample preparation. Prior to the graphitization process,
the SiC substrate was etched in a hydrogen atmosphere [163]. The ensuing
ZLG-R30◦ growth process was performed in a furnace in an Ar atmosphere
at a pressure of 1000 mbar and an Ar flow rate of 0.1 slm. By annealing the
substrate at a temperature of 1475◦C for 15 min, a ZLG-R30◦ sample was
obtained as described in Ref. [163]. The deposition of 50 nm Sb on top of
the ZLG-R30◦ sample was carried out in a separate system by molecular beam
epitaxy using a calibrated Sb Knudsen cell [49]. During the deposition process,
the pressure was maintained at or below 1 × 10−9 mbar.

Since annealing in UHV leads to desorption of Sb before intercalation, it
was necessary to intercalate the Sb-covered sample ex-situ by annealing the Sb
covered ZLG-R30◦ sample in Ar atmosphere at a pressure of 1000 mbar and a
flow rate of 0.1 slm [49]. The furnace was identical to that used for ZLG-R30◦

growth [163]. A consecutive two-step annealing at 400◦C for 30 min and at
550◦C for 60 min was used to intercalate Sb and obtain QFMLG [49]. Note
that most of the Sb deposited on top of the ZLG-R30◦ desorb from the surface
during this process. Only a minor part of the Sb intercalates at the interface
between SiC and QFMLG.

After intercalation, and again after transport of the samples to the syn-
chrotron, LEED and ARPES (He I) measurements were performed to confirm
the quality of the QFMLG. In all cases, the obtained data were of comparable
quality as those shown in Fig. 4(a) and Fig. 5(b) of Ref. [49].

5.2 NIXSW Experiment

Core-levels spectra and NIXSW data for all relevant species: Sb, C, and Si,
for Sb-intercalated QFMLG are recorded. In the data analysis, an important
first step is the identification of all relevant components in the spectra. In the
Sb 3d data, beside the 3d5/2 and 3d3/2 doublet (peaks at 527.8 eV and 536.5 eV,
respectively, see the orange curve in Fig. 5.1), we find an additional small
signal at 532.5 eV that we attribute to oxygen. One might suspect that this
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Figure 5.1: Sb 3d core-level spectra. Orange line: Sb-intercalated quasi-
freestanding graphene on SiC(0001) (photon energy of 2458 eV). Magenta line
(adapted from Ref. [49]): ZLG-R30◦ sample with incomplete Sb intercalation
(photon energy of 700 eV). Two oxidized Sb species are marked.
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little amount of oxygen is located in the Sb intercalation layer forming SbOx.
However, in such a case, a doublet of (chemically shifted) Sb 3d peaks should
be present [49], as it is visible in the magenta spectrum in Fig. 5.1 recorded on
an oxidized sample with incomplete Sb intercalation. In our spectrum, such
a chemically shifted doublet is not present, which lets us conclude that no
significant amount of SbOx is formed on Sb-intercalated QFMLG. Therefore
the oxygen peak in our spectrum originates most likely from residual oxygen
at step edges where the ZLG-R30◦ or QFMLG do not offer perfect protection
against the oxidization of the SiC substrate, thus not affecting the conclusions
about the predominant graphene-covered areas.

For the NIXSW data analysis, only the Sb 3d3/2 is used, since the O 1s
peak is sufficiently far away at the lower binding energy side. Typical spectra
for all core-levels (recorded using hard x-rays) are shown in Fig. 5.2(a-c). In
the C 1s spectrum, we see two well-separated peaks stemming from QFMLG
and bulk SiC. Asymmetric Lorentzian functions were used to fit all core-levels
after subtraction of a linear background. The full width at half maximum
values of the best fits are 0.46 eV for the CGr component, 0.56 eV for CSiC,
0.62 eV for Sb 3d3/2 and 1.21 eV for Si 2s.

The resulting photoelectron yield curves are shown in Fig. 5.2(d). Fits
were performed using the software package Torricelli [82, 164], under con-
sideration of non-dipolar effects in the photoemission process and a small (un-
avoidable) deviation from normal incidence (θ = 86.5◦ in our case) [81]. Note
that a proper correction of non-dipolar effects can only be performed for pho-
toemission from an s-state [79,165]. Hence, for Sb 3d the data are uncorrected,
but the correct polarization factor (differing from unity due to θ ̸= 90◦) was
considered. For more details on these corrections and on the treatment of the
experimental uncertainties see Ref. [81, 82].

Note that several such yield curves were measured for C 1s, Sb 3d3/2,
and Si 2s core-levels on different positions on the sample surface, whereby
the homogeneity of the sample was verified by XPS. The averaged results
from these multiple scans are listed in Table 5.1. It is remarkable that the
intercalated Sb layer shows a very high coherent fraction of 1.09(2), comparable
with the values obtained for the bulk species CSiC and SiSiC. The nonphysically
high value (above 1.0) is most likely due to non-dipolar effects that cannot be
corrected for d-shell emission [81], and due to a known non-linearity of the
electron analyzer for high photoelectron count rates (still below the saturation
threshold) [166]. In either case, the coherent positions P H

c are not affected,
and the high coherent fraction F H

c does indicate a high vertical order of the
Sb atoms. In other words, a very flat Sb layer is formed by the intercalation
process, thus excluding the formation of a Sb multilayer. This is in agreement
with the fact that we do not see any shifted component in the Sb 3d spectra

67



Chapter 5. Sb-intercalated freestanding monolayer graphene

280282284286

C…1s
CGr

CSiC

(a)

536538In
te

ns
ity

…
(a

rb
.…

un
its

)

Sb…3d3/2
(b)

150155
Binding…energy…(eV)

Si…2s
(c)

2 1 0 1 2
h h Bragg(eV)

0

1

2

3

4

5

6

7

N
or

m
al

iz
ed

…
ph

ot
oe

le
ct

ro
n…

yi
el

d

R
eflectivity

CGr

CSiC

Sb…3d3/2

Si…2s

Refl.

(d)

Figure 5.2: (a)-(c) C 1s, Sb 3d3/2, and Si 2s core-level spectra recorded on
Sb-intercalated quasi-freestanding graphene on SiC(0001) at a photon energy
of 2465 eV, that is 4 eV below the SiC(0006) Bragg energy. A linear back-
ground was subtracted. (d) Corresponding NIXSW yield curves and a typical
reflectivity of the SiC(0006) reflection. The curves for CGr, CSiC and Sb 3d3/2
are vertically displaced by 5, 4 and 2, respectively.

which would indicate Sb is located in different chemical environments.

The graphene layer exhibits a much smaller F H
c of 0.71(7). It should be

mentioned that for hydrogen intercalated graphene a very similar value of F H
c

= 0.68 has been found [161]. Therefore, it’s straightforward that the coherent
position P H

c obtained from the CG component gives the adsorption height of
the graphene layer above the Sb intercalation layer. A structure model based
on the obtained coherent positions P H

c is displayed in Fig. 5.3(b). It shows the
intercalation layer at a height of zSb = 2.58(2) Å above the topmost Si atomic
plane, in other words, in a distance very close to the sum of the covalent radii
of Si (1.16 Å) and Sb (1.40 Å) [167] and in good agreement with the Sb-
Si bond length observed in tetrakis(trimethylsilyl)distibane (2.594 Å) [168].
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Table 5.1: Average results of all individual NIXSW scans on Sb-intercalated
quasi-freestanding graphene on SiC(0001). Parameters used in the fit-
ting:Bragg angle θ = 86.5◦, electron emission angle relative to the incident
synchrotron beam ϕ = 80.9◦, non-dipolar correction factors γC1s = 1.022,
∆C1s = −0.218, γSi2s = 0.707, and ∆Si2s = 2.645, for details see Ref. [81,164].n
is the number of lattice planes to the surface.

Pc Fc n z (Å)
CGr 1s 0.47(1) 0.71(7) 2 6.19(2)
Sb 3d3/2 0.03(1) 1.09(2) 1 2.58(2)
SiSiC 2s 0.01(1) 1.12(2) 0 0.00
CSiC 1s 0.76(1) 1.02(2) −1 −0.63(2)

This measured distance corresponds to only ≈ 62% of the typical van der
Waals bonding distance between these two species (4.16 Å) [169], and clearly
indicates the chemical interaction between the Sb layer and the SiC substrate.
It also suggests that all Sb atoms are located at on-top sites of the uppermost
Si atoms (no Sb atoms at other sites), as indicated in Fig. 5.3(b). Given the
covalent Si-Sb bonding distance, a position on a 3-fold hollow site of the SiC
substrate would result in a smaller height for Sb of ≈ 2.28 Å.

The tentative conclusion that all Sb atoms are occupying on-top sites of
the uppermost Si atoms of the SiC(0001) surface, saturating their dangling
bonds, is consistent with the fact that LEED shows no indications of any sur-
face reconstruction, but the (1 × 1) surface unit mesh of the Sb-terminated SiC
surface (only diffraction spots of graphene and the substrate are visible [49]).
It is furthermore supported by DFT calculations by Hsu et al. [170], show-
ing the Sb intercalant to be stable at on-top sites of the SiC(0001) substrate.
A similar scenario, Sb saturating the dangling bonds of the top Si atoms, is
found for a monolayer Sb on Si(111). Although the surface is

(√
3 ×

√
3
)
-R30◦

reconstructed in this case, the bonding distance between Sb and Si is similar
(2.74 Å [171]) to what was observed in this chapter.

The distance between the graphene layer and the Sb intercalation-layer is
much larger, 3.62(4) Å. This value corresponds to about 96% of the van der
Waals bonding distance (3.76 Å [169]) and is clearly higher than the expected
covalent bonding distance (2.16 Å [167]). In very good agreement with our
observation, DFT calculations by Hsu et al. [170] predicted a Sb-QFMLG
distance of 3.659 Å. Hence, one can conclude that the Sb intercalation layer
decouples the QFMLG electronically well from the substrate. The observation
of a sharp and well-visible Dirac cone [49] supports this finding of a mere van
der Waals-like interaction between the atomic species of the QFMLG and the
Sb intercalation layer.
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Figure 5.3: Ball-and-stick models of the vertical structure of (a) ZLG-R30◦ be-
fore intercalation, from Ref. [105], and (b) of Sb-intercalated quasi-freestanding
graphene on SiC(0001)

5.3 Conclusion

Using a combination of LEED, XPS and NIXSW, the vertical structure of
QFMLG, which was obtained by intercalating ZLG-R30◦ on 6H-SiC(0001)
with Sb has been determined. Homogeneity and intercalation quality were
checked by XPS. The vertical structure consists of a flat single layer of Sb,
covalently bound to the top Si atoms of the substrate. Multiple Sb layers can
clearly be excluded. The measured layer distance of 2.58 Å and the (1 × 1)
LEED pattern suggest an on-top position of Sb above the topmost Si atoms.

The QFMLG layer above the Sb intercalation layer is located much further
away, 3.61 Å above Sb. This indicates van der Waals bonding only between
these layers, and hence a very good decoupling of the QFMLG. The structural
parameters obtained from our study are in very good agreement with the
theoretical prediction by Hsu et al. [170].
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Chapter 6

Sr-doped and pristine bismuth
selenide

The discovery of topological superconductivity in doped Bi2Se3 made this class
of materials highly important for the field of condensed matter physics. How-
ever, the structural origin of the superconducting state remained elusive, de-
spite being investigated intensively in recent years. Scanning tunneling mi-
croscopy and the normal incidence x-ray standing wave (NIXSW) technique
were applied in order to determine the vertical position of the dopants – one
of the key parameters for understanding topological superconductivity in this
material – for the case of SrxBi2Se3. In a novel approach, the NIXSW data was
analyzed in consideration of the inelastic mean free path of the photoemitted
electrons, which allows one to distinguish between symmetry equivalent sites.
The Sr atoms were found not situating inside the van der Waals gap between
the Bi2Se3 quintuple layers but rather in the quintuple layer close to the outer
Se planes.

Note that the content in this chapter is published in Ref. [172]. It is a
collaboration with the group of Prof. Yoichi Ando, University of Cologne. The
samples measured in this chapter are prepared by Mahasweta Bagchi, who also
studied them using a superconducting quantum interference device (SQUID).
Supplementary STM experiments (not shown in this thesis) were performed
and analyzed by Mahasweta Bagchi and Dr. Jens Brede. The NIXSW exper-
iments were performed and analyzed by a team of experimentalists (including
myself) at Diamond Light Source, Didcot, UK.

6.1 Introduction

Shortly after the discovery of superconductivity in Cu-doped Bi2Se3 crys-
tals [55], Fu and Berg [173] proposed that any electron-doped Bi2Se3 is indeed a
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viable candidate for hosting topological superconductivity with spin-triplet-like
pairing. The spin-triplet-like nature of the pairing was successively confirmed
by temperature-dependent nuclear magnetic resonance Knight shift (KS) ex-
periments [174] which found no change in KS below Tc for magnetic fields
applied parallel to the c-direction. Moreover, the same experiments found
that the threefold symmetric Bi2Se3 lattice showed a two-fold anisotropy of
KS when the magnetic field was rotated in the a-b plane. Such a two-fold
symmetry was successively also observed in scanning tunneling microscopy
(STM) [175], specific heat [176], or high-resolution x-ray diffraction (XRD)
experiments [177]. Theoretically, this breaking of the rotational symmetry in
doped Bi2Se3 due to an anisotropy of the superconducting gap amplitude is
only compatible with nematic superconductivity [178]. In the case of doped
Bi2Se3 superconductors, the nematic superconducting state corresponds to the
gap function with Eu symmetry, which is topological due to its odd parity [179].
Intriguingly, while this topological superconducting state has odd parity and
is unconventional, it is still protected from the disorder due to the generalized
Anderson’s theorem [180]. Since the superconducting state of this material
class has been extensively characterized, it is surprising that the structural
characterization of the dopant location remains comparatively poor.

Theoretical studies based on density functional theory (DFT) show that
doping by Cu [56] and Sr [57] atoms between Bi2Se3 quintuple layers is en-
ergetically most favorable. However, no direct experimental observations of
dopants in the van der Waals (vdW) gap have been reported to date. An
expansion of the c-axis in SrxBi2Se3 [58, 181] as well as in CuxBi2Se3 [59–61]
was observed with XRD and was interpreted as a piece of evidence for dopant
atoms inside the vdW gap. However, neutron-scattering experiments (in the
case of CuxBi2Se3 [61]) and transmission electron microscopy (TEM) studies
(in the case of SrxBi2Se3 [57]) did not observe dopants inside the vdW gap for
superconducting single crystals. In the case of TEM, it was suggested that
lateral movement of the dopants (due to the low diffusion barrier [56]) inside
the vdW gap at room temperature precludes an observation [57]. However,
a recent TEM study of native defects in Bi2Se3 demonstrated that Bi atoms
inside the vdW gap can be observed [62].

STM data of Cu-doped Bi2Se3 thin-films grown by molecular beam epi-
taxy showed Cu atoms inside the quintuple layer, but no direct evidence of
Cu inside the vdW gap [56]. It was suggested that STM is not sensitive to Cu
atoms inside the vdW gap, however, a recent study of native defects in Bi2Se3
by Dai et al. [63] indicated that Se atoms inside the vdW gap can be resolved.
Interestingly, Cu-doped (as well as more recently studied Sr-doped [64]) Bi2Se3
thin films grown under UHV conditions have carrier concentrations similar to
those of bulk single crystals [56,59,64] but do not show superconductivity. The

72



Chapter 6. Sr-doped and pristine bismuth selenide

absence of superconductivity in these films strongly suggests that contrary to
what was originally proposed [55], the role of the dopants in inducing super-
conductivity in these materials goes beyond simple electron donation into the
Bi2Se3 lattice. In this context, it is important to note that Cu- (or Sr-) doped
Bi2Se3 single crystals only exhibit superconductivity reproducibly when care-
fully tuned heating and rapid cooling/quenching are employed [58, 60]. This
indicates that a significant amount of dopants in the superconducting single
crystals are trapped in metastable sites (likely not the energetically most favor-
able sites according to DFT) and that these dopants are indeed responsible for
inducing superconductivity [58,60]. Thus, deepening the understanding of su-
perconductivity in doped Bi2Se3 requires advanced structure characterization
in order to elucidate the intricate role played by the dopant.

The general goal of this project is to identify the (vertical) positions of
the Sr-dopants in the SrxBi2Se3 crystal, since these are of utmost importance
for understanding the superconductivity of this material. Motivated by pre-
vious STM studies on near-surface defects in Bi2Se3 [63, 182] and by findings
of the Ando group, NIXSW measurements on Bi2Se3 and SrxBi2Se3 were per-
formed. In contrast to the local technique STM, this method integrates over a
macroscopic, sub-millimeter-sized surface area. This method turned out to be
ideally suited for this problem and allowed unambiguous identification of the
dominant vertical position of the dopant species.

6.2 Sample preparation

Sample preparation and characterization using STM took place in Cologne.
Single crystals of SrxBi2Se3 (nominal x = 0.06) were grown from high-purity
elemental Sr chunk (99.99%), Bi shots (99.9999%), and Se shots (99.9999%) by
a conventional melt-growth method. The raw materials with a total weight of
4.0 g were mixed and sealed in an evacuated quartz tube. The tube was heated
to 850◦C for 48 h. It was then slowly cooled from 850◦C to 600◦C within 80 h
and finally quenched into water at room temperature.

Single crystals of Bi2Se3 were grown by melting stoichiometric amounts of
Bi and Se shots (99.9999%) in a sealed evacuated quartz tube by the modified
Bridgman method. The tube was heated to 850◦C for 48 h with intermittent
shaking to ensure the homogeneity of the melt, followed by cooling to 550◦C
in 100 h. It was then quickly cooled down to room temperature in 2 h. The
SrxBi2Se3 sample was found to be superconducting with a transition tempera-
ture of Tc = 2.7 K. Its superconducting shielding fraction of 76% was estimated
from its magnetic moment at T = 1.78 K, after zero-field cooling.
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Figure 6.1: (a) Ball-and-stick model of the Bi2Se3 bulk crystal, shown as top
view along the [001]-direction (upper part) and side view along [100] (lower
part). The sizes of balls and sticks are linearly scaled with the distance of
the atoms to the front plane (in the top view that is the crystal surface, in
the side view it is the plane spanned by [120] and [001] corresponding to the
lower edge of the top view). The unit cell (in the side view its projection)
is indicated by the red parallelogram and rectangle. In the side view, also
the z-positions of the atomic planes (right part, dashed lines extending into
(b)) and the (0 0 0 15) Bragg planes (left part, solid lines) are indicated. (b)
Attenuation factor for the yield of a photoemission process occurring in the
depth z, according to continuous exponential damping with an inelastic mean
free path of λ = 65 Å, as obtained from fitting the NIXSW data, and an
emission angle with respect to the surface normal of ϕ = 80.9◦.
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6.3 Vertical structure revealed by NIXSW

6.3.1 Structure model

The structure model that was used for analyzing this data is shown in Fig. 6.1.
Panel (a) shows the Bi2Se3 crystal structure in the top-view (upper part) and
side-view (lower part). The top view contains the atoms of the uppermost three
atomic layers only, drawn as blue (Se) and gray (Bi) balls, the size of which
indicates the depth below the surface. In the side view, the crystal terminated
by a complete quintuple layer (QL, atomic layers from Se1 to Se5) is shown.
The hexagonal unit cell is indicated by red lines and contains three QLs, i.e.,
15 atomic planes. The vertical (z) positions of the atomic planes are marked
as dashed lines in the right half of the figure (extending into Fig. 6.1 (b)). For
NIXSW, the H = (0 0 15) Bragg reflection ((hkil) = (0 0 0 15) in hexagonal
notation) was used, and thus, 15 Bragg planes can be found within the unit
cell. They are equidistantly spaced by 1.908 Å in z, in contrast to the atomic
planes. Therefore, while the central Se layer of each QL (Se3, Se8, ...) lies
precisely on a Bragg plane, all other atomic planes lie close to but not on
the Bragg planes, as indicated by the small gaps labeled ∆Se and ∆Bi in the
side view of Fig. 6.1 (a). This will be important for the interpretation of the
NIXSW data (see below).

6.3.2 NIXSW data

NIXSW data sets for an undoped and a Sr-doped Bi2Se3 sample were recorded.
Bi 5d, Se 3s and (in case of the doped sample) Sr 3d core-level spectra have been
recorded in a ±3 eV interval around the Bragg energy hνBragg = 3256 eV of the
(0 0 0 15) Bragg reflection, and the partial photoelectron yield was extracted
for all species as a function of the photon energy. The spectra were fitted with
CasaXPS [141] using one asymmetric Voigt peak for Se 3s and Bi 5d5/2, and
two symmetric Voigt peaks for the Sr 3d doublet with their relative intensity
constrained to a ratio of 2:3. Exemplar spectra and fit curves (for SrxBi2Se3
only) are shown in Fig. 6.2(a)-(c). These simple fitting models were sufficient
since no indications for multiple components in different chemical environments
were detected in XPS, neither with the hard x-ray beam nor using the soft x-
ray beam that allows for a higher resolution. The latter data are shown in
Fig. 6.3 and demonstrate that no significant spectroscopic differences were
detected between the Bi2Se3 and the SrxBi2Se3 samples. This indicates that –
as expected from the small dopant concentration – the dopants do not cause
any spectroscopically relevant change to the chemical environment of the bulk
species. Taking into account the photoemission cross-sections at the x-ray
energies used, the relative intensities of the Sr, Bi, and Se PES peaks are in
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Table 6.1: NIXSW results of Bi2Se3 and SrxBi2Se3, as averaged from all
individual NIXSW scans. The data are corrected for non-dipolar effects and a
deviation from normal incidence geometry (2θ < 180◦) [81, 183].

Bi2Se3 SrxBi2Se3
P H
c F H

c P H
c F H

c

Bi 5d5/2 0.98(2) 0.89(1) 0.95(2) 0.74(2)
Se 3s 0.96(2) 0.71(1) 0.91(2) 0.64(1)
Sr 3d – – 0.86(2) 0.49(7)

qualitative agreement with the expected stoichiometry of SrxBi2Se3.
Typical partial yield curves, together with the x-ray reflectivity, are shown

in Fig. 6.2(d), again only for the SrxBi2Se3 data set. The yield curves were
fitted using the dedicated NIXSW analysis software Torricelli [82, 164],
which is able to consider non-dipolar effects in the photoemission process as
well as a finite deviation from the ideal normal incidence geometry that cannot
be avoided in the experiment [81,183]. All final results (after averaging up to 7
equivalent measurements) are listed in Table 6.1. Despite the statistics of the
Sr yield curve being apparently poor, obviously caused by the small density of
Sr atoms in the crystal, the Sr data actually imposes a sufficient constraint on
the fitting for reliably extracting values for the Sr coherent position P H

c and
coherent fraction F H

c .
Note that the experimentally obtained P H

c for all species of both samples
Bi2Se3 and SrxBi2Se3 are not zero. For Se and Bi, this is remarkable since the
symmetry of the layer structure of the QLs (and the entire unit cell) should
actually cancel out any effect that causes a finite P H

c , as discussed in detail in
the following section.

6.3.3 The effect of a finite inelastic mean free path

Commonly, the NIXSW technique is used as a method to determine the height
of specific atomic species above a surface, which is very useful to evaluate, e.g.,
the interaction of adsorbates (atoms or molecules) with the surface or with
other adsorbates on the surface [79,97,184–193]. In such experiments, NIXSW
data of the bulk species are often also recorded, in order to monitor the surface
quality or simply for reasons of completeness. For crystals with a mono-atomic
primitive unit cell, the structural parameters obtained by NIXSW for the bulk
species are very close to P H

c =0.0 and F H
c =1.0 in many cases, indicating that

the atoms are located on Bragg planes (which is the case per definition) and
that the crystal is well ordered. But in multinary crystals both F H

c and P H
c

may vary from these values, depending on the number of inequivalent layers of
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Figure 6.2: (a-c) Typical core-level spectra of Bi 5d5/2, Se 3s and Sr 3d,
respectively. The data were recorded about 3 eV off the Bragg energy. (d)
NIXSW photoelectron yield curves (top), obtained from fitting XPS data that
were recorded in an energy window of ±3 eV around the Bragg energy of the
Bi2Se3 (0 0 0 15) reflection, and reflectivity curve of this reflection (bottom).
For Bi and Se individual XPS and NIXSW scans are displayed, while for Sr
the sum of five individual scans is shown because of the low count rate. The
curves for Se and Bi are displaced vertically by 0.5 and 1.0, respectively.
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Figure 6.3: Core-level spectra of Bi2Se3 and SrxBi2Se3, taken at photon energy
of 700 eV. The Se 3d and Bi 5d spectra of the undoped (upper) and doped
(lower) Bi2Se3 sample are vertically displaced in order to improve visibility.
Difference plots (SrxBi2Se3 −Bi2Se3) are shown as dotted lines.

the relevant species and their position(s) relative to the Bragg planes. When
bulk species are considered, attenuation effects due to the finite inelastic mean
free path have to be considered additionally [194,195], as discussed below.

In this case, for the bulk species of both Bi2Se3 and SrxBi2Se3, there
are two (for Bi) and three (for Se) inequivalent layers within the unit cell,
namely those within one QL. This is illustrated in the side-view model shown
in Fig. 6.1(a). All layers, except the central Se3 layer of a QL, are not located
on diffraction planes of the (0 0 0 15) Bragg reflection used for the NIXSW
measurements. The difference is very small for the Bi planes (∆Bi = 0.02 Å),
but much more significant for Se (∆Se = 0.31 Å), and has different signs
(negative for Se1 and Bi2, positive for Bi4 and Se5). Consequently, P H

c of
the individual atomic planes are equal to zero only for the central Se3 layer,
not for the other four layers. For Se1 and Se5 one expects PH

c,Se1,5 = ±0.164,
for Bi2 and Bi4 PH

c,Bi2,4 = ±0.009. This is illustrated in the Argand diagram
presented in Fig. 6.4. Data points in this diagram represent radial vectors with
their length corresponding to F H

c and their polar angle to P H
c . Multiple-site

emission, as it occurs in the Bi2Se3 crystal, is then accounted for by the vector
average of the Argand vectors representing the individual layers of identical
species. For the three Se layers Se1, Se3, and Se5 of one QL, the individual
Argand vectors are indicated by small blue circles at (F H

c , P H
c ) = (1.0, 0.164),

(1.0, 0.0), and (1.0, 0.836) in Fig. 6.4. Note that the latter is equivalent to
(1.0,−0.164), and hence the average of the three vectors, which corresponds
to the expected experimental result of a Se based NIXSW measurement, would
be (0.678, 0.0), i.e., in particular, P H

c would be zero for such a measurement.
This is to be expected, as long as the mirror symmetry of the full QL with
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respect to the central Se layer is in place.

However, this symmetry is broken in the NIXSW experiment, not for
structural reasons, but in its effect on the photoelectron yield that is obtained
from the individual layers, due to the finite inelastic mean free path λ of
electrons in matter. The photoemission yield that can be recorded from deeper
layers is attenuated by a factor of α(z) = exp(z/(λ cosϕ)), with ϕ = 80.9◦

being the angle between the surface normal and the direction towards the
electron analyzer. (Note that the positive z axis is defined towards the vacuum,
and hence z < 0 for all atomic layers below the surface layer Se1.) Hence, all
layers of the structure – even if they are structurally equivalent – contribute
differently to the total photoelectron yield that is experimentally accessible.
The attenuation factor, as found by fitting the experimental data (see below),
is plotted in Fig. 6.1 (b).

The attenuation effect has obvious consequences for the averaging of Ar-
gand vectors. In the example mentioned above, the Argand vectors represent-
ing the three Se layers Se1, Se3, and Se5 have to be scaled in their lengths
before averaging (i.e., their effective coherent fractions become α(z)·F H

c ) and
hence depend on the depth z of the corresponding layers below the surface.
Accordingly, the averaged P H

c will deviate from zero. In this example, Se1,
the layer with P H

c = −0.164, is dominant due to its higher scaling factor.
Depending on the specific value for λ, the resulting averaged Argand vector
ends on the blue line shown in Fig. 6.4, between the two extreme cases of
(F H

c , P H
c )= (0.678, 0.0) for λ→ ∞ (all three layers contribute equally) and

(F H
c , P H

c )= (1.0, 0.836) for λ→ 0 (only the uppermost layer contributes). It
can be seen that the experimental data points representing the Se 3s NIXSW
results (blue diamonds) lie very close to the blue curve, which allows us to
estimate the inelastic mean free path in the undoped Bi2Se3. Note that the
same calculation was performed for Bi2 and Bi4, as shown in Fig. 6.4, with
small gray circles and lines (see also inset). However, the effect is much smaller
for Bi due to the small distance ∆Bi between the corresponding atomic and
Bragg planes, and the experimental data points (gray diamonds) lie further
away from the calculated ones (gray line running from (F H

c , P H
c )= (1.0, 0.009)

to (1.0, 0.000) for λ = 0 to ∞).

With what has been said so far, it is clear that the inelastic mean free path
effect fully explains the experimental NIXSW results of Se 3s, but is not suffi-
cient to account for those of Bi, regarding both coherent fraction and position
((F H

c , P H
c )= (0.98, 0.89)). For F H

c this is not surprising, since the data was
taken using a d-state emission line (the Bi 5d5/2), and hence the correction of
non-dipolar effects cannot be properly performed for this species [183]. But for
P H
c , usually much less affected by non-dipolar effects, the situation can only

be improved when a relaxation of the uppermost layers of the crystal is taken
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Figure 6.4: Illustration of the NIXSW results of Bi2Se3 in an Argand diagram.
The data points represent radial vectors (Argand vectors), the lengths and
polar angles of which correspond to F H

c and P H
c , respectively. Experimental

data (all individual NIXSW scans) obtained for photoemission from Se 3s (Bi
5d5/2) are shown as blue (gray) diamonds, numbers listed in Table 6.1 represent
their average. Small open circles (three for Se, two for Bi) indicate the Argand
vectors calculated for each individual atomic plane within one QL. Averaging
the contributions of the individual layers, under variation of the inelastic mean
free path λ (from zero to infinity in the direction of the small arrows), results
in Argand vectors ending on the blue (gray) curved line for Se (Bi). Note that
the gray curved line is very short, located close to (F H

c , P H
c ) = (1.0, 0.0),

and hence also shown in the enlarged inset. Black lines (solid and dotted)
indicate the variation of the expected NIXSW results for a relaxation of the
uppermost layers of the Se and Bi species, respectively. They are calculated for
λ = 65 Åand a shift of the Se1 and Bi2 layer from −0.3 to +0.3 Å (also in the
direction of the small black arrows). The best agreement with the measured
data is obtained for a Se1-Bi2 expansion of 9.7% to ∆Se1-Bi2 = 1.73 Å, as
indicated by large open circles.
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into account. Any outward (inward) relaxation of an atomic layer increases
(decreases) P H

c of that layer, and hence rotates its Argand vector counter-
clockwise (clockwise). A number of reasonable scenarios for layer relaxations
were analyzed, e.g., a rigid shift of the entire first QL or a relaxation of the
uppermost Bi and Se layers have been analyzed. A relaxation of the uppermost
layers Se1 and Bi2 gave the best result. Fig. 6.4 illustrates the effect of Se1-
Bi2 relaxation for the averaged NIXSW yield as curved black lines. The solid
black line represents the resulting variation of the averaged Argand vector for
values of the Se1 relaxation between −0.3 Å and +0.3 Å (in the direction of
the small black arrow), calculated for λ = 65 Å. The dotted black line repre-
sents the result of a similar model calculation for Bi. It can be seen that this
additional parameter helps significantly in explaining the experimental results,
in particular for P H

c of Bi.

Finally, all parameters were optimized (that is, the inelastic mean free
path and the relaxation parameters for Se1 and Bi2) together in a least-squares
fit on P H

c of both Bi and Se, and F H
c of Se [183]. This resulted in λ =

65 Å and ∆Se1-Bi2 = 1.73 Å, the latter corresponding to a 9.7% expansion
of this interlayer spacing. First, the fitted value of λ is in good agreement
with calculated values of the electron inelastic mean free path, which shows
little variation between different materials at high kinetic energies (55 Å to
80 Å for a kinetic energy of about 3.1 keV [196]). Second, although NIXSW
is not the best method to determine surface relaxation effects, the results are
in qualitative agreement with Roy et al., who found a relaxation of up to 11%
for the Se1-Bi2 interlayer distance [197].

6.3.4 Strontium sites in SrxBi2Se3

In this part, the NIXSW results on the Sr-doped crystal will be discussed, with
the goal of identifying the vertical positions of the Sr atoms in the crystal. As
can be seen in Table 6.1, the Bi and Se P H

c differ only slightly from the values
obtained for the Bi2Se3 crystal, while all F H

c are smaller for SrxBi2Se3. One
can conclude that in the presence of the Sr dopants, a small amount of Se
and Bi atoms are vertically displaced from their position in the Bi2Se3 lattice,
which leads to a smaller F H

c compared to the undoped crystal. However, the
fact that the profile of the (0 0 0 15) reflection is still very narrow, indicates
that a meaningful NIXSW experiment is certainly possible. For the following
analysis, it is assumed that the inelastic mean free path that was determined
for the undoped crystal (λ = 65 Å, see Sec. 6.3.3) is unchanged by the doping.

In Fig. 6.5, the calculated NIXSW results (Argand vectors) for Sr are
shown, considering all possible Sr positions (heights) in the Bi2Se3 unit cell,
according to the symmetry of the structure. The full Bi2Se3 unit cell exhibits
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Figure 6.5: Simulation of all possible Sr sites. (a) Atomic model (side view) of
the Bi2Se3 structure, see also Fig. 6.1. The color bar in the left illustrates all
possible (vertical) Sr dopant positions, whereby symmetry equivalent positions
are marked in the same color. The positions vary from the center of a vdW
gap (dark blue) to the Se3 layer in the center of a QL (dark red). (b) Rainbow-
colored spiral-type line: Argand representation of P H

c and F H
c as calculated

for every possible Sr site, considering the unit cell symmetry. Each point on the
line represents the head of the Argand vector (F H

c , P H
c ), its color corresponds

to the vertical atomic position as shown by the color bar in the left of panel
(a). For more details see the text. Black data points and black radial line:
Results of seven individual Sr 3d NIXSW measurements and their average,
respectively. The experimental data can only be reasonably explained by Sr
positions represented by the cyan line section; the region of good agreement of
calculated and experimental results is indicated by a thick cyan line. In the left
of panel (a), the corresponding atomic positions in the unit cell are indicated
by cyan balls. The gray line in (b) considers an additional relaxation of the
uppermost Sr atoms and can be used to estimate the experimental uncertainty,
see text.
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inversion symmetry. Since the NIXSW experiment is only sensitive to vertical
coordinates, all species effectively fulfill a mirror symmetry with two mirror
planes: one located at the height of the central Se layer in each QL (Se3, 8,
...), the other in the center of the vdW gaps. Hence, any arbitrarily selected
(vertical) site for a dopant species is duplicated within one QL by the first
mirror plane and multiplied into all other QLs by the second. This is illustrated
in Fig. 6.5 (a) by the color coding from dark blue to dark red (see color-bar
in the left), representing all equivalent heights between the center of the vdW
gap (blue) and the Se3 layer in the middle of the QLs (red). The color scale is
multiplied into every other half of a QL according to the mirror planes. Cyan
spheres are drawn to illustrate one specific case, a Sr position close to the Se1
and Se5 planes. As discussed in the following, this is the principal dopant
position that was found in the NIXSW experiment.

In Fig. 6.5 (b) the simulated NIXSW result [189] for all possible dopant
positions is shown. The rainbow-colored spiral-type line indicates the simula-
tion results (the corresponding Argand vectors end on the line) for varying the
dopant position, whereby the same color code as in Fig. 6.5 (a) was used. All
multiplications of the specific sites (heights) by the mirror symmetry are con-
sidered and weighted with their corresponding attenuation factor. The shape
of the line can be understood in the following gedankenexperiment:

Positioning the Sr dopants in the center of the vdW gap (dark blue color)
results in the calculated Argand vector (F H

c , P H
c )= (1.0, 0.5), as indicated by

the dark blue color of the line at this position in Fig. 6.5(b). Upon moving
the Sr atom through the crystal towards the Se3 plane, the expected Argand
vector moves through the upper half of the diagram along the blue line section
towards the right, at first reaching (F H

c , P H
c ) = (1.0, 0.0), close to the position

of the Se1 layer. For dopant positions between Se1 and Bi2, it moves back along
the lower blue-cyan-green line section to the starting point, and so on along
the green-yellow-orange-red path. One full turn of the line (e.g., from (1.0, 0.0)
through (1.0, 0.5) and back to (1.0, 0.0)), corresponds to moving the Sr atom
from one Bragg-plane to the next, a distance that approximately equals the
distance between two neighboring layers. The fact that the spiral-type line
flattens from blue to red reflects the fact that the two equivalent Sr atoms in
one QL move closer to each other, i.e., the difference in photoelectron yield
from atoms on both sites becomes smaller due to a reduced inelastic mean free
path effect. This reduces the resulting F H

c after averaging over all equivalent
sites. Note that all Argand vectors would end on a straight line connecting
(F H

c , P H
c )= (1.0, 0.0) and (1.0, 0.5) (the spiral-type line would collapse to

straight horizontal lines) if the inelastic mean free path effect was neglected
(λ→ ∞).

It can clearly be seen that the experimental data (black data points and
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black radial line) exclusively agrees with the position color-coded in cyan,
corresponding to a dopant position close to those Se layers lying next to the
vdW gaps (Se1, 5, 6, 11, ...). The best result is obtained for (F H

c , P H
c )=

(0.41, 0.86). This corresponds to a distance of only 0.08 Å between the Sr atoms
and the Se1/Se5 layers (Sr closer to the center of the QL). The corresponding
distance between the Sr atoms and the central Se layer (Se3) of the QL is
3.42 Å, see Fig. 6.5.

It is worth mentioning that this simulation is model-free. The only pa-
rameter used is the inelastic mean free path of the escaping photoelectrons,
which is fixed to the value obtained from the measurements on the Bi2Se3
crystal (λ = 65 Å). Changing λ would stretch the spiral-type line vertically.
However, in order to stretch it so far that the next closest calculated positions,
the yellow-orange part of the elliptical curve, come close to the experimental
data points, one had to decrease the inelastic mean free path by a factor of
≈ 3, which appears to be very unrealistic. This result would even hold if a
proper correction of the Sr 3d yield for non-dipolar effects was possible [183],
since the change in F H

c caused by such a correction is expected to be less than
20% [81].

Finally, the aspect of surface relaxation is addressed in a similar way
as explained above for the bulk species Se and Bi. It was simulated, how
the expected NIXSW result would change if one allows a relaxation of the
uppermost Sr layer by ∆Sr1 = ±0.3 Å, while keeping the position of all other
Sr atoms fixed. The result is plotted as a gray line in Fig. 6.5 (b) running
through the point (F H

c , P H
c )= (0.41, 0.86), that is the center of the region of

good agreement between simulation and experiment (thick cyan line). Close
to that point (in particular towards the left), the gray line follows closely the
cyan part of the spiral-type line, before it starts deviating to smaller F H

c .
This indicates that – in a certain range and to some extent – a relaxation of
the uppermost Sr atoms can compensate for a slightly different position of all
other Sr atoms in the QL, i.e., these parameters are highly correlated in this
region. This correlation induces a certain uncertainty in the analysis, which,
however, can be quantified: the two relevant parameters are dSr, the distance
of all Sr atoms to the center of the QL, i.e., to the Se3 layer, and ∆Sr1 the
(additional) relaxation of the uppermost Sr atoms (those located close to the
Se1 layer), with positive values corresponding to an outward relaxation, i.e.,
to an increase of the distance to the Se3 layer.

As mentioned above, one obtains the best agreement of experiment and
simulation for dSr = 3.42 Å (with ∆Sr1 = 0), and the relaxation in the range
of ∆Sr1 = ±0.3 Å (gray line in Fig. 6.5(b)) is simulated. The range, in which
these two parameters are highly correlated, is mainly located in the left half of
the gray line. On the right side, the line almost immediately deviates signifi-
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cantly from the cyan-colored line section. Hence, the interval of correlation is
asymmetric and can be estimated to ∆Sr1 = [−0.2,+0.1] Å.

The corresponding change of the overall Sr position, which can be com-
pensated by such a relaxation ∆Sr1, is significantly smaller. This is the case
simply because a change of dSr changes the position of many Sr atoms in the
crystal, with a much greater effect on P H

c than the displacement of only the
Sr1 atoms. The corresponding interval for a change of dSr is therefore only
[+0.07,−0.03] Å (note the opposite sign of the numbers compared to the ∆Sr1

interval). In other words, a change of the overall position of the Sr atoms by
+0.07 Å, that is from dSr = 3.42 Å to dSr = 3.49 Å, can be compensated by
a relaxation of the uppermost Sr atom by ∆Sr1 = −0.2 Å. In the opposite
direction, the corresponding shifts are smaller. A change of dSr1 by −0.03 Å is
compensated by ∆Sr1 = +0.1 Å. These numbers represent the maximum shifts
of both parameters that can compensate each other and hence quantify the
uncertainty of the result caused by the correlation of these two parameters.
The (additional) statistical uncertainty in the measurements is estimated to
be ±0.03 Å.

6.4 Conclusion

To unveil the vertical structure of superconducting SrxBi2Se3, besides NIXSW,
STM measurements were also performed by the collaboration partners from
University of Cologne (see Ref. [172]). The identification of the Sr dopants
based on their characteristic appearance in STM images leads to rather incon-
clusive results. NIXSW, however, was able to determine the dopant sites in
the (near-surface) bulk crystal unambiguously. Due to the depth-dependent
attenuation of the photoelectrons (inelastic mean free path), this method has
the resolution to distinguish between otherwise symmetry-equivalent dopant
sites in the bulk. The electron inelastic mean free path in matter causes an
apparent break of the structure’s symmetry and constitutes the backbone of
the analysis.

The main result of the NIXSW study on the SrxBi2Se3 sample is the
unambiguous identification of the dopant vertical position: The majority of the
Sr dopants are located close to the Se layers Se1 and Se5, vertically displaced
towards the center of the QL by only (0.08−0.10

+0.06) Å. This corresponds to a
distance of dSr = (3.42+0.10

−0.06) Å to the Se3 layer in the center of the QL. In
particular, this means that any significant amount of Sr atoms within the vdW
gap can be excluded unambiguously by this data analysis. If there are dopants
in the vdW gap, their occupation is minor and not detectable in NIXSW. The
same is valid for the positions closer to the center of the QL, i.e., close to or
between the Bi2/4 and Se3 layers. Note that the NIXSW is only sensitive
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to the vertical positions of all species, and hence the lateral position of the
dopants cannot be resolved. However, steric and chemical bonding conditions
suggest that the Sr dopants occupy Se lattice sites in the Se1 and Se5 layers,
only slightly relaxed towards the center of the QL.

When comparing this experimental result of the Sr dopant site with pre-
vious reports, one finds some agreement with the work by Li et al. [57]: These
authors also found Sr at similar positions between the Se1 and Bi2 layer, but
not within the vdW gap. However, the same data also showed some Sr atoms
in between all other layers within the QLs. Interestingly, density functional
theory calculations by the same group showed that Sr in between Se1 and Bi2
migrates into the vdW gap when the system is allowed to structurally relax.
This apparent contradiction is however remedied by the need of quenching the
crystals at the end of the crystal growth procedure. Apparently, in this way,
Sr atoms are trapped at metastable doping sites, and therefore, these energet-
ically unfavorable dopant sites may indeed be predominantly responsible for
the high superconducting volume fraction observed in quenched crystals [58].
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Summary

The main part (chapters 3 to 5) of this work is dedicated to graphene-related
stacked layer systems because of the intriguing electronic properties that have
been found on such systems [7, 20, 21, 23, 24, 30, 83–85, 112–119]. In particu-
lar, twisted bi- and multilayers attracted enormous interest of the scientific
community recently. We therefore concentrated on systems containing uncon-
ventionally oriented graphene layers and on recipes to grow them epitaxially.
The vertical structures of such layered systems is a result of interactions be-
tween atomic layers, which in turn can be modified by intercalation, with the
goal of producing large scale two-dimensional graphene layers that are fully
decoupled from the substrate. Determining the vertical structures of graphene-
related stacked systems, in particular the precise layer distances, allows one
to judge the coupling and interaction strengths between the layers and hence
contributes to the understanding of the growth mechanisms and properties of
the stacked layer system.

A smaller part of this work deals with a topological superconductor,
namely Sr-doped Bi2Se3 crystal. The key question is at which sites the Sr
dopant is located in the crystal. This question could be answered in chapter 6.
But there is also an interesting technical aspect involved in this part: NIXSW
technique is demonstrated to be a powerful tool to investigate not only thin
layers located on top of a crystal surface but also dopant positions in a bulk
crystal. By considering the inelastic mean free path of electrons in matter,
the vertical positions of the Sr dopants in the bulk Bi2Se3 crystal could be
identified. This new concept of analyzing NIXSW data might open a door for
future research on similar systems.

In this work, beside the just mentioned NIXSW method, XPS was applied
to determine the chemical compositions as well as the chemical environment
of stacked layers. Furthermore, high-resolution LEED and ARPES were per-
formed to determine the lateral and electronic structure of the investigated
systems. All these methods average over an area of hundreds of µm2. In this
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way, local defects will be averaged out and one gains overall information of the
measured area. Such measurements are at the same time challenging since they
require a certain degree of homogeneity within the measurement footprints.

Epitaxial graphene on SiC

Growing graphene epitaxially in an unconventional orientation (0◦) is consid-
ered to be a substantial step to 30◦-tBLG preparation. This can be done
by decomposing SiC by annealing in borazine atmosphere, whereby at first a
boron nitride layer occurs. This layer was reported to be hBN [95], however,
the finding was based on very weak electronic bands detected in ARPES, and
hence not very convincing. For our samples, which were prepared in the same
way, we did not see an hBN electronic bandstructure and hence conclude that
the layer is actually a non-stochiometric BxNy-R0◦ layer. With such a prepa-
ration route, the stacked system consists of a boron zeroth-layer (ZL) on top
of the Si-terminated substrate surface, and a BxNy-R0◦ layer on top of the ZL.

Focusing on the layer properties of the BxNy-R0◦, it was found with
NIXSW that the BxNy-R0◦ layer is very flat since boron and nitrogen atoms
are found on almost the same height (5.49 Åand 5.47 Å, respectively). These
heights correspond to a BxNy-R0◦ to ZL layer distance of 2.94 Å, that is only
77% of the corresponding vdW bonding distance. This shows that the BxNy-
R0◦ layer is not freestanding, which may cause the absence of the electronic
bandstructure oh hBN.

The preparation temperature was found to be a crucial parameter and
influences the chemical composition, lateral and vertical structures of each
layer in the stacked system. For preparation temperatures from 1100◦C to
1150◦C, BxNy-R0◦ was found on the sample, with a (5 × 5) diffraction pattern
observed with LEED. From 1175◦C to 1250◦C, diffraction spots of the BxNy-
R0◦ layer are gradually replaced by those of G-R0◦. Also in XPS, it can be
seen that the BxNy-R0◦ component intensity reduces, while that of the CG

component increases with increasing preparation temperature.
Based on the result from the BxNy-R0◦ layer, chapter 4 focuses on the com-

parison of two preparation routes for G-R0◦, namely the ”template method”
and ”surfactant method”, which prepares T graphene and S graphene, respec-
tively. For the template method, one takes the BxNy-R0◦ sample, anneals it in
UHV, and obtains G-R0◦ (Fig. 4.1). This route, however, produces graphene
with low quality. The surfactant method, on the other hand, can produce high-
quality G-R0◦ by annealing the SiC wafer in borazine atmosphere at 1300◦C.
The quality difference in the G-R0◦ obtained from these two routes can be
observed in Fig. 4.3. A profile analysis of the G-R0◦ LEED spot, the G-R0◦

domains were found to have an averaged size smaller than the average SiC ter-
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race size and an azimuthal disorder with the standard deviation of 0.458(2)◦.
Using the NIXSW technique, the coverages of the graphene layers in the

samples were quantified (Fig. 4.6). T graphene obtained at about 1300◦C
turned out to be a graphene bilayer system: Above a carbon zeroth-layer, we
found two graphene layers both with coverages of approximately 0.6 monolayer
(ML) (assuming a full ML coverage for the ZL underneath). S graphene has
almost no second graphene layer, whose coverage is only 0.1 ML, while the
first layer is almost a closed layer (0.9 ML). Hence, this sample represents a
very good G-R0◦ single layer graphene. High-resolution LEED also showed
higher layer quality, larger graphene domain size for S graphene. S graphene
is therefore a promising platform for 30◦-tBLG preparation, if one succeeds in
decoupling the ZL from the substrate, e.g. by intercalation, it would transform
into a 1 ML G-R30◦ layer being located underneath a high-quality G-R0◦ layer.

Sb-intercalated graphene on SiC

When epitaxial graphene on SiC was prepared, it was found that the graphene
has to be decoupled from the SiC to exhibit the desired electronic properties.
Intercalation of atomic species has been one of the ways to decouple graphene
from the SiC substrate [41,43,44,48,54]. Wolff et al. succeeded to intercalate
atomic Sb to decouple the carbon zeroth-layer from the SiC and obtained quasi-
freestanding single layer graphene [49]. However, from their work, there was
one open remaining question: How many atomic layer does the Sb-intercalation
consist of? Since the number of atomic layers of the metal intercalation can
impact the electronic properties of the overlaying layers [54], answering this
question enables further optimization of the intercalation.

This question could be answered using NIXSW: We found that the Sb
layer consists of only one atomic layer, which lies 2.6 ± 0.2Å above the SiC
surface. This finding refutes the speculation that the intercalated Sb layer may
comprise of multiple atomic layers. The graphene layer is located 3.6 ± 0.2Å
above the Sb-intercalation layer, which corresponds to 96% of the van der
Waals bonding distance and therefore indicates that the graphene layer is
quasi-freestanding.

Sr-doped bismuth selenide

In the field of topological superconductors, such as CuxBi2Se3 and SrxBi2Se3,
the origin of the superconductivity has been the main question that many
studies tried to answer. In this context, the precise position(s) of the dopants
in the Bi2Se3 bulk lattice seems to play an important role. So far, DFT
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calculations suggest that Cu and Sr are energetically more favorable in the van
der Waals gaps between the quintuple layers [56,57]. However, no experimental
evidence has been able to support this directly [58–62,181].

In this work, the vertical structure of the topological superconducting
SrxBi2Se3 crystal was determined using the NIXSW technique (see chapter 6).
We concluded that the Sr dopants do not reside in the vdW gaps but in
the quintuple layer, a result that differs from previous interpretations [57, 58,
181]. The majority of the Sr atoms were found at dSr = 3.42+0.10

−0.06 Å from
the Se3 layer, this is close to the van der Waals gaps but still within the
quintuple layers. Beside a moderate relaxation of the topmost atomic layers
(9.7% expansion of the Se1-Bi2 layer distance), the structure of the Bi2Se3
host crystal is not significantly changed by the dopants. This is also confirmed
by soft XPS results that detect no changes in the chemical environment of all
species.

It was also found that quenching the sample after the high-temperature
doping procedure plays an important role for the topological superconductivity
[198–201]. This apparently traps the Sr dopants in metastable sites, which
might (i) be responsible for the superconductivity the SrxBi2Se3 exhibits, and
(ii) solve the apparent contradiction between the DFT and our experimental
results.

Finally, it should be mentioned that such an investigation of bulk proper-
ties with NIXSW is rather unusual. At first sight, the crystal symmetry (mirror
planes in the center of both the quintuple layers and the vdW gaps) would have
made a NIXSW investigation useless, simply since the signal from symmetry-
equivalent positions would cancel out the information on the vertical position
of all species. However, the inelastic mean free path of the photoemitted elec-
trons breaks this symmetry, since symmetry-equivalent atoms are located in
different depths below the surface, and hence do not contribute equally to the
photoelectron yield. Only this effect allowed the determination of the dopants’
vertical positions and the detection of the topmost bulk layers relaxation.
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