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Abstract
The wide range of layered van der Waals materials is interesting due to its plenty of
deviating characteristics. The structure of all these materials is built from covalently
joined layers, which are stacked by van der Waals forces. Aside from this structural
similarity the specific characteristics spread out in a variety of electronic and optical
properties. The electronic properties of layered materials vary from pure insulators to
metallic conductors and can even depend on the number of layers.
In the work presented here, different two-dimensional materials were combined in van der
Waals multilayer stacks. The combination of materials with different optical and electronic properties enables to study the dynamics of coupling and transfer mechanisms
between the individual materials. In particular, few-layer graphite as a conductor material was combined with molybdenum disulphide which is a semiconductor with a band
gap of approximately 1.8 eV. The selective direct optical excitation of the carbon material by an 800 nm (1.5 eV) pump pulse allows the investigation of the dynamics of the
diverse coupling and transfer processes between Graphene and molybdenum disulphide.
In the work presented here, dynamical processes following optical excitation in fewlayer heterostructures composed of graphite and molybdenum disulphide were studied
by means of different experimental techniques. Ultrafast electron diffraction (UED) and
Raman spectroscopy were used to have insights in the structural lattice dynamics while
time-resolved measurement of the optical transmittance as well as photoluminescence
spectroscopy (PL) were used to study the dynamics and relaxation processes of charge
carriers in the electronic system. In addition, the use of static diffraction patterns
revealed insights in the presence of a thermodynamically favoured interlayer rotational
angle that can be described by the theory of Novaco and McTague.
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Zusammenfassung
Das breite Spektrum an van-der-Waals Schichtstrukturen ist wegen seiner großen Bandbreite an charakteristischen Eigenschaften interessant. Die Strukturen dieser Materialklasse sind aus kovalent gebundenen Schichten aufgebaut, die von van-der-Waals Kräften
vertikal zusammen gehalten werden. Neben dieser strukturellen Ähnlichkeit variieren
die elektronischen und optischen Eigenschaften dieser Materialien stark. Die elektronischen Eigenschaften bekannter Schichtmaterialien reichen dabei von Isolatoren bis hin
zu metallischen Leitern und können sogar von der Anzahl der Schichten abhängig sein.
In der hier vorgestellten Arbeit wurden verschiedene zweidimensionale Materialien in
van-der-Waals Heterostrukturen kombiniert. Die Kombination von Materialien mit unterschiedlichen optischen und elektronischen Eigenschaften ermöglicht die Untersuchung
der Dynamik von Kopplungsmechanismen zwischen den einzelnen Materialien. Konkret
wurden wenige Schichten Graphit als leitendes Material mit Molybdän(IV)-sulfid, einem
Halbleiter mit einer Bandlücke von etwa 1.8 eV, kombiniert. Die selektive direkte optische Anregung des Kohlenstoffs mit einer Anregewellenlänge von 800 nm (1.5 eV) ermöglicht
die Untersuchung der vielfältigen Kopplungs- und Transferprozesse zwischen Graphen
und Molybdän(IV)-sulfid, die dadurch in Gang gesetzt werden.
In der vorliegenden Arbeit wurden die dynamischen Prozesse nach optischer Anregung
in mehrlagigen Heterostrukturen – aufgebaut aus Graphit und Molybdändisulfid – mittels verschiedener experimenteller Techniken untersucht. Die ultraschnelle Elektronenbeugung und Raman-Spektroskopie ermöglichen Einblicke in die strukturelle Gitterdynamik, während die zeitaufgelöste Messung des optischen Transmission sowie die Photolumineszenzspektroskopie (PL) zur Untersuchung der Dynamik und Relaxationsprozesse
von Ladungsträgern im elektronischen System eingesetzt wurden. Darüber hinaus konnte durch die Analyse statischer Beugungsbilder das Vorhandensein eines thermodynamisch begünstigten Drehwinkels zwischen den Materialschichten einer Heterostruktur, der durch die Theorie von Novaco und McTague beschrieben werden kann, belegt
werden.
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die Lasersysteme kümmern, nicht denkbar. Beide standen mir während der gesamten
Zeit mit viel praktischer Hilfe und Engagement in Bezug auf alle Themen rund um den
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Bei Bastian Zielinski möchte ich mich für die Kooperation an diversen Stellen bedanken,
an denen sich mein Projekt mit der Materialbearbeitung überschnitt. Hier seien nur die
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Introduction

Layered van der Waals materials arise great interest in the scientific work of the past
few years due to their plenty of deviating characteristics. All these structures are built
from covalently joined layers, which are stacked by van der Waals forces. Aside from
this structural similarity the specific characteristics spread out in a variety of electronic
and optical properties. The electronic properties of layered materials vary from pure
insulators to metallic conductors and can even depend on the number of layers [1].
For this reason, the combination of different 2D materials is of great interest as an
alternative to silicon-based semiconductor devices as all these materials can be prepared
in atomic layer thickness. By a clever choice of material combination depending on their
electronic properties, a lot of electronic devices such as Schottky diodes, single-layer
transistors and integrated logic circuits were already produced and examined according
to their functional characteristics like current-voltage behaviour. Further information
on different examples of electronic devices based on the combination of different 2D
materials can be found for example in [2–5].
However, the complete analysis of the dynamics in this kind of stacked material systems
requires a detailed understanding of the fundamental energy transport processes. This
is missing so far.
Following the Born-Oppenheimer approximation, electronic excitation and atomic displacement can be treated independently. This leads to a complete separation between
the electronic and phononic subsystem of a condensed matter system. Any energy transfer between the two subsystem needs then to be described via electron-phonon coupling.
The simplest approach to describe this process is the two-temperature model, where the
electron bath and the lattice are each assigned a temperature. The optical excitation
increases the temperature of the electron bath; over time, this temperature decreases
through contact with the cold lattice, where again the temperature rises for the same
reason. This can be simply calculated by two coupled differential equations. In this
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electrons
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e-ph coupling
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Figure 1.1: The Born-Oppenheimer approximation leads to a separation of the electronic
and phononic subsystem in a condensed matter system. The energy transfer
between these subsystems is implemented by electron-phonon coupling. The
electronic subsystem can be optically accessed. Both subsystems can be
studied by different spectroscopic techniques.

case, the electronic and phononic subsystem are assumed to be thermally equilibrated
each within itself. However, a further structuring can be observed in such a way that
selected phonons couple more strongly to the excited electron bath than others. This
allows the model to be extended to a so-called nonthermal lattice model. Lutz Waldecker
et al. [6] extended this theory for the case of optically excited aluminum to a four temperature model with three temperatures describing the three acoustic phonon branches
that couple to the excited electrons. This method allows transient nonthermal phonon
distributions. With this assumption it was possible to extract electron-phonon coupling constants that are in good agreement with theoretical calculations [6]. In case of
graphite, the so-called strongly coupled optical phonons (SCOPs) are known to have a
higher coupling strength to excited carriers.
As also suggested by Lutz Waldecker et al. [6], in some systems exhibiting weak electronelectron coupling strength, the electronic system needs to be considered as further subdivided due to the material-specific electronic structure. In the case of molybdenum
disulphide there is a band gap and at the same time excitonic states. These excitonic
states have a quite long lifetime and can strongly disintegrate radiantly without coupling
to the lattice. This would be a meaningful reason to assume nonthermal electron distributions in this material. So far, in literature it is not reported on an analogon to the
strongly coupled optical phonons in molybdenum disulphide, but a further subdivision
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Figure 1.2: Beside the separation in electronic and phononic subsystem, these two subsystems can be further divided as presented here for the cases of graphite
(left) and molybdenum disulphide (right). In case of graphite, the so-called
strongly coupled optical phonons (SCOPs) are stronger addressed by the relaxing electrons than the remaining phonon modes. In case of MoS2 , the
electrons can internally address excitonic states in the electronic structure
which decay radiantly and can therefore not couple to the lattice. So far, the
literature does not report on strongly coupled optical phonons in molybdenum disulphide, but a further subdivision in that sense, that specific phonon
branches possess a stronger electron-phonon coupling to hot carriers cannot
be excluded.

in that sense, that specific phonon branches possess a stronger electron-phonon coupling
to hot carriers cannot be excluded.
This means that complex ways of transporting energy after direct optical excitation
already exist inside the separate individual materials.
In the case of the present work, these two materials are now to be combined and the
energy transfer within and between the materials is to be investigated. For this purpose,
one of the materials involved is selectively optically excited. Here, graphite was chosen as
the material that can be optically addressed, while molybdenum disulphide was chosen
as a semiconducting material with a band gap of approximately 1.8 eV [7, 8]. The selective direct optical excitation of the carbon material is achieved by an 800 nm (1.5 eV)
pump pulse. The combination of two material layers can lead to several phenomena. At
first, the structural and electronic properties of the two materials can change when they
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are integrated into the heterostructure. At the same time, it is conceivable that new
energy states could arise by the generation of additional degrees of freedom through the
combination of materials. And finally, a large number of possible coupling and transfer
channels opens up both within and between the material layers.
Change in material properties
As mentioned, the combination of different materials can of course affect the characteristic electronic and structural properties of each material involved. The combination of
a conductor and a semiconductor creates a classical Schottky junction. This can lead to
a reduction of the band gap in the semiconductor material [9]. It is imaginable that the
excited electrons in the graphite can enter the conduction band of MoS2 by overcoming
the Schottky barrier via interlayer electron-electron coupling without being excited from
the valence band of MoS2 . A relaxation in the conduction band of molybdenum disulphide would then occur both via electron-electron coupling into the excitonic states of
MoS2 and via electron-phonon coupling to the MoS2 lattice. This Schottky diode like
behaviour is already reported in literature for systems of Graphene in combination with
several different semiconducting materials [10–12].
In the specific case of the combination of monolayer MoS2 and Graphene, it has already
been shown with computational and experimental methods that the electronic structure
in molybdenum disulphide is strongly affected by the presence of Graphene and dependent on the interlayer angle between the material layers [13–16]. Horacio Coy Diaz et
al. even report on hybridization of the Graphene π states with MoS2 bands [17].
Furthermore, some publications show that the Moiré superstructure, that is forming
by the combination of two symmetric material layers, is affecting and modulating the
electronic bandstructure of the materials involved. This effect can be observed in systems
of Graphene and hexagonal boron nitride (hBN) [18–20].
Beside the electronic structure, also the lattice dynamics can be affected by the combination of two different materials. Kai-Ge Zhou et al. measured the Raman response of
MoS2 –graphite heterostructures of different thickness and were able to observe a shift of
the characteristic material Raman signals [21].
All literature data reporting on changes of material properties, whether lattice or electronic properties, were obtained from substrate supported sample combinations of single
to very few layered samples. The work presented here will focus on free-standing few layered samples. The effects described above should be clearly identifiable by spectroscopic
methods as Raman or photoluminescence spectroscopy and, if they can be attributed to
the interface as underlying cause, should also occur in free-standing samples.
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Additional states
In addition to the change of the material properties, it can be the case, that additional
phonon modes are generated by the combination of different materials in a van der Waals
heterostructure as the number of degrees of freedom rises. At least a movement of the
whole material layers with respect to each other in either shearing or breathing manner
is conceivable. In this case, the stacked combination of two or more material layers
could be described as a series of vibrationally coupled oscillators. This kind of interlayer phonon modes was observed in the low-frequency Raman response of molybdenum
disulphide–tungsten diselenide and molybdenum diselenide–molybdenum disulphide heterostructures [22].
Shengxi Huang et al. report on Raman spectra of twisted bilayers of molybdenum
disulphide. They were able to resolve the characteristic shearing mode of the bulk
material [23]. In such a sample configuration this mode is equivalent to an interlayer
mode that can additionally be formed by the combination of two material layers.
But also the electronic structure can be affected such that so-called interlayer excitons and trions can form. This is reported on systems of molybdenum disulphide and
tungsten disulphide for example, where an additional peak in the photoluminescence
spectrum shows up whose position depends on the interlayer rotational angle [24]. This
effect does not need to be considered in the work presented here, since it can only occur
when two semiconductor materials are combined.
Variety of coupling processes
As a further point of view, a variety of possible coupling and transfer channels is opening
up by the combination of two or more materials in a stacked heterostructure. The most
intuitive approach is that the hot electrons in the graphite couple to the graphite lattice
and incoherently transfer energy to the MoS2 lattice via heat transport. At the same
time, however, coherent oscillations in the graphite lattice [25, 26]1 occur when the
excited electrons decay. Here it is conceivable that these coherent phonons continue
in the MoS2 lattice or coherently induce other phonons by interlayer phonon-phonon
coupling.
Isabella Gierz et al.
1
2

2

report on ultrafast interlayer charge transfer in WSe2 –Graphene

Christian Gerbig et al. in preparation.
Contribution O12.3 on DPG Frühjahrstagung 2018 in Berlin, full list of authors: Isabella Gierz, Sven
Aeschlimann, Mariana Chavez-Cervantes, Razvan Krause (all from Max Planck Institute for the
Structure and Dynamics of Matter, Hamburg, Germany), Antonio Rossi Camilla Coletti (both from
Center for Nanotechnology @ NEST, Istituto Italiano di Tecnologia, Pisa, Italy).
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heterostructures. By use of time- and angle-resolved ARPES study they assume the
excited carriers in the semi-conducting material to decay into the carbon conduction
band before recombination.
A study of possible energy transfer channels from a selectively optically excited layer to
the lattice of the material layer, that was not optically addressed was already demonstrated in [27]. Here, samples of gold clusters on thin films of graphite were studied
in comparison to gold clusters on a transparent and therefore not optically addressable
layer of SiN. In this study, a variety of possible energy transfer channels is discussed,
but from the data presented it was not possible to uniquely verify one of these channels
to be solely responsible for lattice heating in the unexcited material layer.
Klaus Sokolowski-Tinten et al. report on time-resolved diffraction experiments on thin
film Au-insulator heterostructures after femtosecond laser excitation [28]. They found
the electron-lattice equilibration to be dependent on the film thickness and as well on
the presence of an additional Au-insulator interface. This dependence on the presence
of the interface is taken as evidence for interlayer electron-phonon coupling processes
taking place across the interface. It has already been observed at boundary layers that
the excited electrons in a material can additionally couple directly to the lattice of the
non-optically excited material. This effect is based on the concept of electronic Kapitza
conductance at interfaces [29–31].
This results in various conceivable phenomena within a stacked heterostructure that
can follow the selective optical excitation of one material layer. Different experimental
methods are available for checking the existence of these transport processes, some of
which also allow quantification of the temporal coupling constants.
These time-resolved measurements are based on the so-called pump-probe technique,
which is comparable to the first attempts to capture movements in pictures. This was
achieved by using fast changing static images that display different phases of a motion
to produce the illusion of a fluent motion. The most famous examples are certainly the
flipbook or more complicated animation devices like the phénakisticope (1833) [32] and
the zoetrope (1866) [32] from the 19th century 3 . If this principle is now brought to the
molecular level, the initiation of a certain dynamic needs to be followed by the detection
of the system at various adjustable time delays after initiation of the dynamics. All these
detection signals will display different phases of the dynamics inside the sample. By
combining all different static detection signals, the time course or temporal behaviour
3
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mentioned in the text used drawn pictures to create the impression of a moving image.

1. Introduction

MoS2

Graphite
optical access

excitonic
states

electrons

SCOPs
phonons
additional
phonon modes

Figure 1.3: The selective excitation of the electronic system in graphite can be followed
by various relaxation processes including electron-electron coupling (green
arrows), electron-phonon coupling (blue arrows) and phonon-phonon coupling (red arrows). All these processes can happen as intramaterial processes
within the same material layer as well as intermaterial processes between the
material layers. In addition, it is possible that the combination of both materials leads to the formation of additional phonon modes, that can of course
be included in the relaxation processes.
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of the dynamic process can be traced and reconstructed. The time scale on which
the dynamics can be initiated and detected is of course fundamental for this method.
These two factors determine decisively in which time ranges the desired dynamics can
be resolved.
The development of ultrashort pulsed laser systems in the 1980s enabled for the first
time the resolution of molecular dynamics on pico- to femtosecond time scales. In 1999,
Ahmed H. Zewail was awarded the Nobel Prize for his pioneering work in the field
of time-resolved investigation of transition states of chemical reactions. Femtosecond
lasers emit light pulses with a pulse duration in the range of femtoseconds. These lasers
compress the energy via mode coupling into an extremely short time range and therefore
have considerably higher peak powers compared to continuous wave lasers. The short
pulse duration can only be achieved by non-linear effects, mostly by the Kerr effect. A
detailed mathematical description of ultrashort laser pulses will not be presented in this
thesis. It is described in detail in [33, 34]. By combining a femtosecond pulsed laser with
different detection techniques, a wide range of dynamical processes can be studied. By
use of optical detection methods the dynamics of induced carriers can be traced, while
diffraction techniques give access to structural dynamics.
In the work presented here, the measurement of optical transmission, the measurement
of photoluminescence (PL), the recording of Raman spectra and the recording of electron
diffraction images were selected from the wide range of possible detection methods to
study the processes taking place inside a van der Waals heterostructure. The optical
transmission is able to image the electron bath of both materials while photoluminescence
spectra can display the size of the electronic band gap and detect the occupation of
excitonic states in molybdenum disulphide. Raman spectroscopy is a useful tool to detect
possible changes in oscillation frequencies of normal modes or to find the existence of
new coherent oscillations. Diffraction techniques display the structural properties of the
sample and can measure the lattice dynamics in both material layers separately when
this technique is combined with an excitation of the sample in a pump-probe technique.
All methods will be further explained in detail in the further course of this work.
The present work is divided into four main parts: the sample preparation and characterization in chapter 2, optical measurements, namely static photoluminescence (see section
3.3) and time-resolved optical transmittance (see section 3.4), Raman spectroscopy in
chapter 4 and diffraction experiments in chapter 5. The last chapter is divided in an
analysis of the static diffraction pattern of a multilayer heterostructure including a detailed mathematical description of the superstructure and its diffraction spots (section
5.3) and a presentation of the results obtained from time-resolved diffraction experi-
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ments (section 5.4). The section on the static diffraction patterns includes an overview
on the theory of Novaco and McTague [35, 36] that is predicting a non-symmetry related
interlayer rotational angle to be thermodynamically favoured. The last chapter 6 of this
work summarizes all the results from the work presented here and gives an outlook to
possible future experiments.
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2

Preparation and characterization of free-standing single-crystalline samples

As already outlined in the introduction, the basic idea of this work is to combine two
materials in such a way that the selective optical excitation of one of these materials
is possible. In the present case, graphite was chosen as the conductive material with
no band gap and molybdenum disulphide as the semiconductor material with a band
gap. This band gap allows to select an excitation wavelength that does not have enough
energy to overcome this band gap by one-photon absorption. Details about the electronic
structure of both materials will be presented in a following chapter (see section 3.2).
In order to be able to study the chosen sample system without the influence of a substrate, it is necessary to prepare the samples completely free-standing without any underlying supporting substrate. The methods that were used to prepare and characterise
the samples are presented in this chapter.
The same method of sample preparation and characterization was already successfully
used in the diploma thesis of Silvio Morgenstern [37] and the Bachelor thesis of Rico
Huhnstock [38] for the preparation of free-standing graphite and molybdenum disulphide
respectively.
The following chapter is based in parts on the publication [39] which was published in the
context of this work. The publication is placed here in the overall context of this work
and extended by essential points. The passages or pictures were therefore not marked.
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2.1 Sample Preparation
The method for the preparation of free-standing multilayer heterostructures starts with
the production of suitably thin sample flakes of the desired 2D material. This can
be achieved by different approaches which are based on the principle of mechanical
exfoliation introduced by Konstantin Novoselov and Andre Geim [40]. In the current
work, two different procedures were applied. These procedures are on the one hand based
on a method which was primarily realised by Jannik Meyer in 2005 at the University of
California in Berkeley [41]. The second procedure uses a method proposed in 2014 by
Andres Castellanos-Gomez [42].
The method by Jannik Meyer uses semiconductor grade adhesive tape (NITTO R Tape
1)

for multiple mechanical exfoliation steps to cleave the layered material. The obtained

few layers of single crystal flakes are deposited on an oxide coated silicon wafer. In case
of the work presented here, single side polished wafers with a 270 nm thick oxide coating
were used 2 .
In the procedure proposed by Andres Castellanos-Gomez transparent viscoelastic stamps
made from commercially available gel film

3

are used instead of adhesive tape for the

mechanical exfoliation steps. Already during exfoliation, this method allows the determination of the thickness of a desired sample by measurement of the transmittance, as
described below in section 2.2. Like in the method by Jannik Meyer, the sample flakes
on the viscoelastic stamp are finally deposited on an oxide coated silicon wafer.
The adhesive tape as well as the viscoelastic stamp can be removed without leaving any
residue after gentle heating and few-layer flakes remain on the wafer surface. Flakes of
adequate size are characterized by optical reflection microscopy. Interference effects with
the underlying layer of silicon dioxide lead to an absorption contrast, which allows the
determination of the sample thickness with monolayer accuracy [43–46]. This contrast
is dependent on the thickness of the oxide layer, the type of sample material and on the
wavelength that is used. Detailed studies on the contrast of graphite on oxide coated
silicon wafers in reflection microscopy can be found in [47–49].
In the work presented here, a combined set-up of an optical microscope and an atomic
force microscope (AFM) was used to characterise the samples. The set-up uses a turret
head with three optical microscope objectives 4 and an AFM sensor head 5 . The samples
1

supply by NITTO Denko (Belgium), product name SWT10+ Silicon Wafer Tape, Pressure Sensitive
Acrylic Adhesive Tape for Dicing Applications..
2
supply by Active Business Company GmbH (Brunnthal).
3
supply by Teltec (Munich), product name gel film PF-40-X4.
4
supply by Zeiss, 20x (NA=0.4), 50x (NA=0.5) and 100x (NA=0.7).
5
model Nano of company Bruker.
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can be moved on a micro table in two directions by a maximum of 25 mm. It can be
mechanically switched between the optical ocular and a camera

6

for taking digital

images. More details on the microscope can be found in [37].
As the aim is to study the samples without any substrate effect, the samples are prepared
in a free-standing manner by transferring the desired sample flakes onto a Quantifoil
TEM gold grid which is completely covered by an amorphous and porous carbon film.
Via laser machining this film is selectively removed from one grid hole before the transfer process. This procedure reduces the background signal in the electron diffraction
patterns and avoids additional effects from the carbon substrate film in the experiments.
Grids with a 200 mesh (90 ➭m hole size), 300 mesh (60 ➭m hole size) and 400 mesh
(45 ➭m hole size) were used in the work presented here. The particular grid is carefully
manually positioned on top of the desired flake on the oxide coated wafer surface. In
order to achieve a closer contact of the amorphous carbon film to the wafer surface, a
small amount of isopropyl alcohol is added, which is completely evaporated by gentle
heating of the wafer. The desired sample flake is then finally transferred onto the grid
by dissolving the silicon dioxide in a wet chemical etching process using potassium hydroxide. It is important, that the aqueous solution of KOH is placed next to the sample
grid and is only dragging underneath the sample grid. The last step includes further
purification of the sample coated grids. The whole procedure is schematically shown in
figure 2.1. A detailed study about the sample preparation of free-standing graphite can
be found in [37]. In [38] the preparation of free-standing MoS2 is presented in detail.
In order to prepare multilayer heterostructures, sample flakes of both materials are produced and placed on top of an oxide coated silicon wafer by one of the methods presented
above. This is done for all the materials of interest separately. After identification of
desired flakes of both materials, the transfer process is carried out for one of the materials in the manner described. The thus obtained free-standing sample of an individual
material is then positioned on top of the other material, which is still located on a silicon
wafer. This is schematically depicted in figure 2.2. The multilayer material stack is then
successively built up by sequential repetition of the transfer process.
All free-standing samples of molybdenum disulphide–graphite heterostructures, that
were used in this thesis, were prepared by the procedure mentioned above. As it can
be seen in the example in figure 2.3 the graphite sample flake was transferred onto the
empty modified grid in a first step (see figure 2.3 a) and b)). In a second step, a sample
flake of molybdenum disulphide was transferred on top of the free-standing graphite
sample (see figure 2.3 c) and d)).
6

supply by Lumenera, product name CMOS Infinity-Lite.
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modiﬁed
TEM gold grid

manual attachment
sample ﬂake

silicon wafer with
270 nm SiO2

after evaporation of
isopropyl alcohol

Isopropyl alcohol

KOH 15%

free-standing
sample
Figure 2.1: Schematic procedure of the production of free-standing samples. The modified gold grid is manually positioned on the sample flake that is placed on
an oxide coated silicon wafer. The addition of isopropyl alcohol enforces a
closer contact between the grid and the wafer surface. After evaporation
of isopropyl alcohol the oxide coating is etched by a solution of potassium
hydroxide. The sample flake sticks to the grid and is floating on the aqueous
KOH solution. After further purification with clean water the free-standing
sample is obtained.
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TEM gold grid
Graphite

manual attachment
of both components

MoS2
silicon wafer with
270 nm SiO2

after evaporation of
isopropyl alcohol

Isopropyl alcohol

KOH 15%

free-standing
heterostructure
Figure 2.2: Schematic procedure of the production of free-standing heterostructure samples. The preparation of multilayer heterostructures follows the procedure
presented above for a single material. The only difference is that the starting
point is a free-standing sample instead of an empty modified grid. The freestanding sample, in this case graphite, is manually positioned on the sample
flake of MoS2 that is placed on an oxide coated silicon wafer. The addition of isopropyl alcohol enforces a closer contact between the grid and the
wafer surface and therefore between both material layers. After evaporation
of isopropyl alcohol the oxide coating is etched by a solution of potassium
hydroxide. The sample flakes stick together to the grid and the sample is
floating on the aqueous KOH solution. After further purification with clean
water the free-standing heterostructure sample is obtained.
(a)

(b)

(c)

(d)

100 µm

Figure 2.3: Step-by-step process of preparation of a free-standing multilayer material
stack of graphite and molybdenum disulphide. In a first step the graphite
sample (a) flake is prepared free-standing on the modified TEM grid (b).
This sample is then combined with the molybdenum disulphide flake (c) in
a second transfer step (d). The dashed blue line indicates the contour of the
graphite flake, while the dashed red line shows the shape of the molybdenum
disulphide flakes.
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transmittance
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Figure 2.4: The sample thickness is determined by transmittance analysis. Pictures of
the pure graphite sample (top) and the multilayer heterostructure sample
(bottom) in transmission white light set-up are shown on the left. In the
right panel, the transmittance along the dashed lines is plotted. The cyan
colour indicates the graphite sample, the dark blue colour belongs to the
heterostructure. The transmittance of white light is dependent on the sample
thickness and can therefore be used to determine the thickness of the two
material layers. The transmittance of the graphite layer was in this example
measured to be 41 % which is related to a thickness 38 layers of graphite.
The transmittance of the multilayer stack was measured to be 11 %. With
help of the transmittance of free-standing pure graphite the transmittance
of the molybdenum disulphide can be calculated to be 28 %. This value
indicates a thickness of 23 layers of molybdenum disulphide. This specific
graphite–MoS2 heterostructure (sample #1 in table 2.1) is thus built up of
38 layers of graphite and 23 layers of molybdenum disulphide.

2.2 Sample characterization
The free-standing samples can be characterized by the transmittance of bright white
light. According to Beer-Lambert’s law the intensity IN of light transmitted by N layers
of material or a sample of thickness d is dependent on the corresponding absorption
coefficient C or C˜ respectively. I0 is the incident intensity.
ln
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I0
IN



= C˜ · d = C · N

(2.1)
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The absorption AN

7

and transmittance TN per N layers is defined as follows:

IN
= T N = 1 − AN
I0

⇔

I0
1
1
=
=
IN
1 − AN
TN

(2.2)

In consequence, the absorption A1 of a monolayer sample, which is known from literature,
is given as follows:
ln



I0
I1



= C · 1 = ln



1
1 − A1



= − ln(1 − A1 )

(2.3)

Together with (2.1) and (2.2) that gives:
N=

ln(1 − AN )
ln(TN )
=
ln(1 − A1 )
ln(T1 )

(2.4)

The corresponding error is calculated via
∆N =

∆TN
1
·
TN ln(T1 )

(2.5)

The absorption per first layer of graphite is reported to be 2.3 % [47]. That gives a
transmittance of the first layer of T1,graphite = 0, 977. The absorption per first layer of
molybdenum disulphide is reported to be 5.52 % [43]. That gives T1,M oS2 = 0, 9448. As
these values are in both publications extracted from the transmitted intensity of white
light using the relationship shown in equation (2.2) it is not necessary to take a change
in the reflectivity of the samples into account.
The thickness of both materials can reliably be determined by measurement of the transmittance of the free-standing samples after each of the two transfer processes, meaning
of the free-standing layer of the first material and of the whole heterostructure stack. In
case of the heterostructures prepared in the work presented here, the transmittance of
the graphite layer Tgraphite and of the whole heterostructure Thetero are measured as at
first a free-standing graphite layer is prepared and the molybdenum disulphide layer is
added subsequently. The transmittance of the molybdenum disulphide is calculated as
follows:
TM oS2 =

Thetero
Ihetero
=
Igraphite
Tgraphite

(2.6)

with Ihetero being the intensity passing the whole heterostructure sample and Igraphite
7

In this case, all intensity losses that occur when the sample is transmitted are summarized in the
quantity absorption. This quantity thus also contains all contributions from reflections on the sample
surface. But the reflection is assumed to be independent of the number of layers.

17

2. Preparation and characterization of free-standing single-crystalline samples
being the intensity passing the graphite layer.
The corresponding error is calculated by Gaussian propagation of uncertainty.

∆TM oS2

v
u
2
u ∆T
hetero
t
+
=
Tgraphite

Thetero · ∆Tgraphite
2
Tgraphite

!2

(2.7)

As the optical microscope presented above only works in reflection geometry, a LED light
source combined with a glass prism to generate evenly intense diffuse light was placed
underneath the sample. This light was then detected by the camera in the microscope
set-up.
Along specific lines, the grey value was plotted with the program ImageJ. Then the
arithmetic average of the values belonging to the grids (I g ) and to the incident intensity
(I 0 ) are used to calculate and scale the transmittance (Tx ) and its error (∆Tx ) from
the intensity Ix transmitted through the sample. This was done on every pixel position
containing sample material.
Ix − I g
I0 − Ig
q
1
2
2
∆Tx =
(I g − Ix )2 · ∆I 0 + (Ix − I 0 )2 · ∆I g
(I 0 − I g )2
Tx =

(2.8)

The errors of I 0 and I g correspond to the standard deviation.
In some cases, it was not possible to determine I 0 within the picture of the sample
since every other mesh hole was covered with either amorphous carbon film or sample
material. Here, a second picture was used to determine the average transmittance of
the amorphous carbon film (Tcf ) and its error with help of equation (2.8). The average
transmittance of the carbon film was then used to determine the transmittance of the
sample.

Ix − I g
I cf − I g
s
Tcf
(Ix − I g )4
2
2
∆Tx =
· ∆Tcf + (Ix − I cf )2 · ∆I g + (I g − Ix )2 · ∆I cf
2
Tx
I cf − I g
Tx = Tcf ·

(2.9)

The overall transmittance of the sample was calculated by use of the arithmetic average
and standard deviation as well as by use of the weighted average with corresponding
error of all values Tx that were determined with either (2.8) or (2.9).
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The following formula was used for the weighted average value.
Pn

Ti
i=1 ∆Ti
1
i=1 ∆Ti

T sample,weighted = Pn
∆T sample,weighted

v
u
u Pn (Ti −T sample,weighted )2
u i=1
∆Ti
=t
Pn
1

(2.10)

i=1 ∆Ti

Both values give slightly different results for the average transmittance but lead to a
comparable number of layers.
The transmittance of the prepared free-standing heterostructure sample displayed in
figure 2.3 is determined to be 11 %. As shown in figure 2.4 the transmittance of the
pure free-standing graphite layer is 41 %. The transmittance of the pure molybdenum disulphide layer cannot be measured directly due to underlying substrate (either
graphite layer or amorphous carbon film) but can be calculated from the transmittance
of the pure free-standing graphite layer (Tgraphite = Igraphite /I0 ) and the transmittance
of the combined heterostructure (THetero = IHetero /I0 ) by TMoS2 = IHetero /Igraphite =
THetero /Tgraphite . This allows the determination of the transmittance of the molybdenum disulphide layer to be 28 %. This data shows that the free-standing sample of a
molybdenum disulphide–graphite van der Waals heterostructure contains about 38 layers of graphite and about 23 layers of molybdenum disulphide, thus twice as many layers
of graphite as of molybdenum disulphide. All samples used in this thesis are shown with
the respective material thickness in table 2.1.

2.3 Samples prepared during the work
Various samples with different thickness were prepared, with the thinnest sample being
a three-layer graphite sample.
The set of samples, that was used during the current work is presented in table 2.1. The
samples are in the following always referred to with the number given here. Further
details on the samples used in this thesis are listed in the appendix (see section B.1).

19

2. Preparation and characterization of free-standing single-crystalline samples

Table 2.1: Samples prepared and used during the work. The samples are in the following
always referred to with the number given here. The statistical errors were
obtained as explained in equation (2.5).
Sample
#1

20

Transmittance (%)
graphite
MoS2
41.4 ± 5.2 28.0 ± 5.7

Number of Layers
graphite
MoS2
38 ± 5
23 ± 4

#2

58.8 ± 3.2

14.6 ± 2.8

23 ± 3

34 ± 4

#3

47.5 ± 6.0

33.7 ± 9.1

33 ± 5

19 ± 5

#4

38.4 ± 3.8

8.4 ± 2.6

41 ± 4

44 ± 5

#5

86.2 ± 7.2

57.5 ± 6.1

6±4

10 ± 2

#6

81.7 ± 2.9

38.1 ± 2.4

17 ± 1

19 ± 11

#7

78.5 ± 2.9

10 ± 2

#8

∼ 25

∼ 60

#9

9.1 ± 0.7

46 ± 2

#10

11.2 ± 0.7

38 ± 1

comments
static diffraction (section 5.3), shown in figures 2.3 and 2.4.
static diffraction (section 5.3)
static diffraction (section 5.3), UED (section 5.4.2) and optical pump-probe (section
3.4)
static diffraction (section 5.3)
static diffraction (section 5.3), PL (section
3.3) and Raman (section 4)
static diffraction (section 5.3), PL (section
3.3) and Raman (section 4)
PL (section 3.3) and
Raman (section 4)
optical
pump-probe
(section 3.4)
PL (section 3.3) and
Raman (section 4)
UED (section 5.4.1)

3

Optical measurements

Optical measurements are a method to get access to the electronic properties and carrier
dynamics in a sample system. All the methods available are based on fundamental lightmatter interaction.
The theoretical background for optical measurements in general will be explained in
a first step. After that, the properties of the selected sample materials graphite and
molybdenum disulphide as known from the literature are presented. Then, this chapter is divided into the two experimental techniques that were used in the current work,
namely photoluminescence spectroscopy and optical pump-probe spectroscopy. Photoluminescence spectroscopy is a versatile tool to probe the properties of the electronic
bandstructure as the size of direct and indirect band gaps. The optical pump-probe
spectroscopy with spatially resolved transmittance as probing method can map the relaxation dynamics of excited carriers. For each experiment, the set-up and the results
will be presented separately.

3.1 Theoretical background–light-matter interaction and
optical spectroscopy
This section aims to provide an overview of the theoretical background of the optical
measurements, that were used in this thesis. The first part of this section will tell about
the transmission and reflection of light in non-absorbing materials. This is necessary as
the experimental parameters were chosen such that only one of the material layers of a
multilayer heterostructure is supposed to absorb the excitation wavelength. The second
part of this section will then deal with absorption.
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3.1.1 Transmission and reflection of light
As long as light is assumed to pass non-absorbing materials, it is sufficient to treat the
refractive index n as a real number. The refractive index n =

c
v

is defined to give the

ratio of propagation speed of light in vacuum c and in a medium v. As these velocities
are directly connected to the wavelength, n =

λ0
λ

does also apply. The wavelength is by

definition connected to the angular wavenumber k by
λ=

2π
k

(3.1)

while, for a given frequency, the wavelength of an electromagnetic wave propagating
with the speed of light in vacuum c is
2πc
ω

(3.2)

ck
λ0
=
λ
ω

(3.3)

λ0 =
Together, this gives
n=

~ t) propagating in time in z direction is usually deA plane electromagnetic wave E(z,
scribed by the following equation [50].
h
i
~ t) = ℜ E
~ 0 ei(kz−ωt)
E(z,

(3.4)

Here, ω is the angular frequency of the wave, k = 2π
λ is the angular wavenumber of the
~
~
wave and E0 = E0 · ê includes the amplitude E0 of the oscillating electric field at position
z = 0 and the polarization vector ~ê. ℜ describes the real part of the complex valued
quantity.

In order to describe band-with limited ultrashort laser pulses it is common to look at
the time-dependent electric field E at a fixed spatial position which is composed of an
envelope function A(t) and the oscillating wave.
E(t) = A(t) · cos (Φ0 + ω · t)

(3.5)

Φ0 is the phase between the oscillating wave and the envelope function.
The time-dependent intensity of the wave is proportional to the absolute square of the
electric field [50]. The proportionality factor is given by the vacuum permittivity ǫ0 and
the refractive index n0 of the material.
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I(t)osc = ǫ0 · c · n0 · |E(t)|2 = ǫ0 · c · n0 · A(t)2 cos2 (Φ0 + ω · t)

(3.6)

This oscillating intensity can be integrated over one period as the envelope function only
slowly varies compared to the oscillating wave and will result in the commonly used
cycle-averaged intensity [51]. The intensity of a Gaussian laser pulse with a FWHM
pulse duration ∆t and a peak intensity I0 is then described by:
1
I(t) = · ǫ0 · c · n0 · A(t)2 = I0 · exp −4 ln 2
2



t
∆t

2 !

(3.7)

Beside the time-dependent intensity it is necessary to describe the spatial intensity distribution of the Gaussian laser pulse possessing a 1/e2 beam radius of ω0 and a peak
intensity I0 at the center of the pulse.


r2
I(r) = I0 · exp −2 2
ω0



(3.8)

The temporal integration of the temporal- and spatial-dependent intensity leads to the
value of local fluence F (r) with [F (r)] = J/m2 .
F (r) =

Z

∞

I(t, r)dt

(3.9)

−∞

The spatial integral of the fluence, which is equivalent to the spatial and temporal
integration of the intensity I(t, r), gives the pulse energy EP with [EP ] = J.
EP =

Z

∞

F (r)dr

(3.10)

0

The peak fluence FP at the central spatial position is connected to the cycle-averaged
peak intensity I0 and the pulse energy EP via
1
FP = I0 ∆t
2

r

π
2EP
=
ln 2
πω02

(3.11)

As the average power P with [P ] = W of a pulsed laser with repetition rate f is experimentally easier to access, the pulse energy EP is often not directly measured. When the
pulses are all of the same energy, the following relationship applies:
EP =

P
f

(3.12)

With help of this, the peak fluence FP can be calculated from the experimentally acces-
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Figure 3.1: This schematic shows the variables that are used in the Fresnel equations.
A beam (I) incident on an interface of two materials with different refractive
indices n1 and n2 under an angle θi to the normal of the interface is partially
reflected (R) and transmitted (T). The transmitted beam propagates under
an angle θt to the normal of the interface. All these variables are connected
by Snell’s law n1 sin θi = n2 sin θt . It is necessary to distinguish the cases of
s-polarized and p-polarized light. Both cases are depicted on the left. In case
~ i is perpendicular to the plane of
of s-polarization, the electric field vector E
incidence, while in case of p-polarization, the electric field vector is in the
~ i is defined
plane of incidence. The direction of the magnetic field vector H
~
~
by the direction of propagation ki and Ei . The plane of incidence is spanned
by the vectors of incoming and reflected light.

sible average power P .

FP =

2EP
2P
=
πω02
f πω02

(3.13)

The reflection and transmission of linearly polarized light at an interface between different non-absorbing optical media of refractive index n1 and n2 can be described by the
Fresnel equations. Here, it is distinguished between s-polarized light, where the electric
field is perpendicular to the plane of incidence and the magnetic field lies within the
plane of incidence, and p-polarized light, where the electric field is in the plane of incidence and the magnetic field is perpendicular to the plane of incidence. The plane of
incidence is spanned by the vectors of incoming and reflected light. All variables that
are used here are depicted in figure 3.1.
The reflectance, as being the portion of the incident power that is reflected from the
surface, is defined by the Fresnel equations to be [50]:
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Rs =

n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

n1 cos θt − n2 cos θi
Rp =
n1 cos θt + n2 cos θi

2

=

2

n1 cos θi − n2
n1 cos θi + n2
r


r

r

1−
1−




2

n1
n2

sin θi

n1
n2

sin θi

2
2

2

2

(3.14)

1 − nn12 sin θi − n2 cos θi
r
=

2
n1 1 − nn12 sin θi + n2 cos θi
n1

In both cases, the second form can be obtained by using Snell’s law that connects the
angles of the incident (θi ) and transmitted (θt ) beams to the normal of the interface
with the refractive indices n1 and n2 of the media.
n1 sin θi = n2 θt

(3.15)

As no absorption is taken into account, the conservation of energy leads to the fact, that
the portion of transmitted power can easily be obtained from the reflectance [50].
T s = 1 − Rs

(3.16)

T p = 1 − Rp

Under normal incidence (θi = θt = 0◦ ) the Fresnel equations simplify to the following
form [50]:
n1 − n2
R=
n1 + n2

2

(3.17)

In case of free-standing samples that are penetrated by light, the reflectivity of the material surface needs to be considered as it could lead to multiple reflections within a
sample. Multiple reflections would increase the overall light intensity that acts on the
sample. This effect can be considered to have no crucial effect in the thesis presented
here. Molybdenum disulphide is mostly transparent for the wavelength used for excitation. When a wavelength is used that is able to optically excite the molybdenum
disulphide or in case of graphite as a sample system, the absorbance of the sample is that
high, that only a low portion of the incident light reaches the backside of the sample.
This drastically reduces the power of multiply reflected light in the sample.
For heterostructure samples, not only the reflectance of the sample surface needs to be
considered, but also the reflection on the material interface can play a major role. The
reflectivity of this interface section increases of course the number of photons that can
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act in one of the material layers.
The reflectance under normal incidence for a graphite–molybdenum disulphide heterostructure, that is shown as an example for the propagation of light under normal
incidence through a bilayer heterostructure stack in figure 3.2, was calculated by use
of (3.17) for all possible interfaces (vacuum to graphite, graphite to molybdenum disulphide and vacuum to molybdenum disulphide). The numbers for the refractive index
vary a little in literature. In case of molybdenum disulphide, n is found to be dependent
on the sample thickness [52] in the range of few atomic layers. In figure 3.2, the value
for bulk samples is used.

3.1.2 Photoexcitation and -emission
The easiest way to describe photoexcitation and -emission in atoms and molecules is
to assume two possible electronic states 1 and 2 of energy E1 and E2 . Already Albert
Einstein described the processes of absorption and emission in 1916. He proposed three
different processes [56]:
• Absorption of a photon causes an electron to jump from a lower to a higher energy
level.

• In a stimulated emission process an electron is forced to jump from a higher to a

lower energy level while emitting a photon with the same propagation direction,
frequency and phase as the incident photon.

• In a spontaneous emission process an electron decays without any outside influence

from a higher to a lower energy level while emitting a photon with an arbitrary
propagation direction. The frequency of the emitted photon is determined by the
energy difference of the two energy levels involved.

In the following it is always assumed that E2 > E1 , meaning that state 1 is the lower
energy level and state 2 is the higher energy level. The transition probability of the three
processes is dependent on the number of electrons Ni in the initial state. The stimulated
processes are in addition dependent on the spectral energy density ρ(ν). Einstein defined
the remaining constants of proportionality as the Einstein coefficients A21 , B12 and B21 .
With help of these constants, the rate equations of all three processes can be given.
In case of absorption the change in the occupancy per time of state 1 is given by
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dN1
dt



absorption

∝ −B12 · N1 · ρ(ν)

(3.18)
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vacuum
n = 1.0
graphite

Rgraphite-vacuum = 0.22 - 0.26 @ 800nm
Rgraphite-vacuum = 0.20 - 0.21 @ 400nm

ngraphite = 2.6 - 2.7 @ 800nm
ngraphite = 2.8 - 3.1 @ 400nm
RMoS2-graphite = 0.03 - 0.07 @ 800nm
RMoS2-graphite = 0.001 - 0.03 @ 400nm
MoS2
nMoS2 = 4.3 - 4.8 @ 800nm
nMoS2 = 2.9 - 3.7 @ 400nm
RMoS2-vacuum = 0.39 - 0.43 @ 800nm
RMoS2-vacuum = 0.24 - 0.33 @ 400nm
vacuum
n = 1.0

Figure 3.2: Light that is impinging under normal incidence on a bilayer heterostructure
can be reflected on various interfaces: at the interface between the layers
and at the interface of each layer and vacuum. The numbers given apply for
the case of molybdenum disulphide and graphite. The values for the refractive index of molybdenum disulphide were taken from [53] (nM oS2 ,800nm =
4.7268 and nM oS2 ,400nm = 3.6866) and [52] (nM oS2 ,800nm = 4.3187 and
nM oS2 ,400nm = 2.9115). According to [52] the refractive index of MoS2 is
dependent on the number of layers in the range of few layers. The value for
a 20 nm thick layer was used here as it was closest to the thickness used
in the work presented here. The refractive index of graphite was taken
from [54] (ngraphite,800nm = 3.0304 and ngraphite,400nm = 2.6506) and [55]
(nGraphene,800nm = 2.7138 and nGraphene,400nm = 2.8707). Weber et al. studied Graphene, but the refractive index turned out to be close to that of
crystalline graphite. It can be seen that reflection on the material interface plays a minor role. The sample reflectivity will be dominated by the
material–vacuum interface reflections.
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Figure 3.3: Einstein considers three distinct processes in his rate equation model of photoexcitation and -emission. The absorption causes an electron to jump from
a lower energy (E1 ) level to a higher energy level (E2 ). In both emission processes the electron changes in the opposite direction and the system emits a
photon of energy E2 − E1 . The difference between both processes is, that
in case of the stimulated emission the process is caused by an incident photon. The emitted photon is of the same propagation direction, phase and
energy as the incoming photon. The spontaneous emission happens without an outside influence and the photon is emitted in random propagation
direction.
The stimulated emission process leads to a change in the occupancy of state 1.


dN1
dt



stim. emission

∝ B21 · N2 · ρ(ν)

(3.19)

The spontaneous emission process leads to a change in the occupancy of state 1 of


dN1
dt



spon. emission

∝ A21 · N2

(3.20)

A more detailed description of the Einstein rate equation model is skipped at this point
and the reader is referred to standard textbooks [57–59]. By using the Boltzmann
distribution and coefficient comparison with Planck’s law of black-body radiation or
Rayleigh-Jeans, relations between the Einstein coefficients under equilibrium conditions
can be obtained.
As the spontaneous emission describes the decay of a higher energy level without any
outside influence, the inverse of the corresponding Einstein coefficient A21 is related to
the lifetime of an excited state τ ∝

1
A21 .

As soon as absorption plays a role, the refractive index must be considered as a complex

number of the form ñ = n′ + i · κ. From the considerations concerning the refractive
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index, the plane wave solution of Maxwell’s equations in equation (3.4) can be rewritten
to be

h
i
iω(ñz/c−t)
~
~
E(z, t) = ℜ E0 e

(3.21)

~ 0 eiω(ñz/c−t) |2 = |E
~ 0 |2 e−2ωℑ(ñ)z/c = I0 e−2ωℑ(ñ)z/c
I(z) ∝ |E

(3.22)

The intensity can now be derived.

That means, that the real part of the refractive index still indicates the phase velocity
and ℜ(ñ) = n′ =

ck
ω

applies, while the imaginary part of the refractive index ℑ(ñ) = κ

is called the extinction coefficient in absorbing media [50].

The refractive index ñ is connected with the relative permittivity ǫr and permeability
µr via
ñ =
The assumption of ñ ≈

√

√

ǫ r µr ≈

√

ǫr

(3.23)

ǫr is possible since most materials are non-magnetic at optical

frequencies, meaning that µr is close to 1. The relative permittivity ǫr is a complex
valued quantity that is connected to the conductivity σ of the material and the vacuum
permittivity ǫ0 [50, 57].
ǫr = ǫ̃r − i

σ
ǫ0 ω

(3.24)

The conductivity of a material, especially of dielectric materials, can be influenced by
migrating charge carriers, meaning by photoexcitation in the material. In case of an
unexcited dielectric material where no electrons are present in the conduction band, the
material does possess a zero conductivity, meaning, that the relative permittivity is given
by ǫ̃r . As soon as quasi-free electrons need to be considered in an excited dielectric, the
conductivity of the material becomes non-zero.
As the intensity of an electromagnetic wave propagating through an absorbing material
is dependent on the refractive index, which is thus dependent on excited charge carriers
in the material, probing the change in the transmittance of a material after optical
excitation can display changes in the occupancy of electronic states in the material.
In addition, it was shown in equation (3.18) that the absorption probability is dependent
on the occupancy of the initial state. That means, that a depopulation of the initial
state will cause a lowered absorption efficiency.
But also emission processes after optical excitation are spectroscopically accessible and
a versatile tool for investigation of the electronic system of a sample. First of all, the
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Figure 3.4: Electronic bandstructure of graphite. The Brillouin zone of graphite parallel
to the basal plane with all points and lines of high symmetry is shown in a.
The electronic bandstructure of graphite has a conical shape in the vicinity
of the K and K ′ points (b. taken from [60]) and possesses saddle points on
the M points. This is also visible when the bandstructure is plotted along
certain lines in reciprocal space (c. modified from [61]). In this plot, the
bands are labelled with their symmetry based irreducible representations.
Further details on this assignment can be found in the appendix (A.4).
observation of photoluminescence is a clear indication that excited electronic states were
populated. In addition, the energy of the emitted light is directly connected to the
energy difference of the excited level and the ground state.

3.2 Properties of the used solid state systems
This section will give an overview of the electronic properties of graphite and molybdenum disulphide known from theoretical as well as experimental studies in the literature.
The aim is to give insights in the physical behaviour of these materials that is relevant
for the understanding and evaluation of the results presented in this thesis.

3.2.1 Graphite – Electronic properties and carrier dynamics
Graphite is the most stable modification of carbon and can be found in two polytype
crystal structures called graphite-2H and graphite-3R. The crystal structures of this
material will be dealt with in detail in section 4.2.1. In both structures, the material is
built of two-dimensional layers consisting of covalently joined hexagons of sp2 hybridized
carbon atoms. This hybridization leads to the fact, that every carbon atom possesses
a non-hybridized 2p-orbital perpendicular to the covalently joined plane of sp2 orbitals.
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This leads to a delocalization of the π electrons among the hexagons resulting in an
outstanding electric conductivity and high carrier mobility within the basal plane.
Since the π electrons are located parallel to the a3 axis of the crystal lattice, which is
parallel to the z axis of the crystal structure space group, they can be treated with group
theory analysis. This is presented in detail in the appendix (see section A.4).
The electronic bandstructure of graphite is shown in figure 3.4. It can be seen, that the
bandstructure shows a pretty dominant conical shape around the K and K ′ points and
possesses a saddle point at the M point, where the energy is minimal in direction of Σ,
but maximal in direction of T or T ′ respectively. The conical shape around the K and
K ′ points leads to the uncommon effect that electrons can be resonantly excited from
the valence to the conduction band by arbitrary wavelength.
The covalently bonded layers are vertically stacked by van der Waals forces. These
anisotropic binding conditions result in a directional dependence of the mechanical,
electrical and thermal properties of graphite. Despite the almost metallic conductivity
along the basal planes, this material is thermally and electrically insulating orthogonal
to the basal planes.
Figure 3.5 shows examples of femtosecond optical pump-probe transmittance measurements as reported in literature [62, 63]. The measurement presented in [62] was performed on a 35 nm thick film sample of graphite by using laser pulses with a pulse duration of 50 fs at a central wavelength of 620 nm for both optical excitation and probing
of the sample transmittance.
It can be seen, that for low excitation fluence (5 ➭J/cm2 ), the transmittance first rises
pretty strong and reaches the maximum value slightly after the temporal overlap of pump
and probe pulse. This rise in transmittance is followed by a decrease below the value of
the unpumped sample with a time constant of (30±10)fs. For higher excitation fluence
(7.5 mJ/cm2 ), the point of maximal transmittance is shifted to the point of temporal
overlap of pump and probe pulse and the transmittance does not drop below the value of
the unpumped sample. Here, the transmittance was found to drop with a time constant
of (130±15)fs.
This data is in good agreement with [63] where the change of transmittance induced by
optical excitation is also reported to be dominated by a rising transmission caused by
absorption saturation of direct optical transitions which is equivalent to a ground state
bleaching. The temporal resolution of the set-up is higher compared to [62], because laser
pulses of 7 fs pulse duration were used for excitation and probing of the 20-30 nm thick
sample. Therefore, it was possible in this study to distinguish between different cooling
mechanisms of the hot carriers. The authors report on intraband carrier equilibration
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Figure 3.5: Literature data on transmittance change in graphite after optical excitation.
The data on the left was taken from [62] (plot a: pump fluence 5 ➭J/cm2 ,
plot c: pump fluence 7.5 mJ/cm2 ). The graphic on the right is published in
[63] and does also report on a rising transmittance after optical excitation
(d) followed by a decrease that can be well approximated by a biexponential function. The inset shows that the maximum rise in transmittance is
increasing with an increasing pump fluence. The schematic (a) visualizes the
idealized bandstructure of graphite and shows the pumped and probed direct
optical transitions by the red arrow. Two thermalization scenarios can be
thought of as inter- and intraband scattering of carriers can be competing in
different ways. If both carrier equilibration channels are of similar probability, a hot equilibrium distribution that can be referred to with an elevated
carrier temperature is formed (b). Whereas, a much higher intraband scattering rate compared to interband scattering rate will lead to the formation
of separate Fermi distributions of electrons in the conduction band and holes
in the valence band (c). In both scenarios, a subsequent phonon-mediated
equilibration will take place on a longer timescale.
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on a 20-30 fs time scale followed by semiconductor-like carrier dynamics leading to the
formation of separate electron and hole distributions. Coupling to optical phonons is
then said to guide the cooling of the hot carrier distribution.

3.2.2 Molybdenum disulphide – Electronic properties and carrier dynamics
Molybdenum disulphide is a semiconductor with a band gap changing from indirect to
direct combined with an increase from about 1.2 eV [7] or 1.3 eV [8] to 1.9 eV [7, 8]
when going from bulk material to monolayer thickness. Figure 3.6 shows on the left side
the bandstructure of MoS2 with decreasing layer thickness from bulk material (a) to
quadrilayer (b), bilayer (c) and monolayer (d) thickness calculated by Andrea Splendiani
et al. [7]. As it can be seen, the bulk material possesses an indirect band gap of about
1.2 eV from the Γ-point to a point on the K − Γ-line. At the K- and K ′ -points occurs
a direct excitonic transition at higher energy.

The size of the indirect band gap grows with decreasing material thickness, while the size
of the direct band gap barely changes. In case of monolayer molybdenum disulphide,
the direct band gap of about 1.9 eV is smaller than the indirect transition.
In the vicinity of the K- and K ′ -points, the bandstructure of MoS2 can be well approximated by a quadratic function. Spin-orbit coupling leads to the fact, that the states
in both, the conduction band and the valence band are split in spin-up and spin-down
states. The splitting distance in the conduction band is rather small, while in the valence band, the splitting is measurably large [7, 64]. The arrangement of spin-up and
spin-down as higher or lower state alternates from K- to K ′ -point.
The size of the direct and indirect band gap as well as the size of the spin splitting in the
conduction band can be experimentally addressed by measuring the photoluminescence
(PL) spectrum of molybdenum disulphide. The PL spectrum of monolayer MoS2 shows
two distinct signals in the range below 800 nm located at 627 nm (1.98 eV) and 670 nm
(1.85 eV) [7]. As these signals correspond to the direct excitonic transitions at the Kor the K ′ -points of the Brillouin zone, the energy difference of these signals is directly
related to the splitting of the valence band caused by spin-orbit coupling. In literature,
these transitions are assigned with the so-called A and B excitonic transition [7, 64].
The size of the direct band gap of 1.85 eV or 1.98 eV respectively was experimentally
proven to be mostly independent from the material thickness.
An additional signal in the PL spectrum of molybdenum disulphide arises from the
indirect band gap. The size of this indirect band gap and therefore its position in the
PL spectrum is heavily dependent of the material thickness. As the number of layers
increases from monolayer to about five layers to bulk material, the size of the indirect
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Figure 3.6: Calculated electronic bandstructure of MoS2 (left, taken from [7]) as bulk
material (a) as well as for quadrilayer (b), bilayer (c) and monolayer (d)
thickness. It can be seen, that the direct band gap in this material at the K
point is mostly unaffected in size by changes in the material thickness. This
band gap has a size of about 2 eV. But the indirect band gap starting in
the valence band at the Γ point becomes larger when the number of layers
is reduced. When going to monolayer thickness this leads to the fact, that
the material becomes a direct band gap semiconductor. In the vicinity of
the K- and K ′ -points, the bandstructure of MoS2 can be well approximated
by a quadratic function (right). Spin-orbit coupling leads to band splitting
in spin-up and spin-down states. The splitting distance in the conduction
band is rather small, while in the valence band, the splitting is measurably
large. The arrangement of spin-up and spin-down as higher or lower state
alternates from K- to K ′ -point.
band gap decreases from about 1.9 eV to 1.3 eV [8]. In monolayer thickness, the indirect
band gap is larger than the direct band gap. Therefore, monolayer MoS2 is a direct band
gap semiconductor, while MoS2 with a thickness of two layers or more is an indirect
semiconductor. This leads to the fact that the PL intensity drops drastically when the
layer thickness changes from monolayer thickness to a thickness of two or more layers.
The PL spectrum of molybdenum disulphide is reported to be sensitive on the interlayer
coupling when two layers of molybdenum disulphide are combined in a mono-material
van der Waals heterostructure [65]. It was found that the spacing of the A and B exciton
signal as well as their intensity ratio is dependent on the interlayer angle in the studied
sample. DFT calculations show that the interlayer angle affects the interlayer separation
and thus the size of direct and indirect band gap 1 .
1

In section 5.3.4 it will be shown, that the layers in a mono-material van der Waals heterostructure
should preferably align in 0◦ interlayer angle as this angle should be thermodynamically favourable
in case of the combination of two layers of identical material. Of course, samples can also be prepared
at a forced angle. However, allowing structural relaxation should always lead to the 0◦ orientation.
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Figure 3.7: As the excitation from the two spin split valence bands is predicted to be
sensitive to the sense of rotation of circularly polarised light, molybdenum
disulphide possesses circular dichroic properties. The schematic on the left
visualizes that the excitation at the K and K ′ points is accessible with either
left (LCP) or right (RCP) circularly polarized light as the arrangement of
spin-up and spin-down state as higher or lower state alternates from K- to
K ′ -point. The graphic on the right is taken from [64] and shows that the
location of hot carrier density in the Brillouin zone after optical excitation
with circularly polarized light is dependent on the sense of rotation (a and
b). This results in the variation of the absorption spectra (c and d) at the
K and K ′ valley.
Optical pump-probe studies on molybdenum disulphide that are available in literature
report on a nonthermal carrier distribution that can be generated by optical excitation
of the A and B excitonic states. The carriers thermalize on a time scale of about 20 fs via
both carrier-carrier and carrier-phonon scattering. Subsequently, the hot Fermi-Dirac
distribution cools on a time scale of about 0.6 ps via carrier-phonon scattering [66].
A further interesting feature of electronic excitations in molybdenum disulphide arises
from the arrangement of spin-up and spin-down as higher or lower state. This arrangement alternates from K- to K ′ -point. The excitation from the two spin split valence
bands is predicted to be sensitive to the sense of rotation of circularly polarised light
[64]. Therefore, the optical excitation is located either on the K- or the K ′ -points when
circularly polarised light is used for the excitation. This was also proven in experiments
using optical pump-probe techniques combined with circularly polarised light [67–69] as
indicated in figure 3.7.
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3.3 Photoluminescence
As already pointed out in section 3.1, the photoluminescence spectrum of a sample is
directly connected to its optical properties and gives values for direct or indirect band
gap sizes present in the electronic bandstructure of a sample material.
The aim in the current work is to study the influence of the combination of a conducting and a semiconducting material on the electronic properties of the semiconducting
material. For this purpose, PL spectra of pure molybdenum disulphide and of the
graphite–molybdenum disulphide heterostructure were compared to have a look on possible changes caused by the contact to the conducting crystalline carbon material.
A further attempt is to use an excitation wavelength that cannot overcome the band
gap in molybdenum disulphide. This allows to observe whether the conduction band
of molybdenum disulphide can be addressed although the graphite layer is selectively
optically excited.
Thus, this method is appropriate to statically probe the electronic properties of both
materials separately and while they are implemented in the heterostructure.

3.3.1 Experimental set-up
A set of four samples containing one free-standing sample of graphite (sample #7 from
table 2.1) and one of molybdenum disulphide (sample #9 from table 2.1) as well as two
free-standing heterostructure samples (samples #5 and #6 from table 2.1) was sent to
Boston university. The group Nanomaterials, Structures & Spectroscopy of Xi Ling

2

is

equipped with a commercial Raman spectrometer (Horiba JY T64000 Raman system)
in combination with an ion laser (Coherent Innova 70C Spectrum Ion Laser ) that can
provide various wavelengths in the entire visible range from 457.9 nm to 752.5 nm in
continuous wave and mono-mode. At the same time, this set-up can be used to measure
photoluminescence (PL) spectra.
As the laser can be focused to a very sharp position on the sample, different locations
on the heterostructure samples were investigated to deliver a full data-set. The different
locations on samples #5 and #6 that were studied are shown in figure 3.8. With this
method, it was possible to obtain data not only from the stacked regions of the multilayer
heterostructure, but also from the pure materials on locations, where both layers did
not overlap. It can be seen that position P1 on both samples contains the free-standing
heterostructure. P2 in sample #5 is also positioned on a heterostructure area, but here,
the sample is supported by the amorphous carbon film of the TEM grid. P3 on sample
2

https://www.bu.edu/chemistry/faculty/ling/, http://sites.bu.edu/xling/.
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Figure 3.8: Different locations on the heterostructure samples #5 and #6 were studied with PL spectroscopy. Position P1 on both samples contains the freestanding heterostructure. P2 in sample #5 is also positioned on a heterostructure area, but here, the sample is supported by the amorphous carbon film. P3 on sample #5 and P2 on sample #6 contain only graphite,
but superimposed by the amorphous carbon film in both cases. The area P4
on sample #5 is located on pure molybdenum disulphide supported by the
amorphous carbon film. P3 on sample #6 does only contain the amorphous
carbon film. The color code for the different positions given in this figure
applies for the whole section.
#5 and P2 on sample #6 contain only graphite, but superimposed by the amorphous
carbon film in both cases. The area P4 on sample #5 is located on pure molybdenum
disulphide supported by the amorphous carbon film. P3 on sample #6 does only contain
the amorphous carbon film.
The PL spectra were measured with a wavelength of 514 nm (power 0.5 mW) and 752 nm
(power > 1.0 mW). A grating of 150 g mm−1 was used to give a sufficiently high spectral
resolution.

3.3.2 PL spectra of graphite containing sample areas
Figure 3.9 b. shows the PL spectrum of the amorphous carbon film, which was taken into
account in the evaluation of all sample areas that are supported by the carbon film. The
amorphous carbon film shows a broad PL spectrum, which can be well approximated by
a Gaussian function with a central wavelength of (693.2 ± 0.2)nm and a width of (149.6
± 0.5)nm (red curve). As reported in [70], amorphous carbon can show photoluminescence intensity although crystalline carbon is not expected to show PL intensity. The

photoluminescence spectrum published in [70] is comparable to the one shown in figure
3.9. This signal is used to extract the signals coming from the material when the signal
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Figure 3.9: PL spectra of free-standing pure graphite (a.) and of the amorphous carbon
film (b.). In addition, the PL spectrum of graphite measured on sample #5
(c.) and #6 (d.) as pure material superimposed by amorphous carbon film
is shown. The PL spectra are fitted by a Gaussian function each (red).
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can be assumed to be superimposed by the signal of the amorphous carbon film.
Three sample sections measured contained pure graphite. These are on the one hand
the free-standing pure graphite sample (Fig. 3.9 a.) and on the other hand a region on
both heterostructure samples where the graphite is not superimposed by molybdenum
disulphide but supported by the amorphous carbon film (Fig. 3.9 c. and d.). It can
be seen that the spectra of the sample areas which are supported by the carbon film
are almost completely dominated by the spectrum of the amorphous carbon film, while
the PL spectrum measured on the pure crystalline graphite area is of very low intensity
compared to all other spectra that were taken. Based on the recorded spectra, it can be
shown that crystalline graphite exhibits only low PL intensity, which is to be expected
due to the electronic bandstructure (see section 3.2.1).

3.3.3 PL spectra of MoS2 containing sample areas
The PL spectra shown in figure 3.10 were recorded on sample sections containing molybdenum disulphide.
Pure molybdenum disulphide
First, the spectra of pure molybdenum disulphide (a. and b.) will be discussed. The PL
spectrum of molybdenum disulphide was investigated both on the free-standing sample
of pure molybdenum disulphide (a.) and on a sample section on sample #5, where the
molybdenum disulphide of the heterostructure does not overlap with the graphite layer
(b.). At this point, the molybdenum disulphide is supported by the amorphous carbon
film. In the case of the pure molybdenum disulphide sample, there are two distinct peaks
which can be represented with a sum of two Gaussian functions located at approximately
680 nm and 910 nm (detailed parameters can be found in table 3.1), with the first peak
having a width of approximately 41 nm and being significantly narrower than the second
signal having a width of approximately 125 nm. These two signals can be assigned to
arise from the direct band gap transitions between valence and conduction band (located
at about 1.85 eV ≈ 670 nm) and indirect band gap luminescence (located at about 1.3 eV

to 1.4 eV ≈ 956 nm to 886 nm) [8]. Due to the spin splitting in the valence band, the
signal of the direct band gap transition should be split in two signals separated by about

0.1 eV [7, 8]. As already pointed out in section 3.2.2, the size of the indirect band gap
is dependent on the number of atomic layers in the range of one to about six layers
before it reaches the indirect band gap energy of bulk MoS2 . Therefore, the position
of the corresponding peak in the PL spectrum can be used to estimate the range of
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Figure 3.10: PL spectra of molybdenum disulphide measured on the free-standing pure
sample (a.), on sample #5 as pure material superimposed by amorphous
carbon film (b.), implemented in the heterostructure on free-standing areas
on sample #5 (c.) and #6 (d.) and on a heterostructure area on sample #5
supported by the amorphous carbon film (e.). The two prominent peaks of
the spectrum are fitted by a sum of two Gaussian functions (red). In case,
where the probing area was supported by the carbon film, its signal was
added as a third Gaussian function. For a better overview of the individual contributions in the case of the sum of three Gaussian functions, the
individual contributions are displayed in green under the overall function.
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sample thickness. The position of about 910 nm, that appears in the data presented
here, corresponds to a thickness of more than six atomic layers and does not allow a
more precise thickness determination [7, 8]. The sample thickness range estimated this
way is consistent with the thickness that was determined by transmittance of white light
(see table 2.1).
In the case of the sample section in which the molybdenum disulphide is present individually on the carbon film, a sum of three Gaussian functions was used for matching
the measured data and taking into account the signal from the amorphous carbon film
at the same time. This spectrum shows the two signal peaks, which were also observed
on the unsupported sample area. However, the positions of both peaks with a central
wavelength of (691.2 ± 0.1)nm and (873.2 ± 0.9)nm are shifted in comparison to the
free-standing sample. The signal at 677 nm is red shifted, the signal at 913 nm is blue
shifted, so that in the case of the sample lying on the carbon film both signals are closer
together. The widths of (39.2 ± 0.3)nm and (152.1± 1.7)nm remain approximately
comparable to the free-standing pure material.
Molybdenum disulphide stacked on graphite
The remaining spectra from figure 3.10 (c. to e.) were recorded at locations where the
graphite–molybdenum disulphide heterostructure is present. In spectrum e., the heterostructure is supported by the amorphous carbon film, so that in the case of spectrum
e. a sum of three Gaussian functions and in case of spectra c. and d. a sum of two
Gaussian functions was used for approximating the measured data in order to take the
carbon film into account.
Peak position
In all cases, there are two signal peaks whose position and width corresponds to that
of the signal of the free-standing pure molybdenum disulphide sample (see table 3.1).
That means, that the band gap of molybdenum disulphide is not influenced in size by
the incorporation of the material in the heterostructure. The shoulder that is visible at
about 630 nm can be assigned to the second direct band gap transition that is separated
from the most intense direct band gap transition by about 0.1 eV due to the valence
band splitting in MoS2 [7, 8]. It is noticeable that both prominent peaks are not shifted
in comparison to the signal of the free-standing pure molybdenum disulphide sample.
The peak at about 670 nm is expected not to be influenced by the sample thickness,
because the direct band gap in MoS2 is known to be mostly independent of the number
of layers [7, 8]. Only the location of the peak corresponding to the indirect band gap is
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sensitive to the sample thickness in the range of less than six atomic layers [7, 8]. As
already mentioned above, the position of about 910 nm corresponds to a thickness of
more than six atomic layers and does not allow a more precise thickness determination.
Also here, this is consistent with the thickness that was determined by transmittance of
white light (see table 2.1).
Overall it can be seen, that in the pure (but carbon film containing) molybdenum disulphide (spectrum b. in figure 3.10) the position of both peaks is different compared to all
the other sample areas. In all cases, the heterostructures were prepared in such a way
that in the first step the graphite and in the second step the molybdenum disulphide
was transferred to the sample grid. This means, that the molybdenum disulphide within
a heterostructure has no direct contact with the carbon film, even if the heterostructure
is supported by the carbon film. Thus, the contact of molybdenum disulphide with the
amorphous carbon film can be considered to cause a shift of both signals. In the Raman
spectra that will be presented in section 4, the spectrum at this very same sample position but using 465 nm excitation wavelength appeared to be completely shifted in the
spectral axis. Whether this also needs to be assumed here, cannot be evaluated from
the data.
Intensity ratio of direct and indirect band gap signal
When the intensity ratio as well as the absolute intensity of the peaks are compared
between the data recorded at the heterostructure with those recorded at the free-standing
sample of pure molybdenum disulphide, significant changes are apparent. In sample #5
(Fig. 3.10 c. and e.) the peak corresponding to the indirect band gap transition is
significantly suppressed, while in the pure sample (a.) and in sample #6 (d.) both
signals have approximately the same integral intensity. At the same time, the PL signal
obtained from the heterostructures is significantly higher in intensity than the signal
measured on the pure molybdenum disulphide sample. The measurement settings have
been kept constant between all measurements, so that the signal amplitude is directly
linked to the PL intensity.
Since the pure molybdenum disulphide sample is considerably thicker (see table 2.1)
than the molybdenum disulphide layer in both heterostructures, the sample thickness
does not seem to affect the intensity ratio, the position or width of both signal peaks,
but rather the absolute measurable intensity. The wavelength of 514 nm (2.4 eV), that
was used in this measurement, should be able to overcome the band gap of molybdenum
disulphide by one-photon absorption. But the low PL intensity is in good agreement with
published data on the PL of molybdenum disulphide, where the intensity is reported to
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Table 3.1: Position of the PL peaks of MoS2 and their intensity ratio. Both prominent
peaks can be fully described by the central wavelength λc,1/2 , the full width
at half maximum (FWHM) ω1/2 and the integrated intensity A1/2 . Instead of
the integrated intensity A2 of the second peak, the intensity ratio A1 /A2 of
both peaks is given. In combination with the given value of A1 is is possible
to follow the absolute and relative intensity changes between different sample
areas.

λc,1 (nm)
λc,2 (nm)
ω1 (nm)
ω2 (nm)
A1 (a.u.)
A1 /A2

pure
pure MoS2

#5 P4
MoS2 on
carbon film

#6 P1
MoS2 in heterostructure

#5 P1
MoS2 in heterostructure

677.0 ± 0.2
912.9 ± 1.3
40.6 ± 0.5
124.8 ± 3.7
1700 ± 20
1.19 ± 0.04

691.2 ± 0.1
873.2 ± 0.9
39.2 ± 0.3
152.1 ± 1.7
20054 ± 284
0.49 ± 0.01

680.1 ± 0.1
920.6 ± 0.3
40.0 ± 0.2
93.1 ± 0.7
19284 ± 99
0.87 ± 0.01

679.3 ± 0.1
898.3 ± 7.0
40.1 ± 0.2
33.5 ± 16.9
30315 ± 121
–

#5 P2
MoS2 in heterostructure
on film
679.2 ± 0.1
904.4 ± 0.9
34.2 ± 0.1
125.8 ± 2.9
19199 ± 92
2.74 ± 0.09

decrease dramatically when the sample thickness exceed monolayer thickness [7, 8].
The difference between both heterostructure samples is the layer thickness ratio of molybdenum disulphide and graphite, as well as the layer thickness of molybdenum disulphide.
However, the layer thickness difference of molybdenum disulphide in both samples is
significantly less than the difference of both layer thicknesses in comparison to the freestanding pure sample. Therefore, an influence on the changing intensity ratio can be
excluded and it remains only the assumption that the changing layer thickness ratio
of molybdenum disulphide to graphite could be responsible for the suppression of the
signal at high wavelengths. This is in good agreement with [65] where the PL spectra of
molybdenum disulphide are reported to be sensitive on the interlayer coupling.

3.3.4 Selective excitation of graphite layer
During a further measurement cycle using a wavelength of 752 nm no PL intensity could
be detected even at powers of more than 1 mW on the sample.
Therefore, the data suggests, that the PL activity is weak in the samples when a wavelength of 752 nm is used. As the selected wavelength of 752 nm is lower in energy than
the band gap of MoS2 , the band gap has to be overcome by a two-photon absorption
process
3

3

and in case of pure molybdenum disulphide, a low PL intensity is expected

Such a two-photon absorption process could be proven with fluence dependent measurements. The
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for this reason. A low PL intensity of the molybdenum disulphide when it is integrated
into the heterostructure suggests that excitation of the graphite layer with a wavelength
of 752 nm does not lead to an occupation of the excitonic states in the molybdenum
disulphide layer.
Raman measurements that were performed under the same experimental conditions as
the PL spectroscopy, also showed no detectable intensity. The group in Boston related
this to the response of the CCD camera used in the set-up as this is known to be weak
in the range of 750 nm. But since the PL signal, that is recorded by the CCD camera
should be different from the incident wavelength, the weak response of the camera at
wavelengths around 750 nm cannot be an explanation here. In the case of graphite,
however, Raman activity is expected at this wavelength. This is discussed in detail in
section 4.4.4. Therefore, the unexpected low Raman intensity on graphite in this series
of measurements is a good reason to assume that the informative value of the data that
was obtained by use of 752 nm is limited.

3.4 Time-resolved transmittance
The time-resolved transmittance measurement is based on the pump-probe technique,
that was presented in the introduction. In the case presented in this section, the sample
is excited by a femtosecond laser pulse and the transmittance of a second femtosecond
laser pulse is used to probe the sample system at various delay times before, during and
after the optical excitation.
As pointed out above, the transmittance is probing the carrier density in the sample as it
is sensitive to the occupation of the ground state, but also to the presence of free carriers
as they change the optical properties. In combination with the pump-probe technique,
this method is able to reveal the carrier dynamics inside a sample after optical excitation.
In this method, the carrier dynamics of the entire sample are mapped along the propagation direction of the laser. It is not possible to resolve the individual dynamics in
different layers of the sample. Therefore, the approach chosen is to compare the results
of measurements of pure graphite and of graphite–MoS2 heterostructures. The transmission THet of the heterostructure is composed of the tansmittive contributions of both
layers Tgraphite and TM oS2 .
THet = Tgraphite · TM oS2

(3.25)

value of the measurement signal should then increase linearly with quadratic value of the excitation
fluence.
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Assuming that the graphite layer is selectively optically excited in the heterostructure,
that the electronic properties of the graphite are not influenced by its incorporation into
the heterostructure and that there is no coupling to the electronic system of molybdenum
disulphide, the contribution of MoS2 to the total transmission of the sample should be
a constant and time-independent scalar factor.
THet,withoutcoupling (t) = Tgraphite,0 (t) · const

(3.26)

with Tgraphite,0 (t) being the time-dependent transmittance measured on pure free-standing
graphite.
However, as soon as the time profile of the transmission of the heterostructure after
optical excitation differs time-dependently from the profile measured on pure graphite,
it can be assumed that either the electronic properties of graphite are changed due to
the contact with the semiconductor material or that the free charge carriers from the
graphite layer can enter the conduction band of molybdenum disulphide.
THet,withcoupling (t) 6= Tgraphite,0 (t) · const

(3.27)

Thus, this method does not only clarify the question if there is an electron-electron
coupling or transfer between the electronic subsystems. Under certain assumptions, it
allows to determine the time constants of the coupling and energy transfer processes
that are taking place.
In the current work, an excitation wavelength of 800 nm was chosen to ensure the selective
optical excitation of the graphite layer of the graphite–MoS2 heterostructure. The sample
is then probed by a 400 nm pulse of low intensity.

3.4.1 Experimental set-up
The experimental set-up for the time-resolved measurement of the sample transmittance
after optical excitation is shown in figure 3.11. A more detailed description of the set-up
and all its possible applications can be found in [71] and [72]. In the work presented
here, only parts of the various possible detection methods were used.
This set-up uses a pulsed laser system

4

that provides laser pulses of 30-35 fs pulse

duration at a central wavelength of 785-800 nm with a variable repetition rate of up to
1 kHz. The laser system is described in detail for example in [37, 73, 74].
A 50 % beamsplitter (BS) generates two equivalent beam pathways, one of which is used
to directly excite the sample. The beam that is used for the sample excitation passes
4

model Femtopower Pro of company Femtolasers.
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Figure 3.11: Schematic of the optical pathway for the optical pump-probe set-up. The
beamsplitter (BS) divides the fundamental laser beam into two replica that
are used to pump and probe the sample. The probe pulse is doubled in
frequency by the BBO crystal and recombined with the fundamental pump
pulse by a dichroic mirror (DM). A microscope objective (MO) is used to
focus the beam onto the sample, while a second microscope objective combined with a lens (L) images the sample on the CCD camera. Two bandpass
filters (BP) block the fundamental laser beam to ensure that only the probe
pulses are detected on the camera. The pulse shaper, containing a polariser
(P) and a liquid crystal modulator (LCM), and the prism compressor are
used for dispersion compensation of the pump and probe pulses respectively.
The power of both arms can be tuned by neutral density filter wheels (NDF)
and is monitored by a photodiode (PD) each. The λ/2 waveplate (HWP)
is used to adjust the polarization of the probe pulses.
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a home-built liquid-crystal-modulator-based pulse shaper [34, 75], which is used in the
work presented here only for dispersion compensation and compression of the pump
pulse.
The second beam pathway passes a variable motorized high precision delay stage 5 . A
β-BBO crystal generates the second harmonic, which is compressed in pulse duration in
a Quartzglass prism compressor. The desired polarization properties are obtained by a
λ/2 waveplate (HWP) in front of the BBO crystal. A dichroic mirror (DM), that is only
reflecting the second harmonic while being transparent for the fundamental wavelength,
guides and recombines both beams onto the sample.
A microscope objective (MO)

6

with twofold magnification focuses both beams on the

sample surface. The probe pulse is imaged onto a monochromatic CCD camera
hind the sample by the combination of a second microscope objective

8

7

be-

with twentyfold

magnification and a convex Quartz lens (L) with a focal length of 400 mm. This results
in a total magnification factor of 40 for the image of the sample on the detector camera.
The power of the excitation and probe pulses can be adjusted by a neutral density filter
wheel (NDF) in each beam pathway. During the experiment, the power evolution of
both the excitation and the probe pulses is monitored by a photodiode each, placed at
the positions PD1 and PD2 displayed in figure 3.11. The signal of these photodiodes is
linear with the incident intensity. In case of the probe beam a 3 eV photodiode made
of GaAsP

9

and in case of the fundamental beam a silicon photodiode is used for this

purpose.
Since the monochromatic camera is not able to distinguish between the wavelengths of
the photons reaching the camera, it is necessary to prevent the excitation laser pulses
from reaching the camera. This is achieved by the implementation of two (400 ± 25) nm
OD4 bandpass filters (BP)

10 .

One of these filters is directly mounted on the entrance

of the imaging microscope objective to protect the objective from being damaged by the
high power 800 nm pulses. The second filter is placed between the imaging objective
and the focusing lens. The quantity OD4 guarantees a 99.9 % energy loss of all other
wavelengths despite the given range of (400 ± 25) nm.

Before every experiment, the pulse duration of both the pump and the probe pulses was
optimized with help of a nonlinear photodiode

11

placed at the sample position. This

5

PI Micos.
model M Plan APO 2x of company Mitutoyo.
7
model Lu135M of company Lumenera.
8
model M Plan APO 20x of company Mitutoyo.
9
model G1117 of company Hamamatsu.
10
bandpass interference filter of company Edmund Optics.
11
company Roithner-Laser, made of silicon carbide.
6
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photodiode requires two photons of 400 nm and three photons of 800 nm to overcome
the band gap resulting in a nonlinear signal being proportional to the incident intensity
with either I 2 or I 3 . The pump pulse dispersion was compensated by the pulse shaping
device, the probe pulse duration was optimized by optimizing the prism compressor.
The absolute pulse duration of the excitation beam was frequently verified by using
a FROG device [76] to be in the range of 30-35 fs FWHM pulse duration. The pulse
duration of the probe beam was measured on each day by the optical Kerr effect as
described in [71] and [77] to be in the range of 40-50 fs FWHM pulse duration.
It turned out to be not possible to work in single-shot mode meaning that only one pump
and probe pulse each are used for taking an image with the camera. The thickness of
the samples results in a low transparency for the probe pulse wavelength. Thus, a
high incident energy of the probe pulses is required to obtain the transmitted intensity
necessary for detection behind the sample. At the same time, an optical excitation with
fluences close to the damage threshold is required to excite a sufficiently high carrier
density that generates a visible effect in the transmittance of the sample. Depending on
the delay between the pump and the probe pulse, the damage threshold of the sample is
overcome when both pulses reach the sample at the same time. In order to avoid sample
damages, a laser repetition rate of 1 kHz was chosen and the camera exposure time was
adjusted such that a specific number of pulses is generating an overall image.

3.4.2 Measurement on pure graphite
The measurements on pure graphite were carried out on sample #8 (see table 2.1) that
is shown in figure 3.12 a. During the procedure of finding the optimum experimental
parameters, it appeared, that there is a power regime of the 800 nm pump pulses that
is able in single shot mode to selectively ablate several few layers of graphite per pulse
without destroying the sample. This effect is further discussed in the appendix (see
section C.2).
The images taken used 900 laser pulses of 400 nm in a laser repetition rate of 1 kHz.
The average power of the probe pulses was adjusted to 930 nW at a 1/e2 beam diameter
of (53.3 ± 0.3)➭m. This is equivalent with a probe peak fluence of 0.08 mJ/cm2 . The

sample was pumped with 800 nm laser pulses of 500 ➭W average power at a 1/e2 beam
diameter of (70.3 ± 0.3)➭m. This is equivalent with a pump peak fluence of 25.8 mJ/cm2 .
As it can be seen in figure 3.12 a. the sample contains areas of different thickness in the

region that was optically pumped and probed in the experiment. The transmitted intensity was recorded spatially resolved by the CCD-camera. This fact allows a validation of
the transmittance change after optical excitation on specific sample positions. During
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the detailed analysis it turned out, that the transmittance changes in the same way
independent of the sample thickness. Therefore, the results obtained from an averaged
area as depicted in 3.12 a. will be presented here.
In order to obtain the change in transmitted intensity of the probe pulse from the
images of the sample, the average grey value in a certain spatial area was defined to be
the current transmitted intensity Ti that is then correlated to the transmitted intensity
of the unpumped sample T in the very same region. The transmitted intensity of the
unpumped sample was always obtained from pictures that were taken at negative delay
times, where the probe pulse reaches the sample before the pump pulse. The size of
∆T/T

was then used as evaluable parameter.
∆T
Ti − T
Ti
=
=
−1
T
T
T

(3.28)

As two images of the sample were taken at each position of the delay stage it is possible
to average the results for every pump-probe delay time. The corresponding uncertainty
was obtained from the deviation of each value y1,2 to the average value y.

∆y =

r

(y − y1 )2 + (y − y2 )2
2

with y =

∆T
T

(3.29)

The results are presented in figure 3.12 b. and c. It can be seen, that they qualitatively
very well reproduce the results that are presented in [62] and [63]. After optical excitation, the transmittance of the sample rises by about 20 % and reaches its maximum
at the temporal overlap of pump and probe pulse. After that, the transmittance drops
exponentially and decreases even below the starting transmittance of the non-excited
sample. The decay was fitted with a simple exponential decay function leading to a time
constant of (239±1)fs). This time constant was determined by fitting the data points for
the short (τ =(237.7±18.2)fs) and long range (τ =(239.2±9.1)fs) time scan and building
the weighted average of the regression parameters according to equation (2.10).
The such obtained time constant for the decreasing relative transmittance of graphite
after optical excitation is significantly larger than the values published in literature (see
3.2.1). This deviation must be related to differences in the experimental proceeding and
are most likely linked to the much higher excitation fluence of about 26 mJ/cm2 that
was used in the work presented here compared to the studies by K. Seibert et al. [62]
and Markus Breusing et al. [63] who used excitation fluences in the range below few
mJ/cm2 .
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Figure 3.12: The optical pump-probe study was performed on a thick graphite sample
(a.). The transmitted intensity of 400 nm was evaluated by averaging the
transmitted intensity on specific spatial areas of the sample. The scans
displayed in b. and c. used the area that is indicated by the white dashed
line in the picture of the sample (a.). The results that were obtained for
the short range (b.) and long range (c.) time scale are in good agreement.
The transmittance is observed to rise after optical excitation of the graphite
sample with 800 nm. After reaching the maximum transmittance during the
temporal overlap of pump and probe pulses, the transmittance drops exponentially with a time constant of about 240 fs (red line). The transmittance
drops slightly below the starting value of the non-excited sample. The data
points were obtained by averaging two images taken at the same position
of the delay stage. The standard deviation of the averaging is depicted as
error bars in both graphs (b. and c.).
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Figure 3.13: Exposure to laser pulses of 800 nm caused irreversible structural features
in the graphite–molybdenum disulphide heterostructure. Pictures a. to c.
were taken after increasing number of measurement scans. The schematic
on the right shows the bleached features with the chronological order in
which this feature occurred.

3.4.3 Measurement on molybdenum disulphide–graphite heterostructures

The measurements on the combined van der Waals heterostructure composed of molybdenum disulphide and graphite were carried out on sample #3 from table 2.1.

During the measurement on the heterostructure sample, it turned out that bleached
spots form on the sample as soon as the sample surface is exposed to the pump laser.
The excitation wavelength is expected to selectively excite the graphite layer and the
fluence was chosen way below the damage threshold of graphite. Nevertheless, the laser
caused irreversible structural changes in the sample. These changes are clearly visible
in pictures of the sample as presented in figure 3.13.

As these structural changes make it difficult to evaluate the data unambiguously, all
results of optical pump-probe studies on the multilayer heterostructure sample will be
discussed in the appendix (see C.3).
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3.5 Summary – Optical measurements
The photoluminesce spectroscopy clearly shows, that the size of both the direct and
indirect band gap in molybdenum disulphide seems to be not affected by the implementation of the material in a graphite–molybdenum disulphide heterostructure. However,
the measurement on sample #5 indicates that the intensity ratio between transitions
from the direct and the indirect band gap seems to be influenced by the combination
with graphite. The observation that the size of the direct and indirect band gap of MoS2
appears to be independent of whether the material is pure or a component of a multilayer heterostructure is in disagreement with [13–16] but can be most probably related
to the use of several atomic layers sample thickness. The (electronic) properties of one
material can be expected to be less affected by the presence of another material as the
sample thickness increases.
The transmission data of free-standing graphite are very promising and reflect very well
the data known from the literature. From this it can be seen that the temporal resolution of the chosen and available experimental set-up is sufficient for the investigation of
this type of samples and that further use appears to be very promising. Unfortunately,
the structural changes in molybdenum disulphide that can happen in the presence of
atmospheric oxygen were considered too late, so that an evaluation as intended initially
was not possible because the datasets are not sufficiently conclusive. However, a repetition under inert gas atmosphere or vacuum conditions should provide promising data
very quickly to further clarify the question of whether the electronic system of MoS2 is
involved in the coupling processes that are taking place after selective optical excitation
of the graphite layer.
The PL measurement using an excitation wavelength of 752 nm did not lead to a detectable PL intensity in all the different sample areas. If this absence of PL intensity
can be taken serious, this would be related to the consequence, that the electronic states
of molybdenum disulphide are not addressed. To be more precise, these results would
imply, that a selective optical excitation of the graphite layer is not able to inject carriers
in the electronic system of molybdenum disulphide.
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Raman scattering

This chapter will deal with Raman scattering which is an experimental method to statically probe the frequency of normal modes present in the sample. This method can
therefore be used to answer the questions, if the frequencies of normal modes of both
materials are affected by the implementation in the heterostructure and if additional
phonon modes occur when the heterostructure is built up.
A further attempt is to use an excitation wavelength that cannot overcome the band
gap in molybdenum disulphide. This makes it possible to observe whether the phonon
modes in molybdenum disulphide can be coherently addressed despite selective optical
excitation of the graphite layer.
In the first part the fundamental theoretical background of Raman spectroscopy will
be explained before the vibrational properties of graphite and molybdenum disulphide
known from literature, the experimental set-up and the results of the measurement will
be presented.

4.1 Classical Raman scattering
Classical Raman spectroscopy is based on the analysis of the energy transfer during
inelastic light to matter scattering. The interaction of the electric field of electromagnetic
radiation induces a dipole moment µind in the sample. In the range of weak excitation
field this dipole moment is proportional to the polarizability α of the crystal and oscillates
with the same frequency ν0 as the external incoming electric field.
µind = α · ǫ0 · cos (2πν0 t)

(4.1)

with ǫ0 being the maximum amplitude of the electric field. The generation of vibrational
modes in the sample leads to a superposition of the oscillations in the sample with the
oscillating dipole moment. In the most basic case, such a vibration in the sample can
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be represented by a plane wave.
qn = q 0 · cos (2πνn t)

(4.2)

with qn being the normal coordinate of the vibrational mode n and q0 being the equilibrium value of the normal coordinate. The polarizability α can be expanded in a series
of normal coordinates.
α = α0 +





∂α
∂qn

0

(4.3)

· qn + . . .

For small displacements, this series can be aborted after the first order term. With (4.2)
it follows:
0

α=α +



∂α
∂qn



· q 0 · cos (2πνn t)

0

(4.4)

Taking (4.1) and (4.4) together, the result is:
0

0

0

0
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(4.5)

Term A describes the case of elastic scattering, i.e. Rayleigh scattering. In terms B
and C, the induced dipole oscillates with a frequency increased (C) or decreased (B) by

νn compared to the initial frequency ν0 of the incident electromagnetic radiation. In
one case, the incident photon transfers energy to the sample, which converts it into the
excitation of vibrational states, and in the other case the photon absorbs energy from a
vibronically excited molecule. The case where the energy of the incident light is reduced
(B) is called Stokes scattering. If the energy of the scattered light is higher than that of
the incident radiation (C), this is called anti-Stokes scattering.

Furthermore, the above equation shows that for the existence of inelastic scattering, i.e.
Raman scattering, the polarizability must change during an oscillation.


∂α
∂qn



0

6= 0

(4.6)

In three-dimensional consideration, the polarizability α is generally a tensor size with
components of all three spatial directions. Thus, an electric field ǫ acting in one direction
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Figure 4.1: Energy level diagram for schematic presentation of Raman scattering. The
energy level Ee is reached from the initial state E0 by absorption of a photon
of frequency ν0 . In most cases Ee is a virtual state. The system emits then
a photon with either the same frequency or with a deviating frequency from
the incident photon, while simultaneously generating (Stokes) or destroying
(anti-Stokes) a phonon of frequency νn .

can induce dipole components µ in all three spatial directions.
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~ ind = α · ~ǫ

(4.7)

The polarizability tensor is symmetric. Therefore, the following applies:
αij = αji

(4.8)

In general, equation (4.5) shows that Raman scattering is a three-wave process including
the interaction of two photons and one phonon. This process can be illustrated graphically in an energy level diagram (see figure 4.1). A solid state system being in electronic
state E0 is excited to a higher energetic state Ee by absorption of a photon with energy hν0 . This excited state is usually a virtual state. In case that this state is a real
state, the process is called resonant Raman scattering. During the relaxation process of
this excited state system a photon with an energy deviating from the incident energy is
emitted, while simultaneously generating (Stokes scattering, term B in equation (4.5))
or destroying (anti-Stokes scattering, term C in equation (4.5)) a phonon of frequency
νn . The case of photon emission without a phonon contribution is the case of Rayleigh
scattering were the energies of incident and emitted photon are identical.
A complementary spectroscopic technique is infrared (IR) spectroscopy. Infrared radiation covers the energy range of rotatory and vibronic excitations in small molecules,
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Figure 4.2: The Porto notation is used to assign the polarization settings in a Raman
experiment.
i.e. the absorption leads to an excitation of vibrations of the molecular bonds. These
excitations are visible as peaks in the measured absorption spectrum. Since the energies
and frequencies required for the specific excitations are characteristic for the respective
bonds, materials can be identified with this type of spectroscopy.
Interaction between electromagnetic radiation and the molecule can only occur if there
is a moving electrical charge in the molecule. This is always the case if the molecule has
either a variable or an inducible dipole moment (IR-active). In molecules with oscillations
symmetrical to the centre of symmetry, no changes of the dipole moment occur (IRinactive). However, such IR-inactive oscillations are often Raman-active. In case of
molecules or structures that possess an inversion center the rule of mutual exclusion
applies, meaning that no normal mode can be both Raman and IR active.

4.1.1 Polarization settings
In addition to the analysis of the energy of the scattered light, the influence on the linear
polarization of the light can be investigated. The direction of propagation of the incident
and scattered light is given by ~ki and ~ks , the associated linear polarization of the light
by ~ǫi and ~ǫs . The intensity of the scattered light is proportional to the absolute square
of the transverse component of the induced dipole moment and thus only dependent on
the component perpendicular to the propagation direction of the scattered light.
~ ind
I = A · ~ǫTs · µ

2

= A · ~ǫTs · α · ~ǫi

2

(4.9)

By suitable choice of the direction of the linear polarisation for the incident and detected light in a given test geometry (~ki and ~ks are fixed), selected components of the
polarizability tensor can be measured. For example, if the excitation radiation is linearly
polarized in z-direction, only the intensity that depends on component αxz is detected
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when measuring the scattered light linearly polarized in x-direction.
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(4.10)

With the help of group theory, the components αij can be assigned to different irreducible
representations of the point group of the crystal. Changes in αij can only be created by
vibrations that behave according to the same irreducible representation, i.e. belong to
the same symmetry. Since these changes generate Raman activity according to equation
(4.5), the symmetry properties of vibrational modes can be identified in the Raman
experiment by a proper choice of the polarisation components of incident and detected
light.
Since the Raman spectrum depends on the orientation of the crystallographic axes with
respect to the polarization of the excitation radiation, the absolute configuration must
be clearly described. The Porto notation ~ki (~ǫi~ǫs ) ~ks is used for this. The Cartesian
coordinates x, y and z can be expressed by the crystal axes a1 , a2 and a3 by appropriate orientation of the crystallographic coordinate system in the laboratory coordinate
system. Figure 4.2 shows the Porto notation for a backscatter (180◦ ) measurement. In
practice, the 90◦ or the backscatter (180◦ ) design is usually used.

4.2 Properties of the used solid state systems
Graphite and molybdenum disulphide have been extensively studied in Raman experiments for decades now and a lot of published data is available in the literature concerning
the characteristic vibrational properties of both materials. Especially graphite possesses
some features in the Raman spectrum that have been puzzling for almost 30 years [78].
This section will give an overview of the Raman spectroscopy data available on both
materials that is relevant for the comparison of the results that were obtained within
the framework of the thesis presented here.

4.2.1 Graphite – Symmetry analysis and lattice vibrations
Graphite is the most stable modification of carbon and can be found in two polytype
crystal structures called graphite-2H and graphite-3R. Both structures are built of twodimensional layers consisting of covalently joined hexagons of sp2 hybridized carbon
atoms. The electronic properties resulting from this bonding configuration are discussed

57

4. Raman scattering
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Layer A
Layer B
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Figure 4.3: Graphite exhibits two different crystal structures that differ in the stacking
order. In case of graphite-2H the third layer is placed on the very same inplane positions as the first layer, the stacking order can be described with AB-A-B-. . . when atomic layers sitting exactly on top of each other are assigned
with the same letter. This crystal structure is of hexagonal symmetry. In case
of graphite-3R the third layer occupies the fcc vacancies that show up after
the first two layers are stacked. Here, the stacking order can be described as
being A-B-C-A-B-C-A-. . . . This structure exhibits trigonal symmetry.
in detail in section 3.2.1. The covalently bonded layers are vertically stacked by van der
Waals forces which allow this material to be easily cleaved along the basal planes.
The difference between graphite-2H and graphite-3R is the stacking order of layers. This
is depicted in figure 4.3. After the first two layers are placed on top of each other, two
different vacancy positions form: the so-called hcg and fcc vacancy. They differ in their
position in relation to the first layer. If the atoms of the third layer are placed in the hcg
vacancies, they are placed directly on top of the positions of the first layer atoms. The
resulting structure possesses a hexagonal symmetry and is referred to as hexagonal close
packed (hcg). If the atoms in the third layer are placed in the fcc vacancies, a trigonal
structure forms. This structure is called face centered cubic (fcc) and is the second form
of possible close-packings of equal spheres. When atomic layer possessing atoms exactly
on top of each other are assigned with the same letter, the stacking order in graphite2H or hcg-lattice can be described as being A-B-A-B-A-. . . , while the stacking order in
graphite-3R or fcc-lattice can be assigned as A-B-C-A-B-C-A-. . . .
4 ) with
Graphite-2H belongs to the space group P 63 /mmc (space group no. 194, D6h

lattice constants a1 = a2 = 2.46 Å and a3 = 6.71 Å and possesses two atomic layers and
therefore four carbon atoms per unit cell [79]. The interlayer distance is one half of lattice
constant a3 . In graphite-3R, on the other hand, the crystal symmetry is rhombohedral
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5 ) with lattice constants
and belongs to the space group R3m (space group no. 166, D3d

a1 = a2 = 2.46 Å and a3 = 10.06 Å. Due to the stacking order, this unit cell contains
three atomic layers and therefore six carbon atoms [78]. Here, the interlayer distance is
one third of lattice constant a3 and is the same as in graphite-2H.
Graphite of hexagonal symmetry was used in the thesis presented here since it is the
most common form of graphite. If only one single layer of graphite is considered, this
material is referred to as Graphene. Graphene belongs to the space group P 6/mmm.
Its isogonal point group is D6h like in case of hexagonal graphite.
The standard procedure for obtaining the symmetry of normal modes of Graphene and
graphite is presented in detail in the appendix (see section A.4). Here, only the relevant
information concerning lattice vibrations and Raman spectroscopy will be presented. A
very comprehensive and detailed presentation on the Raman spectroscopy of graphite
can be found in [78].
The lattice vibrations at the Γ point of Graphene decompose into the following irreducible representations:
Γvib,2D = A2u + B2g + E1u + E2g

(4.11)

Due to symmetry, the E2g mode is Raman-active, while the A2u and E1u modes should
be visible in IR measurements.
These lattice vibrations in the 2D-case can now be combined with different inter-layer
phase relationships, namely either in phase (Γvib,2D ⊗A1g ) or out of phase (Γvib,2D ⊗B1u )
to generate the normal modes of graphite. Therefore, the four normal modes in the

monolayer material can be used to generate four conjugate pairs of eight lattice vibrations
in the bulk material, where each phonon mode differs from its partner by a phase shift
of 180◦ concerning the behaviour relative to the inversion center between two atomic
layers. Thus, the symmetries of the zone center phonon modes of graphite can be found
to be:
Γvib,3D = 2 · A2u + 2 · B2g + 2 · E1u + 2 · E2g

(4.12)

As in case of Graphene, only the E2g modes are Raman-active. The A2u and E1u phonons
should be visible in IR measurements. The derivation of the conjugate pairs of normal
modes in graphite from the normal modes of Graphene is presented in figure 4.4.
Figure 4.4 shows in addition the typical Raman spectrum that is obtained for wellordered and defect-free graphite samples and in the presence of disorder in the laser focal
spot. Due to the conical shape of the electronic bandstructure, the Raman scattering in
graphite is always happening via resonant Raman processes, meaning Ee in figure 4.1 is
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Figure 4.4: Appearance and frequency of the normal modes of graphite and Graphene
(top, taken from [78]) and typical Raman spectrum of graphite (bottom,
taken from [78]). The eight normal modes of graphite can be derived from
the four normal modes of Graphene by combining them either with or without
a phase shift of 180◦ concerning the behaviour relative to the inversion center
between two atomic layers. It is indicated whether the specific vibrations are
visible in Raman (R) or infrared (IR) measurement. The Raman spectra
presented here were measured on highly crystalline graphite (b.) and of
graphite in the presence of disorder in the laser focal spot (c.). Both spectra
consists of the prominent G and D∗ band. The spectra in full (dashed) lines
were measured by use of parallel (crossed) polarization of the incoming and
outgoing light. The dashed vertical lines are located a twice the Raman shift
of the D and G modes.
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a real state in case of graphite. The quite characteristic signal of the E2g optical mode
at 1583 cm−1 is often referred to as G band. The intensity of this mode is reported to
be independent of the choice of polarization settings as expected from the corresponding
Raman tensor. It can be seen, that the presence of disorder or defects in the sample
generates an additional Raman signal at 1370 cm−1 . This signal is named D for disorderinduced mode and was first published in 1970 [80]. The intensity of this peak is known
to be dependent on the number of defects or the size of microcrystals in the sample
[80, 81]. In addition, in 1981 the frequency of the D mode was found to shift to higher
frequencies with increasing excitation energy with a slope between 40-50 cm−1 eV−1 [82].
All signals at higher frequencies arise from second order Raman processes. Graphite
shows remarkably strong second-order Raman intensities at theoretically overtones of
the frequency of the first-order spectrum. Here, the mode assigned as G∗ band in figure
4.4 is located at higher frequency than expected from the double of the frequency of the
E2g mode (G band). The highly intense D∗ peak is clearly not an overtone of any firstorder phonon mode but located very close to twice the D band frequency. In addition,
the position of this signal is also dependent on the excitation energy and shows twice
the slope of the D band, proving the assignment as an overtone of the D band. Unlike
the D band mode, the D∗ mode is also visible in perfect single-crystalline graphite.
The dependence of the D and D∗ mode frequency on the energy of the incident light is
explained by double-resonant Raman scattering as depicted in figure 4.5. Assuming an
electronic bandstructure of two linear bands like it is the case in graphite (see section
3.2.1) the excitation process will always be resonant and form an electron-hole pair.
This excitation of an electron to an energy level a can be followed by non-resonant
scattering of the electron by phonons of arbitrary wave vector q (figure 4.5 a.) leading
to a final state of energy b for the electron. But of course, the scattering probability
will be particularly high if the scattering process transfers the electron from a real
electronic state a to a real electronic state b. This condition is only fulfilled by one pair
of phonon wave vector qph and phonon energy ωph for a given phonon dispersion and
electron dispersion with the states a and b being among the allowed electronic states.
This resonance leads to a strong enhancement of one (ωph , qph ) pair among all electronphonon scattering processes taking place. As the linear momentum has to be conserved
in Raman scattering, a defect scatters the electron back to state c before the electronhole pair combines while emitting the scattered phonon. The energy of the scattered
phonon is shifted by ~ωph from the excitation energy leading to the formation of the D
band in the Raman spectrum. The whole process includes two resonant processes and is
therefore called double-resonant Raman scattering. From figure 4.5 c. the dependence
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Figure 4.5: Double-resonant Raman scattering for two linear electronic bands. The resonant excitation of an electron is followed by non-resonant electron-phonon
scattering. This scattering process is resonant for one (ωph , qph ) pair for
a given excitation energy (a.). The electron is scattered back elastically to
state c by a defect (b.). A different excitation energy will enhance a different (ωph , qph ) pair depending on the phonon dispersion (c.). Full (dashed)
arrows indicate resonant (non-resonant) transitions. After [78]

of the mode frequency on the incident excitation energy can be understood. Here, the
double-resonant process is shown for two slightly different excitation energies. The higher
excitation energy generates a photo-excited electron of higher energy and momentum and
therefore, the double-resonant phonon wave vector involved increases as well. Under the
assumption of a monotonically increasing phonon dispersion this gives a higher phonon
frequency. This is the reason why double-resonant Raman scattering can be used to
probe the phonon dispersion far away from the Γ point.
In case of the D∗ mode the electron in figure 4.5 is scattered back by a second phonon
instead of a defect as in case of the D mode. This makes the D∗ peak an overtone of the
D mode. In addition, as the double-resonant condition for the creation and destruction
of a phonon slightly differs, the location of these peaks in the Stokes and anti-Stokes
Raman spectrum is different.
Apart from the assignment of the signal at 1580 cm−1 as G mode, different nomenclatures
are present in the literature. Early papers assigned the signal at about 2730 cm−1 as
G′ peak and the signals at about 1350 cm−1 , 1620 cm−1 and 3250 cm−1 were labelled
as D, D′ and D′′ . This labelling arouse from the high intensity of the first two modes.
They were both labelled with G for graphite, while the remaining modes were only low
in intensity or only visible in the presence of defects. Therefore, they were labelled with
D for defect induced. The modern convention uses D for vibrations close the K point
of graphite and G for modes coming approximately from the Γ point. Overtones are
labelled by an asterisk.
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4.2.2 Molybdenum disulphide – Symmetry analysis and lattice vibrations
Hexagonal molybdenum disulphide (MoS2 ) belongs to the space group P 63 /mmc (space
4 ) and contains two molecular units (six atoms respectively) within
group no. 194, D6h

the primitive unit cell with lattice constants a1 = a2 =3.16 Å and a3 =12.295 Å [83]. The
structure is built by covalently bonded layers of stoichiometric composition MoS2 . The
molybdenum atoms form a plane parallel to the hexagonal basis. The sulphur atoms
are arranged in two planes above and below the molybdenum plane respectively but
parallel to it. Since each material layer is composed of three atomic layers, resulting
from the different positions of molybdenum and sulphur atoms along the a3 -axis, these
layers are often referred to as trilayers (TL). In the top view, the molybdenum atoms
and sulphur atoms occupy alternating the edge positions of six-membered rings. As a
result, every molybdenum atom is located in the center of a trigonal prism of sulphur
atoms. Adjacent layers are bonded by weak van der Waals forces. This leads to the
fact, that the material can be easily cleaved parallel to the basal plane. In contrast to
graphite, the layers are stacked in a manner, that the hexagons are perfectly aligned
along the a3 -axis, but they are rotated by 60◦ , so that the molybdenum atoms of one
layer are located on the same position in the basal plane as the sulphur atoms of the
neighbouring plane.
The interlayer distance in molybdenum disulphide is 3.20 Å, the distance between atoms
with the the same (a1 , a2 ) position of adjacent layers is 4.67 Å. All lattice parameters
are depicted in figure 4.6.
The group theoretical analysis of the lattice vibrations at the Γ point was carried out as
explained in detail in the appendix (see section A) and leads to the following decomposition into irreducible representations:
Γvib = A1g + 2 · A2u + B1u + 2 · B2g + E1g + 2 · E1u + E2u + 2 · E2g

(4.13)

One of the E1u and A2u modes are known to be the acoustic phonon branches in MoS2 .
The E1g , A1g and both E2g modes are Raman-active due to their symmetry properties,
whereas the remaining E1u and A2u modes can be measured in IR spectroscopy. Both
B2g modes as well as the modes with symmetry E2u and B1u are optically inactive.
From bulk to few layer thickness, the symmetry properties of the crystal lattice change.

3 P 3m1 with inversion
For an even number of layers N MoS2 belongs to space group D3d
symmetry, whereas for an odd number of N molybdenum disulphide belongs to space

1 P 6m2 without inversion symmetry. The different point or space groups
group D3h

result in different irreducible representations for the zone center phonon modes.
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Figure 4.6: Lattice parameters in the crystal structure of molybdenum disulphide. In
a top view on the (~a1 , ~a2 ) plane (left), the molybdenum atoms (green) and
sulphur atoms (red) occupy alternating the edge positions of six-membered
rings. A cut along the x-axis (see inset on the left side for orientation of (x, y)
in relation to (~a1 , ~a2 )) reveals the stacking order of MoS2 units along the ~a3 or z-axis respectively (right). The entire crystal lattice is constructed by
periodically continuing both representations of the unit cell along the crystal
axes.
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3N
(A1g + A2u + Eg + Eu )
with N = 2, 4, 6, ...
2

(3N − 1) ′
=
A1 + A′′2 + E ′ + E ′′ + A′′2 + E ′
with N = 1, 3, 5, ...
2

Γvib,even =
Γvib,odd

(4.14)

In general, the phonon modes in the bulk material can be built up by the monolayer
phonon modes by combining them with different interlayer phase relationships. Therefore, the twelve phonon modes in bulk MoS2 can be further split into six conjugate pairs,
where each phonon mode differs from its partner by a phase shift of 180◦ regarding the
behaviour relative to the inversion center between two atomic layers [84].
In addition to the change of symmetry properties, the energy of the different phonon
modes changes when the material thickness is decreased from bulk material to the 2D
case. Theoretical calculations [84, 85] as well as Raman experiments [86, 87] show, that
the E2g mode blue shifts while the A1g phonon red shifts when the number of layers
is decreased. Therefore, the energy separation of these two modes is sensitive to the
number of layers. At the same time, the width of the A1g mode increases slightly as
the number of layers decreases. This indicates a decreasing lifetime of the out-of-plane
motion, which has also been observed in other layered systems, since for this mode the
lattice size is largely confined along the main vibrational axis in the 2D case. Because the
lateral dimensions are not affected when the number of layers is decreased, the in-plane
vibrations do not show a comparable effect of the material thickness on the linewidth.
In the area of small Raman shifts, there are several Raman signals that react strongly
2 in figure
to a change in the number of layers [84, 86, 87]. The shearing mode S1 (E2g

4.8 right) shifts to lower Raman shift when the material thickness is decreased. At the
same time a breathing mode B1, which shifts to higher energy as the number of layers
decreases, crosses this energetic behaviour. A second shear (S2) and breathing mode
(B2) can also be identified in this energy range [86]. A selection of the specific modes is
possible by proper selection of the polarization direction of incident and detected light,
because the Raman tensors of the respective modes only have components in certain
polarization positions (see section 4.1.1 for details).
The energy of the different phonon modes can be used to extract force constants in the
material, especially of the van der Waals bonding [88–90]. Despite the fact that the
intralayer forces are known to be about 100 times stronger than the interlayer forces,
it appears that the in-plane shear force constants between the layers are stronger than
the out-of-plane compressive force constants. Therefore, out-of-plane modes have higher
energies than in-plane modes with the same generic displacements [84].
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Figure 4.7: Normal modes in monolayer and bulk MoS2 . The phonon modes in the bulk
material can be built up by the monolayer phonon modes by combining them
with different inter-layered phase relationships. Therefore, the twelve phonon
modes in bulk molybdenum disulphide can be further split into six conjugate
pairs, where each phonon mode differs from its partner by a phase shift of
180◦ concerning the behaviour relative to the inversion center between two
atomic layers. The data on the normal mode frequencies was taken from [84]
and [85].
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Figure 4.8: The normal modes of MoS2 are studied in literature. The E2g and the
A1g phonon are sensitive to the material thickness as their energy difference
shrinks when the number of layer is decreased (left, taken from [84]). In the
range of small Raman shift various signals appear (right, taken from [86]).
These signals can be distinguished by a proper choice of the polarization
settings of incoming and detected beam. The energy of these signals is
strongly dependent on the number of layers.
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Figure 4.9: Different locations on the heterostructure samples #5 and #6 were studied with Raman spectroscopy. Position P1 on both samples contains the
free-standing heterostructure. P2 in sample #5 is also positioned on a heterostructure area, but here, the sample is supported by the amorphous carbon film. P3 on sample #5 and P2 on sample #6 contain only graphite,
but superimposed by the amorphous carbon film in both cases. The area P4
on sample #5 is located on pure molybdenum disulphide supported by the
amorphous carbon film (see section 2 for details on the amorphous carbon
film). The color code for the different positions given in this figure applies
for the whole section.

4.3 Experimental set-up
A set of four samples, containing one free-standing sample of graphite (sample #7 from
table 2.1) and one of molybdenum disulphide (sample #9 from table 2.1) as well as two
free-standing heterostructure samples (samples #5 and #6 from table 2.1) was sent to
Boston university. The group Nanomaterials, Structures & Spectroscopy of Xi Ling

1

is

equipped with a commercial Raman spectrometer (Horiba JY T64000 Raman system)
in combination with an ion laser (Coherent Innova 70C Spectrum Ion Laser ) that can
provide various wavelengths in the entire visible range from 457.9 nm to 752.5 nm in
continuous wave and mono-mode. In the same time, this set-up can be used to measure
photoluminescence (PL) spectra.
As the laser can be focused to a very sharp position on the sample, different locations
on the heterostructure samples were investigated to deliver a full dataset. The different
areas on samples #5 and #6 that were studied are shown in figure 4.9. With this
method, it was possible to obtain data not only from the stacked regions of the multilayer
heterostructure, but also from the pure materials on locations, where both layers do not
1

https://www.bu.edu/chemistry/faculty/ling/, http://sites.bu.edu/xling/.
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Table 4.1: Prominent Raman signals appearing in the spectra measured on different
sample regions.
peak
D∗ band
G band
MoS2
signals

Wavelength
514 nm
465 nm
514 nm
465 nm
514 nm
465 nm

A-P1
Het
X
X
X
X
X
X

A-P2
Het+film
X(weak)
X
X
X
X
X

A-P3
C+film
X
X
X
X
–
–

A-P4
MoS2 +film
–
–
–
–
X
X

B-P1
Het
X
X
X
X
X
X

B-P2
C+film
X
X
X
X
–
–

overlap. Position P1 on both samples contains the free-standing heterostructure. P2 in
sample #5 is also positioned on a heterostructure area, but here, the sample is supported
by the amorphous carbon film of the TEM grid. P3 on sample #5 and P2 on sample #6
contain only graphite, but superimposed by the amorphous carbon film in both cases.
The area P4 on sample #5 is located on pure molybdenum disulphide supported by the
amorphous carbon film.
Overall three different measurement wavelengths were used in the datasets that will be
presented here. The Raman spectra were measured with a wavelength of 514 nm (power
0.5 mW), 465 nm (power 0.27 mW) and 752 nm (power > 1.0 mW). In all these cases a
high resolution grating of 1800 g mm−1 was used to give a high spectral resolution.

4.4 Results
All Raman spectra available are mostly dominated by the signals of the pure materials as
they are already described in section 4.2.1 and 4.2.2. Therefore, the prominent peaks of
molybdenum disulphide (around 385 cm−1 and 410 cm−1 ) as well as the G band (around
1580 cm−1 ) and the D∗ band (around 2700 cm−1 ) of graphite are fitted with a Gaussian
shape function each. Table 4.1 gives an overview of the peaks that are present in the
different Raman spectra. They will be further analysed in detail in the following sections.

4.4.1 Graphite signals
As it can be intuitively assumed, the characteristic signals of graphite can be seen in
both the heterostructure and in areas in which graphite is present separately. It is very
pleasing that in all spectra the signal at 1370 cm−1 , which is an indicator for defects in
the sample, is missing (see section 4.2.1 for details).
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Figure 4.10: Raman signals of graphite in the range of 1500 cm−1 to 1650 cm−1 and
2400 cm−1 to 2850 cm−1 measured with 514 nm (top) and 465 nm (bottom)
on the different sample areas indicated by the colour code. The colour code
is consistent with the one used in figure 4.9. The G band of graphite is located at around 1580 cm−1 and does not shift as a function of the incident
wavelength, while the D∗ band located at around 2750 cm−1 shifts as expected for double-resonant Raman signals when the excitation wavelength
is changed.
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Table 4.2: Location and width of the prominent Raman signals D∗ and G band of
graphite. The signals were fitted with a Gaussian shape function and the
central position as well as the full width at half maximum (FWHM) are given
here.

λ
(nm)

514

465

sample
area
pure
#5 P1
#5 P2
#5 P3
#6 P1
#6 P2
#5 P1
#5 P2
#5 P3
#6 P1
#6 P2

D∗ band
position
FWHM
(cm−1 )
(cm−1 )
2731 ± 2
34 ± 5
2711 ± 40 72 ± 70
2714 ± 15 77 ± 32
2728 ± 9
37 ± 18
2731 ± 76 38 ± 152
2727 ± 6
27 ± 13
2747 ± 79 40 ± 148
–
–
2746 ± 3
22 ± 5
2749 ± 21 35 ± 49
2748 ± 7
40 ± 18

G band
position
FWHM
(cm−1 )
(cm−1 )
1583 ± 1
17 ± 1
1582 ± 50 18 ± 11
1582 ± 2
15 ± 4
1583 ± 1
17 ± 1
1582 ± 3
16 ± 8
1582 ± 1
17 ± 1
1582 ± 4 16 ± 10
1581 ± 2
15 ± 5
1581 ± 1
17 ± 1
1582 ± 4
13 ± 9
1582 ± 2
23 ± 3

Now, the position, width and intensity of the graphite signals will be analysed in detail.
Table 4.2 gives an overview of the corresponding fit parameters that were obtained from
the different Raman spectra.
If P1 and P2 on sample #5 are ignored, since the D∗ mode signal was very weak here, the
D∗ mode measured at 514 nm (2.41 eV) is always located at approximately 2729 cm−1 ,
while by use of an excitation wavelength of 465 nm (2.67 eV) this mode is located at
2748 cm−1 at all measured sample areas. Due to the dependence of the double-resonant
Raman signals on the incident wavelength, as explained in section 4.2.1, the mode is
expected to shift with double the slope of the D mode, which is in the range of 4050 cm−1 eV−1 . Here, a slope of about 75 cm−1 eV−1 can be estimated from the two
positions of the D∗ peak. This is in good agreement with literature data. As expected,
the position and width of the G mode are unaffected by the change of the excitation
wavelength.
The intensity of the peaks is remarkably lower when the Raman spectra are measured on
sample #5 and #6 compared to the pure free-standing sample. By use of both excitation
wavelengths, the signal on position #5 P3 (graphite covered by the amorphous carbon
film but not implemented in the heterostructure) is always higher in intensity compared
to all the other signals from #5 and #6. Molybdenum disulphide is not absorbing in
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Table 4.3: Location and width of the prominent Raman signals of molybdenum disulphide. The signals were fitted with a Gaussian shape function and the central
position as well as the full width at half maximum (FWHM) are given here.

λ
(nm)

514

465

sample
sample
area
pure
#5 P1
#5 P2
#5 P4
#6 P1
#5 P1
#5 P2
#5 P4
#6 P1

E12g mode
position FWHM
(cm−1 ) (cm−1 )
386 ± 1
2±1
383 ± 1
3±1
384 ± 1
2±1
384 ± 1
3±1
384 ± 1
2±1
384 ± 1
3±1
383 ± 1
2±1
379 ± 1
5±1
383 ± 1
3±1

A1g mode
position FWHM
(cm−1 ) (cm−1 )
411 ± 1
3±1
408 ± 1
3±1
409 ± 1
4±1
408 ± 1
5±1
409 ± 1
3±1
408 ± 1
4±1
408 ± 1
4±1
403 ± 1
7±1
409 ± 1
4±1

this energy regime, so that no clear explanation coming from the data can be given at
this point.
In the range of error accuracy, no changes in position or width of both graphite signals
can be detected if the graphite is free-standing or in combination with MoS2 or the
amorphous carbon film.

4.4.2 MoS2 signals
The characteristic signals of molybdenum disulphide are the E12g mode located around
380 cm−1 and the A1g mode located around 410 cm−1 . They are present in the heterostructure areas and in areas in which MoS2 is present separately.
The position, width and intensity of the MoS2 signals will be analysed in detail in
this section. Table 4.3 gives an overview of the corresponding fit parameters that were
obtained on the different Raman spectra.
The results of all measurement areas on samples #5 and #6 are very similar. The only
exception is that #5 P4 measured at 465 nm differs significantly. This will be further
discussed below. The remaining data suggest, that the position of the signals does not
change with the choice of wavelength. At the same time, both vibrational modes seem
to be unaffected by whether the material is built into the heterostructure or lying on the
carbon film.
However, when the results of sample #5 and #6 are compared to the measurement on
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Figure 4.11: The Raman spectrum of MoS2 is dominated by the E12g and the A1g mode
at about 385 cm−1 and 410 cm−1 (left). In addition, significant features
between 425 cm−1 and 800 cm−1 can be observed (right). The spectra were
measured with 514 nm (top) and 465 nm (bottom) on the pure free-standing
sample and different sample areas on samples #5 and #6. The color code
applies to the one given in figure 4.9. Since the peaks of the E12g and the
A1g mode are formed by only few data points, the measurement points are
shown by open circles.
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the pure free-standing sample of MoS2 , both signals are slightly shifted to lower energy
by about 3 cm−1 in case of sample #5 and #6. This allows the assumption that this red
shift is caused by a combination with any other material, whether crystalline graphite
or amorphous carbon film. In addition, the E12g and the A1g mode on sample #5 and
#6 appear higher in intensity compared to the signal of the free-standing pure material.
Both MoS2 vibration modes are, as already described in section 4.2.2 and known in the
literature [84, 86, 87, 89, 90], sensitive to the material thickness. The separation of the
signals should increase as the layer thickness increases. The position of the published
signals cannot be directly reconciled with the current data presented here. In the present
datasets, however, both signals shift from the pure free-standing sample to sample #5
and #6 at a constant separation. The distance of approximately 15 cm−1 between the
two distinct Raman peaks speaks rather for the range of more than six layers. In this
thickness regime, the determination of the material thickness via the position of the
modes is no longer possible, since from here the position of the signals corresponds to
that in the bulk material. A thickness of more than six material layers is consistent with
the thickness that was determined by transmittance of white light (see table 2.1).
In addition to the E12g and the A1g mode additional features located in the range of
425 cm−1 to 800 cm−1 can be observed in any sample area that is containing molybdenum
disulphide. These features are much lower in intensity compared to the E12g and the A1g
mode but they seem to be significant for MoS2 as they are also present in the pure freestanding sample. They will not be further analysed and are just shown for the reason of
a complete data presentation.
As mentioned above, the measurement at #5 P4 by use of 465 nm differs significantly
from the remaining data. Therefore, the influence of possible error sources such as a
displacement of the spectrometer axis must be considered at this point. Both prominent
MoS2 signals are conspicuously shifted to lower energy by the same amount of about
5 cm−1 compared to the other datasets on samples #5 and #6. In contrast to the
second order Raman spectrum of graphite, the position of the signals in MoS2 should
not change with the wavelength. The measurement at #5 P4 with 514 nm shows the
same behaviour as the rest of the measurement data. Also the additional features in
the range of 425 cm−1 to 800 cm−1 seem to be shifted in comparison to the remaining
datasets. Altogether it could be assumed that external error influences have shifted the
complete spectrum by a constant value. Unfortunately, there are no further prominent
peaks in the spectrum that would allow a verification of this assumption. This means
that the reason for this deviation cannot ultimately be derived from the data, but an
influence of systematic sources of error cannot be excluded.
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Figure 4.12: In the region of low Raman shift different signals seem to appear in the
measurements on positions #5 P1, #5 P2, #5 P4 and #6 P1. In order to
be sure, that the low-frequency signals arise from the sample and not from
the laser line, the measurement was carried out by use of 465 nm (bottom)
and 514 nm (top). Since the peaks are formed by only few data points, the
measurement points are shown by open circles.

4.4.3 Region of low Raman shift
In the region of low Raman shift different signals seem to appear in the measurements on
positions #5 P1, #5 P2, #5 P4 and #6 P1 (see figure 4.12). In order to be sure, that the
low-frequency signals arise from the sample and not from the laser line, the measurement
was carried out by use of 465 nm and 514 nm. Raman signals in this region are expected
not to shift with a variation of the wavelength. Since the peaks are formed by only
few data points, it is difficult to distinguish between peaks caused by noise and real
measurement signals.
It seems that not shifting signals occur at sample areas #5 P1 and #6 P1. In case of #5
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P1 two signals located at about 15 cm−1 and 31 cm−1 and in case of #6 P1 one signal
at about 32 cm−1 seem to appear. If the peak in the spectrum at position #5 P2 was
taken as a measurement signal, there would be no explanation for the position shift from
31 cm−1 measured with 514 nm to 30 cm−1 measured with 465 nm. As already pointed
out, the spectral axis in the spectrum of #5 P4 seems to be shifted by about 5 cm−1 .
Unfortunately, the peak, that appears in the spectrum taken with 514 nm cannot be
distinguished from the background signal in the spectrum taken with 465 nm.
Therefore, the signals in the spectra of #5 P1 and #6 P1 can be assumed to be real
Raman signals, while the remaining peaks are difficult to assign for different reasons
explained above.
In the spectral range close to the Rayleigh line both materials – graphite and MoS2 –
have vibration modes that are sensitive to the material thickness. In the case of MoS2 ,
several modes intersect in this frequency range as the number of atomic layers increases
[86]. As already pointed out in section 4.2.2, they can be differentiated by selecting the
input and detection polarization. Since this was not done here, an assignment is difficult.
In the present dataset, Raman signals in this frequency range can only be observed in
the heterostructure-sample areas. Even the pure free-standing sample of molybdenum
disulphide shows no recognizable signals in this frequency range. Therefore, it cannot
be excluded that these signals are additional vibration modes that occur exclusively in
the heterostructure and are caused by the combination of the two materials.

4.4.4 Selective excitation of graphite layer
During a further measurement cycle using a wavelength of 752 nm, which would allow a
selective optical excitation of the graphite layer, no Raman intensity could be detected
even at powers of more than 1 mW on the sample. One reason could be the response of
the CCD camera that was used to detect the Raman signal which is known to be weaker
around 750 nm.
If the absence of Raman intensity was not related to the weak response of the CCD
camera, however, the intensity would suggest low Raman activity in the samples when a
wavelength of 752 nm is used. In the case of pure molybdenum disulphide, a low Raman
intensity is expected, as the selected wavelength of 752 nm means that the band gap has
to be overcome by a two-photon absorption process. But in case of graphite, the Raman
intensity should be more or less independent of the wavelength [78] due to the conical
shape of the electronic bandstructure (see section 3.2.1). Therefore, the reliability of
this last dataset cannot be further assessed at this stage.
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4.5 Summary – Raman spectroscopy
In summary the measurements show, that the Raman spectra of the multilayer heterostructures that were analysed in the scope of this work are mainly given by a linear
combination of the Raman spectra of the individual materials involved. This is illustratively shown in figure 4.13.
The observable shifts in Raman frequency between individual material and hetereostructure mostly fall within the range of accuracy that needs to be considered based on the
data analysis.
As already pointed out in the introduction 1, Kai-Ge Zhou et al. [21] report on changes
in position and intensity of the material Raman signals that accompany the combination
of Graphene and monolayer molybdenum disulphide in van der Waals heterostructures.
Such an effect could not be observed in the work presented here. Since the work by
Kai-Ge Zhou et al. [21] uses few-layer samples with thickness smaller than three atomic
layers for each material and placed on an oxide coated surface of a silicon wafer, it can
be assumed that the change to several atomic layers thickness and free-standing samples
leads to the fact, that no changes in the Raman signals are observable.
The range of small Raman shift shows various features that could be related to the
heterostructure. However, a more precise assignment is not possible on the basis of the
data available.
The Raman measurement using an excitation wavelength of 752 nm did not lead to a detectable intensity in all the different sample areas. If the absence of Raman intensity at
752 nm excitation wavelength is taken serious, this data will exclude possible interlayer
electron-phonon coupling because no normal mode vibrations are induced in the molybdenum disulphide. But the intralayer electron-phonon coupling in graphite is expected
to definitely lead to an excitation of the graphite Raman modes, even by using 752 nm
excitation wavelength. These modes were not detectable even in pure graphite samples.
As there would be no explanation for the absence of excitation of normal modes within
the graphite layer or in pure graphite samples, this data needs to be further verified.
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Figure 4.13: The Raman spectrum of a graphite–molybdenum disulphide heterostructure
(black) is the linear combination of the individual Raman spectra of graphite
(blue) and molybdenum disulphide (red).
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Electron diffraction

Diffraction is a versatile tool for analysis and identification of structures with atomic
resolution. Especially crystalline structures can be well identified and analysed including small atomic displacements. In case of electron diffraction, accelerated electrons are
scattered by interaction with the Coulomb potential of a nucleus and its valence electrons. As it will be shown in the first section of this chapter, the Fourier transform of
the structure factor thus represents the charge distribution in the sample lattice. Because this is correlated with the atomic positions, electron diffraction is able to resolve
structural properties with high resolution.
This method is therefore used to look at the static atomic structure of the samples as
well as the evolution of lattice dynamics. In a first step, insights on all static structural
properties of the heterostructure, such as the interlayer rotational angle in which the
material layers align, can be obtained. But in addition, by implementation in a pumpprobe set-up, this method is able to show the lattice heating in both material layers
separately and can even provide time constants for different possible heat transfer and
coupling processes.
This chapter is divided in four main parts. First, an overview on the theoretical background of diffraction on crystalline solids in general as well as its application in the
observation of lattice dynamics will be given in section 5.1 before the experimental setup and the working principle of ultrafast electron diffraction will be explained in section
5.2. The results are divided in two main parts: one part (section 5.3) deals with the
analysis of static diffraction patterns, while the other part (section 5.4) gives the results
that were obtained in time-resolved measurements.
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5.1 Theoretical background
This section will give an overview of the theory behind electron–matter interaction and
will focus in detail on diffraction of electrons on crystalline solids. This section is divided
in three main subsections giving insights on general interaction of fast electrons with
matter and on diffraction of electrons on crystalline solids.
The description of interaction of fast electrons with matter is mainly based on [91] and
[73].

5.1.1 Interaction of fast electrons with matter
Fast electrons impinging on matter can cause a variety of effects. These effects are
generally divided according to the fact whether there is an energy exchange between
the incident electrons and the sample during the process (inelastic) or not (elastic).
Possible elastic processes are elastically scattered or backscattered electrons as well as
transmitted electrons. Inelastic processes can be inelastic forward and backscattering
events, electron absorption or the generation of electron-hole pairs, Auger and secondary
electrons. A detailed overview of possible electron–matter interactions can be found in
[73]. This subsection will now focus on elastic, inelastic and multiple electron scattering
events.
The observation of a diffraction image is similar in its origin to the occurrence of interference in optics. In order to explain this effect, the electron must be assigned not
only its particle properties, such as mass and charge, but also wave properties, such as
frequency or wavelength. The model of wave-particle dualism or matter waves assigns
a wavelength λ to each particle with a certain momentum p. This wavelength is the
de-Broglie-wavelength.
λdeBroglie,e =

h
h
=
me v
p

(5.1)

Electrons accelerated with an acceleration voltage Ua in the direction of an anode have
a potential energy of Epot = eUa which is completely converted into kinetic energy. If
the relativistic electron velocity and the mass correction are included in the de-Broglierelationship, the wavelength of an electron can be calculated as a function of its kinetic
energy E.
The relativistic velocity of an electron with kinetic energy E is given by
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vrel = c

s

1
(1 + E/E0 )2

1−

(5.2)

The relativistic mass mrel of an electron can be derived from the total energy being the
sum of the energy at rest E0 = m0 c2 = 511 keV and the kinetic energy E = eUa .
mrel c2
=
⇔
E0

2

mrel c = E0 + E



E
1+
E0



⇔ mrel = m0



E
1+
E0



(5.3)

Equations (5.1), (5.2) and (5.3) give together the following expression for the wavelength
of an electron of kinetic energy E.
λ=

h
h
=
p
mv

=
m0
=



m0 c
=√

h
 q
1 + EE0 c 1 −

r

h

2 EE0 +



hc
2EE0 + E 2

E
E0

1
(1+E/E0 )2

(5.4)

2

Table 5.1 shows the velocity and corresponding wavelength of electrons that are accelerated by a certain acceleration voltage Ua both derived by classical and relativistic
considerations.
Elastic scattering of electrons
In order to describe the elastic scattering process of an electron it is useful to consider an
electron being scattered by the Coulomb potential of a single atom or nucleus. Figure
5.1 a. shows the hyperbolic trajectories of two electrons passing a nucleus of atomic
number Z in a distance a caused by the attractive Coulomb force between the electron
and the nucleus. The scattering angle θ increases with decreasing a. Electrons in a
parallel incident beam passing an area element dσ will be scattered into a cone of solid
angle dΩ. The ratio

dσ
dΩ

is the differential cross-section which is a function of the total

angle θ.
The strong interaction of electrons with the atomic potential leads to the fact, that
the classical particle model does not allow an exact calculation of the cross-section. In
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Table 5.1: Velocity and corresponding wavelength of electrons that are accelerated by
a certain acceleration voltage Ua in comparison for classical and relativistic
2 ,
considerations. The classical velocity was derived from e · Ua = 12 · m0 · vclas
the classical wavelength is then derived to be λ = m0 vhclas .
Ua (kV)
1
5
10
20
30
40
100

a.

Velocity (108 m s−1 )
classical relativistic
0.19
0.19
0.42
0.42
0.59
0.58
0.84
0.82
1.03
0.98
1.19
1.12
1.88
1.64

Wavelength (pm)
classical relativistic
38.78
38.76
17.34
17.30
12.26
12.20
8.67
8.59
7.08
6.98
6.13
6.02
3.88
3.70

b.

Figure 5.1: Elastic electron scattering in the particle model (a.) and in the wave model
(b.). Particles passing an atom (depicted by +Ze) at a distance a are deflected or scattered on a hyperbolic trajectory under an angle θ (a.). The
scattering angle θ increases with decreasing a. Electrons in a parallel incident beam passing an area element dσ will be scattered into a cone of solid
angle dΩ. In the wave model (b.) the scattering process is described by a
superposition of a plane incident wave with wave vector ~k0 and a spherical
scattered wave with an angular-dependent amplitude f (θ). Both taken from
[91]
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quantum-mechanical considerations an incident plane wave Ψi is superimposed with a
spherical scattered wave Ψsc with an amplitude f (θ) depending on the scattering angle
θ to result in the total wave field far from the nucleus.


Ψs = Ψi + Ψsc = Ψ0 e

2πikz

f (θ) 2πikr
+i
e
r



(5.5)

A parallel beam of N electrons of velocity v impinging on the atom can be described
by a current density of j0 = N ev passing a unit area per unit time. The scattering
process leads to a scattered current dIsc that passes an area dS = r2 dΩ. This leads to
the following expression for the scattered current density jsc .
jsc =

j0 dσ
r2 dΩ

(5.6)

The quantum-mechanical formula for a flux of particles is given by:
j=e

i~
(Ψ∇Ψ∗ − Ψ∗ ∇Ψ)
2m

⇔j=e

~
2π|Ψ|2 = ev|Ψ|2
m

(5.7)

By using the amplitude Ψsc of the scattered wave, this results in an expression for the
scattered current density jsc .
jsc = ev|Ψ|2

|f (θ)|2
|f (θ)|2
= j0
2
r
r2

(5.8)

Comparison with equation (5.6) gives the following expression for the differential scattering cross-section

dσ
dΩ .

dσ
= |f (θ)|2
dΩ

(5.9)

The total elastic cross-section σel can be obtained by dividing the solid angle dΩ into
small segments dΩ = 2π sin θdθ.
σel =

Z

π
0

|f (θ)|2 2π sin θdθ

(5.10)

Equation (5.10) shows that the total elastic scattering cross-section is given by the square
of the absolute value of the scattering amplitude f (θ) which is dependent on the sample
material. The square value |f (θ)|2 is often referred to as scattering factor.

The important quantity of the scattering amplitude can be obtained by numerical solution of the Schrödinger equation. In the following, however, an analytical method
is used, which assumes a location-dependent phase change of the incident wave when
interacting with the sample potential. This is schematically drawn in figure 5.2 a.
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a.

b.

Figure 5.2: Schematic of phase shift origin (a.) and scattering process on two atoms (b.).
A plane wave front experiences a phase shift ϕ while passing the Coulomb
potential V (~r) of an atom (a. taken from [91]). A wave described by the
wave vector ~k0 incident on two atoms of distance ~r is scattered under an
angle θ. The wave vector ~k describes the scattered wave. The scattering
process leads to a difference in propagation distance of ∆sg for two collinear
partial waves (b. taken from [73]).

The scattered wave can then be obtained by a multiplication of the incident plane wave
with a spatially dependent phase shift ϕs (~r) caused by passing a Coulomb potential.
Ψ = Ψs (~r) · e2πikz = Ψ0 · eiϕs (~r) · e2πikz

(5.11)

By splitting the phase function Ψs from equation (5.11) via zero addition in analogy
with equation (5.5) into an unscattered and a scattered part, the following expression
can be obtained.


Ψs (~r) = Ψ0 · eiϕs (~r) = Ψ0 + Ψ0 eiϕs (~r) − 1

(5.12)

Similar to light optics, the atomic potential V (~r), that is necessary for the determination
of the phase shift ϕs (~r), is represented by a spatially dependent electron-optical refractive
index n(~r). This refractive index is the ratio of the electron wavelengths λ in vacuum
(see equation (5.4)) and λm in the sample. The wavelength λm is obtained by a reduction
of the kinetic energy E of the electron by the atomic potential V (~r) that contains the
potential energy of the atomic electrons in addition to the Coulomb potential of the
nucleus.

λ
n(~r) =
=
λm
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V (~r) E0 + E
≈1−
+ ...
2
2EE0 + E
E 2E0 + E
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Since the atomic potential of about −8 eV to −25 eV is usually much lower than the
kinetic energy of the accelerated electrons, it is beneficial to use the series development
of the root function.
In accordance to light optics, the phase shift ϕs (~r) can be obtained from the refractive
index n(~r).
ϕs (~r) =

2π
λ

Z

(n(~r) − 1) dz ≈ −

2π E0 + E
λE 2E0 + E

Z

V (~r)dz

(5.14)

The phase shift ϕs (~r) does only apply for the scattering on a single atom. In order
to account for various scattering centres, a further phase shift ϕg (~r) is implemented,
that takes geometric path differences ∆sg between the scattering centres into account.

According to figure 5.2 b. this path difference is given by |~k − ~k0 | = |~q| = 2k sin 2θ ≈ λθ .

The corresponding phase shift ϕg (~r) is then given by:
ϕg =

2π
∆sg = −2π(~k − ~k0 ) · ~r = −2π~q · ~r
λ

(5.15)

The amplitude F (~q) of the outgoing wave depending on the scattering vector ~q is obtained by integration of the product of the angular-dependent phase shift ϕg (~r) and the
~
scattered wave function Ψsc (~r) over the whole sample area dS.
F (~q) =

Z

~=
Ψsc (~r) · eiϕg dS

Z

Ψsc (~r) · e−2πi~q·~r d2~r

(5.16)

Substitution of Ψsc with the expression for the scattered wave portion eiϕs (~r) − 1 in
equation (5.12) gives now the desired scattering amplitude f (~q).
f (~q) = −ik

Z 


eiϕs (~r) − 1 e−2πi~q·~r d2~r

(5.17)

The exponential function eiϕs (~r) can be approximated by the Taylor series eiϕs = 1 +
iϕs + . . .. In case of very thin samples composed of light elements, the phase shift that
is introduced during the scattering process can be assumed to be weak. That means
that ϕs << 1 applies and that the Taylor series can be stopped behind the first two
terms. In first approximation, the scattered wave is therefore described by the incident
wave. This estimation is commonly referred to as first Born approximation and and its
underlying description of scattering processes is known as kinematic scattering theory.
Substitution in (5.17) gives the following expression for the scattering amplitude.
f (~q) = k

Z

ϕs (~r)e

2π E + E0
d ~r = − 2
λ E E + 2E0

−2πi~
q ·~
r 2

Z

V (~r)e−2πi~q·~r d3~r

(5.18)
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The contribution of a volume element d3~rj to the Coulomb energy of a beam electron
e2 ρ(~
r )

j
at a distance ~ri from the nucleus is given by − 4πǫ0 |~ri −~
rj | . Therefore, the total Coulomb

energy can be expressed to be

e2
V (~ri ) = −
4πǫ0

Z

ρ(~rj ) 3
d ~rj
|~ri − ~rj |

(5.19)

The charge distribution ρ(~ri ) can be numerically determined by Thomas-Fermi or HartreeFock methods. Using the atomic potential V (~ri ) in equation (5.18) leads to the following
expression for the scattering amplitude in first Born approximation.
2π E + E0 e2
f (~q) = 2
λ E E + 2E0 4πǫ0

Z
|

ρ(~rj )e

{z

=Z−fx

Z

e−2πi~q·~r 3
d ~rj
d ~ri
|~ri − ~rj |
}|
{z
}

−2πi~
q ·~
rj 3

=

(5.20)

1
λ2
=
π·q 2
4π·sin2 θ
2

( )

The quantity fx is the scattering amplitude for X-rays, which has no dimension unlike
the scattering amplitude for electrons f (~q) which has the dimension of a length. The
pre-factor in equation (5.20) can be simplified by introducing the Bohr radius aH .
πe2 E + E0
1 + E/E0
=
ǫ0 λ2 E E + 2E0
aH

with aH =

ǫ 0 h2
= 0.529 Å
πm0 e2

(5.21)

This leads to:
f (θ) =

λ2 (1 + E/E0 ) Z − fx

8π 2 aH
sin2 2θ

(5.22)

This equation shows, that an increasing kinetic energy of the electrons leads to a decreasing angular distribution and intensity of the elastically scattered electrons. The
scattering happens for shorter wavelengths at lower solid angle along the propagation
direction.
In order to be able to analyse the quantitative dependence of the elastic scattering
on the velocity of the electrons and the atomic number of the scattering atom, the
atomic potential in equation (5.19) is simplified by using the assumption of ρ(~rj ) being
rotationally symmetric.
e2 Zef f
V (ri ) = −
4πǫ0 ri

with Zef f = Z −

Z

ri
0

ρe (rj )4πrj2 drj

(5.23)

with ρe (rj ) being the probability density of an electron cloud with charge density −eρe (rj ).
Different measures are known to approximate the term Zef f which describes the screen-

ing effect of the atomic electrons on the nuclear charge +Ze. The Wentzel model uses
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one exponential term and leads to:
VW (r) = −

e2 Z −r/R
e
4πǫ0 r

with R = aH Z − /3
1

(5.24)

For parametrisation, the X-ray scattering amplitude can be used in order to further simplify the equation for the differential cross-section for elastic scattering of electrons. The
X-ray scattering amplitude fx can be obtained by substitution of the atomic potential
in equation (5.18) with the Wentzel potential and use of the small-angle approximation
sin θ ≈ θ (leading to q ≈ λθ ) [91].
fx =

Z
=
1 + 4π 2 q 2 R2
1+

Z
2πR
λ

·θ

(5.25)

2

Substitution of fx in the square of absolute values of the scattering amplitude f (θ)

together with sin 2θ ≈ 2θ gives the differential cross-section for elastic scattering of
electrons.


2
dσel
1
2
= (2aH (1 + E/E0 ))2 Z /3
dΩ
1 + (θ/θ0 )2

with θ0 =

λ
2πR

(5.26)

The scattering amplitude f (θ) drops at the characteristic screening angle θ0 to half of
the value of θ = 0◦ . For electrons of 30 keV kinetic energy this angle is typically in the
range of 50 mrad.
Finally, the total elastic scattering cross-section is obtained by the integration according
to equation (5.10).
σel =

h2 · c2 Z 4/3
λ2
4
(1 + E/E0 )2 Z /3 =
π
πE02 β 2

with β =

v
c

(5.27)

The dependence of the total elastic scattering cross-section on Z 4/3 is based on the
assumption of the Born approximation, meaning the assumption of weak scattering by
very thin samples of light elements, and on the idealized Wentzel atom and therefore
only valid as a first estimation. Many-body theory results in a more general expression
of the scattering cross-section.


σel nm

2





1.5 × 10−6 3/2
Z
=
Z
1 − 0.23 ·
β2
137β

valid for

Z
< 1.2
137β

(5.28)

In the course of deriving the elastic scattering cross-section for electrons, the atomic
scattering amplitude fx for X-rays was introduced for parametrization. This makes it
possible to compare the scattering efficiency of electrons and X-rays. However, in order
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to compare the total scattering cross-section of electrons and X-ray waves at the single
atom, the dimensionless X-ray scattering amplitude must be adapted to the unit of a
length of the electron scattering amplitude.
The difference in the scattering mechanism is decisive here. In contrast to electrons, Xrays are only scattered by the electrons of the atomic shell by forcing them to vibrate due
to the incident electromagnetic radiation and emitting secondary waves. The equation of
oscillation of an undamped electron in the electromagnetic X-ray field and the amplitude
of the emitted dipole radiation are known from literature and result in the modified X-ray
scattering amplitude. The scattering amplitude is extended by the missing dimension of
a length by the classical electron radius re = 2.8 × 10−15 m.
fX (θ) = re fx (θ) =

re Z
1 + (θ/θ0 )2

(5.29)

A comparison with f (θ) shows, that the angular dependent portion is identical.
2aH Z 1/3
f (θ) =
1 + (θ/θ0 )2

(5.30)

For a further determination of the total scattering cross-section σX and σel with equation
(5.10) it is therefore sufficient to perform the integration on the denominator of each
scattering amplitude.
σX,el ∝ 2π

Z

π
0



1 + (θ/θ0 )2

−2

sin θdθ =

λ2X,el
4πa2H

Z − /3
2

(5.31)

This leads to the following expressions for the total scattering cross-sections of both
types of radiation.
σel =

2
λ2el −2/3 
1/3
Z
2a
Z
H
4πa2H

(5.32)

λ2X −2/3
Z
(re Z)2
4πa2H

(5.33)

σX =

For a direct comparison of the total cross-section for electron and X-ray scattering on
single atoms it is advisable to form the quotient of

σel
σX

of both scattering cross-sections.

λ2 4a2
σel
4
= 2el H Z − /3 ≈ 105
σX
λ X re

(5.34)

with λel being in the range of 10−12 m and λX being in the range of 10−10 m this ratio
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of scattering cross-sections is in the range of 10−5 .
The comparison of scattering cross-sections shows, that the probability for elastic scattering of electrons is by five or six orders of magnitude higher than for X-rays. This
is the main advantage of electron diffraction compared to X-ray diffraction as it allows
much shorter measurement times due to the higher scattering intensity.
Inelastic scattering of electrons
In contrast to elastic scattering events, where the energy of the incident particle or wave
is preserved during the scattering process, inelastic scattering events cover all processes
that include an energy transfer to the scattering specimen. Because a huge variety of
possible absorption and energy transfer processes needs to be considered, the derivation
of the inelastic scattering cross-section is quite complex. Therefore, a detailed description
will not be given in this work, but can be found in literature [73, 91, 92]. An expression
for the total inelastic scattering cross-section was developed in 1930 by H. Bethe [91].
n
σinel
=

X 8π
k 1 1
|ǫn |2
k0 q 4 sin θ
a2H

(5.35)

This equation takes excitations of electrons inside the scattering atom into account that
are caused by the incident wave. This transition is described by ǫn being the transition
matrix element for the excitation from ground state to state n of the scattering atom.
In order to avoid the sum over all possible final excitation states n, Koppe suggests to
take half of the ionisation potential

J
2

of the sample material as mean excitation energy.

J can be approximated by J ≈ 13.2 eV · Z. Together with the first Born approximation
and the X-ray scattering amplitude from the Wentzel model for atoms, the differential
scattering cross-section for inelastic scattering of electrons including excitations in the
scattering atom can be obtained [91, 93].
"
#
dσinel
λ4 (1 + E/E0 )2
1
1
=
Z
 1−
2
2 2
dΩ
4π 4 a2H
(1 + (θ2 +θE2 )/θ02 )
θ 2 + θE

(5.36)

The characteristic angle θE is comparable to θ0 in case of elastic scattering. The angle
θ0 is the characteristic screening angle, where the elastic scattering amplitude drops to
half of the value of θ = 0◦ or the differential scattering cross-section drops to a quarter
of the value of θ = 0◦ . Correspondingly, θE describes the angular range where the
differential inelastic scattering cross-section drops to a quarter of the value of θ = 0◦ .
It can be seen, that within the range of θ < θE the differential scattering cross-section
drops Lorentz-shaped with θ−2 .
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The total inelastic scattering cross-section can be obtained by integration according to
equation (5.10) [91, 93].

σinel

4λ2 (1 + E/E0 )2 −1/3
=
Z
ln
π

Z 1/3 h2
πm0 JaH λ

!

(5.37)

A comparison of the total scattering cross-sections for elastic and inelastic scattering
processes leads to the following ratio.
4
σinel
= ln
σel
Z

Z 1/3 h2
πm0 JaH λ

!

≈

26
Z

(5.38)

This ratio shows, that in case of light elements with atomic numbers smaller than 26,
inelastic scattering is favoured compared to elastic scattering. In case of carbon (Z = 6)
the intensity of the inelastically scattered signal is by a factor of about four higher
compared to the elastically scattered signal.
Multiple electron scattering
The expressions that were developed so far are all based on the use of the first Born
approximation and follow the kinematic scattering theory. But in case of solid state
samples or thick samples with a higher density of scattering centres, this theory will
not be able to sufficiently well describe the scattering processes. As soon as strong
interaction between electrons and specimen come into play, the kinematic theory for
the determination of the scattering intensity cannot be applied automatically. Instead,
multiple scattering has to be considered within the framework of a dynamic scattering
theory.
An electron beam that is impinging on a sample that is composed of N atoms per unit
volume will cause N · σel = QT elastic scattering processes per covered unit distance.

Consequently, the reciprocal Λel = Q−1
T describes a mean distance that an elastically
scattered electron can travel before it will be scattered again. This quantity is known as
mean free path of elastic electron scattering.
Λel =

ma
NA σel ρ

(5.39)

Here, σel is the total elastic scattering cross-section. The number of atoms per unit
volume N =

NA ·ρ
ma

is expressed by the Avogadro constant NA , the material density ρ and

the atomic weight ma of the sample material or element.
As an example, the elastic mean free path of electrons in graphite (ma = 12.011 g mol−1 , ρ =
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Figure 5.3: Elastic mean free path of electrons in graphite (black) and a MoS2 like prototype material (red) as a function of the acceleration voltage of the electrons. The values were calculated with equations (5.27) and (5.39). For
the case of graphite, these equations should be valid to be used as they
describe the scattering of electrons in pure materials of light atoms. Here,
ma = 12.011 g mol−1 , ρ = 2.2 g/cm3 and Z = 6 was used in the calculation.
For molybdenum disulphide, the equations are difficult to use as this material
is composed of more than one type of atoms and heavy atoms. Here a mean
atomic number of Z = 2·16+42
= 24.67 was combined with the properties of
3
a molybdenum disulphide crystal (ma = 160.07 g mol−1 , ρ = 5.06 g/cm3 ).
2.2 g/cm3 , Z = 6) is plotted from equation (5.39) in figure 5.3. The elastic scattering
cross-section was calculated with equation (5.27). As this equation only applies for
scattering events on a pure element with atomic number Z and is only valid for light elements, it can in principle not be used to calculate the elastic mean free path of electrons
in molybdenum disulphide. Just for an estimation of the influence of the atomic number
on the elastic scattering cross-section, the calculation was repeated by using a mean
atomic number of molybdenum disulphide Z =

2·16+42
3

= 24.67. The such obtained

elastic scattering cross-section was then combined with the properties of molybdenum
disulphide (ma = 160.07 g mol−1 , ρ = 5.06 g/cm3 ) to give an elastic mean free path of
electrons in a potential material that might be comparable to MoS2 .
Equation (5.39) can of course be applied in the same way to the process of inelastic
scattering when the total inelastic scattering cross-section is used instead of the total
elastic scattering cross-section.
As already stated in the previous section, the total inelastic scattering cross-section is for
light elements larger than the total elastic scattering cross-section, leading to a smaller
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inelastic mean free path compared to the elastic mean free path. That means, that in
these samples, multiple inelastic scattering events start to happen on shorter propagation
distances in the sample or in thinner samples respectively compared to multiple elastic
scattering events.
From the expressions in both previous sections it can be seen, that the total scattering
cross-section decreases with increasing energy of the incident electrons for both elastic
and inelastic scattering processes. That means, that the mean free path for both will
increase with increasing kinetic energy of the accelerated electrons.

5.1.2 Diffraction of electrons on crystalline solids
Each crystal structure can be assigned two grids: The real-space crystal lattice and the
reciprocal lattice. The diffraction pattern of a crystal is an image of the reciprocal crystal
lattice. A microscopic image is, if it is sufficiently well resolved, the representation of
the crystal structure in real space. The two grids are related to each other via Fourier
transform. When the crystal is rotated or tilted, both the real-space crystal lattice and
the reciprocal lattice are rotated and tilted the same way.
Two equivalent approaches exist that are used to explain the elastic diffraction on crystalline structures. In both, crystals are regarded as rigid periodic structures of microscopic objects. In Bragg theory, the atoms in the crystal are arranged in parallel lattice
planes with constant spacing d. The incident wave is partially reflected at these planes.
In the Laue theory, the crystal is described as a Bravais lattice with identical microscopic
objects scattering the incident radiation at its lattice positions. Diffraction spots occur
only in directions for which the radiation scattered by the lattice points constructively
interferes.
The atoms of an ideal crystal are arranged highly periodically and form a strict longrange order. The smallest, periodically repeating unit from which a crystal lattice is
constructed is called the primitive unit cell or basis. This unit cell contains all the
symmetry properties of the crystal and is sufficient to completely describe the full crystal
lattice, since the crystal lattice is obtained by shifting the unit cell along its basis vectors.
If ~a1 , ~a2 and ~a3 build the set of basis vectors of the unit cell, each point ~r inside the
crystal lattice is identical to any point ~r′ , which is obtained from ~r by a shift T~ of integer
multiples of the basis vectors ~ai .
~r′ = ~r + T~ = ~r + n1 · ~a1 + n2 · ~a2 + n3 · ~a3

mit ni ∈ Z

The set of all points ~r′ from equation (5.40) defines the crystal lattice.
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Thus, every position in the crystal lattice can be described by shifting the unit cell by
an integer multiple of its edge length. The position of an atom j within the unit cell is
generally described by the following linear combination of the basis vectors:
~rj = uj · ~a1 + vj · ~a2 + wj · ~a3

(5.41)

The origin of the unit cell coordinate system is usually chosen such that 0 ≤ uj , vj , wj ≤ 1
applies.

The primitive unit cell is determined such that it always has the smallest volume of
all possible repeating units. The volume of the unit cell Vuc corresponds to the triple
product of the three basis vectors ~a1 , ~a2 and ~a3 .
Vuc = |~a1 · (~a2 × ~a3 ) | = |~a3 · (~a1 × ~a2 ) | = |~a2 · (~a3 × ~a1 ) |

(5.42)

The set of reciprocal lattice vectors ~a∗i is the basis of the reciprocal crystal lattice.
Analogue to the unit cell in real space, the so-called Brillouin zone describes the smallest
volume that is spanned by the reciprocal basis vectors. Like the real space unit cell, the
Brillouin zone contains all information about the symmetry properties of the entire
diffraction pattern. The reciprocal lattice vectors can be calculated from the set of real
space basis vectors ~ai .
2π
(a~2 × a~3 )
Vuc
2π
~a∗2 =
(a~3 × a~1 )
Vuc
2π
~a∗3 =
(a~1 × a~2 )
Vuc
~a∗1 =

(5.43)

with Vuc being the volume of the real space unit cell from equation (5.42).
The definition of the reciprocal basis vectors implies that each reciprocal basis vector
is orthogonal to two basis vectors of the real space crystal lattice. Therefore, the basis
vectors ~a∗i and ~ai have the following property:
~a∗i · ~aj = 2πδij

(5.44)

with δij = 1 for i = j and δij = 0 for i 6= j. Any point in the reciprocal lattice is defined
~
by the set of vectors G:
~ = h · ~a∗1 + k · ~a∗2 + l · ~a∗3
G

with h, k, l ∈ Z

(5.45)
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Fourier analysis
Since the position of the atoms in the crystal lattice is invariant to the translation of
the unit cell by an integer multiple of its edge length, each local physical property of
the crystal, such as the charge density, the electron number density and the density of
the magnetic moment, is invariant to T~ . For example, the electron density ρ(~r) is a
periodic function of ~r with periods ~a1 , ~a2 and ~a3 in the directions of the three crystal
axes. Therefore, the following applies:
ρ(~r + T~ ) = ρ(~r)

(5.46)

Such a periodicity creates ideal conditions for a Fourier analysis. The most important
properties of a crystal are directly correlated with the Fourier components of the electron
density ρ(~r).
The points of the reciprocal lattice indicate the allowed development terms in the Fourier
series. A term is allowed if it is consistent with the period of the crystal. Other points
in reciprocal space must not occur in the Fourier evolution of a periodic function. A set
~ is searched such that
of vectors G
ρ(~r) =

X
~
G

~ · ~r)
ρG~ exp(iG

(5.47)

is invariant to any lattice translation T~ , which transfers the crystal into itself. The
amplitude of the radiation diffracted by a crystal structure is determined by the size of
the Fourier coefficients ρG~ .
~ in the Fourier series (5.47) are exactly the reciprocal lattice vectors from
The vectors G
equation (5.45) as with them the Fourier evolution of electron density shows the required
invariance against each crystal translation T~ = n1 · ~a1 + n2 · ~a2 + n3 · ~a3 . From (5.47)

follows:

ρ(~r + T~ ) =

X
~
G

~ · ~r) exp(iG
~ · T~ ) =
ρG~ exp(iG

~ · T~ ) = 1 applies.
because exp(iG
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X
~
G

~ · ~r)
ρG~ exp(iG

(5.48)
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Laue equation
As already mentioned, a crystal lattice works as a three-dimensional periodic set of
scattering centres to any incident coherent (particle) wave in the form of a plane wave.
As described in section 5.1.1 this coherent electron beam

1

is scattered at any single

atom of the sample grid. But the resulting angular-dependent intensity distribution of
the outgoing wave is composed of the interference of all waves scattered on the atoms.
This superposition of partial waves is comparable to the derivation of the elastic scattering cross-section as shown in section 5.1.1. The integration over the scattering area
is exchanged by a sum of the atomic positions.
A(~q) =

X

~

f (~q)e2πi~q·Ti

(5.49)

i

Illustrative, the angle-dependent amplitude of scattered intensity A(~q) is given by a summation of the scattered partial waves, taking into account the path differences resulting
from the formation of the outgoing waves. The scattering amplitude f (~q) of the partial
waves must of course be taken into account. Within the framework of diffraction theory
on crystals, the scattering amplitude f (~q) is often also called atomic form factor. This
will be explained in detail when the intensity of diffraction spots is discussed in section
5.1.2.
From equation (5.49) a general condition for elastic scattering can be derived. This
equation implies, that for constructive interference, namely the maximum amplitude
~

A(~q), it is necessary that e2πi~q·T = 1 applies. A comparison with equation (5.84) shows
~ applies. In words, this means that there is always a
that this is fulfilled if ~q = G
constructive interference of elastically scattered partial waves and thus a formation of a
diffraction spot if the change of the wave vector during the scattering process is equal
to a reciprocal lattice vector. This is the so-called Laue condition for elastic scattering
on crystals.
~k − ~k0 = G
~

(5.50)

The Bragg theory instead, which is based on the assumption of reflection of partial
waves, leads to the following condition for constructive interference based on the path
difference of the partial reflected waves. A detailed derivation is not provided here.
1

All equations shown in this chapter are equally valid for the diffraction of X-rays or neutrons at
crystalline structures.
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nλ = 2d sin Θ

(5.51)

with n ∈ N being the order of diffraction, λ being the wavelength of incident and
scattered wave, d being the distance between the scattering lattice planes and Θ being

the scattering angle. At this point an important condition in the definition of the
scattering angle must be pointed out. In the description of diffraction at atoms in 5.1.1
the scattering angle θ was used to describe the angle between incident and scattered
trajectory (see figure 5.1). In case of diffraction on crystalline structures, the scattering
angle Θ is the angle of the scattered propagation direction relative to the crystal plane.
The deflection angle, i.e. the angle between incident and scattered trajectory, is here
given by 2Θ.
From this equation follows, that for a wavelength of 6.0 pm, which is the relativistic
wavelength of electrons of 40 keV kinetic energy, the first order scattering angle for
lattices with more than 1 Å lattice plane distance is smaller than 1.7◦ .
λ
2·d
6.0 pm
sin Θ ≤
= 0.03
2 · 100 pm
sin Θ =

for d ≥ 1 Å

(5.52)

Θ ≤ 1.7◦

As sin Θ ≤ 1 must apply, Bragg reflection is only possible for wavelengths λ ≤ 2d.

An illustration of the Laue condition is the Ewald sphere. The Ewald sphere is constructed with a radius of 2π
λ with λ being the wavelength of the incident beam. Thus
~
~
all wave vectors k0 with |k0 | = 2π end on the surface of this sphere. The vector ~k0
λ

points in the direction of the incident radiation and ends at any point of the reciprocal

lattice. The relative orientation of the incident radiation to the reciprocal lattice must
be known. The origin of ~k0 corresponds to the center of the Ewald sphere. If the sphere
cuts any point of the reciprocal lattice, a diffracted beam is generated, which represents
this point of the reciprocal grating in the diffraction image. The diffracted beam points
~ The angle Θ in figure 5.4 is the Bragg scattering angle from
in the direction ~k = ~k0 + G.
equation (5.51).
In case of a perfectly two-dimensional crystal, the points in reciprocal space become
rods as the third dimension in real space is infinitesimal small or zero. In case of thin
sample system, meaning only few atomic layer of a two-dimensional crystal, these rods
form ellipsoids and become points when the sample is thick enough to be described as a
three-dimensional bulk crystal.
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Figure 5.4: The Ewald sphere is an illustration of the Laue condition. The radius of this
sphere is given by |~k0 | = 2π
λ . An intersection of the reciprocal lattice with
the Ewald sphere leads to a spot in the diffraction pattern.

Figure 5.5: Representation of lattice planes in an orthogonal crystal system with the
corresponding Miller indices (hkl). [94]

Miller indices
For structure analysis, it is more useful to look at sets of lattice planes instead of specific
lattice points. These sets of planes can be described unambiguously with the Miller
indices. To determine the Miller indices (hkl) of a set of planes, the intersections of
the plane with the axes ~a1 , ~a2 and ~a3 are determined as multiples of the corresponding
vector lengths a1 , a2 and a3 . After that, the reciprocal of the numbers is determined
and then three integers are searched for, which are in the same ratio to each other as
the three reciprocal values. The resulting numbers are the Miller indices (hkl) of the
corresponding lattice plane. If the intersection is infinite (the plane does not cross the
axis), the corresponding index is 0. If a plane intersects an axis on the negative side of
the origin, the corresponding index is negative. This is indicated by an overline above
the index.
From the reciprocal lattice vectors ~a∗1 , ~a∗2 and ~a∗3 the lattice plane spacing dhkl in any set
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of lattice planes with Miller indices hkl can be determined.
dhkl =

2π
2π
=
∗
~
|h · ~a1 + k · ~a∗2 + l · ~a∗3 |
|G|

(5.53)

Structure factor and scattering intensity
This section aims to show according to which laws the intensity of a diffraction spot
behaves and which measure for the scattering ability of a crystal or its unit cell can be
given.
For this purpose two infinitesimal volume elements dV are considered, one of them at
the selected origin and one at the point ~r. Analogous to section 5.1.1, the wave vectors of
the incoming and outgoing beams are described by ~k0 and ~k. The phase difference ϕ (~r)
between the beams can be expressed by the path difference ∆s (see equation (5.15)).
Together with the Laue condition for the formation of a diffraction spot from equation
(5.50), the phase difference ϕ (~r) is obtained to be


~ · ~r
ϕ (~r) = k · ∆s = ~k ′ − ~k · ~r = G

(5.54)

Similar to equation (5.16), the amplitude FG~ of the scattered wave is proportional to the
integral of the phase difference exp[−iϕ (~r)] weighted with the scattering ability n(~r) of
each volume element over the volume Vuc of the unit cell. This quantity is often referred
to as structure factor Fhkl
FG~ ∝ Fhkl
Z
Z
3
with Fhkl =
n(~r) exp[−iϕ (~r)] d r =
Vuc

Vuc

h
i
~ r d3 r
n(~r) exp −iG~

(5.55)

The scattering ability n(~r) can be expressed as superposition of contributions nj of each
atom j of the uni cell. The vector from the origin to the center of atom j shall be given
by ~rj . The contribution of this atom is then given by nj (~r − ~rj ). The overall scattering

ability at position ~r is expressed by the sum over all atoms of the unit cell.
n(~r) =

uc
X
j=1

nj (~r − ~rj )

(5.56)

The structure factor from equation (5.55) can now be written as a sum of integrals over
the atoms in the unit cell of the crystal lattice.
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Fhkl =
=

uc Z
X
j=1
uc
X
j=1

h
i
~ r d3 r
nj (~r − ~rj ) exp −iG~
h

~ rj
exp −iG~

iZ

h
i
~ ρ d3 r
nj (~
ρ) exp −iG~

(5.57)

with ρ
~ ≡ ~r − ~rj
The remaining integral is defined as so-called atomic form factor fj and is a characteristic
quantity for each atom.
fj =

Z

h
i
~ ρ d3 r
nj (~
ρ) exp −iG~

(5.58)

The combination of equations (5.57) and (5.58) delivers the following expression for the
structure factor Fhkl :
Fhkl =

uc
X
j=1

h
i
~ rj
fj exp −iG~

(5.59)

Together with the definitions from equations (5.41) und (5.45) this expression can be
rewritten as
Fhkl =

uc
X
j=1

fj exp [−i2π (uj · h + vj · k + wj · l)]

(5.60)

According to equation (5.55), the structure factor is the Fourier transform of the scattering ability. The actual quantity that is given by the scattering ability depends on
the type of radiation used and the underlying scattering mechanism. As explained in
section 5.1.1, electron diffraction patterns are connected to the electron density ρ(~r) by
a Fourier transform.
 
~
F{n(~r)} = Fhkl G

(5.61)

If the structure factor Fhkl was a direct measurand, the desired quantity n(~r) could be
calculated directly by a Fourier transformation. However, the intensity of a diffraction
spot does not correspond to a linear size of the structure factor, but is proportional to its
absolute square. Thus, the phase information is lost. There are different approximation
methods to solve the so-called phase problem. But they will not be explained here.
Ihkl ∝ |Fhkl |2

(5.62)
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Lattice dynamics
The assumption of a rigid crystal lattice, as used in the description of scattering events
so far, is only approximately well fulfilled. The translational and rotational degrees of
freedom of the atoms and building blocks are annihilated by the integration into a crystal
lattice, but the vibronic degrees of freedom are preserved. The displacement, which the
atoms experience from their assigned position in the crystal lattice, can be investigated
in diffraction experiments. Spectroscopic experiments like Raman or IR spectroscopy,
on the other hand, provide information about the energy contributions required for the
vibronic excitation (see chapter 4).
In order to account for lattice dynamics and its influence on the amplitude of the
diffracted partial waves, the static position ~r of the atoms in the lattice needs to be considered as time-dependent. This is implemented by assuming each atom to be independently randomly displaced from its equilibrium position ~rj by a time-dependent atomic
displacement ~u(t). This leads to a time-dependent atomic position of ~r(t) = ~rj + ~u(t).
The thermally averaged structure factor from equation (5.59) does then contain the
following sum elements:
~

~

fj e−iG·~rj he−iG·~u i

(5.63)

with h. . .i denoting thermal average. The exponential function can be developed in the
following series:

~
~ · ~ui − 1 h(G
~ · ~u)2 i + . . .
he−iG·~u i = 1 − ihG
2

(5.64)

Since the random atomic displacement is assumed to be independent of the direction of
~ · ~ui = 0 applies. The third sum element can be rewritten as
the scattering vector, hG
~ · ~u)2 i = |G|
~ 2 hu2 ihcos2 θi
h(G

(5.65)

At this point it is crucial to distinguish between isotropic and anisotropic materials. If
the sample is isotropic hcos2 θi can be obtained as geometrical average of cos2 θ over

a sphere. In the two-dimensional case where only scattering vectors with (hk0) are
considered or the atomic displacement needs to be assumed to be different within the
basal plane compared to perpendicular to this, the integration is only performed on a
circle [26, 92, 95–97].
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The series expansion in (5.64) is in both cases identical to a series expansion of a certain
exponential function with different exponent.
1 ~ 2 2
1 ~ 2 2
~
he−iG·~u i3D = 1 − |G|
hu i + . . . = e− 6 |G| hu i
6
1
~
~ 2 hu2 i
~ 2 hu2 i + . . . = e− 41 |G|
he−iG·~u i2D = 1 − |G|
4

(5.67)

Then the square of the amplitude, which is known to be the scattered intensity I, can
be expressed in relation to the scattered intensity of the rigid lattice I0 .
~ 2 hu2 i

for the 3D case

~ 2 hu2 i
− 21 |G|

for the 2D case

1

I = I0 e− 3 |G|
I = I0 e

(5.68)

A more general expression uses the the Debye-Waller factor W in the exponent.
I = I0 e−2W

(5.69)

Meaning, that the intensity scattered at the rigid lattice is reduced by the Debye-Waller
factor W when random atomic displacements are considered. It is important to notice,
that this factor is of course heavily dependent on the nature of the lattice (2D and
anisotropic or 3D and isotropic) but can give information on the lattice temperature
when the relation between the mean atomic displacement and the lattice temperature
is known. In anisotropic layered materials like graphite or molybdenum disulphide, it is
also convenient to decompose the Debye-Waller factor into an in-plane and an out-ofplane contribution [95–97]. Different models allow to develop a relation between W , or
more precisely the mean square displacement hu2 i of the random atomic motion that is
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caused by the lattice heating, and the lattice temperature T . At this point, however,
readers are referred to the literature [26, 92, 95–97] and no exact derivation is made
here.
Equation (5.68) leads to the fact, that independent of the question whether the 2D or
the 3D case needs to be considered, the following applies.

− ln



I
I0



~ 2
∝ |G|

(5.70)

That means, that according to the theory of the Debye-Waller effect, the natural logarithm of the total intensity drop of each diffraction spot caused by lattice heating needs
to be linearly dependent on the absolute square of the corresponding scattering vector.
According to equation (5.68), the slope of this straight line corresponds to the mean
square displacement hu2 i multiplied by a scalar factor, that depends on whether the
2D or 3D case is considered. With this, the final lattice temperature, that is reached

by electron-phonon coupling after optical excitation of the crystalline sample, can be
evaluated.
It needs to be stated, that in the case presented here, in which the Debye-Waller effect is
explained based on
 the
 kinematic approximation as explained in section 5.1.1, the linear
I
~ 2 necessarily crosses or intersects the origin. This means
correlation of ln
and |G|
I0

that the portion of unscattered electrons is not affected in intensity by an increasing
random motion of the atoms that is correlated with the lattice heating.

Manuel Ligges et al. [98] report on the observation of a transient attenuation of the
unscattered (000) beam in time-resolved optical pump electron probe studies on polycrystalline
  thin films of gold and silver and relate this to lattice heating. In this study,
~ 2 was plotted for various times t after optical excitation. All plots
ln I(t)
versus |G|
I0

2
result in a nonzero
 intercept. When the temporal evolution of hu i coming from the
~ 2 plots is compared to the temporal evolution of the inversus |G|
slope of the ln I(t)
I0

tercept of the very same plots, they result in the same time constants. The authors state,

that this fact suggests, that the evolution of the transmitted direct beam attenuation
originates from an increasing inelastic electron-phonon scattering with increasing lattice
temperature. This is in good agreement with Boersch et al. [99, 100] and Albrecht et
al. [101] that found in static experiments the electron transmissivity to be dependent on
the temperature [98]. Based on the observations in these publications, it should be possible to determine the lattice temperature by simply observing the transmitted electron
intensity.
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5.2 Introduction to ultrafast electron diffraction (UED)
The approach of ultrafast electron diffraction is based on the principle of a pump-probe
set-up, where a sample is first excited or pumped and then observed or probed after
a well known time delay as pointed out in the introduction. In the case of UED, the
optical excitation of a sample with fs laser pulses is combined with the use of transmission
electron diffraction as probing technique. The challenging aspect in this method is the
use of electron pulses that are diffracted on the sample. In order to obtain both a good
temporal and spatial resolution, these electron pulses are required to be short in pulse
duration and small in spatial dimension. But due to internal space charge effects and
an initial energy spread of the photoexcited electrons, the electron pulses always tend to
broaden in time and space while they propagate. In the set-up presented in the current
work, this problem is faced by the approach to keep the set-up as compact as possible
and therefore the propagation time of the electrons between the source and the sample
as short as possible.
Related to the work presented here, well-resolved UED data will allow a precise evaluation of any lattice heating in each of the material layers of a heterostructure. The
time constants with which both material lattices heat up are of great interest as they
can be compared with the time constants known for the respective materials when they
are optically excited as individual samples. Also the question whether there is a time
delay between the beginning of lattice heating of the graphite lattice and the heating of
the MoS2 lattice can contribute to the further clarification of the existence and also the
quantification of possible coupling constants from figure 1.3. An evaluation based on the
Debye-Waller effect (see section 5.1.2) should result in the same final lattice temperature
for both material layers and thus produce a consistent image.
In addition to pure lattice heating, the excitation of low-frequency phonons can be displayed in time-resolved diffraction experiments. According to [102] the optical excitation
of molybdenum disulphide is followed by a coherently excited out of plane longitudinal
acoustic phonon, that is often referred to as breathing mode since the layers start to move
against each other in direction of the stacking order of the crystal. Optical excitation of
graphite was found to be followed by a coherent excitation of a shear and a breathing
mode phonon that can be followed in UED measurements

2

[26]. The oscillation period

of the breathing mode is in both materials linearly dependent on the number of layers
because it forms a standing sound wave in the thin sample. When both materials are
combined in a multilayer heterostructure, it is easy to imagine that an acoustic breath2

Christian Gerbig, PhD thesis and paper in progress.
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ing mode is not limited to one of the material layers, but can be expected to propagate
through the entire sample. In general, a coherent coupling of the phononic subsystems
of both materials involved is possible in such a way that a coherent oscillation in the
graphite directly induces a coherent oscillation in MoS2 . It is known from literature that
the shearing modes of graphite and MoS2 appear at similar frequencies in the Raman
spectrum (see section 4). This fact results from the quite similar bonding conditions
between the layers in both materials. Here, it would be possible that the occurrence of
a beating of both frequencies could be observed.

5.2.1 Set-up for the ultrafast electron diffraction (UED)
The experimental set-up for ultrafast electron diffraction is shown in figure 5.6. The
set-up uses a Ti:Sapphire laser amplifier system emitting laser pulses with a central
wavelength of about 800 nm. At the beginning of the work presented here, the laser
system that is used for the optical pump-probe measurements presented in section 3.4
was used in this set-up. Between may 2014 and may 2015 the laser system used in the
UED set-up was exchanged to a system emitting laser pulses with a central wavelength
of 795 nm and a pulse duration of 25 fs at a repetition rate of 5 kHz. Details on this laser
system can be found in [103].
In a different work, which was carried out at the same time as the work presented here,
the experimental set-up including the complete optical pathway as well as all vacuum
components was modified several times. The modification of the optical pathway is
documented in [104]. The modification of the remaining parts of the set-up will be
presented by a different author 3 .
A 50 % beam splitter (BS) produces two replica of the beam from the amplifier system.
One of the two beams is used to excite the sample, while the laser pulses of the other
pathway are used to generate electron pulses, which give the diffraction pattern of the
sample on the detector screen.
The pump pulses pass a motorized high-precision delay stage which is used to adjust
the temporal delay between pump and probe pulses and are focussed by a lens (L2,
focal length f = 512 mm) on the backside of the sample under an angular deviation of
12◦ from perpendicular incidence. A polariser (P) and a λ/2 waveplate (HWP) placed
before entering the vacuum chamber are used to define and manipulate the polarization
and energy of the excitation laser pulses.
The electron pulses are generated by emission of photoelectrons from a gold photocath3

Silvio Morgenstern, PhD Thesis in progress.
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Figure 5.6: Schematic representation of the electron diffraction set-up. The experimental
set-up is based on a pump-probe principle. The laser is split into two arms
by a beamsplitter (BS). One of the arms is tripled in frequency (THG–third
harmonic generation) and is used to generate electrons by photoemission
from a gold photocathode. The electrons are accelerated by a voltage of up to
40 kV in direction of an anode. The distance between photocathode an anode
of about 3.5 mm leads to an effective acceleration field strength of roughly
114 kV cm−1 . After passing the anode through a hole of 100 ➭m diameter the
electrons hit the sample placed about 5 mm behind. The scattered electrons
are focused by a liquid-cooled magnetic lens on the detection unit which uses
micro-channel plates (MCP) to enhance the electron signal and a phosphor
screen to convert the electrons into light signals. These light signals are then
recorded by a CCD-camera. The number of electrons per pulse is adjusted
by control of the UV-pulse energy. A second pathway is used to excite the
sample from the backside. The time delay between excitation and probe pulse
is adjusted via a delay stage. The power of both laser beams is adjusted by
the combination of a λ/2 waveplate (HWP) and a polariser (P) each. The
UV-pulse dispersion is compensated in a prism compressor. Modified from
[26]
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ode placed inside the vacuum chamber. This cathode is built from a 1 mm thick sapphire
plate coated with 3 nm Ti-Cr and 40 nm gold. The required UV-pulses which are able
to overcome the work function of the gold layer are generated in a frequency conversion
unit by successive second harmonic generation and sum frequency generation to produce
in total the third harmonic of the infrared fs laser radiation from the amplifier system
(THG = Third harmonic generation). Further details on the third harmonic generation
unit can be found in [73]. After passing a prism compressor for dispersion compensation,
the UV-pulses pass a window and enter the vacuum chamber while they are focused with
a lens (L1, focal length f = 60 mm) on the backside of the photocathode. For adjustment
purpose, UV pulses of an energy of 80 nJ per pulse or less were used as they do not cause
any damage on the photocathode. During measurements, the power of these pulses is
drastically reduced until the desired number of electrons per pulse is achieved. The UV
pulses have a pulse duration of about 30 fs [26]. The pressure of about 1 × 10−9 mbar
inside the vacuum chamber is reached by the combination of a rotary vane pump
two turbopumps

5.

4

and

Assuming an ideal gas of nitrogen with a radius of rgas = 150 pm

at room temperature, the mean free path l of the accelerated electrons rises from about
580 m at a pressure of p = 1 × 10−6 mbar to 580 km when the pressure is lowered to
1 × 10−9 mbar.

l=

kB · T
2 ·p
π · rgas

(5.71)

with kB being the Boltzmann constant, T being the temperature and p being the pressure. This equation applies under the assumption of the gas molecule being at rest
compared to the accelerated electron.
The generated pulses of photoelectrons are accelerated in direction of an anode by a
voltage of up to 40 kV. Electrons of 40 kV have a velocity of 1.2 × 108 m s−1 and a

relativistic de-Broglie wavelength of 6.0 pm. The electrons pass the anode through a
hole of 100 ➭m diameter and hit the sample placed behind under field-free conditions.

According to S. Morgenstern 6 , the distance between cathode and anode is 3.5 mm and
the sample is placed at about 5 mm behind the anode.
The sample holder offers space for a total of eight samples, which are arranged one
above the other. The TEM grids with a standard size of about 3 mm are fixed in the
prefabricated openings by tungsten clamping rings 7 . An ultrahigh-vaccum compatible
4

model Duo 6M of company Pfeiffer.
model Turbo-V301 of company Varian and model TC600 of company Pfeiffer.
6
PhD thesis in progress.
7
item name Wolframdraht Circlips, supply by plano.
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positioning tool

8

that is mounted on the upper flange of the vacuum chamber, can be

used to insert and position the desired sample in the electron propagation path.
A detailed overview and technical drawings on different components inside the vacuum
chamber as the photocathode or the sample holder can be found in [37].
The scattered electrons are focused by a liquid-cooled magnetic lens on the detection
unit. The magnetic lens works on the electrons as an optical lens does on light. The
Lorentz force resulting from a magnetic field strength B leads to a deflection of the
electrons when they pass a magnetic lens. Coils are used to generate a rotationally
symmetric magnetic field that is inhomogeneous along the electron propagation direction.
Electron beams originating from a point source are deflected by such a magnetic field
such that they converge again to a point. This is comparable to the behaviour of light
beams passing through an optical lens. The focal length f of a magnetic lens depends
on the component Bz of the magnetic field strength along the electron propagation
direction.
1
∝
f

Z

Bz2 dz

(5.72)

In the set-up presented here, the current-carrying cylindrical coil is surrounded by an iron
sheath. The iron sheath is interrupted in cross-section by a ring-shaped gap (pole-shoes),
leading to the fact that the magnetic field lines preferably exit there. The inhomogeneous
magnetic field is compressed by the pole shoes. This results in short focal lengths, which
are necessary for high resolution. This high resolution makes it possible to create highly
magnified diffraction patterns not too far behind the coil.
The detection unit uses two micro-channel plates (MCP) in Chevron-stack to enhance
the electron signal by cascade-like generation of secondary electrons and a phosphor
screen to convert the electron signal into light signals. These light signals are then
recorded by a monochromatic CCD-camera 9 .
In Chevron-stack two identical micro-channel plates are stacked in a few micrometer
distances and rotated by 180◦ leading to a maximum relative angle of inclination between
the channels of both plates. The MCPs are connected in series, whereby a variable
voltage can be applied to the first plate and the second is grounded. It was common to
use a voltage between −1400 V and −1600 V. Under these conditions, the gain of the
8
9

company Hositrad.
before [105]: model Lm-135M of company lumenera with a camera objective model Fujinon HF16HA1B of company Fujifilm (luminous intensity f/1.4 with a focal length of 16 mm), after [105]: model
INFINITY3-1UR of company lumenerawith a camera objective model Fujinon CF25HA-1 of company Fujifilm (luminous intensity f/1.4 with a focal lengthof 25 mm), further details can be found in
[105].
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Figure 5.7: Schematic design of an electron focusing magnetic lens. A current-carrying
copper wire coil is surrounded by a sheath of highly permeable soft iron.
Inside the channel through which the electron beam passes the lens, a gap is
cut into the sheath. When an electric current is applied, an inhomogeneous
magnetic field emerges at this point, which deflects the electrons (see red
arrows). A sample image represented by electrons that enter the magnetic
lens from above (black arrow) is focused in the field on the optical axis and
undergoes an image rotation. The copper coil is cooled by a liquid cooling
circuit (indicated in blue). Drawing according to [73] and [91].
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MCP chevron stack can be approximated to be 3 × 106 [105]. A negative potential on
the front side of the Chevron-stack allows that only electrons that can overcome this field
are amplified by the MCPs. This reduces the background caused by electrons excited by
various processes in the field free region of the vacuum chamber. If ions were generated
somewhere, they would be accelerated towards the detection system in this choice of
potential.
Typically, a phosphor screen consists of an indium tin oxide layer (ITO16), which is
deposited on a glass substrate and is necessary to remove incident charge carriers. This
layer is covered by a layer of phosphor material on which a thin aluminium layer can
be optionally deposited [106]. Via a chromium ring a voltage can be applied, which
accelerates charge carriers in the direction of the phosphor screen. In electron diffraction
experiments, the recommended acceleration voltage on the phosphor screen is typically
3 kV to result in an ideal light yield by using a very thin phosphor layer. A higher
voltage is possible, but the higher kinetic energy of the electrons is converted into heat
on the phosphor screen and can destroy the phosphor layer.
Various phosphor materials are commonly used that deviate in the emission maximum
wavelength as well as the time in which the light emission decays after the impact of an
electron signal. Phosphorus P20 has an emission maximum at 540 nm and intensity of
light emission decreases from 90 % to 10 % in 4 ms, and from 10 % to 1 % in 55 ms. The
material P43 has an emission maximum at 545 nm and corresponding intensity decay
times of 1 ms and 1.6 ms respectively [106]. As shown in [105], P20 has proven to be unsuitable for measurements because comparatively short measurement times are reported
to already cause phosphorus fires that lead to irreparable damage of the phosphor screen
[105].
More Details about the detection system and the corresponding spatial resolution of the
whole UED set-up and can be found in [105].
The number of electrons per pulse Ne− /pulse is adjusted by control of the UV-pulse
energy with help of a polariser (P) and a λ/2 waveplate (HWP) in front of the third
harmonic generation unit. Ne− /pulse can be directly measured by a faraday cup which
can be introduced into the electron beam between the magnetic lens and the detection
system. This cup is connected to a pico-ampere meter

10

where the current I that is

caused by the electron beam can be measured. Together with the repetition rate f of
the electron pulses and the elementary charge e of a single electron, this current can be
used to calculate the number of electrons per pulse.
10

model 6485 Picoammeter from company Keithley.
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Figure 5.8: Determination of spatial and temporal overlap of the optical pump and electron probe pulse by using the shadow image of a TEM gold grid. The optical
pump pulse is able to extract an electron cloud from the gold grid which will
work like a lens for the electron probe pulse. This blurs the shadow image
of the gold grid most visible at about 10 ps delay time between pump and
probe pulses. The delay given here is meaning that the optical pump pulses
arrive before the electron probe pulses at the sample position. The blurring
effect is more visible when the images are enlarged in the pdf version of the
thesis. The effect vanishes when the temporal overlap is reached (∆t = 0).

I = Ne− /pulse · f · e

(5.73)

The repetition rate of the electron pulses is of course identical to the repetition rate of
the laser system.
The spatial and temporal overlap of the optical pump and electron probe pulse can be
found with help of a gold grid at the sample position. The optical pump pulses are able
to extract an electron cloud from the gold grid which will work like a lens for the electron
probe pulse. This effect is visible in the shadow image of the gold grid as presented in
figure 5.8. At the temporal overlap, this effect is vanishing.
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Short electron pulses–temporal resolution
The temporal resolution of the ultrafast electron diffractometer is mostly determined by
the pulse duration of the electron pulses. The electron pulse duration is influenced by
various experimental parameters. The pulse duration and spectral properties of the UV
laser pulse that is used for the generation of the photoelectrons influences the width of
the distribution of kinetic excess energy in the electron pulse directly after the emission
process as well as the duration of the emission process.
The combination of the strength of the acceleration field and the distance between the
photocathode and the anode determines the acceleration strength and propagation time
of the electron pulses and therefore the pulse duration at the sample position. Both
parameters are limited as a too high voltage at too low distance causes electric breakthroughs even under ultrahigh vacuum conditions.
As already pointed out in the introduction of this section, the overall distance between
the photocathode and the sample leads to a given propagation time of the electron pulses.
By keeping this short, the temporal broadening of the electron pulses can be reduced.
An additional parameter is the carrier density in the electron pulses. The higher the
number of electrons per pulse, the faster the pulse will broaden in time. But of course
the intensity of the diffraction pattern on the detector screen scales linearly with the
incident number of electrons per pulse.
The last parameter is the geometric alignment of the sample with respect to the electron
pulse and the exciting laser pulse. If the sample is tilted, a temporal delay between the
edges of a pulse is implemented. In case of a pulse diameter of 150 ➭m a sample tilt of
5◦ will already lead to a delay of 44 fs, for 10◦ tilt, the delay rises up to 87 fs.
The electron pulse duration on the set-up described in section 5.2.1 was measured via
grating enhanced ponderomotive scattering [107] at a position of 1.5 mm in front of the
sample position. This experimental approach uses two counter-propagating laser pulses
to produce a standing wave, where the electron bunches are scattered at. The signal
trace is recorded by variation of the time delay between the electron pulse and the
standing wave. The electron pulse duration can then be obtained by deconvolution of
the signal trace with the focal transit time and the laser pulse duration [26]. With this
experimental approach it was possible to determine the dependency of the full width
at half maximum electron pulse duration on the number of electrons per pulse (see
figure 5.9). As it can be seen, the experimental data fits well to the data obtained from
simulated local momentum spread by use of a particle tracking code [26, 108].
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Figure 5.9: Measured and simulated dependence of the electron pulse duration on the
number of electrons per pulse for three different source sizes with 1/e2 radii of
2.3 ➭m (red), 9.5 ➭m (green) and 28.0 ➭m (blue). The pulse duration is measured and simulated at a position of 1.5 mm in front of the sample position.
Measured (open circles) and simulated (transparent points) data show a remarkable good agreement in case of all source sizes. The theoretical minimal
pulse duration of (120 ± 38)fs is indicated by the dashed line. This value is
estimated from [109, 110] by theoretical considerations taking into account
the given instrumental parameters. Taken from [26].
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Spatial resolution
As the temporal resolution, also the spatial resolution of a UED set-up is influenced by
various parameters and settings. A high carrier density in the electron pulse as well as
a long travelling time of the electrons from the source to the sample will not only cause
a temporal, but also a spatial broadening of the electron pulse leading to a divergent
electron beam.
In addition, the transverse coherence length of the electron pulse limits the size of realspace patterns that can be resolved in diffraction images. Coherence describes a spatially
and temporally extended collective wave property of an ensemble of photons or electrons.
It is useful to distinguish between two types of coherence. The temporal or longitudinal
coherence describes the extent of phase difference within a wave packet. The spatial
or transverse coherence, on the other hand, considers the phase differences at the same
times but at different positions in the finite transversal expansion profile of a wave packet.
A more visual explanation is possible by analogy to light optics using the double slit experiment. Interference behind a double slit is only possible with coherent partial beams.
The transverse coherence of a light source is directly connected to the maximum distance of the slits with which it is still possible to generate an interference pattern behind
the double slit. This means, that in the case of (electron) diffraction, the transverse
coherence length is a measure of the maximum transverse distance between scattering
centres that still leads to the formation of a diffraction pattern.
The transverse spatial coherence length at the sample position of the set-up described
in section 5.2.1 was determined in three independent experimental and theoretical approaches for three different electron source sizes [26].
The analysis of shadow images of TEM gold grids can be used to experimentally determine an upper and lower limit for the transverse spatial coherence length. The upper
limit can be determined by a source expansion from the initial coherence length ζi , the
electron source 1/e2 radius ωi and the electron pulse 1/e2 radius ωs at the sample position
[111].
ζs ≤ ζi

ωs
ωi

(5.74)

The analysis of the sharp edges of the TEM grid in the shadow images provides access to a lower limit of the transverse coherence length [112]. A third approach is the
determination from the particle tracking code that was already used to determine the
electron pulse duration [26]. It was shown in [26] that the results from all three different
approaches are in good agreement.
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In order to be able to observe the superstructure lattice in a multilayer heterostructure,
the transverse coherence length has to be larger than the real-space lattice constant of
the superstructure. The more similar the lattice constants of the materials involved in
a heterostructure are, the larger the superstructure becomes [39].
The maximum lattice constant of the superstructure of a molybdenum disulphide–
~ (10|10) | = 11.1 Å [39]. The
graphite heterostructure at 0◦ interlayer rotational angle is |L
size of the superstructure unit cell in multilayer heterostructures will be further discussed
in the course of this work (see section 5.3.1).

5.2.2 Extraction of physical quantities
The diffraction data analysis is able to resolve the structural dynamics inside a multilayer
heterostructure. The central unscattered electron signal is permanently blocked by a
copper beam stop to avoid detector degradation. All recorded diffraction patterns are
interpolated onto a reciprocal grid with a common scale. The required calibration is
done on a polycrystalline aluminium sample. The visible Bragg peaks are fitted with a
circular 2D Gaussian function which well approximates the intensity profiles.
In order to avoid temporal effects due to beam pointing or power fluctuations of the
excitation and probing laser light, a measurement is run on several delay scans, meaning
the delay stage is moved several times from the starting to the final delay time. The
images taken at the same delay step in different scans are compared and then added up
after the full measurement is completed.
The measurement parameter that can be mainly extracted from the fitting procedure,
is the evolution of the material Bragg peak intensity with time, but the peak position
and width can be analysed as well. As reference value the mean value of at least fifteen
points before time zero, meaning at delay stage positions were the probe pulse arrives
at the sample before the sample is excited, is used. The integrated peak intensity has
proven to be a reliable indicator for structural dynamics following laser excitation [26].
The Bragg peaks of the individual materials reveal selectively the structural dynamics
happening inside the respective material layer.
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Figure 5.10: Schematic example of the formation of the superstructure in real space and
in reciprocal space. The combination of the lattices of molybdenum disulphide (purple) and graphite (green) rotated by an angle of ϕ = −7.3◦ leads
to the formation of a Moiré pattern in real space. The corresponding unit
cell with lattice constant LM oiré is plotted in orange. The corresponding
diffraction pattern in Fourier space is built by a two-dimensional convolution of the diffraction patterns of the individual materials. This leads to
additional superstructure diffraction spots (orange) encircling every material Bragg spot. The superstructure diffraction pattern is rotated by an
angle α with respect to the reciprocal lattice orientation of molybdenum
disulphide.

5.3 Static diffraction pattern of multilayer heterostructures
The following section is based in parts on the publication [39] which was published in the
context of this work. The publication is placed here in the overall context of this work
and extended by essential points. The passages or pictures were therefore not marked.

5.3.1 Mathematical description of Moiré pattern
The combination of two hexagonal two-dimensional materials leads to the formation of
a Moiré pattern which is in this thesis referred to as a superstructure. The complete
assignment of the diffraction pattern of a van der Waals heterostructure requires a de-
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tailed understanding of the mathematical description of the Moiré pattern in real space
and reciprocal space. This section will focus on the discussion of the superstructure
symmetry and its mathematical description.
The superstructure or Moiré pattern is formed in real space by the superposition of
atomic positions. By Fourier analysis, the corresponding diffraction pattern is built by
a two-dimensional convolution of the diffraction patterns of the individual layers. This
convolution generates additional diffraction spots encircling every Bragg spot of the
individual materials. The mathematical origin of the peaks leads to the fact that the
information that is contained in the superstructure diffraction spots is identical for any
superstructure diffraction spot with the same relative orientation to its center material
Bragg spot. The formation of a Moiré superstructure in real space and the corresponding
diffraction pattern caused by the combination of molybdenum disulphide and graphite
is schematically shown in figure 5.10.
The set of basis vectors ~a1 , ~a2 and ~a3 which are chosen according to figure 5.11 describe
the real-space lattice coordinates of any hexagonal material.
 √ 
3
a

~a1 =  −1 
2
0
 
0
 
~a2 = a  1 

(5.75)

0



0



 
~a3 = ac  0 
1
The in-plane real-space basis vectors ~a1 and ~a2 are at an angle of 120◦ and a describes
the in-plane real-space lattice constant of the specific material. The vector ~a3 is perpendicular to the plane that is spanned by ~a1 and ~a2 and ac is the corresponding real-space
lattice constant along the c-axis. The reciprocal lattice vectors can by definition obtained
from the real-space basis vectors (5.43).
2π
(a~2 × a~3 )
Vuc
2π
(a~3 × a~1 )
~a∗2 =
Vuc
2π
~a∗3 =
(a~1 × a~2 )
Vuc

~a∗1 =
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Figure 5.11: Two sets of basis vectors ~a1 , ~a2 and ~b1 , ~b2 describe the in-plane realspace lattice coordinates of the hexagonal
The basis vectors of the
√materials.

a
first material were chosen to be ~a1 = 2
3, −1 and ~a2 = a (0, 1) with a being the real-space lattice constants of this material. The real-space basis vectors are at an angle of 120◦ . The second lattice is rotated anticlockwise with
respect to the first lattice by an angle of √
ϕ. The corresponding
lattice vec-
√
tors are then necessarily given by ~b1 = 2b
3 cos ϕ + sin ϕ, 3 sin ϕ − cos ϕ
and ~b2 = b (− sin ϕ, cos ϕ). The lattice constant of this material
 is b. The
sets of in-plane reciprocal lattice vectors ~a∗1 , ~a∗2 and ~b∗1 , ~b∗2 are by definition also positioned at an anticlockwise angle of ϕ. It will be shown in
the text, that the first order reciprocal lattice vector of the Moiré pattern
~kM oiré is equivalent to the difference of the reciprocal lattice vectors ~b∗ −~a∗ .
1
1
The superstructure diffraction pattern is rotated by an angle α in relation
to the reciprocal basis vector ~a∗1 . The schematic example uses ϕ=−7.3◦
and the lattice constants of molybdenum disulphide (a = 3.16 Å [83]) and
graphite (b = 2.46 Å [78]).
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Here, Vuc is the volume of the unit cell. This variable can be calculated by the triple
product of the three basis vectors ~a1 , ~a2 and ~a3 .
Vuc = ~a1 · (~a2 × ~a3 ) = ~a2 · (~a3 × ~a1 ) = ~a3 · (~a1 × ~a2 ) =

√

3 2
· a · ac
2

(5.77)

Equations (5.75), (5.76) and (5.77) give together the set of reciprocal basis vectors in
accordance with figure 5.11.


1





1

4π  

~a∗1 = √  0  = a∗  0
3a
0
0



1
2π  √  a∗ 
∗
~a2 = √  3  =

2
3a
0
 
0
2π  
∗
~a3 =
 0 
ac
1



4π
with a∗ = √
3a





1
√ 
3 
0

(5.78)

The hexagonal materials are stacked along their axis of six-fold rotational symmetry.
This ensures, that the six-fold rotational symmetry is preserved in the multilayer heterostructure. The missing periodicity along the c-axis causes the space group of a combination of two different materials to be either 6 or 6mm. Space group 6mm requires the
presence of σv mirror planes, which is possible if the rotational angle between the layers
is either ϕ = 0◦ or ϕ = 30◦ . In both cases no symmetry elements that are affecting
the coordinate along the c-axis are included in the space group. Therefore, only the
in-plane contributions will be considered in the mathematical description for the Moiré
superstructure.
4π
~a∗1 = √
3a
2π
~a∗2 = √
3a
a∗ =

√4π
3a

1
0

!

1
√
3

= a∗
!

a∗
=
2

1
0

!
1
√
3

(5.79)

!

is the length of the reciprocal lattice vectors. A function fa (~r) describing

the real-space spatial properties of this lattice can be represented by an infinite Fourier
series with, in general, complex valued coefficients cam,n . [113]
fa (~r) =

X
m,n
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cam,n

· exp (i (m

· ~a∗1

+n

· ~a∗2 )

· ~r)



(5.80)
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The second lattice with lattice constant b is rotated anticlockwise by an angle of ϕ with
respect to lattice a. This leads to the following set of real-space and reciprocal lattice
vectors for the second lattice.
~b1 = b
2
~b2 = b

√

√

3 cos ϕ + sin ϕ

3 sin ϕ − cos ϕ
!
− sin ϕ

!

cos ϕ

~b∗
1

∗

=b

~b∗
2

b∗
=
2

cos ϕ
sin ϕ

!

cos ϕ −

sin ϕ +

√

√

3 sin ϕ

3 cos ϕ

(5.81)

!

4π
with b∗ = √
3b

The real space spatial properties the second lattice b can in accordance with (5.80) said
to be represented by an infinite Fourier series with complex valued coefficients cbm,n .
fb (~r) =

X
m,n

cbm,n

 
 
∗
∗
~
~
· exp i m · b1 + n · b2 · ~r

(5.82)

The variable δ describes the lattice mismatch between the lattice constants of the two
lattices involved.
δ =1−

a∗
b
=1− ∗
a
b

(5.83)

In the following, the lattice with the larger real-space lattice constant is assigned as
lattice a, the one with the smaller real-space lattice constant is labelled as lattice b.
That results in a ≥ b or a∗ ≤ b∗ respectively and 0 ≤ δ < 1. The six-fold rotational

symmetry of the van der Waals heterostructure restricts the interlayer rotational angle
to −30◦ < ϕ ≤ 30◦ .
First order Moiré pattern

As the superposition of two lattices a and b in real space generate the Moiré pattern,
the spatial properties of this superstructure can be described by the following function
f (~r) which can be rewritten such to be represented by an infinite Fourier series with
respect to the basis vectors of lattice a [113]. This Fourier expansion is modulated by
the periodic factors .
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f (~r) = fa (~r) + fb (~r) =

X
m,n

with

aM
r)
m,n (~

cam,n

· exp (i (m

· ~a∗1

+n

· ~a∗2 )

· ~r) ·

aM
r)
m,n (~



 



 
cbm,n
= 1 + a · exp i m · ~b∗1 − ~a∗1 + n · ~b∗2 − ~a∗2 · ~r
cm,n

(5.84)

The first order reciprocal lattice vectors (m = 1 ∧ n = 1) of the Moiré pattern describe
the periodicity of the modulation factors aM
m,n and are therefore given by the difference
between the respective reciprocal lattice vectors of the materials.
~kM oiré,1 = ~b∗ − ~a∗
1
1
~kM oiré,2 = ~b∗ − ~a∗
2
2

(5.85)

As required in hexagonal symmetry, these vectors are at an angle of 60◦ . This results in
aM
r) = 1 +
m,n (~

 
 
cbm,n
~kM oiré,1 + n · ~kM oiré,2 · ~r
·
exp
i
m
·
cam,n

(5.86)

The length of the corresponding reciprocal lattice vector ~kM oiré = ~kM oiré,1 = ~kM oiré,2
does fully describe the positions of the Moiré pattern diffraction spots.
q
a∗ 2 + b∗ 2 − 2a∗ b∗ cos ϕ
a∗ p 2
=
δ + 2 (1 − δ) (1 − cos ϕ)
1−δ
p
4π
=√
δ 2 + 2 (1 − δ) (1 − cos ϕ)
3a (1 − δ)

~kM oiré =

(5.87)

The angle α between the reciprocal lattice vector ~a∗1 and ~kM oiré can than easily determined to be
tan α =

sin ϕ
cos ϕ − (1 − δ)

(5.88)

The real-space lattice constant of the superstructure unit cell |L| can be calculated from

the length of the first order reciprocal lattice vector |kM oiré |. The combination of (5.87)
with the defined relation between real-space and reciprocal-space lattice constants in
hexagonal lattices gives:
~ =√
|L|

120

a(1 − δ)
4π
=p
δ 2 + 2 (1 − δ) (1 − cos ϕ)
3 · |~kM oiré |

(5.89)

5. Electron diffraction
The first order in-plane reciprocal basis vectors ~kM oiré,1 and ~kM oiré,2 can be used to
reconstruct the real-space basis vectors of the unit cell by combination with the definition
of the reciprocal lattice vectors (see(5.76) and (5.77)).

i
h
4π
~b2 × ~ez − (1 − δ)2 · (~a2 × ~ez )
3 · a2 · (1 − δ)2
h

i
4π
~ez × ~b1 − (1 − δ)2 · (~ez × ~a1 )
= ~b∗2 − ~a∗2 = √
3 · a2 · (1 − δ)2
2π
=
~ez
Lc

~kM oiré,1 = ~b∗ − ~a∗ = √
1
1
~kM oiré,2
~kM oiré,3

(5.90)

The definition from 5.76 applies also to calculate the real-space basis vectors from the
reciprocal-space basis vectors by using the volume of the reciprocal unit cell Vruc .
~ M oiré,1 = 2π
L
Vruc
~ M oiré,2 = 2π
L
Vruc
~ M oiré,3 = 2π
L
Vruc



~kM oiré,2 × ~kM oiré,3


~kM oiré,3 × ~kM oiré,1


~kM oiré,1 × ~kM oiré2

(5.91)

Th volume of the reciprocal unit cell, or the Brillouin zone respectively, can be calculated
by the triple product of the three basis vectors ~kM oiré,1 , ~kM oiré,2 and ~kM oiré,3 .






Vruc = ~kM,1 · ~kM,2 × ~kM,3 = ~kM,2 · ~kM,3 × ~kM,1 = ~kM,3 · ~kM,1 × ~kM,2
=√

 2

16π 3
δ + 2(1 − δ)(1 − cos ϕ)
2
2
3 · a · (1 − δ) · Lc

(5.92)

That gives:

~ M oiré,1 = 2π
L
Vruc
~ M oiré,2 = 2π
L
Vruc
~ M oiré,3 = 2π
L
Vruc



~kM oiré,2 × ~kM oiré,3 =

h
i
1
~b1 − (1 − δ)2 · ~a1
δ 2 + 2(1 − δ)(1 − cos ϕ)

h
i

1
~b2 − (1 − δ)2 · ~a2
~kM oiré,3 × ~kM oiré,1 =
δ 2 + 2(1 − δ)(1 − cos ϕ)


~kM oiré,1 × ~kM oiré,2 = Lc · ~ez

(5.93)

In order to check the consistency of the mathematical derivation of the real-space lat~ M oiré,1 | and |L
~ M oiré,2 | is
tice vectors, the absolute value of the in-plane basis vectors |L
calculated.
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a(1 − δ)
~ 1 | = |L
~ 2| = p
|L
2
δ + 2 (1 − δ) (1 − cos ϕ)

(5.94)

This gives the same result as in (5.89).

Description of all possible Moiré patterns

The description given so far applies for the first order of a Moiré pattern that is formed
by the combination of two hexagonal and two-dimensional materials. But as in case of
diffraction on any crystal lattice, higher order diffraction spots of the Moiré superstructure occur in the diffraction pattern of a van der Waals
heterostructure.



These higher
∗
∗
∗
∗
~
~
order diffraction spots correspond to the terms m · b1 − ~a1 + n · b2 − ~a2 in equation
(5.84). Illustratively, these terms describe a correlation of higher order Bragg peaks of

the individual materials as these peaks are described by a linear combination of the basis
vectors ~a∗ and ~a∗ or ~b∗ and ~b∗ respectively.
1

2

1

2

In a most general approach, it is necessary to assume different linear combinations
m · ~a∗1 + n · ~a∗2 and r · ~b∗1 + s · ~b∗2 for both material layers. The general difference vector
~k(mn|rs) for any combination of scalar factors m, n, r and s can then be derived.
As already mentioned, equation (5.84) only considers contributions with m = r and
n = s in the real-space modulation function. In experiments, it turned out that within
the scope of the work presented here, only the spots corresponding to that very same
restriction showed up in any diffraction pattern of a multilayer heterostructure. But
Patrick Zeller et al. [114] also claim to observe Moiré superstructures that need to be
described by m 6= r and n 6= s terms. Therefore, the most general case with four different

in-plane scalar factors will be presented here.

~k(mn|rs),1 = r · ~b∗ + s · ~b∗ − (m · ~a∗ + n · ~a∗ )
1
2
1
2
!
√
(2r + s) cos ϕ − 3s sin ϕ − (2m + n)(1 − δ)
a∗
√
√
=
2 (1 − δ)
(2r + s) sin ϕ + 3s cos ϕ − 3n(1 − δ)

(5.95)

The second reciprocal basis vector of the superstructure is obtained by a rotation of the
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Figure 5.12: Lattice parameters of the superstructure in a graphite–MoS2 heterostructure. The top panel shows the real-space (blue) and reciprocal-space (red)
lattice parameters for a superstructure that arises from the combination
of graphite and molybdenum disulphide as a function of the interlayer rotational angle ϕ. The bottom plot shows the orientation angle α of the
superstructure diffraction pattern in the very same material combination as
a function of ϕ.
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first basis vector by 60◦ .
~k(mn|rs),2 =
=

!
cos 60◦ − sin 60◦ ~
k(mn|rs),1
sin 60◦ cos 60◦
√ !
1
− 23 ~
2
√
k(mn|rs),1
3
2

1
2

a∗
=
2 (1 − δ)

!
√
(n − m)(1 − δ) + (r − s) cos ϕ − 3(r + s) sin ϕ
√
√
− 3(m + n)(1 − δ) + 3(r + s) cos ϕ + (r − s) sin ϕ
(5.96)

The length of the reciprocal lattice vectors of the superstructure is then given by:
2

~k(mn|rs)



= a∗2 m2 + n2 + mn + b∗2 r2 + s2 + rs


√
− a∗ b∗ (m (2r + s) + n (2s + r)) cos(ϕ) + 3 (nr − ms) sin(ϕ)
 ∗ 2 


a
− (1 − δ) m (2r + s) + n (r + 2s) cos ϕ
=
1−δ

√

2
2
2
2
2
+ 3 (1 − δ) (ms − nr) sin ϕ + (1 − δ) m + n + mn + r + s + rs
(5.97)

In addition, the angle α(mn|rs) between the standard reciprocal lattice vector ~a∗1 and
~k(mn|rs) can be calculated.
tan α(mn|rs)



√
√
(2r + s) sin ϕ + 3s cos ϕ − 3n (1 − δ)
√
=
(2r + s) cos ϕ − 3s sin ϕ − (2m + n) (1 − δ)

(5.98)

The first order description (m = r = 1 and n = s = 0) is fully covered by this extended
description.
With m = r ∧ n = s the difference vector in equation (5.95) is identical to the periodicity
of the modulation factor aM
m,n from equation (5.84).





~kmn|mn = m · ~b∗ − ~a∗ + n · ~b∗ − ~a∗
2
2
1
1

(5.99)

In addition (5.97) and (5.98) simplify to


2


a∗
=
2(1 − δ)(1 − cos ϕ) + δ 2 m2 + n2 + mn
1−δ
√

3n ((1 − δ) − cos ϕ) − (2m + n) sin ϕ
tan α(mn|rs) = √
3n sin ϕ + (2m + n) ((1 − δ) − cos ϕ)
2

~k(mn|mn)

124
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Figure 5.10 schematically shows that all parameters of the heterostructure as ϕ, ~k(mn|rs)
and α(mn|rs) can directly be extracted from the diffraction pattern. According to equations (5.97) and (5.98), these parameters allow to monitor the evolution of δ, as well
as of ϕ, if this parameter needs to be considered as time-dependent. Therefore, the
superstructure parameters open further access to the observation of the structural dynamics inside the heterostructure. The analysis of the superstructure does not reveal
any additional structural parameters that could not be obtained from the investigation
of the material Bragg peaks.

5.3.2 Labelling of the diffraction spots of a multilayer heterostructure
This section will describe a potential nomenclature for the diffraction spots in a diffraction pattern of a multilayer heterostructure. As already mentioned the convention that
lattice a has the larger real-space lattice constant than lattice b is used. In a first step,
the diffraction spots of the material with larger real-space lattice constant are labelled
with the Miller indices (hkl)a as in a usual diffraction pattern. Subsequently, the basis
vectors ~b∗ and ~b∗ are chosen such that −30◦ ≤ ϕ < 30◦ applies. Based on this choice,
1

2

the diffraction peaks of lattice b are labelled with the Miller indices (hkl)b .
The superstructure is fully described by ~k(mn|rs) and α(mn|rs) . The length of the superstructure reciprocal lattice vector ~k(mn|rs) as well as its orientation angle α(mn|rs) can
be described by the scalars m, n, r and s of the linear combination. Therefore, it seems
logical to label the superstructure diffraction spots according to the material scattering
vectors they originate from with (mn|rs) (see figure 5.13).
A further declaration of the material Bragg spot, a specific superstructure diffraction
spot is located at, is not necessary because the origin of the peaks leads to the fact
that every superstructure diffraction spot with the same relative orientation to a specific
material Bragg spot contains the same information.

5.3.3 Relative intensity of diffraction spots
All diffraction spots in the diffraction pattern of a multilayer heterostructure were so
far described according to their origin and their position. This section will deal with
considerations concerning the relative intensity with which the different diffraction spots
appear in the overall diffraction pattern. This section is divided in two parts that look
at the material Bragg spots and the superstructure diffractions spots separately.
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Figure 5.13: Illustration of a possible labelling system for the additional superstructure
diffraction spots. The superstructure diffraction spots which are encircling
every material Bragg spot are mathematically derived from specific differences between the scattering vectors of the individual materials. The
schematic on the right shows the position of the additional superstructure
diffraction spots (orange circles) in relation to the position of a material
Bragg peak (black square). The corresponding scattering vector for every
superstructure spot can directly be derived from the position difference of
the material Bragg peaks. This is illustrated on the left. The proposed
nomenclature uses the originating scattering vectors. These vectors can be
described as a linear combination of the reciprocal basis vectors. It is therefore sufficient to know the scalar factors of the linear combinations that are
involved in the origin of the specific superstructure diffraction spots. These
spots could be labelled (mn rs) with m and n being the in-plane scalar factors of the primary material and r and s the in-plane scalars of the material
with the larger reciprocal lattice constant. As the scattering vectors occur
as material Bragg spots in the diffraction pattern, the scalars m, n, r and
s correspond to the in-plane Miller indices h and k of the matching Bragg
spots. The labels of the first (No. 1 - 6) and second order (No. 7 - 12)
superstructure diffraction spots in the scheme at the upper right are given.
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Relative intensity of material Bragg spots
The relative scattering intensity of the material Bragg spots in a multilayer heterostructure can be estimated from the structure factors Fhkl which can be derived from the
atomic form factors fi and the relative position uj,1 , uj,2 and uj,3 of all N atoms labelled
j in the unit cell as given in equation 5.60.
The relative positions of all atoms in the unit cell of graphite and molybdenum disulphide
are displayed in table 5.2.
In case of graphite (carbon, C) this leads to:

Fhkl,C = fC · exp (2πi · (1/3 · h + 2/3 · k + 3/4 · l)) + exp (2πi · (2/3 · h + 1/3 · k + 3/4 · l))

+ exp (2πi(1/3h + 2/3k + 1/4l)) + exp (2πi1/4l)


Fhk0,C = fC · 2 · exp (2πi(1/3h + 2/3k)) + exp (2πi(2/3h + 1/3k)) + 1


1
2
2
1
= fC · 2 · (−1)2( /3h+ /3k) + (−1)2( /3h+ /3k) + 1
F100,C = 4 · fC

(5.101)

In case of molybdenum disulphide, the structure factor is given as follows:


Fhkl,M oS2 = fM o · exp (2πi · (1/3 · h + 2/3 · k + 1/4 · l)) + exp (2πi · (2/3 · h + 1/3 · k + 3/4 · l))

+ fS · exp (2πi(1/3h + 2/3k + 5/8l)) + exp (2πi(1/3h + 2/3k + 7/8l))

+ exp (2πi(2/3h + 1/3k + 1/8l)) + exp (2πi(2/3h + 1/3k + 3/8l))


Fhk0,M oS2 = (fM o + 2fS ) · exp (2πi · (1/3 · h + 2/3 · k)) + exp (2πi · (2/3 · h + 1/3 · k))


1
2
2
1
= (fM o + 2fS ) · (−1)2( /3·h+ /3·k) + (−1)2( /3·h+ /3·k)
F100,M oS2 = 2 · (fM o + 2fS )

(5.102)

This leads to a ratio of
F100,C

=

F100,M oS2

4 · fC
2 · (fM o + 2fS )

(5.103)

This ratio reflects the fact that the graphite unit cell contains four carbon atoms, while
the unit cell of molybdenum disulphide contains two formula units of MoS2 . The scattering intensity is proportional to |Fhkl |2 .
Ihkl ∝ |Fhkl |2

(5.104)

The atomic form factors (fC = 6.0 e/atom, fM o = 42.4 e/atom, fS = 16.0 e/atom,
energy range 40-60 keV) were taken from [115]. That results in
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Table 5.2: Atomic positions in the unit cell of the crystal structure of MoS2 and graphite.
The atomic form factors fC , fM o and fS were taken from [115] (energy range
40-60 keV).

No.
1
2
3
4

graphite (Z = 4)
atom type
C (fC = 6.0 e/atom)
C
C
C

F100,C
F100,MoS2

No.
1
2
3
4
5
6

u 1 , u2 , u 3
1/3, 2/3, 3/4
2/3, 1/3, 3/4
1/3, 2/3, 1/4

0, 0, 1/4

≈ 16 %

or

MoS2 (Z = 6)
atom type
Mo (fM o = 42.4 e/atom)
Mo
S (fS = 16.0 e/atom)
S
S
S

|F100,C |2
≈ 2.6 %
|F100,MoS2 |2

u 1 , u2 , u3
1/3, 2/3, 1/4
2/3, 1/3, 3/4
1/3, 2/3, 5/8
2/3, 1/3, 1/8
1/3, 2/3, 7/8
2/3, 1/3, 3/8

(5.105)

The difference in the scattering intensity complicates the diffraction pattern analysis
and could be compensated by an appropriate ratio of number of layers of the different
materials. But in order to be able to look at possible energy transfer processes inside the
heterostructure sample, it is necessary to have a comparable thickness of both materials.

Relative intensity of superstructure diffraction spots
Symmetry restrictions lead to a quite specific relative intensity behaviour of the superstructure diffraction spots. These restrictions lead to a systematic superposition
of superstructure diffraction spots causing a higher intensity at these positions. This
behaviour is independent of the interlayer rotational angle and the choice of material
combination.
According to equations (5.95) and (5.95) two superstructure diffraction spots surrounding different diffractions spot (hk0 ) and (h’k’0 ) are located at the following positions:
P~(hk0),(mn|rs) = h · ~a∗1 + k · ~a∗2 + r · ~b∗1 + s · ~b∗2 − m · ~a∗1 − n · ~a∗2

P~(h′ k′ 0),(m′ n′ |r′ s′ ) = h′ · ~b∗1 + k ′ · ~b∗2 + r′ · ~b∗1 + s′ · ~b∗2 − m′ · ~a∗1 − n′ · ~a∗2

(5.106)

with h, k, h′ , k ′ , m, n, r, s, m′ , n′ , r′ , s′ ∈ Z. Here h and k are the in-plane Miller indices

of a Bragg spot of material a and h′ and k ′ describe a Bragg spot of material b while
m, n, r and s or m′ , n′ , r′ and s′ give the superstructure diffraction spots surrounding
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h²+k²+hk = 1
h²+k²+hk = 3
h²+k²+hk = 4

h²+k²+hk = 9

h²+k²+hk = 7

Figure 5.14: The diffraction pattern of the superstructure exhibits a specific intensity
behaviour caused by symmetry dependent superposition of different superstructure diffraction spots. Each pair of Bragg spots with overlapping superstructure diffraction spots is indicated by a coloured ellipse. The ellipses
in the detector segment indicated by the white dashed lines are schematically shown on the right of the detector image. Here, the superposition of
the superstructure diffraction spots is indicated by the orange circles. Open
circles represent normal superstructure diffraction spots. Positions where
superstructure diffraction spots are superimposed and do therefore appear
higher in intensity on the detector screen can be recognized by closed circle symbols. The superposition behaviour should be independent of the
interlayer rotational angle and the choice of material combination. In addition, it can be seen, that also the unscattered beam is encircled by a set of
superstructure diffraction spot.
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Bragg spots (hk0 ) and (h’k’0 ). The points coincide if the following equation is fulfilled:
(h − m + m′ ) · ~a∗1 + (k − n + n′ ) · ~a∗2 = (h′ − r + r′ ) · ~b∗1 + (k ′ − s + s′ ) · ~b∗2

(5.107)

As already explained in section 5.3.1 the diffraction patterns that were obtained during the present work, the superstructure diffraction spots always originated from linear
combinations with m = r and n = s or m′ = r′ and n′ = s′ respectively, which is in
good agreement with equation (5.84). In this case, the restriction for a superposition of
superstructure diffraction spots can be simplified as also h = h′ and k = k ′ is valid.

(h − m + m′ ) · ~a∗1 + (k − n + n′ ) · ~a∗2 = (h − m + m′ ) · ~b∗1 + (k − n + n′ ) · ~b∗2

(5.108)

The diffraction pattern of sample #3 is shown in figure 5.14 as an example. The superstructure diffraction spots that appear brighter or higher in intensity are formed by
superimposed diffraction spots according to equation (5.108). Since two distinct diffraction spots are imaged on the same spatial position on the detector, their scattering
amplitudes sum up.

5.3.4 Interlayer rotational angle
The interlayer rotational angle was already shown to determine the size and orientation
angle of the superstructure and its diffraction spots for a given set of materials. This
angle can directly be extracted from the relative orientation of the diffraction patterns
of the individual materials.
The diffraction patterns obtained from two different free-standing samples of a molybdenum disulphide–graphite van der Waals heterostructure are shown in figure 5.15. The
samples were oriented in both possible orientations with respect to the experimental setup: on the one hand such that the electron pulses first pass the molybdenum disulphide
layer and afterwards the graphite layer and the other way around. It can be seen from
figure 5.15 that the opposite orientation yields the mirror image of the diffraction pattern. Because molybdenum disulphide possesses the larger real-space lattice constant, it
is chosen to be material a in this heterostructure. The Bragg spots arising from molybdenum disulphide are plotted and labelled in red, the Bragg spots of graphite in blue.
The scattering intensity in figure 5.15 is plotted on a logarithmic scale.
It can be seen that the graphite layer is rotated by an angle of ϕ = 5.6◦ in case of
sample #3 and rotated by an angle of ϕ = 5.2◦ in case of sample #4 with respect
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graphite
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graphite

electron
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graphite

electron
pulse

MoS2

MoS2
electron
pulse

graphite
electron
pulse

Figure 5.15: The diffraction pattern of the multilayer van der Waals heterostructure
consists of the diffraction patterns of the individual materials and the superstructure. The scattering intensity is plotted on a logarithmic scale.
The material diffraction patterns are indicated by the open circles. The
red circles correspond to the Bragg peaks of molybdenum disulphide, the
blue circles indicate the graphite diffraction peaks. The diffraction patterns of samples #3 ((a) and (b)) and #4 ((c) and (d)) are shown in each
case for both possible orientations regarding the electron propagation direction. It is visible that the opposite orientation yields the mirror image
of the diffraction pattern. The section displayed by the dashed white line is
enlarged on the bottom of each picture. Here, the twelve visible superstructure diffraction spots encircling every material Bragg spot can be seen. It
is also indicated that the angle ϕ between the material layers can directly
be extracted from the diffraction pattern.
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to the molybdenum disulphide. This angle is not affected by a change of the sample
orientation. The section displayed by the dashed white line is enlarged on the bottom
of each diffraction pattern. In this section, the superstructure diffraction spots which
are encircling every material Bragg spot, are clearly visible. The schematic next to the
enlarged section shows the position of the superstructure diffraction spots with respect
to each Bragg spot and the orientation angle α of the superstructure with respect to the
molybdenum disulphide diffraction pattern.
The absolute orientation of each diffraction pattern on the detector screen can be determined to an accuracy of 0.3◦ . This results in an uncertainty for the interlayer angle,
being the difference in absolute orientation of both diffraction material diffraction patp
terns, of ∆ϕ = 0.3◦2 + 0.3◦2 = 0.4◦ . The same uncertainty of course applies for the
orientation angle α of the superstructure with respect to the molybdenum disulphide

diffraction pattern as this angle results from the difference in absolute orientation of the
superstructure diffraction pattern and of the diffraction pattern of molybdenum disulphide.
~ (01|01) | were deterAs an example, the values of k = |~k(01|01) |, α = α(01|01) and L = |L
mined from the diffraction pattern analysis in figure 5.15 and compared to the values

obtained from equations (5.97) and (5.98). This is presented in table 5.3. According
to Gaussian propagation of uncertainty, the errors of k, α and L were determined as
follows:
4π
sin ϕ
∆k = √ · p
· ∆ϕ
2
3a
δ + 2(1 − δ) − 2(1 − δ) cos ϕ
(1 − δ) cos ϕ − 1
· ∆ϕ
∆α =
2(1 − δ) cos ϕ − (1 − δ)2 − 1
4π
∆L = √
· ∆k
3k 2

(5.109)

Theory of Novaco and McTague
The theory according to Anthony D. Novaco and John P. McTague [35, 36] describes
the behaviour of two material layers i and j when they come into contact with weak
interaction forces. The interaction of the materials is described by a static potential
V (~ri ) depending on the atomic positions ~ri in material i that the second material j
experiences through contact with material layer i. It is important that the atomic
positions ~ri in material i are regarded as rigid and correspond to the position in the
respective ideal crystal lattice. In the material layer j a displacement ~uj from the ideal
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~ (01|01) | from the diffraction
Table 5.3: Values of k = |~k(01|01) |, α = α(01|01) and L = |L
patterns of sample #3 and #4. As the absolute orientation of each diffraction
pattern can be determined to an accuracy
of 0.3◦ , the uncertainty for the
p
interlayer angle is given by ∆ϕ = 0.3◦2 + 0.3◦2 = 0.4◦ . The same applies
for the orientation angle α of the reciprocal superstructure with respect to the
molybdenum disulphide diffraction pattern. In the calculation, the measured
Å
= 0.222
value of ϕ from the diffraction pattern and a value of δ = 1 − 2.46
3.16 Å
was used.

Sample
#3 (a)
#3 (b)
#4 (c)
#4 (d)

Measurement
−1
ϕ
k (Å )
−5.6 ± 0.4 0.71 ± 0.02
5.5 ± 0.4 0.67 ± 0.02
5.3 ± 0.4 0.69 ± 0.02
−5.0 ± 0.4 0.70 ± 0.02
(◦ )

(◦ )

α
−22.3 ± 0.4
23.2 ± 0.4
21.3 ± 0.4
−22.8 ± 0.4

calculation from (5.97), (5.89) and (5.98)
−1
k (Å )
α (◦ )
L (Å)
0.70 ± 0.01 −24.2 ± 0.1
10.3 ± 0.1
0.70 ± 0.01 23.8 ± 0.1
10.4 ± 0.1
0.70 ± 0.01 23.0 ± 0.1
10.4 ± 0.1
0.70 ± 0.01 −21.8 ± 0.1
10.5 ± 0.1

~ j given by the Bravais lattice is permitted.
position R
~ j + ~uj
~rj = R

(5.110)

This displacement is only considered within the plane parallel to the boundary layer.
This means that both material layers are regarded as ideally flat.
The deflection within this plane is achieved by the contribution of the longitudinal
acoustic (LA) mode, which basically causes a deflection along a bond, and the transverse
acoustic (TA) mode, which corresponds to a bending of the bond at a constant distance.
In addition to this deflection in the softer material, a free angle of rotation between the
layers is permitted.
These assumptions of a rigid and a soft grid, which meet perfectly planar at a boundary
layer, lead to the result that the total energy of the system depends on the angle of
rotation between the layers. This energy will be minimum under setting of the angle
ΘN M (index NM for Novaco-McTague), for which applies:
cos ΘN M =
with ρ =

ai
aj

1 + ρ2 (1 + 2δN M )
ρ[2 + δN M (1 + ρ2 )]

(5.111)

being the relation of lattice constants of the rigid (ai ) and of the soft

(aj ) material layer. The parameter δN M displays the ratio of the sound velocities of
the longitudinal acoustic (cL ) and transverse acoustic (cT ) phonon modes in the soft
material layer. The index N M was just chosen in the context of this work to distinguish
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k

q

NM
G
Figure 5.16: The Novaco–McTague angle can be constructed from the reciprocal lattice
~ of the rigid material and the vector of
vectors ~k of the soft material and G
phonon distortion ~q in the soft material [36].
the variable δ from the variable that was chosen to display the lattice mismatch in section
5.3.1.
δN M =



cL
cT

2

−1

(5.112)

This angle can also be constructed from the geometrical arrangement of the reciprocal
lattice vectors. This is shown in figure 5.16. The reciprocal lattice vector ~k of the soft
material together with the vector of the phononic distortion ~q in the soft material lattice
~ of the rigid material in the thermodynamic
gives exactly the reciprocal lattice vector G
minimum. The reciprocal vectors of the material lattices are positioned exactly at the
angle ΘN M to each other.
As soon as both materials are considered to be rigid and no distortion is allowed, the
thermodynamic minimum for the arrangement of the materials is at an angle of 0◦ and a
commensurable superstructure forms. This applies for example for the case of two layers
of the same material. At the same time, of course, if the assumption of a rigid and a
soft material is not sufficiently fulfilled, deviations from the angle from equation (5.111)
will occur, since the contributions of the acoustic phonons in the second material would
also have to be taken into account.
The energy gain by adjusting the angle according to Anthony D. Novaco and John P.
McTague is comparatively low [116], so that the system can of course be brought to any
angle by external influence. A fully relaxed structure should always prefer this angle if
the assumptions of the theory are sufficiently fulfilled.
An interesting addition is that the layers of structures that are aligned at this angle can
often be moved without friction against each other [117–120]. Since the thermodynamically favoured angle is not symmetry-conditioned and thus causes an incommensurable
superstructure, a translation of one layer relative to the other shifts a certain number of
atoms into a more favourable position, while the same number of atoms, which are at
an equivalent position, are brought into a less favourable position. Thus the translation
is connected with a net total energy of zero and theoretically no static friction is present
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Table 5.4: Interlayer rotational angle in all different graphite–molybdenum disulphide
heterostructure samples that were successfully prepared during the current
work. The interlayer rotational angle ϕ was determined directly from the
diffraction pattern and from the orientation angle α of the superstructure
diffraction spots. The calculation details can be found in the text. For the
thickness in nm the lattice constant a3 of both materials was used a thickness of two atomic layers (a3,M oS2 = 12.295 Å [83] and a3,graphite = 6.71 Å
[79]). The errors for the thickness were obtained by Gaussian propagation of
uncertainty from the errors given in table 2.1.

Sample
#1
#2
#3
#4
#5
#6

ϕ(◦ )
6.7 ± 0.1
8.8 ± 0.1
5.3 ± 0.1
5.1 ± 0.1
9.3 ± 0.4
14.3 ± 0.1

Overall sample thickness
nm
number of layers
26.5 ± 2.8
61 ± 6
28.5 ± 2.3
57 ± 4
22.5 ± 3.4
51 ± 7
40.6 ± 3.8
85 ± 7
8.1 ± 1.7
16 ± 4
13.4 ± 7.0
26 ± 11

Relative thickness dM oS2/dgraphite
nm/nm
layers/layers
1.09 ± 0.17
0.59 ± 0.13
2.72 ± 0.28
1.49 ± 0.21
1.10 ± 0.27
0.60 ± 0.18
1.94 ± 0.24
1.06 ± 0.17
2.81 ± 0.59
1.53 ± 0.92
3.58 ± 2.38
1.96 ± 1.35

between the layers. This behaviour has already been demonstrated experimentally on
various systems such as gold clusters on Graphene surfaces. Helpful review articles on
material systems without static friction can be found in [119] and [120].
If the sample systems used here are compared with the assumptions underlying the
theory of Anthony D. Novaco and John P. McTague, it becomes apparent that all of
them are approximately well fulfilled. Both materials form two-dimensional layers and
can be assumed to be perfectly flat, especially when using several atomic layers thickness
in each material layer. The interaction between the layers is based on van der Waals
forces and can be assumed to be weak.
For predicting the angle according to equation (5.111), an exact knowledge of the sound
velocities, i.e. the gradient of the corresponding acoustic phonon branches, is essential.
Here, the information in the literature varies greatly. In the present work, the values
from DFT based calculations of Andrea Silva from university of Southampton

11

were

used.
The phonon density of states of both materials that was obtained from computational
methods is shown in figure 5.18. The slope of the longitudinal and transverse acoustic
phonon branch close to the Γ point, e. g. the longitudinal and transverse sound ve11

working in the group of Dr. Denis Kramer, https://www.southampton.ac.uk/engineering/about/staff/
dk2u09.page.
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 = -6.7°
 = -28.4°

 = 35.9°
 = 8.9°

(c)

(d)

 = 8.8°

 = 38.8°

 = -14.2°

 = -52.4°

Figure 5.17: The diffraction patterns of the samples #1 (a), #2 (b), #5 (c) and #6 (d)
are used to determine the interlayer rotational angle in these heterostructure
samples. The angle ϕ between the material layers can directly be extracted
from the diffraction pattern. The scattering intensity is plotted on a logarithmic scale. All images are scaled to the same size of the reciprocal lattice
vectors. Different absolute sizes on the detector screen arise from different
sample to detector distances (see section D.9 for details). The relative position of the superstructure diffraction spots regarding the center Bragg spot
can be used in addition to calculate the interlayer angle. The section displayed by the dashed white line is enlarged on the bottom of each picture
to show the twelve visible superstructure diffraction spots encircling every
material Bragg spot. The low intensity of the superstructure diffraction
spots in the diffraction patterns shown here is discussed in section 5.5.
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Figure 5.18: Calculated phonon dispersion and determination of sound velocities of
graphite and MoS2 . Andrea Silva calculated the phonon dispersion and correlated density of states (top) for molybdenum disulphide (left) and graphite
(right). The dispersions of the longitudinal and transverse acoustic branches
were fitted in the vicinity of the Γ point towards the M and K point each
with a linear regression function in order to extract the correlated sound
velocities (bottom).
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locities, were obtained by approaching a regression function to the progression of the
phonon modes. For molybdenum disulphide the sound velocities were determined to be
cT,M oS2 = 43.1994 × 102 m s−1 and cL,M oS2 = 69.7023 × 102 m s−1 . The longitudinal and
transverse acoustic phonon branches of graphite provide the following sound velocities:
cT,graphite = 130.592 × 102 m s−1 and cL,graphite = 219.753 × 102 m s−1 .
Together with the in-plane lattice constants a1,M oS2 = a2,M oS2 = 3.16 Å and a1,graphite =
a2,graphite = 2.46 Å of both materials, the theoretical angle according to the theory of
Novaco and McTague can be determined. When the Young modulus of both materials is
compared in order to determine which material can be assumed to be rigid and which to
be deformable, ambiguous information is available in literature. Most publications agree
in the statement, that the Young modulus of graphite is by a factor of about three larger
than that of molybdenum disulphide [121, 122]. Whether this difference is sufficient to
assign graphite to be the rigid material in this combination seems to be hard to state.
In case of assigning graphite to be the rigid material and MoS2 to be the soft material
(ρ = 0.778, δN M = 1.603) a theoretical angle of ΘN M = 4.74◦ can be obtained from
equation (5.111). The opposite case of assigning the graphite layer to be deformable
and the layer of molybdenum disulphide to be rigid (ρ = 1.28, δN M = 1.832) leads to
ΘN M = 9.05◦ .
It is noticeable that the samples prepared within the scope of the work presented here
using the method described in chapter 2 show interlayer rotational angles in a range
of 5-15◦ , although no external angle of rotation was specified during preparation. The
interlayer angle for samples #1 to #4, which are remarkably thicker than sample #5 and
#6, even ranges only from 5◦ to 9◦ . The diffraction patterns of all samples are shown
in figure 5.17 and the interlayer rotational angles are listed in table 5.4. The interlayer
rotational angle was in this case determined on several ways. The first values can be
directly determined from the diffraction pattern with an accuracy of ±0.4◦ as already

explained above. On the other hand, equation (5.88) can be used to determine ϕ from

the value of α that can also be determined from the diffraction pattern with an accuracy
of ±0.4◦ . By using a value of α̃ = α ± 0.4◦ the interlayer rotational angle obtained

deviated less than 0.1◦ from the original result. Therefore, an uncertainty of ±0.1◦ can
be assumed for the interlayer rotational angle that was calculated from α. This method
supplies in case of sample #1, #2, #5 and #6 two different values for the interlayer
rotational angle. As sample #3 and #4 are available in both orientations, four values
of ϕ can be calculated here. For all samples, the weighted average of all values available
according to equation (2.10) was calculated and is given in table 5.4 with corresponding
error.
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Assuming an even distribution within a frame of 30◦12 , there is a probability of
33.3 % that one sample is arranged in the angular interval of
of samples #1 to #6, and reduces even down to
samples #1 to #4 from

5◦

to

4
30

5-15◦ ,

10
30

=

which is the range

= 13.3 % when only the range of

9◦

is considered. For a preparation of six samples with an
6
interlayer angle in the range of 5-15◦ , the probability would decrease to 31 = 0.14 %.
The probability of obtaining four samples in an angular range of 5-9◦ assuming an even

2 4
distribution is only as low as 15
= 0.03 %.

The angle of 4.74◦ that is predicted by the theory of Novaco and McTague fits outstandingly well to the angular range observed in the samples presented here, especially
when the thinnest samples #5 and #6 are neglected. The assumption of graphite being
the rigid material in this combination of materials is also in good agreement with the
tendency estimated from the difference in Young modulus.
Deviations from the theoretical angle predicted according to equation (5.111) are possible
due to the fact, that the basic assumptions in this theory are possibly not perfectly
fulfilled. The three basic assumptions are that the interaction forces between the layers
are assumed to be weak, the layers are assumed to be perfectly flat at the interface and
one layer is assumed to be completely rigid. The first of these assumptions is most likely
sufficiently fulfilled, as the layers are held together by weak van der Waals forces. The
latter two assumptions are possibly not perfectly fulfilled and cause the deviations to the
predicted interlayer angle. Both, the flatness of the layers at the interface and also the
mechanical rigidity, is possibly dependent of the overall sample thickness. Perhaps the
layer thickness ratio, can also influence the difference in rigidity of the material layers.
The samples that deviate from the optimum angle predicted by the theory of Novaco
and McTague can be assumed to less fulfil the assumptions of one rigid and one soft
materials and of a perfectly flat interface.
Nevertheless, it can be shown that the theory of Novaco and McTague, which was developed to describe epitaxial growth of crystals on a rigid substrate and was first applied to
noble gases adsorbed on metal surfaces [36], also applies to multilayer heterostructures.
To the best of our knowledge, this is the first time that it has been possible to show that
completely closed layers of material of several atoms thickness do not align themselves
arbitrarily or symmetrically against each other, but instead favour an angle determined
by the phononic and mechanical properties in the thermodynamic minimum. The only
requirement is to allow structural relaxation during the preparation of the samples.
12

The theory of Novaco and McTague does not distinguish between different senses of rotation, therefore
the symmetry given range of −30◦ ≤ ϕ < 30◦ (see sections 5.3.1 and 5.3.2) is reduced to the range
of 0◦ ≤ ϕ ≤ 30◦ .
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5.4 Ultrafast Electron Diffraction
As already pointed out in section 5.2.1 the experimental set-up was modified several
times in another work, which was carried out at the same time as the work presented
here. During that work it was not possible to successfully measure the results of Christian
Gerbig on graphite

13

again and thus prove that the system is working properly.

After the other work was finished, all components outside the vacuum chamber were
optimized and characterized as presented in the appendix (see section D). Nevertheless,
the actual time and spatial resolution cannot be specified for results obtained after
beginning of year 2015 since the whole modification procedure is not yet documented.
It must therefore be emphasised that for the time dependent UED data taken after
beginning of year 2015 no exact numbers for the temporal and spatial resolution of
the set-up can be given. The transverse coherence length can be estimated from the
size of the superstructure to be at least larger than 10 Å (see table 5.3 for sizes of the
superstructure) as it was possible to see the superstructure diffraction spots. For this
reason, no time constants for the extracted physical quantities will be given in this
section, but there is no reason to distrust the overall evolution of the signal.
Usually, the Bragg spots of a diffraction pattern are analysed in intensity change as a
function of the delay time between optical excitation of the sample and the electrons
reaching the sample. As explained in section 5.1.2, this intensity decrease is directly
related to the lattice heating in the sample. By use of the asymptotic intensity drop,
when the lattice reached its final lattice temperature, this final temperature could be
calculated.
Of course, also the position and width of the diffraction spots contain helpful information,
since these values are directly connected to the real-space lattice constant and the average
deviation from the ideal symmetric lattice respectively. But the changes in these values
are much lower than the spatial resolution limited by a portion of the pixel size of the
camera.

5.4.1 Measurement on pure molybdenum disulphide
All lattice dynamics in molybdenum disulphide following optical excitation with 800 nm
and subsequent carrier relaxation by carrier-lattice interaction are assumed to be negligible as optical excitation of MoS2 at this wavelength requires two photons to overcome
the band gap. In order to know to what extent lattice dynamics in this material are
excited by a wavelength of 800 nm, the pure material was measured in the pump-probe
13

PhD thesis and paper in progress.
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Figure 5.19: UED results on pure free-standing molybdenum disulphide. On the left
hand side the typical diffraction pattern of molybdenum disulphide under
normal incidence is shown (a.). The section displayed by the pink circle
showing the first few orders of Bragg spots is enlarged on the bottom of
the full image. Here, the reciprocal lattice vectors are shown and the Bragg
spots are labelled with the corresponding Miller indices. On the right hand
side, the time-dependent evolution of the relative intensity of specific Bragg
spots under normal incidence (b.) and in case of a tilted sample (c.) is
shown. The loss or gain in intensity can be directly related to lattice heating
in the sample.
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set-up as described in section 5.2.1. The measurement on pure MoS2 was carried out
before the whole modification process on the experimental set-up started, including the
exchange of the laser system from 1 kHz to 5 kHz. Therefore, the experimental set-up
was still the one that was fully characterised and described in [26].
The results on pure free-standing molybdenum disulphide (sample #10 in table 2.1) are
shown in figure 5.19. On the left hand side the typical diffraction pattern of molybdenum
disulphide under normal incidence is shown. The first few orders of Bragg spots are
shown in detail with the reciprocal lattice vectors and the Bragg spots labelled with the
corresponding Miller indices.
A first measurement was carried out under normal incidence of the electrons. In this
case, only the Bragg spots with Miller indices l = 0 or (hk0) respectively are visible in
the diffraction pattern. As an example, the temporal evolution of the relative intensity of
the (110) peak is shown. This peak shows an intensity drop that is known to be related
to the lattice temperature (see section 5.1.2) of less than 1 %. The pump fluence was
adjusted to 6.1 mJ/cm2 which was common to use in previous experiments on graphite
14

[26].

In a second measurement the sample was tilted by about 10◦ resulting in Bragg spots
with Miller indices l 6= 0 showing up in the diffraction pattern. Especially dynamics

that happen along the a3 lattice vector direction have proven to be more obvious when
the sample is tilted

15 .

By tilting the sample, the overlap of the Ewald sphere with

the reciprocal lattice changes. The points in reciprocal lattice of a real crystal need to
be described as spherically distributions instead of delta like points as indicated by the
grey spheres in figure 5.20. This leads to the fact, that the scattering intensity varies
as a function of the scattering angle or the orientation angle of the sample respectively.
This intensity as a function of Θ curve is called rocking curve. An expansion of the
real-space lattice causes the reciprocal lattice to shrink. This can then in addition lead
to an increasing or decreasing overlap of certain reciprocal lattice points with the Ewald
sphere. An increasing overlap with the Ewald sphere is correlated to an increase in
scattering intensity. Therefore, thermal expansion of the lattice, that is correlated with
lattice heating, can cause that the intensity is observed to rise when the sample lattice
is heating up. This effect is different from the origin of the Debye-Waller effect. The
correlations between the intensity change and the scattering vector shown in section
5.1.2 do not apply to this intensity increase caused by thermal expansion.
Figure 5.19 shows the temporal evolution of the relative intensity of the (110) and the
14
15
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Figure 5.20: Schematic explanation for a lattice heating related intensity increase. The
points in the reciprocal lattice of a real crystal need to be described as
spherically distributions instead of delta-like points as indicated by the
grey spheres. This leads to the fact, that the scattering intensity varies
as a function of the scattering angle. This curve is called rocking curve. An
expansion of the real-space lattice causes the reciprocal lattice to shrink.
This can then lead to an increasing or decreasing overlap of certain reciprocal lattice points with the Ewald sphere. An increasing overlap with the
Ewald sphere is correlated with an increase in scattering intensity. Therefore, thermal expansion of the lattice that is correlated with lattice heating
can cause that instead of an intensity drop, the intensity is observed to
rise when the sample lattice is heating up. This effect is different from the
origin of the Debye-Waller effect. The correlations between the intensity
change and the scattering vector shown in section 5.1.2 do not apply to this
intensity increase caused by thermal expansion.
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(111) peaks. These curves were obtained with a pump fluence of 6.1 mJ/cm2 . It can
be seen that the intensity of both peaks changes by about 4 %, but the intensity of the
(110) peak rises, while the (111) peak looses intensity after optical excitation of the
MoS2 sample with 800 nm. Also here, the intensity drop is rather small.
Although the intensity changes that could be observed in pure free-standing molybdenum disulphide after optical excitation with 800 nm are rather small, implying only low
lattice heating as expected, the dynamics seem to happen on a time-scale of few tens
of picoseconds. Due to the low intensity change in these measurements, the data shown
in figure 5.19 was not fitted with an exponential function to give more precise decay
time constants. Nevertheless, it is apparent that in all cases that are presented in figure
5.19 the asymptotic intensity and therefore the final lattice temperature is reached after
10-20 ps.
In summary, the measurements have shown that lattice heating in molybdenum disulphide after excitation with 800 nm is possible in general when high excitation fluences
are used. The lattice dynamics seem to happen on a time scale of a few 10 ps. However,
with fluences common to use in absorbing samples such as graphite, an excitation of the
MoS2 lattice can be almost neglected.
A further measurement on molybdenum disulphide with the use of an excitation wavelength of 400 nm with fluences in the range of few mJ/cm2 delivered no visible intensity
change in the Bragg spots after optical excitation. This behaviour was not expected as
the second harmonic is able to overcome the bandgap of molybdenum disulphide by one
photon absorption and should induce visible lattice dynamics in the sample. But the
second harmonic was generated directly in front of the vacuum chamber and the fundamental was separated by using just one dichroic mirror reflecting mostly 400 nm. The
fluence was calculated from the average power before the laser is entering the vacuum
chamber. Therefore, it can be assumed, that the fluence measured was partially coming
from a remaining contribution of the fundamental.

5.4.2 Measurement on molybdenum disulphide–graphite heterostructures
The composition of the diffraction pattern of a multilayer heterostructure allows to
follow the structural dynamics occurring in all material layers involved separately since
the Bragg peaks can be clearly assigned to the individual layers. This is the great
advantage of this experimental method over other spectroscopic methods in which an
average behaviour of the entire sample is detected.
This section will present results that were obtained in optical pump diffractive probe
experiments on heterostructure sample #3. This sample is particularly suitable for use
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Figure 5.21: Intensity evolution of the molybdenum disulphide Bragg peak (110) in the
pure material (left) and implemented in a graphite–molybdenum disulphide
heterostructure (right). The comparison clearly shows, that an excitation of
the sample with 800 nm causes an increase in the lattice heating in molybdenum disulphide when this material is combined with graphite in a van
der Waals heterostructure.

in diffraction experiments as the intensity ratio between molybdenum disulphide and
graphite Bragg peaks is the most balanced of all samples (see static diffraction patterns
of sample #3 in figure 5.15 (a) and (b)). This allows a simultaneous evaluation of both
groups of material Bragg peaks from the same images. All scans on sample #3 were
obtained by use of a pump fluence of 4.4 mJ/cm2 at 800 nm excitation wavelength in
5 kHz repetition rate.
Figure 5.21 shows the intensity drop of the (110) molybdenum disulphide Bragg peak
measured in both in the pure sample (already shown in figure 5.19 b.) and in the
graphite–molybdenum disulphide heterostructure. It can be seen, that the intensity of
the MoS2 peak drops by about 20 % after optical excitation of the sample with 800 nm.
The intensity drop shown was obtained in comparable manner in various scans.
At the same time, the intensity of the graphite Bragg peaks also decreases as shown in
figure 5.22. The intensity seems to decrease with comparable time constants in both
material layers. Due to the high noise level in the data combined with the lack of
knowledge on the temporal resolution of the experimental set-up at the time the data
was taken, no time constants for the intensity drop will be given here.
As explained in section 5.1.2 the intensity drop of the Bragg peaks in both materials
should be dependent on the absolute square of the respective scattering vector. There-
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Figure 5.22: Intensity evolution of the graphite Bragg peaks (210) (left) and (110) after
optical excitation with 800 nm in a graphite–MoS2 heterostructure. The
data is taken from different scans in order to show the reproducibility of
the intensity decrease.

fore, the logarithm of the mean asymptotic intensity drop was plotted as a function
of the scattering vector square. This is shown for the molybdenum disulphide layer of
sample #3 in figure 5.23. Here, the relative normalized intensity of all Bragg peaks was
averaged in the delay time regime from 100 ps to 200 ps and subsequently its logarithm
was plotted as a function of the square of the corresponding scattering vector length.
The data plot shows that in average the negative logarithm of the intensity drop of
the Bragg spots seems to rise with the square of the corresponding scattering vector
as expected. This average behaviour is indicated by the red dotted line in figure 5.23.
The deviations from this average behaviour can be assigned to the high noise level in
the data. This is also the reason why a determination of the final lattice temperature is
skipped at this point. As already stated in section 5.1.2, the slope of the linear regression
is directly related to the mean square atomic displacement. This atomic displacement
can be modelled to give an expression for the lattice temperature. The average line does
not cross the origin. This behaviour is explained in section 5.1.2.
By repeating the measurements on sample #3 in different scans, the reproducibility
of the significantly stronger decrease in intensity of the molybdenum disulphide Bragg
peaks compared to the pure material could be shown. In order to reinforce this argument,
a dataset obtained from sample #2 shall be shown and discussed here. This data was
obtained with an excitation fluence of 12.2 mJ/cm2 . After removal of the sample from
the vacuum chamber, the sample was found to be damaged. The data, however, does
not allow the assumption that it would not be usable. Whether the sample was damaged
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Figure 5.23: Debye-Waller plot of the asymptotic intensity drop of the MoS2 Bragg peaks
of heterostructure sample #3. According to section 5.1.2 a linear dependence of the logarithm of the intensity drop on the square of the scattering
vector is expected. The red dotted line shows the average behaviour of the
data points. This linear regression does not intersect the origin. This fact
was already discussed in section 5.1.2.

before, during or after the data was collected cannot be determined. The data is shown
in figure 5.24.
In good agreement with the data obtained from sample #3 it is visible, that the Bragg
peak intensity in both material layers drops significantly after optical excitation. This
intensity drop exceeds the intensity drop that was obtained in pure molybdenum disulphide after excitation with 800 nm (see section 5.4.1) and can therefore be assigned to
an energy transfer from the optically excited graphite layer.
The Debye-Waller plot shows a linear dependence of the logarithmic intensity decrease
~ 2 for both material layers.
as a function of |G|

Overall it can be stated, that the data on the MoS2 –graphite heterostructure clearly
shows an intensity drop in the Bragg spots of molybdenum disulphide after selective
optical excitation of the graphite layer that is significantly larger than the one that can
be obtained by direct optical excitation of pure molybdenum disulphide with 800 nm.
This is the clear proof of an energy transfer from the optically excited graphite to the
molybdenum disulphide lattice. A detailed description of the intensity drop with time
constants is skipped at this point, because the temporal resolution of the set-up was not
reliably known when the data was recorded.
The comparison of lattice heating time constants in pure graphite and as component
of a multilayer heterostructure would have been of great interest. Deviations in these
time constants could give insights in the heat transfer process as in one case the sample
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Figure 5.24: UED results obtained from heterostructure sample #2. As an example for
the temporal evolution of the relative normalized Bragg peak intensity as a
function of the time delay to the optical pump pulse, the evolution of the
(200) Bragg peak of molybdenum disulphide (top, left) and the evolution of
the (200) Bragg peak of graphite (top, right) are shown. The data of both
plots was extracted from the same images each. In addition, the DebyeWaller plots for both material layers are shown (bottom). For both layers,
the relative intensity of each Bragg peak was averaged for the delay range
between 100 ps and 200 ps.
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is only heating up, while in the second case the hot lattice is subsequently transferring
heat to the cold MoS2 lattice.
With the data presented here, it is possible to shown that the intensity drop follows
the dependency on the absolute square of the scattering vector as predicted by the
Debye-Waller effect. But the statistical variance in the data does not allow a reliable
determination of a final lattice temperature. In accordance with [98] and as already
discussed in section 5.1.2, the linear regression does not intersect the origin.

5.5 Discussion on possible multiple elastic scattering
Another approach to describe the additional diffraction spots that can be observed in
diffraction patterns of a heterostructure is the assumption of multiple elastic scattering. In [123] it is stated, that the electrons, that are elastically scattered in the first
material layer work as point like electron sources for further diffraction in the second
material layer. These additional or extraordinary diffraction spots caused by multiple
elastic scattering are said to be mathematically described by a convolution of the two
reciprocal lattices involved. The mathematical description is therefore equivalent to the
one presented in section 5.3.1.
The assumption of multiple scattering is in accordance with the publication of D. C.
Bassett [124] where the origin of the additional diffraction spots is stated to arise from
double diffraction phenomena as their presence is said to require that both contributing material layers are diffracting. But the formation of a Moiré pattern that causes
additional diffraction spots as described in section 5.3 requires the combination of two
crystalline and therefore two diffracting materials. Therefore, the argument of loosing
the additional spots when one material is assumed to be non-diffracting does not necessarily exclude the assumption of diffraction on the superstructure causing the additional
spots.
From the analogy to optical scattering effects, it can be stated, that a Fourier analysis
as used in (5.80), (5.82) and (5.84) is only valid in case of single elastic scattering
events. The case of multiple elastic scattering requires a complete calculation of Maxwell
propagation as already stated in section 5.1.1.
During the laser adjustment it turned out several times, that the additional diffraction
spots are not visible, when the position of the lens in front of the photocathode and
therefore the transverse coherence length is not optimized. This observation supports the
assumption of diffraction at the superstructure as the origin of the additional diffraction
spots.

149

5. Electron diffraction
In addition, the probability of multiple elastic scattering will drastically decrease when
the overall sample thickness is in the range of the electron elastic mean free path as
it was described in section 5.1.1. The elastic mean free path for electrons of about
40 keV in graphite is reported to be 102 nm [125]. This value is in the same order of
magnitude as the value predicted in section 5.1.1. A value for the elastic mean free
path of electrons of 40 keV in molybdenum disulphide could unfortunately not be found
in the literature. NIST database [126] is able to supply values for the inelastic mean
free path in molybdenum disulphide, but unfortunately only for electron energies up to
2 keV. The inelastic mean free path for electrons of 2 keV in molybdenum disulphide is
predicted to be 6.9 nm. As discussed in section 5.1.1 this value is expected to grow when
the electron energy is raised to 40 kV. As also discussed previously, the total elastic
scattering cross-section is expected to be larger than the inelastic total scattering-crosssection, leading to Λel < Λinel . But nevertheless, that the elastic mean free path in at
least one of the material layers involved, can be assumed to be much larger than the
overall sample thickness.
The additional spots surrounding every material Bragg spot are visible in the diffraction
patterns of all six samples that were prepared during the present work. The intensity of
the superstructure diffraction spots in the diffraction patterns of sample #5 (figure 5.17
(c)) and sample #6 (figure 5.17 (d)) is remarkably low although the intensity is plotted on
logarithmic scale. This fact can either support the argument of multiple elastic scattering
as a smaller sample thickness would reduce the probability of multiple scattering or
simply be due to the selected experimental parameters since in these measurements the
electron source size was not optimized and it can therefore not be guaranteed that the
transverse coherence length was sufficiently high to resolve the superstructure.
A visible fact is that the diffraction patterns of the multilayer heterostructures that were
taken within the scope of the work presented here, obviously do not change with the
absolute sample orientation. In all cases shown in section 5.3.4 there are twelve additional
diffraction spots surrounding every material Bragg spot which remind in their star-like
arrangement of the diffraction pattern of graphite. Also the relative intensity between
the materials and between material and superstructure diffraction spots does not change
noticeably. If the additional spots were assumed to arise from multiple scattering it
would seem to be expectable that these spots depict the diffraction pattern of the second
elastic scattering event, namely the diffraction pattern of the second material layer. In
addition, all material Bragg spots are surrounded by the additional diffraction spots and
not exclusively the ones originating from the first layer.
When static diffraction patterns are analysed, the origin of the additional diffraction
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spots does not matter gravely since the mathematical description is said to be identical.
But when the lattice dynamics inside a multilayer heterostructure sample are intended
to be studied, the origin of these peaks needs to be considered. Assuming that the
additional peaks arise from multiple elastic scattering events, the lattice dynamic related
temporal shape of the Bragg peak intensity of the first layer in the propagation direction
of the electrons would be imprinted on the intensity behaviour of the Bragg peaks of
the second layer. In case of the combination of a slowly and quickly heating sample
lattice, both layers would appear to heat up slowly, when the electrons first pass the
slowly heating layer. When the sample orientation is reversed, the temporal shape of
the intensity evolution after optical excitation is then expected to change and to reveal
the dynamics of the quickly heating lattice.
In order to be able to evaluate the origin of the additional diffraction spots directly
from the data available it was tried to take time-resolved diffraction data of sample #3
from both sides, meaning with the graphite layer facing the detector side as well as the
molybdenum disulphide layer facing the detector side.
Unfortunately it was not possible to record pleasing datasets in this approach. The data
is presented in the appendix (see section D.3). In the orientation with graphite facing
the electron source and molybdenum disulphide facing the pump pulses an intensity
change could be observed in both material layers, while the measurement in the reversed
orientation with the same excitation fluence did not show a large intensity change in any
of the Bragg peaks.
Therefore, the datasets available do not allow to exclude the assumption of multiple
elastic scattering causing the additional diffraction spots completely. But the discussion
points outlined here indicate that this assumption cannot be proven beyond doubt either.
Especially the disappearance of the signals at a reduction of the coherence length as well
as the ratio between sample thickness and elastic free path length support the assumption
of diffraction at the superstructure as the origin of the additional diffraction spots.
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Conclusion and Outlook

With this thesis a first approach was taken to investigate the dynamic processes occurring
in multilayer heterostructures. The strategy was to optically excite only one of the two
material layers involved in order to be able to follow the subsequent coupling and transfer
processes. In the introduction, the possible phenomena that were presented were divided
into three categories. It was explained that the properties of the individual materials
can be influenced by the integration into the heterostructure, that additional energetic
states can form and that a variety of coupling processes can be expected to occur within
and between the layers.

optical access

excitonic
states

electrons

SCOPs
phonons
additional
phonon modes

Figure 6.1: Schematic representation of coupling processes that were proven in this thesis. This thesis could prove that the material properties of graphite (left) and
molybdenum disulphide (right) remain mostly unaffected by the implementation in the heterostructure. With this it is possible to selectively optically
excite the graphite layer. The data shows that this excitation is followed by
lattice heating in both material layers.
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Change in material properties
Many examples are available in literature that report on changes in the individual electronic and structural properties when materials are implemented in a van der Waals
heterostructure. The PL spectra presented in section 3.3 clearly show that both the direct and indirect electronic band gap of molybdenum are unaffected by the combination
with the metallic conductive material graphite. From the Raman spectra presented in
section 4 we learn, that the energy of normal modes in both materials does not change
from individual material to the graphite–molybdenum disulphide heterostructure.
The fact, that both the electronic and structural properties of graphite and molybdenum disulphide turned out not to be influenced by the material combination is worthy
of discussion. The signal changes that are reported in literature should be clearly distinguishable from the pure material signals. Even though the samples presented here had
a thickness of few to few tens of atomic layers and it can be assumed, that the overall
properties of one material layer are less affected by the presence of a second material
layer as the thickness of each layer exceeds the thickness of the boundary layers, the effect of the interface can be assumed to be present, only less pronounced than in samples
composed of two monolayers.
The experimental and theoretical studies that report on changes of the material properties when Graphene is combined with monolayer molybdenum disulphide under various
interlayer angles, say these changes to be caused by strain forces that are present in both
material layers of a heterostructure stack. The size of the strain inside the material layers
is found to be dependent on the interlayer angle. Combined with the knowledge on the
thermodynamically favoured angle that seems to set when the samples are structurally
relaxing during the sample preparation process, it can be the case, that the intralayer
strain is minimal when this angle predicted by the theory of Novaco and McTague is set.
A further influence, that cannot be evaluated at this point, is the presence of a substrate
as sample support. A supporting substrate could be considered as an additional factor
influencing the material properties of very thin samples.
Additional states
The combination of two material layers leads to an increase in the number of degrees of
freedom. This is expected to cause the formation of additional phonon modes that were
already possible to observe in literature. The Raman data presented in section 4 suggest
the possibility of additional signal in the range of low energy. But it was not possible to
proof this beyond doubt.
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Variety of coupling processes
The selective optical excitation of the graphite layer is expected to initiate a variety
of relaxation processes revealing the possible decay and coupling channels within and
between the material layers.
The UED data in section 5.4.2 clearly shows, that the optical excitation of graphite
causes a lattice heating in the molybdenum disulphide layer. As the bandstructure
of molybdenum disulphide was proven to be most likely unaffected by the presence of
graphite, previous UED experiments (see section 5.4.1) exclude a possible direct optical
excitation of this material by 800 nm excitation wavelength. The current state of the
experimental set-up did not allow a determination of time constants of the lattice heating
in both materials. These quantities would be able to give deeper insights in the structural
dynamics taking place.
Possible mechanisms are conceivable to lead to a lattice heating in the molybdenum
disulphide layer without direct optical excitation. First of all, it is of course possible
that the energy transfer to the molybdenum disulphide lattice is achieved completely by
pure heat conduction from the hot graphite lattice. In this case, the electron-phonon and
phonon-phonon coupling processes in the graphite layer would be comparable to those
that take place in the pure material. The heating of the graphite lattice would only be
slowed down by heat transfer to the cold molybdenum disulphide lattice. However, it is
also possible, as already presented in the introduction, that the excited charge carriers in
the graphite layer couple directly to the phonons in MoS2 or induce free charge carriers in
the conducting band of molybdenum disulphide that can subsequently relax by electronphonon coupling to the molybdenum disulphide lattice. In order to distinguish between
possible coupling processes it is therefore necessary to look for a participation of the
molybdenum disulphide electronic states and the coherent excitation of normal modes
in this material during the coupling process following the selective optical excitation of
graphite.
If the absence of Raman intensity at 752 nm excitation wavelength is taken serious this
data will exclude possible interlayer electron-phonon coupling as no coherent phonons
are induced in the molybdenum disulphide. But as there would be no explanation for
the absence of excitation of normal modes by intralayer electron-phonon coupling within
the graphite layer, this data needs to be further verified.
In the optical pump-probe measurement on pure graphite, it was possible to show that
the carrier relaxation in pure free-standing graphite fits to the data available in literature. Unfortunately, it was not possible to answer the question whether the electronic
subsystem of molybdenum disulphide is involved in the coupling processes taking place
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after selective optical excitation of the graphite layer. Structural changes in the molybdenum disulphide prevented the data of the optical pump-probe measurement from being
able to answer this question. The absence of detectable PL intensity after excitation
with 752 nm can at most be interpreted as an indication that the electronic system of
molybdenum disulphide is not addressed when the graphite layer is optically excited.
Beside the relaxation and coupling processes taking place after optical excitation, an
additional interlayer coupling process turned out to drastically influence the structural
shape of the heterostructure samples as it leads to the establishment of a favoured interlayer rotational angle that is not determined by symmetry. This preferred angle follows
the theory of Anthony D. Novaco and John P. McTague as presented in section 5.3.4.
Since the interlayer angle is not specified in the preparation of heterostructure samples
and the second layer is placed at a random angle on top of the first layer, the interaction
of the materials must lead to at least one of the material layers being macroscopically
rotated to the preferred angle. This can be expected to happen while the material layers
slowly approach each other during the evaporation of the alcohol in the sample preparation process. This means that the coupling is obviously capable of effectively controlling
at least locally the alignment of a multi atomic layer thick and 100 ➭mx100 ➭m large
sample area.
Overall, a first successful approach was taken with this work to investigate the possible
coupling and transfer processes within a multilayer heterostructure after optical excitation and to open the door for further investigation of these highly interesting sample
systems. It was possible to proof that the electronic and vibrational properties of both
materials used are unaffected by the implementation in a multilayer heterostructure, but
that selective optical excitation of one material layer will induce lattice heating in the
second material layer.
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6.1 Outlook
In order to increase and extend the informative value of the data presented in this thesis,
various future experiments and approaches can be proposed.
The optical pump-probe measurements as presented in section 3.4 can be seen as a
starting point for further very promising investigations. First of all, this measurement
should be repeated on a graphite–molybdenum disulphide heterostructure under inert
conditions to get further insights in the question of whether and how the electronic
subsystem of molybdenum disulphide is involved in the energy transfer processes that
take place after selective optical excitation of the graphite layer. In addition, high quality
data could even reveal information on the in-plane carrier relaxation dynamics after
optical excitation. The high in-plane electric conductivity in graphite can be expected
to let the free carriers spatially spread before and while relaxation processes take place.
The area of excited carriers, which is directly related to the area of high transmittance
change, is expected to grow when the hot carriers spatially spread parallel to the basal
plane. This process could be followed in this experiment as the transmitted intensity is
recorded in spatially resolved images of the sample.
The in-plane lattice relaxation dynamics on the other hand could be addressed in UED
experiments. Here, it could be imaginable to adjust pump and probe pulses with a small
spatial offset, but still on the same sample. With help of this adjustment, the time
constant of in-plane relaxation dynamics would be accessible.
Further interesting future topics could be introduced by the use of shaped laser pulses.
One idea could be to use Laguerre-Gaussian modes as excitation laser pulses. These
spatially shaped pulses are able to transfer orbital angular momentum. In the literature
there are examples where this type of laser pulses has been successfully used to rotate
nanoparticles[127–129]. These beams are easy to generate by holograms [130, 131]. It
can be assumed that the transfer of orbital angular momentum happens only to the
absorbing material layer. As the diffraction pattern of a multilayer heterostructure is
highly sensitive to the interlayer rotational angle, the rotation of the absorbing material
layer could easily be followed.
As explained in section 3.2.2 molybdenum disulphide possesses circular dichroic properties as the electronic excitation takes place on different points in the Brillouin zone
when left and right circularly polarized light is used for excitation. Here, experiments
on both pure molybdenum disulphide and combined heterostructures are conceivable to
reveal information on electron-phonon coupling decay channels. Of course this would
require at the same time to change to an excitation wavelength that is able to overcome
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the band gap in molybdenum disulphide.
Further proof of the applicability of the Novaco–McTague theory on van der Waals
heterostructures is possible by determination of the interlayer angle in a diffraction
pattern of heterostructures of two layers of identical material. These layers should orient
in 0◦ interlayer angle. Such a sample was already prepared but decomposed before a
diffraction pattern was taken (see section D.2).
The material processing behaviour that occurred during the optical pump-probe measurements (see section C.2) can be studied on a more fundamental level to find optimized
parameters for both the generation of specific surface structures (ripples) and for controlled thinning of the material. The laser based thinning of layered samples is already
known in literature [132–134]. If with this process it is possible to control the number of
layers, it will open up access to samples with a specific thickness. Existing free-standing
samples could then be thinned to different thicknesses at different spatial areas to be
available for optical spectroscopy which requires only small spatial areas compared to
UED experiments.
A useful approach to increase the depth resolution in static UED images could be the
generation of so called high dynamic range (HDR) images. These HDR images can
be generated by freeware programs like Luminance HDR from images with increasing
exposure time. The exposure time is increased such that more and more parts of the
image are saturated or overexposed on the camera. The program uses then algorithms
to increase the dynamic range of the individual pictures. This procedure could allow a
better depth resolution which can be useful when peaks of large intensity difference, like
in case of the material Bragg peaks compared to the superstructure peaks, is present.
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A

Point groups and symmetry analysis

This chapter is devoted to a general description of the extraction of the symmetry
properties of the normal vibrational modes of a molecule or crystal lattice using the
character table of the corresponding point group of the molecule or the unit cell of the
crystal lattice. The procedure is completely identical when dealing with molecules and
crystal lattices. In the case of molecules, the entire molecule is regarded as a closed
unit and its atoms as building blocks. In case of a crystal lattice, the unit cell with its
building blocks is considered.
An introduction into group theory and application of point groups and character tables
is not given at this point as many textbooks are dealing with this topic [135–137].
The first section shows how the symmetry properties of the normal vibrations of a
molecule or crystal lattice are determined. The procedure is explained in detail for
crystal lattices, but it can of course be applied in the same way to single molecules. An
explicit explanation of the case of single molecules is omitted here for the sake of clarity.
The second section deals with the selection rules for the IR and Raman activity of the
specific normal modes. Everything is explained in the third section by the demonstrative
and easy example of the water molecule before a full group-theory analysis of Graphene
and graphite will be given subsequently.

A.1 Symmetry properties of normal modes
Analogue to single molecules, coherent normal vibronic modes can also be observed in
crystal lattices. In the extraction of the symmetry properties of the normal vibrations
of a crystal lattice, the reducible representation χ (cryst) of the deflection coordinates
of the considered unit cell is first set up. The reducible representation χ (cryst) of
the crystal lattice is multiplicatively composed of the traces Tr (Ri ) of the respective
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Table A.1: Contributions per invariant atom to the reducible representation of a molecule
or unit cell for different symmetry operations R.
Proper operations
R
Tr (R)

k
Cn
1 + 2 · cos 2πk
n
3
E = C11
1
C2
-1
C31 , C32
0
C41 , C43
1
1
5
C 6 , C6
2

Improper operations
R
Tr (R)

k
Sn
−1 + 2 · cos 2πk
n
σ = S11
1
1
i = S2
-3
S31 , S32
-2
S41 , S43
-1
1
5
S6 , S6
0

symmetry operation Ri and the number of atoms in the unit cell which are invariant
with respect to that symmetry operation Ri .
The traces Tr (Ri ) of all symmetry operations of the group form the so-called vector
representation Γvector of any vector (x, y, z). The vector representation Γvector is composed of the operation matrix trace of every symmetry operation Ri multiplied with the
number of elements of that specific symmetry operation. The atom equivalence representation Γatom on the other hand is composed of the number of atoms which remain
unchanged under the influence of symmetry operation Ri .
χ (cryst) = Γatom ⊗ Γvector

(A.1)

Table A.1 shows the contributions per invariant atom to the reducible representation of
an unit cell or a molecule for different symmetry operations Ri .
By reducing the reducible representations, the irreducible representations of the lattice vibrations are obtained. The following applies for the number of each irreducible
representation Γ:
nΓ =

1 X
·
χ (cryst) · χ (irrep)
g

(A.2)

R

with g being the order of the point group.
This representation possesses the symmetry properties of all 3N degrees of freedom of
the crystal lattice. By deducting the symmetry representations of the translation and
the rotation, the irreducible representation Γ (cryst) of the crystal lattice is obtained
which reflects the symmetry properties of the normal modes in the crystal.

162

Appendix A. Point groups and symmetry analysis

A.2 Selection rules for IR and Raman-active vibrational modes
The intensity of a vibrational mode in the IR spectrum is proportional to the square of
the transition dipole matrix element hµnm i2 . The transition dipole moment µmn is only

different from zero for permitted transitions.
µnm =

Z

ψn∗ µψm dq

(A.3)

In case of an IR-active transition between non-degenerate states, the symmetry representation of the size to be integrated has to be totally symmetric.
Γ (ψn ) ⊗ Γ (µ) ⊗ Γ (ψm ) = A

(A.4)

In case of degenerate states, the transition is allowed if the corresponding product contains the totally symmetric representation.
Γ (ψn ) ⊗ Γ (µ) ⊗ Γ (ψm ) ⊃ A

(A.5)

The rules for the multiplication of irreducible representations can be found in [135–137].
Since the transition dipole moment is a vector size, its components behave as the same
irreducible representation as the translation of the molecule or unit cell.
The intensity of Raman-active vibrational bands is proportional to the square of the
matrix element of the polarizability tensor hαnm i2 . The polarizability matrix element
αnm is different from zero only for permitted, i.e. Raman-active, transitions.
αnm =

Z

ψn∗ αψm dq

(A.6)

If a Raman-active excitation occurs between non-degenerate states, the symmetry representation of the magnitude to be integrated has to be totally symmetric.
Γ (ψn ) ⊗ Γ (α) ⊗ Γ (ψm ) = A

(A.7)

In case of degenerate representations, the transition is permitted if the corresponding
product contains the totally symmetric representation.
Γ (ψn ) ⊗ Γ (α) ⊗ Γ (ψm ) ⊃ A

(A.8)

The assignment of the components (or combinations of the components) of the polariz-
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Figure A.1: The water molecule is oriented within the xz-plane with the oxygen atom
on the z-axis (center). The point group contains a C2 axis along the z-axis
(left) and two mirror planes (right).
ability tensor (x2 , y 2 , z 2 , xy, xz, yz) to the symmetry representations is given in the last
column of a character table.
In the case of point groups which contain the element of inversion i, the mutual exclusion
rule occurs which states that normal vibrations which occur in the IR spectrum are
forbidden in the Raman spectrum and the other way around.

A.3 Example: Water molecule
The extraction of the symmetry properties of the normal vibrations of a molecule can
be explained illustrative and explanatory at this point on the water molecule H2 O. The
molecule is oriented in such a way that the oxygen atom lies on the z axis and both
hydrogen atoms lie in the (yz) plane. The point group of the water molecule is C2v .
The character table of this point group is shown in table A.2. This group has the order
g = 4.
Now the number of atoms which are not shifted when each of the symmetry operations
R of the point group acts on the molecule is counted and multiplied by the trace of
the matrix representation of the respective symmetry operation. In case of the identity
operation E, all atoms of the water molecule remain unchanged in their position. The
same is true in the present case for the reflection on the (yz) plane which corresponds
to the molecular plane in the selected orientation of the molecule. In case of the C2
rotation axis, which is identical to the z axis, and the reflection on the (xz) plane, only
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Table A.2: Character table of point group C2v . The character table has been extended
by the trace of the operation matrix for each symmetry operation R and the
number of atoms that remain unchanged in their position under the action
of the respective symmetry operation R.
C2v

E

C2

σv (xz)

σv′ (yz)

A1
A2
B1
B2

1
1
1
1

1
1
-1
-1

1
-1
1
-1

1
-1
-1
1

Tr (R)
unchanged atoms
χ (H2 O)

3
3
9

-1
1
-1

1
1
1

1
3
3

z, z 2 , x2 , y 2
xy
x, xz
y, yz

Rz
Ry
Rx

the oxygen atom remains invariant in its position, while the hydrogen atoms exchange
their positions.
This means, the representation Γvector for any vector (x, y, z) (composed of the traces
Tr (Ri ) of all symmetry operations of the group multiplied by the number of elements
of that specific symmetry operation) and the atom equivalence representation Γatom
(composed of the number of atoms that remain unchanged under the influence of each
symmetry operation Ri ) can be determined to be:
Γvector,H2 O (C2v ) = 3; −1; 1; 1
Γatom,H2 O (C2v ) = 3; 1; 1; 3

(A.9)

This leads then to:
χ (H2 O) = Γvector,H2 O (C2v ) ⊗ Γatom,H2 O (C2v )
= 3; −1; 1; 1 ⊗ 3; 1; 1; 1

(A.10)

= 9; −1; 1; 3
This gives together the reducible representation of the water molecule χ (H2 O) = {9; −1; 1; 3}.
With the help of the Grand Orthogonality Theorem, this reducible representation can
be reduced to the irreducible representations. With equation (A.2) it follows:
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· (1 · 9 + 1 · (−1) + (−1) · 1 + (−1) · 3) = 1 
Γ (H2 O) = 3A1 +1A2 +2B1 +3B2

· (1 · 4 + (−1) · (−1) + 1 · 1 + (−1) · 3) = 2 


· (1 · 4 + (−1) · (−1) + (−1) · 1 + 1 · 3) = 3 

nA 1 =
nA 2 =
nB1 =
nB2 =

1
4
1
4
1
4

1
4

· (1 · 9 + 1 · (−1) + 1 · 1 + 1 · 3) = 3

(A.11)

From table A.2 it can be seen that the translation along the z-axis belongs to the

representation A1 , the representation A2 contains the rotation around the z-axis (by a
non-specific angle, in difference to the symmetry operation C2 ), the representation B1
represents the translation along the x-axis and any rotation around the y axis, while
the representation B2 contains the symmetry properties of a translation along the y axis
and a rotation around the x axis. After deducting all these symmetry representations
from the irreducible representation of the water molecule, only the symmetry properties
of the normal vibrations remain. The result is:
Γvib (H2 O) = 2A1 + B2

(A.12)

This means that the water molecule has three non-degenerate normal vibrations that
behave according to the irreducible representations A1 and B2 . All these modes are
allowed in both Raman and IR spectroscopy.

A.4 Full group-theory analysis of Graphene and graphite
This section will give a detailed analysis based on group-theory considerations in order to
show the power of this theoretical approach to the characteristic properties and excitation
and decay channels inside a solid state system. This section is based on [61, 78, 138].
It needs to be stated, that a group-theory analysis can only tell if specific transitions
are allowed by symmetry. This analysis does not provide any quantitative values of
transition probabilities.

A.4.1 Point group determination in Graphene and graphite
The point group of the crystal structure of Graphene and graphite is D6h . The corresponding character table is given in table A.3. In order to determine Γatom it is necessary
to determine the relative orientation of the crystal lattice basis vectors ~a1 , ~a2 and ~a3
regarding the Cartesian coordinate system of the point group. The position of every
symmetry element Ri of the point group inside the unit cell of the crystal lattice needs
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Table A.3: Character table of point group D6h . The C6 rotational axis is oriented along the z direction, wile the plane σh is
identical to the (xy) plane in Cartesian coordinates.
D6h E 2C6 (z) 2C3 C3 3C2′ 3C2′′ i 2S3 2S6 σh (xy) 3σd 3σv
A1g
1
1
1
1
1
1
1
1
1
1
1
1
(x2 + y 2 ), z 2
A2g
1
1
1
1
-1
-1
1
1
1
1
-1
-1
Rz
B1g
1
-1
1
-1
-1
-1
1
-1
1
-1
1
-1
B2g
1
-1
1
-1
1
1
1
-1
1
-1
-1
1
E1g
2
1
-1
-2
0
0
2
1
-1
-2
0
0
Rx , Ry
xz, yz
2
E2g
2
-1
-1
2
0
0
2
-1
-1
2
0
0
(x − y 2 ), xy
A1u
1
1
1
1
1
1
-1 -1
-1
-1
-1
-1
A2u
1
1
1
1
-1
-1
-1 -1
-1
-1
1
1
Tz
B1u
1
-1
1
-1
-1
-1
-1
1
-1
1
-1
1
B2u
1
-1
1
-1
1
1
-1
1
-1
1
1
-1
E1u
2
1
-1
-2
0
0
-2 -1
1
2
0
0
Tx , Ty
E2u
2
-1
-1
2
0
0
-2
1
1
-2
0
0
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Table A.4: Space group and wave vector point groups of graphite and Graphene at all
points in the Brillouin zone. The points and lines of high-symmetry are
indicated in figure A.3, u is describing any arbitrary point in the Brillouin
zone despite the high symmetry points and lines.

Graphene
Graphite

Space group
P 6/mmm
P 63 /mmc

Γ
D6h
D6h

K(K ′ )
D3h
D3h

M
D2h
D2h

T (T ′ )
C2v
C2v

Σ
C2v
C2v

u
C1h
C1h

to be assigned. Figure A.2 shows the unit cell of the Graphene lattice, its orientation
inside the (xy)-plane and the position of the symmetry elements of point group D6h .
From this, the number of atoms that remain unchanged in position under the influence
of Ri and therefore Γatom can be determined.
Γatom,Graphene (D6h ) = 2; 0; 2; 0; 2; 0; 0; 2; 0; 2; 0; 2
Γatom,Graphite (D6h ) = 4; 0; 4; 0; 4; 0; 0; 4; 0; 4; 0; 4

(A.13)

The representation Γvector is determined from the symmetry operation matrix traces
Tr (Ri ) of the symmetry operations present in the character table of the point group
D6h .
Γvector (D6h ) = 3; 2; 0; −1; −1; −4; −3; −2; 0; 1; 1; 1

(A.14)

A.4.2 Lattice vibrations in Graphene and graphite
The point group of the real-space crystal lattice does also reflect the symmetry properties
at the center of the Brillouin zone in reciprocal space, that is at the Γ point. At all other
points of the Brillouin zone, the symmetry is reduced in general to C1h . Specific points
in the Brillouin zone, so-called points and lines of high-symmetry, possess a higher
symmetry than an arbitrary point in the Brillouin zone, but a lower symmetry as the
zone center Γ point. Therefore, the symmetry properties of phonon wave vectors or
electronic states is strongly dependent on the corresponding position in the Brillouin
zone.
Figure A.3 shows the Brillouin zone of Graphene and graphite including the orientation
regarding the coordinate system of the point group and the location of the high-symmetry
points.
As explained above, the representation of the lattice vibrations can be derived from the
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C6

a2

a2

a1

a1

y
x

C3

C2

a2

a1

a2

a1

a2

a1

C2''
C 2'

a2

a1

d

v

Figure A.2: Relative orientation of the real-space unit cell of graphite and Graphene
regarding the point group coordinate system (upper left) and location of
symmetry elements. The center of inversion is not indicated here. This is
located in the center of the unit cell.
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a1*

y

K

M
T
K‘
T‘


a 2*


x

Figure A.3: Relative orientation of the Billouin zone of graphite regarding the coordinate
system of the point group and location of the high-symmetry points (Γ, K,
K’ and M) and lines (Σ = ΓM , T = M K and T ′ = M K ′ ). The Brillouin
zone is oriented such that ΓM is parallel to x, while ΓK is parallel to y.
Table A.5: Representations for the lattice vibrations in Graphene and graphite at all
points of the Brillouin zone.
point
Γ
K(K ′ )
M
T (T ′ )
Σ
u

Γlat.vib
A2u + E1u + B2g + E2g
A′1 + A′2 + E ′ + E ′′
Ag + B1g + B2g + B1u + B2u + B3u
2A1 + A2 + 2B1 + B2
2A1 + 2B1 + 2B2
4A′ + 2A′′

vector representation Γvector of the corresponding point group’s character table and the
atom equivalence representation Γatom .
Γlat.vib = Γatom ⊗ Γvector

(A.15)

This leads to the following decomposition in irreducible representations for the lattice
vibrations at all points of the Brillouin zone:

A.4.3 Electronic states of Graphene and graphite and selection rules for
direct optical transitions
Since the π electrons are located parallel to the a3 axis of the crystal lattice which is
parallel to the z axis of the crystal structure space group, they can be treated with
group theoretical analysis. The representation of the π electrons can be derived from
the vector representation Γvector of the corresponding point group’s character table and
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a.

Energy (eV)

B2g B2
B2g
B1u

E''
A2u

K



B2

B2
E''
A2

M

Energy (eV)

b.

B2g
B2
P||z

A2u

K'



B2g
B1u P||x

B2
E''
A2

B2

M

K(K')

Figure A.4: As the π electrons of graphite are located in p orbitals parallel to the z-axis
they can be treated with point group theory and irreducible representations
can be found for the π and π ∗ band respectively. These representations are
indicated in the electronic bandstructure as calculated by [61] (a.). The inset
schematically shows the location of the p orbitals. By point group analysis it
is possible to determine selection rules for direct optical transitions (δk = 0).
As indicated in b. certain electronic transitions are allowed under specific
orientations of the polarization of the incident light regarding the point
group coordinate system. Both figures are modified from [61].

171

Appendix A. Point groups and symmetry analysis

Table A.6: Representations for the π electrons in Graphene and graphite at different
points and lines of the Brillouin zone. The results are implemented in figure
A.4.
point
Γ
K(K ′ )
M
T (T ′ )
Σ
u

Γπ
A2u + B2g
E ′′
B2g + B1u
A2 + B 2
2B2
2A′′

the representation of vector z Γz .
Γπ = Γvector ⊗ Γz

(A.16)

In case of every point group the irreducible representation of vector z can be directly
seen from the character table. In case of D6h for example is has to be A2u . Γvector is
determined for every point group as explained above.
As mentioned above, the symmetry point group is dependent on the position in the
Brillouin zone. Therefore, the representations for the π electrons is dependent on the
point of the Brillouin zone.
Based on this symmetry analysis it is possible to derive selection rules for direct optical
transitions, meaning without momentum change (∆k = 0). The following applies for
the absorption probability W (~k)
W (~k) ∝ |P~ · hΨcond (~k)|∇|Ψvalence (~k)i|2

(A.17)

with P~ being the vector of linear polarization of the excitation light and Ψcond (~k) and
Ψvalence (~k) being the wave functions of the conduction and valence band respectively.
This will only give a non-zero value if the product of irreducible representations of
conduction band wave function, polarization vector and valence band wave function
contains the totally symmetric representation.
 
Γ (Ψcond ) ⊗ Γ P~ ⊗ Γ (Ψvalence ) ⊃ A

(A.18)

With this condition it is possible to derive symmetry based selection rules for direct
optical transitions in Graphene and graphite at certain points in the Brillouin zone. The
results are given in table A.7.
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Table A.7: Symmetry based selections rules for direct optical transitions (∆k = 0) in
Graphene and graphite. The results are implemented in figure A.4.
Polarization
P~ k x
P~ k y
P~ k z

K(K ′ )
allowed
allowed
–

a.

M
allowed
–
–

T (T ′ )
allowed
–
–

Σ
–
–
allowed

u
allowed
allowed
–

b.
B2

B2 A1 phonon
A1 phonon

B1 photon
P = (1, 0, 0)
B2

B2g

A1 phonon



M
B1 photon
P = (1, 0, 0)

K

A2

Ag phonon

K‘

M

M

K

K

K‘
A2
A2
B1u

Figure A.5: Symmetry based selection rules for inter- and intravalley electron-phonon
scattering can be derived from group theory analysis.

A.4.4 Symmetry based selection rules for electron-phonon scattering
The transition from an electronic state i described by the wave function Ψi to an electronic state j described by Ψj involving a scattered phonon can also be analysed based
on group theory considerations. Similar to the approach used above for the extraction
of different selection rules, the following applies for a phonon mediated electron transfer.
Γ (Ψi ) ⊗ Γlat.vib. ⊗ Γ (Ψj ) ⊃ A

(A.19)

It can be distinguished between so-called intravalley transitions, where states i and j
are located at the same high-symmetry point or line, and intervalley transitions, where
the states i and j are not located at the same high-symmetry point or line.
The results are given in table A.8.
Figure A.5 shows different possible direct optical excitations followed by different electronphonon scattering processes that are allowed from group theory.
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Table A.8: Symmetry based selection rules for electron-phonon scattering.
intervalley
K(K ′ )
T (T ′ )
A2 B 1 B 2
−
→
′′
′
′′
E A1 E
A2 A1 A2
−
→
−
→
B 2 A1 B 2
−
→

174

M
B2g B3u B1u
−−→
B2g Ag B2g
−
→
B1u Ag B1u
−
→

intravalley
T (T ′ )
A2 B 1 B 2
−
→
A2 A1 A2
−
→
B 2 A1 B 2
−
→

M →T
B2g A2 B2
−
→

B

Supplements to chapter 2

B.1 Documentation of samples used in the thesis
This section gives a more detailed overview about all the sample that were prepared and
used in the work presented in this thesis. An overview was given in table 2.1.
All pictures that were ever taken with the microscope of any sample flake and during any
transfer process are stored on the exp3 all network drive in folder G:\Projects\Electron
Diffraction\MolybdenumDisulfide\SamplePreparation\Marlene\. . . . The specific folders are labelled with the date where the sample flakes were searched or the transfer
process took place respectively.
Some sample flakes on silicon wafers were prepared and catalogued by the student assistant Birk Fritsch. The specific pictures of flakes on the wafer surface surface can be found
in G:\Projects\Electron Diffraction\MolybdenumDisulfide\SamplePreparation\Birk\. . . .
The specific sub-folders are labelled with the date were the sample flakes were catalogued.
All silicon wafers are stored in Petri dishes which are divided into four segments. Each
Petri dish is labelled with a letter and a number. The four segments are labelled with
numbers from one to four. All interesting sample flakes that were found on a wafer
piece were labelled with ascending numbers and catalogued with their relative position
to a characteristic corner of the wafer piece. This leads to the identification code of
every sample flake (Sample XY) on a specific wafer piece like W11 2 (wafer is stored in
segment number 2 in Petri dish labelled with W11).
Most samples, that are still available, are stored in the dialplate box labelled with MoS2 .
The text-file G:\Projects\ElectronDiffraction\MolybdenumDisulfide\SamplePreparation\Marlene\Bestandsaufnahme Drehschieber MoS2\Drehschieber MoS2 gives an overview
of the samples stored there and gives the corresponding slot in the box. Among these
samples, a free-standing graphite sample of three atomic layers thickness is available.
The samples #5, #6, #7 and #9 are stored in the dialplate box labelled with Boston
Raman PL.

175

Appendix B. Supplements to chapter 2

Table B.1: Samples prepared and used during the work. All silicon wafers are stored
in Petri dishes which are divided into four segments. Each Petri dish is
labelled with a letter and a number. The four segments are labelled with
numbers from one to four. All interesting sample flakes that were found on a
wafer piece were labelled with ascending numbers and catalogued with their
relative position to a characteristic corner of the wafer piece. This leads to
the identification code of every sample flake (Sample XY) on a specific wafer
piece like W11 2 (wafer is stored in segment number 2 in Petri dish labelled
with W11).
Sample
#1
#2
#3
#4
#5
#6
#7
#9
#10
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pictures on wafer
17.4.2015 (Graphite, Birk, W11 2, Sample 7)
21.05.2015 (MoS2 , Birk, B01 4, Sample 7)
29.04.2015 (Graphite, Birk, W13 1, Sample 8)
17.06.2015 (MoS2 , Birk, B04 3, Sample 6)
09.02.2016 (Graphite, M8 1, Sample 3)
13.05.2015 (MoS2 , Birk, B01 1, Sample 11)
09.02.2016 (Graphite, M8 1, Sample 1)
10.02.2016 (MoS2 ,M14 2, Sample 5)
15.12.2017 (Graphite, M07 2, Sample 2)
29.11.2016 (MoS2 ,M13 2, Sample 2)
15.12.2017 (Graphite, M07 1, Sample 6)
24.11.2016 (MoS2 ,M05 1, Sample 5)
15.12.2016 (M07 2, Sample 5)
22.11.2016 (B05 2, Sample 4)
14.03.2014 (W40 1, Sample 4)

transfer
02.06.2015 (Graphite)
05.06.2015 (Het)
26.08.2015 (Graphite)
27.08.2015 (Het)
11.02.2016 (Graphite)
11.02.2016 (Het)
11.02.2016 (Graphite)
11.02.2016 (Het)
20.04.2017 (Graphite)
26.04.2017 (Het)
20.04.2017 (Graphite)
22.05.2017(Het)
21.04.2017
10.04.2017
14.04.2014
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a)

b)

c)

d)

e)

f)

100 µm

Figure B.1: The process of sample preparation contains certain steps. Picture a) shows
the empty modified TEM gold grid. The amorphous carbon film was removed on the grid hole on the down right corner. This grid is then carefully
positioned on the desired sample flake (b). The contour of the flake is indicated by the dashed white line. After addition of isopropyl alcohol (c) the
amorphous carbon film of the grid will closely attach to the wafer surface
(d) as the alcohol evaporates. The evaporation process should be followed
by gentle heating to be sure that no liquid residue remains. The sample
needs to be completely dry before an aqueous solution of KOH is added (e).
Picture (f) shows the free-standing sample after cleaning with water.

B.2 Sample preparation process
This section will give some more detailed tips on the sample preparation, that are not
mentioned in the main part of this thesis for the reason of avoiding unnecessary confusion
due to too many details.
When a modified grid is supposed to be positioned on a desired sample flake, that is
located on top of an oxide coated silicon wafer, it is useful to place a couple of droplets
of isopropy alcohol on the edges of the wafer pieces in order to fix the wafer on the table
of the microscope. Then the grid can be manually positioned by using tweezers such
that the modified grid hole covers the sample flake.
In order to obtain the closest contact possible of the grid to the sample flake, it was
common to place some droplets of isopropyl alcohol next to the grid and let the alcohol
evaporate. The evaporation leads to an attachment process of the amorphous carbon
film to the surface of the silicon wafer. This process can be followed by eye in the
optical microscope. The attachment of the carbon film to the wafer is accompanied by
an apparent colour change (see figure B.1).
The most crucial part in the sample preparation is the position of the drop of KOH
aqueous solution. Molar concentrations of 5 %, 10 %, 15 % and 20 % were used. The
higher the concentration, the faster the dissolving process of the SiO2 process happens.
There is no general rule whether it is better to use the highest or lowest concentration,
it needs to be estimated based on experience. The longer, the sample flake is exposed
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a.

b.

c.

d.

e.

f.

g.

h.

i.

j.

k.

l.

Figure B.2: The droplet of KOH aqueous solution needs to be placed such that it approaches the TEM grid slowly. The gold circle segment is part of the TEM
grid, the darker area on the upper right corner of the images is the KOH
droplet. Going from a. to l. the images are progressing in time. The time
range between picture a. and l. can vary from about 10 minutes to half an
hour. The red scale given on the lower right corner of each image is showing
100 ➭m.
to the KOH solution, the higher is the probability that it will lose contact to the grid.
But the faster the dissolving process happens, the higher the probability that the flake
will be damaged while it detaches from the surface.
It is necessary to place a small droplet of KOH beside the sample grid in a way, that it
will float towards the grid and crawl beneath the TEM grid (see figure B.2). As soon as
the KOH solution flows over the TEM grid, the sample flake will detach from the grid
and either stick to the wafer surface or be washed away.
The detachment process of the grid and the sample should take place as slowly that
it can easily be followed in the optical microscope. When the amorphous carbon film
detaches from the wafer surface, this is also correlated with an apparent colour change
(see figureB.3).
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t=0

1 min

2 min

3 min

4 min

36 min

100 µm

Figure B.3: The detachment of the grid holes after addition of aqueous KOH always
starts on the grid edges and is visible as a black rim that is forming in every
grid hole. The time scale between the pictures is given in the figure. The
time range for the whole detachment process can vary from 10 to 15 minutes
up to two hours.
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C.1 Datasets used in the thesis
All datasets that were obtained in the optical pump-probe experiment are available in
G:\Projects \UED PumpProbe. The datasets that are presented in this thesis are the

following:

19.04.2018 measurement on pure graphite, scan 6 (long and short time delay range) is
presented in section 3.4.2.
04.06.2018 measurement on graphite–molybdenum disulphide heterostructure #3, scan
11 and scan 12 are presented in section C.3.

C.2 Laser ablation on free-standing graphite
During the pump fluence adjustment in the optical pump-probe experiment in single
shot mode it turned out that it is possible to selectively remove several layers of a
free-standing graphite sample without destroying the sample. This was visible in the
experimental set-up by a locally shot-by-shot rising transmittance.
In literature, this method of laser thinning is reported to be used to get access to thin
samples for spectroscopic purpose [132–134]. This method is spatially limited by the
spot size of the laser pulses.
In order to perform a more systematic study, flakes of graphite were thinned by use of the
tape method presented in section 2 and then transferred to a transparent microscope
slide. In the material processing experimental set-up (see [139–141]) specific sample
flakes can be selected and then processed with femtosecond laser pulses. The sample
flake, that shall be presented here is shown in figure C.1. The fluence was adjusted such
that a single laser pulse only causes barely visible damage on the sample surface to a
value of about 0.9 J/cm2 at a 1/e2 radius of about 10 ➭m [140] . The selected sample flake
was then treated with a series of one, two, three, five and ten laser pulses at the same
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a.

b.

1
2
3
5
10
c.

d.

Figure C.1: A graphite sample flake deposited on a transparent microscope slide was
treated with a series of one, two, three, five and ten laser pulses at the same
spatial position. These positions are indicated by the green numbers in the
image in optical reflection microscopy (a.). I addition, two positions were
treated with a lot of laser pulses to proof that the sample can be in principle
perforated completely. These locations are indicated by the red circle in a.
and are presented enlarged in c. and d. The stripe-shaped modifications
in the sample surface can be seen here. The optical transmittance of white
light (b.) shows, that the sample was perforated in one of the locations
indicated by the red circle.

spatial position.
Subsequent analysis with atomic force microscopy was intended to find a relation between
the depth of the holes and the number of pulses that were used. Unfortunately, it turned
out, that the material is not removed without residue but forms kind of a rim on the
border of the holes. Figure C.2 shows the hole, that was created by use of ten subsequent
laser pulses hitting the same spatial position. The height profile along the white line
clearly shows the presence of the rim. The height difference between the bottom of the
hole and the top of the rim is about 100 nm. The difference between the sample surface
and the bottom of the rim is difficult to determine because the rim profile is quite broad
and therefore, the determination of the height position of the sample surface is hard to
do with sufficient accuracy.
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Figure C.2: AFM results on the hole that was created by a series of ten laser pules hitting
the same spatial position. The height plot on the top shows that the hole
has a diameter of about 15 ➭m which is comparable for the whole series of
holes that was created on the same sample flake. The hight profile along
the white line is plotted on the bottom. The rim, that is formed during the
laser ablation process complicates the determination of the hole depth. The
hight difference between the bottom of the hole and the top of the rim is
about 100 nm.
The diameter of the holes in the whole experimental series was in the range of 15 ➭m
and seems to be unaffected by a rising power or number of laser pulses and is mainly
given by the laser spot size at the sample surface.
In addition to the series with rising number of laser pulses hitting the same position, two
locations on the flake were treated with a lot of laser pulses to proof that the sample can
be in principle perforated completely. These locations are indicated by the red circle in
figure C.1. When these positions were investigated in the optical microscope it turned
out, that these locations show stripe-shaped modifications in the sample surface. This
modifications turned out in the AFM to be highly periodic (see figure C.3). This kind
of ripple structure was already investigated in different materials in [140].
The valley to valley distance in the structures observed can be determined to be in the
range of 620-665 nm which is slightly below the central wavelength of 790 nm of the
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laser pulses used to created the holes. The mean depth (mean height difference between
mountain top and bottom of the valley beside) is in the range of 60-80 nm.

C.3 Results of optical pump-probe on a graphite–molybdenum
disulphide heterostructure
In the optical pump-probe experiments on a graphite–molybdenum disulphide heterostructure, the images taken used 900 ms exposure time at a laser repetition rate of 1 kHz. The
average power of the probe pulses was adjusted to 220 nW at a 1/e2 beam diameter of
(71.8 ± 0.5)➭m. This is equivalent with a probe peak fluence of 0.01 mJ/cm2 . The
sample was pumped with 800 nm laser pulses of a 1/e2 beam diameter of (49.8 ± 0.3)➭m.

The pump power was varied in different measurement scans.

It turned out, that the overall transmittance of 400 nm is remarkably low due to the
high absorption of molybdenum disulphide at this wavelength. But in order to avoid
any strong optical excitation in the molybdenum disulphide layer, the power of the probe
pulse had to be lowered compared to the measurement on pure graphite.
As already mentioned in 3.4.3, the formation of bleached spots on the sample highly
limits the scientific outcome of this experiment.
In the presence of an oxidizing agent, the trioxide MoO3 can be produced from molybdenum disulphide. If this process is intended to be driven, it is sufficient to expose MoS2
flakes to hot vapour of HNO3 [142]. But under the experimental parameters, chosen
in the work presented here, it cannot be excluded that due to the heat introduced to
the sample by the laser pulses the presence of atmospheric oxygen is sufficient for this
oxidation process to take place [143].
The absorption spectrum of molybdenum trioxide is reported to show a characteristic
dip of low absorption around 400 nm [144, 145]. An ablation process can be excluded as
no damage of the sample surface was visible in post-experimental investigation with an
optical microscope. Together, these facts suggest that the heat introduced by the laser
excitation of the graphite layer might have caused irreversible structural changes in the
molybdenum disulphide layer.
Nevertheless, an analysis of the available data was performed as explained in the case of
graphite. The results of different scans were found to be deviating independent of the
area of the sample and the deviations cannot be matched to power fluctuations or other
occurrences in the experiment.
The result of two different optical pump-probe scans on the graphite–molybdenum disulphide heterostructure sample #3 will be presented in this section. These scans were
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Figure C.3: AFM results on the holes that show a stripe-shaped modification of the
surface. The height plot shows, that the modification is highly periodically
composed of perfectly parallel aligned mountains and valleys. The height
profile along the white lines is plotted on the bottom of the height plots.
Here, the ripple profile was fitted with a sine function each (red) leading
to a valley to valley distance of 666 nm (left) or 618 nm (right). The mean
depth (mean height difference between mountain top and bottom of the
valley beside) is in the range of 60-80 nm.
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Figure C.4: The transmitted intensity was analysed on certain positions on the heterostructure sample #3. These areas contain the grid (A), the heterostructure sample (C), one of the bleached features that were described in section
3.4.3 (D) and an area that should contain only free-standing graphite (E).
In addition, the central position of pump and probe laser was averaged and
analysed (B). On the right hand side, the photodiode signal of the probe
beam is plotted for both scans that were analysed.

the only scans where the spatial overlap of pump and probe pulses can be guaranteed
during the whole measurement scan. Scan 11 was performed with a pump fluence of
50.3 mJ/cm2 , while in scan 12 the pump fluence was raised to 61.6 mJ/cm2 . The actual
pump and probe power was continuously recorded by a linear photodiode each. The
photodiode signal is shown in figure C.4.
The transmitted intensity can be analysed on certain positions on the sample as pictures
of the sample were taken with a CCD camera. The chosen areas are shown in figure C.4.
These areas contain the grid (A), the heterostructure sample (C), one of the bleached
features that were described in section 3.4.3 (D) and an area that should contain only
free-standing graphite (E). In addition the central position of pump and probe laser
was averaged and analysed (B). As in case of the graphite sample two pictures of the
sample were taken at each position of the delay stage. Both available runs per scan were
analysed separately and averaged afterwards. The error bars given corresponds to the
standard deviation of the averaging process.
From the data analysis it appears, that the time-dependent behaviour does vary greatly
between the scans. Whether this effect is related to the change in excitation power
cannot be stated. But in both cases, the temporal evolution of areas A, B and C, namely
the heterostructure sample, the grid and the averaged laser position is qualitatively the
same, although different between scan 11 and scan 12. But in both cases, the temporal
evolution of the analysed quantities cannot be correlated with power fluctuations of the
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Figure C.5: Detailed results of optical pump-probe on heterostructure #3. Different
areas on the sample were analysed. The color of the graphs corresponds to
the area the data originates from (see figure C.4).
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probe beam.
The analysis of area E shows in both scans, that the behaviour of graphite cannot be
described by the data that was taken on the pure free-standing sample (see section 3.4.2).
The bleached area shows a larger effect than any other spot on the sample and raises in
transmitted intensity after the temporal overlap of pump and probe pulse.
In summary, it is not possible to use the data presented here without doubt as different
datasets are quite contradictory and consideration must be given to the possibility of
additional structural processes taking place, which no longer allow an evaluation as
presented in section 3.4. In order to be able to relate any changes in the transmittance
to the possible contribution of the electronic subsystem of molybdenum disulphide it
is inescapable to repeat this measurement either under inert gas atmosphere or under
vacuum condition to exclude the formation of MoO3 .
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D.1 Documentation of datasets used in the thesis
This section will list all datasets that were used in the thesis presented here. The raw
data as well as the edited and processed data can be found on the network drive. The
file folders are labelled with the date of the measurement day. A detailed listing of all
measurement settings that was used for any of these datasets can be found in text files
that are included in the corresponding data folder.
20.03.2014 Static diffraction patterns of molybdenum disulphide with sample tilt, used
in section 5.4.1 and in figure D.11.
06.05.2014 Time-resolved UED measurement on molybdenum disulphide with 800 nm
excitation wavelength, presented in section 5.4.1.

Exchange of laser system from one working with a laser repetition rate of
1 kHz to one of 5 kHz

Begin of complete reconstruction of optical pathway in the context of the
bachelor thesis of Cedric Corley

01.06.2015 Static diffraction patterns of graphite, aluminium and molybdenum disulphide used in figure D.11.
11.06.2015 Static diffraction patterns of graphite, molybdenum disulphide and a graphite–
molybdenum disulphide heterostructure.
03.07.2015 Static diffraction pattern of a graphite–molybdenum disulphide heterostruc-
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ture, used in figure D.11.
28.07.2015 Static diffraction pattern of a graphite–molybdenum disulphide heterostructure, used in figure D.11.
29.07.2015 Time-resolved UED measurement on graphite and on molybdenum disulphide both with 400 nm excitation wavelength and on a graphite–molybdenum disulphide
heterostructure with 800 nm excitation wavelength in both perpendicular and tilted orientation regarding the incidence of the electron beam (sample #1).
19.11.2015 Time-resolved UED measurement on a graphite–molybdenum disulphide
heterostructure with 800 nm excitation wavelength.
09.12.2015 Time-resolved UED measurement on a graphite–molybdenum disulphide
heterostructure (sample #2) with 800 nm excitation wavelength, presented in section
5.4.2.

End of complete reconstruction of optical pathway in the context of the bachelor thesis of Cedric Corley

28.01.2016 Static diffraction patterns of a graphite–molybdenum disulphide heterostructure (sample #2).
19.02.2016 Time-resolved UED measurement on a graphite–molybdenum disulphide
heterostructure (sample #3) with 800 nm excitation wavelength, presented in section
5.4.2 (figures 5.21, 5.22 left and 5.23).
15.09.2016 Time-resolved UED measurement on a graphite–molybdenum disulphide
heterostructure (sample #3) with 800 nm excitation wavelength, presented in section
5.4.2 (figure 5.22 right).
01.12.2016 Measurement on the response of the detection system (amplification as a
function of number of electrons), presented in section D.7.
27.01.2017 Measurement of laser spot size of 266 nm beam behind focusing lens, used
in section D.6.1.
28.02.2017 Measurement by Silvio Morgenstern of the impact of displacement and tilt
in the magnetic lens with help of a positioning tool, presented in section D.8.
26.07.2017 Measurement of laser spot size of 800 nm beam behind focusing lens, used
in section D.6.2.
01.08.2017 Static diffraction patterns of a graphite–molydenum disulphide heterostructure (sample #3) to generate a high-dynamic-range (HDR) picture and measurement of
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laser spot size of 800 nm beam behind focusing lens, used in section D.6.2.

Improvement of laser settings: optimization of prism compressor and dazzler
settings, implementation of glass substrate in front of Harmonic Generator

04.09.2017 Static TEM images of spatial and temporal overlap during the improvement
of laser settings.
18.10.2017 Static TEM images of spatial and temporal overlap during the improvement
of laser settings.
19.10.2017 Time-resolved UED measurement on a thin graphite sample with 800 nm
excitation wavelength.
25.10.2017 Time-resolved UED measurement on a thick graphite sample with 800 nm
excitation wavelength.
08.11.2017 Static diffraction patterns of graphite–molybdenum disulphide heterostructures (sample #3 and #4) in both absolute orientations, used in figure 5.15. The assignment of 147◦ and 327◦ gives the position of the sample holder as labelled by the
scale of the positioning tool. In 147◦ orientation, the heterostructure sample #3 is oriented such that the molybdenum disulphide layer is facing the electron source, while
in heterostructure sample #4 the graphite layer is facing the electron source. Whereas
in 327◦ orientation, the heterostructure sample #3 is oriented such that the graphite
layer is facing the electron source, while in heterostructure sample #4 the molybdenum
disulphide layer is facing the electron source.
16.11.2017 Static diffraction patterns of graphite–molybdenum disulphide heterostructures (sample #3 and #4) in both absolute orientations, used in figure 5.15. The assignment of 147 degree and 327◦ is the same as in the measurement from 08.11.2017.
22.11.2017 Time-resolved UED measurement on a graphite–molybdenum disulphide
heterostructure (sample #3) with 800 nm excitation wavelength in both absolute orientations, presented in section D.3. The assignment of 147 degree and 327◦ is the same as
in the measurement from 08.11.2017.

D.2 Supplements to section 5.3.4
The theory of Novaco and McTague implies, that the combination of layers of identical
material in a multilayer heterostructure should align perfectly parallel at an interlayer
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Figure D.1: A heterostructure sample consisting of two layers of molybdenum disulphide
was prepared but unfortunately this sample decomposed in storage before a
diffraction pattern was taken. The edges of the sample flakes tend to break
along the crystal axes. It can be seen that the edges of the sample flakes are
oriented perfectly parallel.
angle of 0◦ .
A sample consisting of two layers of molybdenum disulphide was successfully prepared
but unfortunately this sample decomposed in storage before a diffraction pattern was
taken 1 . The edges of the sample flakes tend to break along the crystal axes and both
flakes involved clearly show the hexagonal edges. In figure D.1 it can be seen that the
edges of the sample flakes are oriented perfectly parallel.

D.3 Supplements to section 5.4.2
In order to clarify the question whether the additional diffraction satellite signals originate from multiple elastic scattering or from scattering at the superstructure, the heterostructure sample #3 was measured in the optical pump electron probe set-up in both
possible absolute orientations. The results will be discussed in this section.
Figure D.2 shows the temporal evolution of the relative normalized intensity of certain
Bragg spots of molybdenum disulphide and graphite after optical excitation as they were
measured in both possible orientations.
In the orientation with the molybdenum disulphide layer facing the 800 nm excitation
laser pulses both material layers show a similar temporal intensity evolution after optical
excitation. The intensity decreases steeply and drastically, reaching its minimum value
1

Photos of transfer process taken on 25.09.2014.
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Figure D.2: UED Results measured on heterostructure sample #3 in both orientations.
The temporal evolution of the relative normalized intensity of certain Bragg
spots of molybdenum disulphide (top) and graphite (bottom) after optical
excitation is shown. The sample was measured in both possible absolute
orientations with the carbon layer facing the 800 nm excitation laser pulses
(147◦ orientation, right) and the molybdenum disulphide layer facing the
800 nm excitation laser pulses (327◦ orientation, left).
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about 10-20 fs after optical excitation and then rising again to approach an asymptotic
value, which is below the initial intensity. In case of molybdenum disulphide, this rising
is steeper, so that the asymptotic plateau is reached after about 50 fs. In graphite, the
slope appears flatter and the asymptote is reached at about 100 fs. This behaviour is
heavily deviating from the data presented in 5.4.2.
At large delay times, the intensity in both materials drops again. This intensity drop
cannot be related to any structural dynamics and needs to be seen as an indicator for
systematic error influences, such that the position of the pump beam on the sample
changed with the position of the delay stage.
In the orientation with the graphite layer the 800 nm excitation laser pulses only the
graphite related Bragg signals show a change in the relative normalized intensity. The
temporal evolution of these signals is qualitatively comparable to the behaviour in the
opposite orientation. The intensity drops and recovers again after reaching a minimum
value. But in the 147◦ orientation, the minimum value is reached at about 20-30 fs and
the intensity rises back to the initial value and does not drop again at large delay times.
The MoS2 related signals do not show any changes in relative intensity after optical
excitation in this orientation.
Regarding the discussion on possible origins of the additional superstructure diffraction
spots and its impact on the informative value of optical pump electron probe data on the
structural dynamics inside the separate material layers of a multilayer heterostructure,
different things can be discussed at this point. If multiple elastic scattering contributes
to a significant amount to the origin of the Bragg spots of the second material layer,
the temporal intensity evolution of the Bragg spots of the first material layer (in the
sense of propagation direction of electrons) would be imprinted on the second material
layer. In case of the 327◦ orientation the relative normalized intensity of the graphite
layer would be imprinted on the temporal evolution of the MoS2 Bragg spots. When
this is assumed, only the differences in the signal evolutions could be related to the
molybdenum disulphide layer.
In the opposite orientation, the molybdenum disulphide dynamics would be imprinted
on the graphite signal and the temporal evolution of the graphite Bragg peak intensity
should deviate from the shape measured in 327◦ orientation. As the molybdenum disulphide does not show any significant intensity changes, this could be possible. But the
quality of the data presented here does not allow rebuttal or proof of the assumption
that multiple elastic scattering must be taken into account.
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D.4 Beampathways to mimic the sample position and the
position of the photodiode
In order to determine the spot size and the pulse duration of the 800 nm laser pulses at the
sample position and of the 266 nm laser pulses at the photocathode it is helpful to build
copy beam pathways that mimic the position of either the sample or the photocathode
in the pathways of the pump and probe laser pulses respectively. Both copy pathways
will be explained in detail here.
In case of the 800 nm beam pathway, the copy pathway is entered by turning in the
rectractable silver mirror FM-2 directly in front of the vacuum chamber. This mirror
is comparable to mirror M-15 inside the vacuum chamber. After that, the beam passes
an exact copy of the window in the vacuum chamber before it hits the position which
is at the very same distance from lens L-2 as the sample position in the original beam
pathway.
In case of the 266 nm beam pathway, the retractable mirror FM-1 is turned in the
pathway in order to deflect the THG pulses before entering the vacuum chamber. When
this pathway is used, the lens L-1 needs to be removed from the mount in the flange of
the vacuum system and inserted into the separate beam path. In addition, this beam
path contains an exact copy of the vacuum window in front of the photodiode and a
sapphire plate. This plate is a copy of the photocathode material and can simultaneously
be used as the detection medium for the relative pulse duration. A powermeter to detect
the energy of the 266 nm pulses can be placed behind the sapphire plate. Alternatively,
the beamprofiler camera can be positioned behind the sapphire substrate.

D.5 Optimization of pulse durations
In order to obtain an optimized temporal resolution in the set-up, it is necessary to have
a bandwith-limited pulse of 800 nm at the sample position. For the UV pulses a short
pulse duration comes together with a broad spectrum which will cause a broad energy
distribution of the electrons released from the photocathode. A narrow spectrum with
a longer pulse duration will cause a narrower energy distribution of the electrons but
the electrons are generated during a longer period. This means, that the shortest UV
pulse does not necessarily generate the shortest electron pulse. The simulations from
Christian Gerbig show, that the electrons that are released from the photocathode first
stay in front of the photocathode before they are then accelerated with 40 kV towards
the anode. Therefore, the pulse duration of the electron pulses is more affected by the
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Figure D.3: Detailed scheme of the optical pathway of the UED set-up. The abbreviations for the different optical components are explained on the upper right.

196

Appendix D. Supplements to chapter 5

sapphire mounting for
lens holder

FM-1

vacuum
window
Figure D.4: Top view on the copy beam path for the UV laser pulses. The lens holder
containing L-1 can be mounted in the golden holder. The copy of the vacuum
window and the sapphire substrate are implemented in this pathway. The
sapphire substrate is a copy of the material of the photocathode and can be
used at the same time to have a nonlinear material for the optimization of
pulse duration.

effective acceleration force than by the pulse duration or spectrum of the UV pulse. Of
course, this is only valid as long as the pulse duration of the UV pulses is far below the
expected pulse duration of the electron pulses.
In order to have a more or less quick check for the optimum prism compressor settings,
that result in the shortest electron pulse duration, it can be a good idea to repeat the
measurements from Xaver Holzapfel [105], who did kind of an autocorrelation experiment
with electron pulses: The UV pulses were split in two replica that could be moved
in time against each other. Since space-charge effects in the electron beam cause a
spatial broadening (visible on the detector) as long as both electron pulses generated by
the two UV pulse replica interact, this method can be used to find the shortest pulse
duration as a function of the prism position. With this method it was not possible to
put numbers on the pulse duration. Quick in this context means, that this method is
still time-consuming, but probably less than the measurements by Vanessa Sporleder on
the ponderomotive scattering [74].
In the current work it was decided to adjust the pathway of the UV pulses such that it
results in the shortest pulse duration possible with the given set-up. In this section it is
described, how the pulse duration was optimized in both beam pathways.
In a first step, the Dazzler settings of the laser system were optimized such that they
pre-compensate the dispersion that is implemented by the beam pathway. The settings
were chosen such, that they result in the shortest pulse duration of the pump pulse at the
sample position and at the same time in the shortest pulse duration before entering the
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Table D.1: Optimized Dazzler settings for the signal of the 3 eV photodiode at the copy
sample position and the highest output power of the 266 nm laser pulses
behind the harmonic generator.

delay [fs]
order 2 [fs2 ]
order 3 [fs3 ]
order 4 [fs4 ]

2ω at sample position
7800
8600
−355.0 × 103
−770.0 × 103

266 nm power
7800
8900
−356.0 × 103
−770.0 × 103

8 mm Homosil

R

101

290
220

harmonic generator. This enhances the conversion efficiency of the harmonic generator.
In a second step follows the optimization of the dispersion compensation in the 266 nm
laser pulses which is achieved by adjusting the prism compressor.

D.5.1 Optimization of Dazzler settings
The optimization of the Dazzler settings is a two-step process. The first step is the
optimization of the pulse duration of the 800 nm laser pulses at the sample position.
For this purpose, a copy beam path is used. This beam path is explained in detail
in D.4. A 3 eV photodiode (GaAsP, Hamamatsu G1117 ) is placed at the copy sample
position. This photodiode requires two photons of 800 nm to overcome the band gap
and gives therefore a nonlinear signal proportional to the peak intensity S ∝ I 2 meaning
the shortest pulse duration will result in the highest signal from the photodiode for a
constant average power. The Dazzler settings were then manually optimized to give the
highest signal at the 2ω photodiode.
The optimum Dazzler settings of the probe pulse pathway are found by optimization
of the output power of the harmonic generator. As the generation of the 266 nm is a
nonlinear process it will give the highest output for the shortest incoming pulse duration.
The power was measured at position Pos-1 from figure D.3 with the UV powermeter head
for the Ophir nova powermeter. The Dazzler settings were manually optimized to give
the highest power of the 266 nm laser pulses.
The resulting optimum Dazzler settings can be found in table D.1.
It can be seen, that the optimum settings deviate between both beam pathways. The
difference of second order parameter is compensated by implementation of a 8.0 mm
substrate of Homosil R 101 (Heraeus Quarzglas) which is mainly a pure form of fused
silica.2
2

Details about the material can be found in http://www.sydor.com/wp-content/uploads/Heraeus-
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The group velocity dispersion of fused silica at a wavelength of 800 nm is known to
be 36.16 fs2 mm−1 , whereas the third order dispersion is 27.47 fs3 mm−1 . That means,
that the substrate introduces an additional group velocity dispersion of 289.3 fs2 and
is therefore sufficient to completely compensate the difference in second order Dazzler
settings.

D.5.2 Optimization of pulse duration of third harmonic via optimization of
the prism compressor
For the optimization of the pulse duration of the 266 nm laser pulses, a copy beam
pathway is used to mimic the position of the photocathode outside the vacuum chamber.
This copy pathway is explained in detail in section D.4. Here, a sapphire plate, which
is an exact copy of the photocathode material, is used as the detection medium for the
relative pulse duration. The UV powermeter is placed behind the sapphire plate to
measure the transmitted intensity of the 266 nm pulses.
Sapphire possesses a band gap of about 9 eV and is therefore an adequate medium to
test the relative pulse duration of 266 nm via multiphoton absorption.
It is important to place the sapphire plate slightly behind the focal point of the lens
L-a, otherwise the absorption of the 266 nm in the sapphire becomes too strong and no
transmission is detectable. Then the prism PS-2 is moved along the axis depicted in D.3
and the transmitted intensity is measured behind the sapphire plate.
The measured transmitted intensity of 266 nm laser pulses shows a parabolic behaviour
as a function of the position of the prism PS-2. The optimum position of the prism is
identified by the point of minimal transmitted intensity or maximum absorption of the
266 nm in the sapphire substrate respectively.
In order to further optimize the influence of third order dispersion, the distance between
the prism was adjusted such, that the 266 nm laser pulses come to pass the prism PS-2
as close to the apex as possible without losing wavelength components. This led to a
reduction of the prism distance of about 7 cm. This shortens the travel distance of the
266 nm pulses in air by 14 cm.

D.6 Optimization of laser spot size
The spot size of the pump pulse at the sample position and of the UV-pulses at the
photocathode are crucial parameters in the UED measurement as they significantly
HOMOSIL-101-HERASIL102-Fused-Silica.pdf and http://www.siltec.ru/leaflets/optics.pdf.
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800 nm

266 nm

a)

b)

c)

d)

Figure D.5: The focus of the UV laser pulses on the photocathode can be recognized by a
sharp image of any sample in the unfocused electron beam. When the delay
between electron and laser pulse is adjusted such that the plasma cloud is
visible, the size of this cloud can be used to find the focus position of the
infrared laser pulses on the sample grid. On the focus position, the cloud
appears to be smallest. Pictures a) and b) visualize the effect of the electron
source size. The image appears sharpest in case of the smallest source size
(a) and will be blurred when the lens of the UV pulses is moved closer to
the photocathode (b). The size of the electron cloud that is used to adjust
the spatial and temporal overlap of the optical pump and electron probe
pulses is used to adjust the lens position of the optical pump pathway. The
electron cloud is smallest when the focus position is on the sample grid (c)
and is increasing when the lens is moved closer towards the sample (d). The
blurring effect caused by the electron cloud and the difference in sharpness
of the shadow images of the TEM grid are better visible when the images
are enlarged in the pdf version of the thesis.
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determine the pump fluence (in case of the infrared laser pulses) and the temporal and
spatial resolution of the electron pulses (in case of the UV laser pulses). In both cases, a
lens is used to focus the laser pulses either on the sample or on the photocathode. The
desired spot size is then achieved by adjusting the position of the lens with respect to
the sample or the photocathode respectively.
Via the copy beam pathways as explained in detail in section D.4 the laser spot size can
be measured as a function of the relative lens position with respect to the focus position.

D.6.1 Laser spot size of the 266 nm laser pulses
The position of lens L1 defines the size of the electron source size. As it is explained in
section 5.2, the size of the electron source crucially influences the temporal and spatial
resolution of the experimental set-up. The lens is mounted on a micrometer stage and
can be moved in the mount in the flange of the vacuum system.
A beam profiler camera or any CCD camera is installed in the copy beam pathway behind
a sapphire substrate to map the beam profile and spot size at different lens positions.
The spot size was measured for different lens positions and is shown in figure D.5. The
mounting in the flange of the vacuum chamber allows a lens displacement of about 2 mm
in direction of the vacuum window starting from the position where the focus point is
on the photocathode. Therefore, a source size of up to 10 ➭m can be realised.
At this point it needs to be stated, that from the point where the vacuum window in
front of the photocathode was exchanged during the bachelor thesis of Cedric Corley it
appeared from time to time that two distinct electron spots were visible on the detector
screen, when the UV laser was not hitting the photocathode completely vertical.
When the spot size of the UV pulses was measured with the beam profiler there was no
second spot when the window in the copy beam pathway was set at an angle. Nevertheless it is absolutely advisable to check whether the window in the copy beam pathway,
which is said to be identical to the vacuum window in front of the photocathode, is a
copy of the built-in window.
In the experiment, the focus position of lens L-1 on the photocathode can be recognized
by the fact that the TEM image of the sample grid is sharply displayed on the detector.
This is shown in figure D.5.

D.6.2 Laser spot size of the 800 nm laser pulses
The spot size of the 800 nm laser pulses at the sample position is measured on the
separate beam path which can be used by turning in the retractable mirror FM-2 right
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Figure D.6: When the lens for the infrared pulses is moved by the spacer distance starting
from the position where the focus point is located on the sample, a desired
1/e2 diameter of 480 nm is achieved on the sample position.
in front of the vacuum chamber. A beam profiler camera or any CCD camera is placed
at the copy sample position.
In order to obtain a desired 1/e2 diameter of 480 nm, the lens needs to be moved in any
direction by a distance of 50 mm starting from the focus position. This distance can be
achieved by implementing a spacer (see figure D.6).

D.7 Detection system
Since the laser system was exchanged from one working with a laser repetition rate of
1 kHz to one of 5 kHz, the detection system was tested to be compatible with the higher
laser repetition rate. In order to extract scattering intensities from the detector images,
it is essential that the signal from the detector is linear with the number of electrons
arriving at the detector. For this purpose, static pictures of a diffraction pattern of
molybdenum disulphide as well as of the undisturbed electron beam were taken, while
the number of electrons per pulse was increased successively.
In addition to the linearity between number of electrons and detector signal, the relaxation processes inside the sample lattice need to be compatible with the higher repetition
rate of the laser system. In order to use the UED experiment to have insights into structural dynamics it is necessary that the processes to be mapped are reversible within the
repetition rate of the laser system.
In case of the undisturbed electron beam a 2D-Gaussian function was fitted to the
central signal. The absolute integral intensity I as well as the width of the fit functions
is analysed as a function of the incident number of electrons per pulse Ne− /pulse .
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Figure D.7: Detector signal of the unfocused electron beam for various total numbers
of electrons per pulse. From a. to f. the number of electrons per pulse
was raised successively from about 600 to about 4000 electrons per pulse.
The signal was fitted with a 2D-Gaussian function. The absolute integral
intensity (left) and relative width (right) of the regression function is plotted
as a function of the total number of electrons per pulse. The width was
referenced to the width of the signal recorded at the highest number of
electrons per pulse. The complete behaviour of the absolute intensity can be
perfectly well described by a cubic function (red), whereas up to about 2000
electrons per pulse a linear fit (green) is a sufficiently good approximation.
A statistical error of ± 1 px was assumed for the width.
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Since in the case of the central unfocused beam, all electrons contained in the pulse
generate the signal on the detector, the intensity increase in this signal with increasing
number of electrons per pulse directly reflects the amplification of the detector system.
Figure D.7 shows the detector signal of the unfocused electron beam for the various
numbers of electrons per pulse that were chosen in the experiment as well as the absolute
integral intensity and relative width of the 2D-Gaussian fit. The width was referenced
to the width of the signal recorded with the highest number of electrons per pulse.
The evaluation of the data shows that the integral intensity of the detector signal initially
increases almost linearly with increasing number of electrons per pulse and seems to
change into saturation at high numbers of electrons. At this point it must be taken into
account that all electrons of a pulse generate a single signal on the detector. The electron
density per signal is significantly higher even at the small number of electrons per pulse
in this experiment than at the peaks of a diffraction pattern generated with the same
total number of electrons per pulse. From the data it can be concluded that the linear
relationship between the detector signal and the number of electrons that generate this
signal seems to exist in the region of few hundred to thousand electrons that generate a
signal on the detector.
As discussed in section 5.2 an increasing number of electrons per pulse leads to increasing space-charge effects and causes therefore a temporal and spatial broadening of the
electron pulses. The spatial broadening is directly visible in the width of the analysed
detector signal, which therefore increases with increasing number of electrons per pulse.
In case of the diffraction pattern, the Bragg peaks were labelled with the corresponding
Miller indices (hkl ) as depicted in figure D.8 and fitted with a 2D-Gaussian function
each. It is clearly visible that the diffraction image in this measurement was not centred
and that the sample is also strongly inhomogeneously tilted. The latter is shown by the
unequal or not the diffraction order following intensity distribution of the Bragg peaks
as well as the partly occurring peaks with l 6= 0, for example in case of (140 ).

As in case of the unfocused beam, the absolute integral intensity Iabs and width of the
fit functions is analysed as a function of the incident number of electrons per pulse
Ne− /pulse . In addition, the relative intensity Irel =

Iabs
Iref

with respect to the intensity of

the very same signal in the image with the highest number of electrons was analysed.
As already described in section 5.1, the number of electrons scattered in a certain Bragg
point is linked to the total number of electrons by the scattering probability or the scattering cross-section. This means that in this evaluation the plot of the absolute integral
intensity of each detector signal against the total number of electrons per pulse directly
maps this scattering probability. As soon as the scattering probability is independent
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Figure D.8: Diffraction pattern of MoS2 for various Ne− /pulse . From a. to f. Ne− /pulse
was raised successively from about 600 to about 4000 electrons per pulse.
The Bragg spots were labelled as shown on the upper left hand side. The
signal of each Bragg spot was fitted with a 2D-Gaussian function. The
absolute and relative intensity of the regression function is plotted as a
function of Ne− /pulse and the slope of both (middle row) is shown here as a
function of the reference intensity. The reference intensity is the intensity of
each signal recorded at the highest Ne− /pulse . The increase of the absolute
intensity with Ne− /pulse corresponds to the scattering probability of each
peak and is therefore higher for peaks that appear brighter in the static
diffraction pattern, whereas the raise of the relative intensity with Ne− /pulse
is connected to the detector amplification. This appears to be constant over
the whole intensity range of the diffraction pattern. The raise of the the
relative intensity with Ne− /pulse is also plotted as a function of the location
of each peak on the detector (down left). The plot on the lower right shows
the behaviour of the relative width of the signals. The width was referenced
to the width of the signal recorded at the highest Ne− /pulse . In case of the
relative width an uncertainty of ± 1 px was assumed.
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of the total number of electrons per pulse, a linear behaviour is expected for all peaks,
whereby the slope directly corresponds to the scattering probability for each peak. Since
this scattering probability is different for the different Bragg spots, a different slope is
expected for different points.
Ihkl,abs = C˜hkl · Ne− /pulse

(D.1)

By use of the relative integral intensity of a signal to the very same signal in the image
with the highest number of electrons per pulse, however, the gain is directly represented
by the detector amplification, since here the influence of the scattering probability is
precisely cancelled out. The relative intensity of each detector signal in the diffraction
image should increase linearly as the number of electrons per pulse increases to the same
extent for each peak.
For a better representation, the slope of Ihkl,abs and Ihkl,rel as a function of the number
of electrons per pulse was plotted against the intensity of the respective peak in the
image with the highest number of electrons per pulse, e.g. the intensity that was used
as a reference value for the calculation of relative intensities (see figure D.8 middle row).
The data show that the increase in absolute intensity with increasing total number of
electrons per pulse is clearly related to the absolute intensity of the respective peak.
Strong peaks within a diffraction image naturally have a strong scattering probability
and in this case the higher slope. On the other hand, the increase in relative intensity
with an increasing total number of electrons per pulse is comparable and constant across
all peaks. This allows the conclusion that a constant signal amplification by the detector
can be assumed for all peaks.
In order to exclude an additional spatial effect on the detector, the slope of the relative
intensity with increasing total number of electrons per pulse was also plotted as a function
of the location on the detector (see figure D.8 lower left). Here, too, there are no
noticeable changes present.
In order to check that it is a pure intensity effect, the width of the signals was also
analysed (see figure D.8 lower right). This analysis shows that the width of all peaks
does not change significantly when the total number of electrons per pulse changes. To
simplify the representation, in figure D.8 the relative width related to the width of the
respective signal in the picture with the highest number of electrons per pulse is shown.
This value does not deviate significantly from one in most cases, or is rather contrary
to the intensity behaviour. There seems to be a widening of the peaks with decreasing
electron numbers, which is, however, rather due to the fact that the peaks are more
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difficult to fit with decreasing intensity. An error of ± 1 px was used as statistical error
in the analysis.

In order to successively perform UED experiments, it is necessary that the processes to
be mapped are reversible within the repetition rate of the laser system. If the sample
has not completely cooled down before the next pulse reaches the sample, the dynamics
can no longer be mapped. Therefore, it was checked for duration of relaxation effects in
the sample systems. For this purpose the static diffraction pattern at a given number of
electrons per pulse was taken at a delay stage position where the electron pulse hits the
sample right before the pump pulse. Then the pump pulse blocked and the diffraction
patterns with and without the pump pulse were analysed. If there were some effects of a
slow relaxation process, the signal would change when the pump pulse is unblocked. At
no number of electrons per pulse, that was used in the first part of the measurement as
presented above, any effect on the diffraction pattern was visible when the pump pulse
was unblocked.
Therefore, it can be assumed, that the change from 1 kHz to 5 kHz laser repetition rate
should be compatible with the current detection system. The relative intensity change
of each signal is completely independent of the incident absolute intensity and allows
therefore a detailed and correct analysis of the lattice dynamics inside a solid state
sample system.

D.8 Adjustment of the magnetic lens
During the work of Silvio Morgenstern 3 , a positioning tool was implemented such, that
the magnetic lens could be moved and tilted. With help of this positioning tool it was
possible to look at the effect of different moving and tilting directions on the position
of the diffraction pattern on the detector screen. This data is just shown here for the
reason to give a complete documentation on the set-up although the data was taken in
a different work.
In order to analyse this data, it is necessary to know the angle by which the magnetic
lens rotates the image. In order to be able to determine the rotational angle, that
is introduced by the magnetic lens, the current is increased stepwise and a prominent
feature of the image is tracked. Then the relative orientation of this feature under
optimum focus condition regarding the unfocused case gives the rotational angle that
is implemented by the magnetic lens. Tthis angle is determined at first to be 56.47◦ in
that specific measurement. The determination of this angle can be seen in figure D.9.
3

PhD thesis in progress.
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Figure D.9: When the current of the magnetic lens is increased to give the optimum
focus condition, the image is rotated on the detector screen. Picture a) is
the unfocused image. Then the current is increased successively (b) to g))
until the image is optimally focused (g)). In order to be able to determine
the rotational angle, that is introduced by the magnetic lens, the current is
increased stepwise and a prominent feature of the image is tracked. Then the
relative orientation of this feature under optimum focus condition regarding
the unfocused case gives the rotational angle that is implemented by the
magnetic lens.
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After that, the magnetic lens was moved and tilted along different axes and the zero order
position is tracked. Figure D.10 shows the resulting diffraction patterns for rotation
around the z-axis and in the xz-plane as well as horizontal and vertical displacement.
For any motion of the magnetic lens the zero order position is schematically shown. The
schematic drawing of the zero order position trace is then back rotated by the angle of
56.47◦ which was introduced by the magnetic lens. Pattern g) from figure D.9 is taken
as the undisturbed picture. Like already stated, the measurement was done by Silvio
Morgenstern.
It can be seen, that the zero order position directly follows the horizontal and vertical
displacement of the magnetic lens, when the overall rotational angle which is introduced
by the magnetic lens is taken into account. At the same time, it can be seen that a shift
of the lens by 30 ➭m is sufficient to shift the zero order from the center to the edge of the
detector. A micrometer-accurate positioning of the lens is therefore absolutely necessary
if the diffraction image should appear centrally on the detector.
In addition to the correct position of the lens, the influence of the angle of rotation on
the position of the diffraction image is significant. Already a rotation by 2◦ around one
of the two axes shifts the zero order from the centre to the edge of the detector.

D.9 Position of the detector and resulting size of the
diffraction image
The size of the diffraction image on the detector screen can be influenced by the distance
between the detector and the sample. During a different work, that was carried out during the same time as the work presented in this thesis4 , the distance between the sample
and the detector was changed several times by implementing different spacers in the
vacuum chamber at the flange before the plate holding the detector. The results are just
shown here for documentation reasons although they are not part of the work presented
here. Figure D.11 compares static diffraction patterns that were taken at different stages
of the set-up modifications. The first two images are pictures of pure molybdenum disulphide, while picture c) and d) were taken on a multilayer heterostructure. Nevertheless,
the position of molybdenum disulphide Bragg spots can be compared in all of the four
images. From one image to the next, the distance between the detector and the sample
was increased. In all cases, the magnetic lens was adjusted to optimum focus condition.
It can be seen, that the increase in sample–detector distance leads to an increase of the
size of the diffraction image. Less orders of the Bragg spots are visible and the spots are
4

Silvio Morgenstern, PhD thesis in progress.
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a) Upward displacement
5 µm

10 µm

15 µm

20 µm

30 µm

b) Displacement to the right in direction of the electron beam
5 µm
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c) Counter-clockwise rotation (in direction of the elctron beam)
around the z-axis
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Figure D.10: A displacement and rotation of the magnetic lens with respect to the electron beam will lead to a displacement of the diffraction image on the detector screen. The first two rows show the impact of an upward displacement
(a)) and a displacement to the right in direction of the electron beam (b))
on the position of the diffraction pattern. The original images for different
displacements from 5 ➭m to 30 ➭m are shown. The position of the zero
order diffraction is tracked with a circle. The schematic pictures on the
right show the position of the zero order spot (second picture from the
right). This scheme is then back-rotated by the angle of 56.47◦ that was
implemented by the magnetic lens (see figure D.9). The same is shown for
a rotation of the lens around different axes (c) and d)). Here, the original
detector images for a rotation of 1◦ and 2◦ are shown, while the schemes on
the right track the position of the zero order diffraction spot in the original
image (second picture from the right) and after the back-rotation of 56.47◦ .
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Figure D.11: The distance between the sample and the detector influences the size of the
diffraction pattern on the detector. Pictures a) and b) show a static diffraction pattern of pure molybdenum disulphide, pictures c) and d) are static
diffraction patterns of a graphite–molybdenum disulphide heterostructure.
From a) to d) the distance between the sample and the detector was increased successively. In all images, the first order diffraction spots of molybdenum disulphide are marked with a coloured circle (a) red, b) blue, c)
orange, d) green). It can be seen, that the diffraction pattern increases
in case of a longer sample–detector distance, meaning the Bragg spots are
further apart from each other, while less Bragg spot orders are visible.
further apart from each other on the detector. The optimum distance is depend on the
desired experimental approach. With a shorter sample–detector distance more orders
of Bragg spots are visible, which simplifies a more precise determination of the temperature via the Debye-Waller correlation. At a longer distance, the Bragg reflexes are
further apart from each other and allow a better observation of possible superstructure
diffraction spots.

211

Appendix D. Supplements to chapter 5

212

List of Figures
1.1

Separation of electronic and phononic subsystem in condesed matter systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2

1.2

Further subdivision of electronic and phononic subsystems. . . . . . . . .

3

1.3

Scheme of possible coupling processes in multilayer heterostructures. . . .

7

2.1

Schematic procedure of the production of free-standing samples. . . . . . 14

2.2

Schematic procedure of the production of free-standing heterostructure
samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3

Stepwise process of preparation of a multilayer van der Waals heterostructure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4

Determination of sample thickness by transmittance analysis. . . . . . . . 16

3.1

Schematic representation of the variables used in the Fresnel equations. . 24

3.2

Schematic of the propagation of light under normal incidence through a
bilayer heterostructure.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3

Schematic diagram of absorption, stimulated and spontaneous emission. . 28

3.4

Electronic bandstructure of graphite. . . . . . . . . . . . . . . . . . . . . . 30

3.5

Literature data on transmittance change in graphite after optical excitation. 32

3.6

Calculated electronic bandstructure of molybdenum disulphide. . . . . . . 35

3.7

Circular dichroism in molybdenum disulphide. . . . . . . . . . . . . . . . . 36

3.8

Different locations on the heterostructure samples #5 and #6 were studied with PL spectroscopy. . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.9

PL spectra of free-standing pure graphite and of the amorphous carbon
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.10 PL spectra of molybdenum disulphide measured as pure material and
implemented in the heterostructure both on free-standing areas and supported by the amorphous carbon film. . . . . . . . . . . . . . . . . . . . . 41

213

List of Figures
3.11 Optical pump-probe set-up. . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.12 Optical pump-probe results of graphite. . . . . . . . . . . . . . . . . . . . 52
3.13 Irreversible structural features caused by exposure to laser pulses of 800 nm. 53
4.1

Schematic presentation of Raman scattering. . . . . . . . . . . . . . . . . 57

4.2

Porto notation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.3

Graphite exists in two polytype forms differing by the stacking order.

4.4

Published Raman data on graphite.

4.5

Double-resonant Raman scattering. . . . . . . . . . . . . . . . . . . . . . . 64

4.6

Lattice parameters in the crystal structure of molybdenum disulphide. . . 66

4.7

Normal modes in monolayer and bulk MoS2 . . . . . . . . . . . . . . . . . . 68

4.8

The normal modes of MoS2 as they are studied in literature. . . . . . . . 69

4.9

Different locations on the heterostructure samples #5 and #6 were stud-

. . 60

. . . . . . . . . . . . . . . . . . . . . 62

ied with Raman spectroscopy. . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.10 Raman signals of graphite measured with 514 nm and 465 nm on the different sample areas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.11 Raman signals of MoS2 measured with 514 nm and 465 nm on the different
sample areas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.12 Region of low Raman shift. . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.13 The Raman spectrum of a heterostructure is the linear combination of
the Raman spectra of the materials involved. . . . . . . . . . . . . . . . . 80
5.1

Elastic electron scattering in the particle model (a.) and in the wave
model (b.). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2

Schematic of phase shift origin (a.) and scattering process on two atoms
(b.). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.3

Elastic mean free path of electrons in graphite (black) and a MoS2 like
prototype material (red) as a function of the acceleration voltage of the
electrons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.4

The Ewald sphere is an illustration of the Laue condition. . . . . . . . . . 99

5.5

Representation of lattice planes in an orthogonal crystal system with the
corresponding Miller indices (hkl). [94] . . . . . . . . . . . . . . . . . . . . 99

5.6

Schematic of electron diffraction set-up. . . . . . . . . . . . . . . . . . . . 107

5.7

Schematic design of an electron focusing magnetic lens. . . . . . . . . . . 110

5.8

Determination of spatial and temporal overlap of the optical pump and
electron probe pulse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

214

List of Figures
5.9

Measured and simulated dependence of the electron pulse duration as a
function of the number of electrons per pulse. . . . . . . . . . . . . . . . . 114

5.10 Schematic example of the origin of the superstructure in real space and
reciprocal space. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117


5.11 A set of basis vectors ~a1 , ~a2 and ~b1 , ~b2 describes the in-plane real-space
lattice coordinates of the hexagonal materials. . . . . . . . . . . . . . . . . 119

5.12 Lattice parameters of the superstructure in a graphite–MoS2 heterostructure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.13 Derivation of the nomenclature of the superstructure diffraction spots. . . 128
5.14 Specific intensity behaviour of the superstructure diffraction pattern. . . . 131
5.15 Diffraction pattern of a multilayer van der Waals heterostructure. . . . . . 133
5.16 Construction of the Novaco–McTague angle from the reciprocal lattice
vectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.17 Diffraction pattern of multilayer van der Waals heterostructure samples
#1 (a), #2 (b), #5 (c) and #6 (d). . . . . . . . . . . . . . . . . . . . . . . 138
5.18 Calculated phonon dispersion and determination of sound velocities of
MoS2 and graphite. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.19 UED results on pure free-standing molybdenum disulphide. . . . . . . . . 143
5.20 Schematic explanation for a lattice heating related intensity increase. . . . 145
5.21 Intensity evolution of the MoS2 Bragg peak (110) after optical excitation
with 800 nm in the pure material (left) and implemented in a graphite–
MoS2 heterostructure (right). . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.22 Intensity evolution of the graphite Bragg peaks (210) (left) and (110) after
optical excitation with 800 nm in a graphite–MoS2 heterostructure. . . . . 148
5.23 Debye-Waller plot of the asymptotic intensity drop of the MoS2 Bragg
peaks of heterostructure sample #3. . . . . . . . . . . . . . . . . . . . . . 149
5.24 UED results obtained from heterostructure sample #2. . . . . . . . . . . . 150
6.1

Schematic representation of coupling processes that were proven in this
thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

A.1 Orientation of the water molecule and position of all symmetry elements. 166
A.2 Relative orientation of the real-space unit cell of graphite and Graphene
regarding the point group coordinate system (upper left) and location of
symmetry elements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
A.3 Relative orientation of the Billouin zone of graphite regarding the coordinate system of the point group. . . . . . . . . . . . . . . . . . . . . . . . . 172

215

List of Figures
A.4 Symmetry properties of the electronic bands of graphite and selection
rules for direct optical transitions. . . . . . . . . . . . . . . . . . . . . . . 173
A.5 Symmetry based selection rules for electron-phonon scattering. . . . . . . 175
B.1 Process of sample preparation. . . . . . . . . . . . . . . . . . . . . . . . . 179
B.2 Placement of the KOH droplet close to the TEM grid. . . . . . . . . . . . 180
B.3 Detachment of the grid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
C.1 A graphite sample flake deposited on a transparent microscope slide was
treated with a series of one, two, three, five and ten laser pulses at the
same spatial position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
C.2 AFM results on the hole that was created by a series of ten laser pules
hitting the same spatial position. . . . . . . . . . . . . . . . . . . . . . . . 185
C.3 AFM results on the holes that show a stripe-shaped modification of the
surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
C.4 Analysed areas of optical pump-probe on heterostructure. . . . . . . . . . 188
C.5 Detailed results of optical pump-probe on heterostructure. . . . . . . . . . 189
D.1 MoS2 –MoS2 heterostructure that seems to be aligned parallel. . . . . . . . 194
D.2 UED Results measured on heterostructure sample #3 in both orientations.195
D.3 Detailed plan of the optical pathway of the UED setup. . . . . . . . . . . 198
D.4 Top view on the copy beam path for the UV laser pulses. . . . . . . . . . 199
D.5 Recognizing the focus of the UV laser pulses on the photocathode. . . . . 202
D.6 Movement of the lens for the infrared pulses. . . . . . . . . . . . . . . . . 204
D.7 Detector signal of the unfocused electron beam for various total numbers
of electrons per pulse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
D.8 Diffraction pattern of MoS2 for various Ne− /pulse . . . . . . . . . . . . . . . 207
D.9 Rotation of image by magnetic lens. . . . . . . . . . . . . . . . . . . . . . 210
D.10 Adjustment of magnetic lens. . . . . . . . . . . . . . . . . . . . . . . . . . 212
D.11 The distance between the sample and the detector influences the size of
the diffraction pattern on the detector. . . . . . . . . . . . . . . . . . . . . 213

216

List of Tables
2.1

Samples prepared and used during the work. The samples are in the
following always referred to with the number given here. The statistical
errors were obtained as explained in equation (2.5). . . . . . . . . . . . . . 20

3.1

Position of the PL peaks of MoS2 and their intensity ratio. . . . . . . . . 44

4.1

Prominent Raman signals appearing in the spectra measured on different
sample regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2

Location and width of the prominent Raman signals D∗ and G band of
graphite. The signals were fitted with a Gaussian shape function and the
central position as well as the full width at half maximum (FWHM) are
given here. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3

Location and width of the prominent Raman signals of molybdenum disulphide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.1

Velocity and corresponding wavelength of electrons that are accelerated by
a certain acceleration voltage Ua in comparison for classical and relativistic
considerations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2
5.3

Atomic positions in the unit cell of the crystal lattice of MoS2 and graphite.130
~ (01|01) | from the diffraction
Values of k = |~k(01|01) |, α = α(01|01) and L = |L
patterns of sample #3 and #4. . . . . . . . . . . . . . . . . . . . . . . . . 135

5.4

Interlayer rotational angle in six different graphite–molybdenum disulphide heterostructure samples. . . . . . . . . . . . . . . . . . . . . . . . . 137

A.1 Contributions per invariant atom to the reducible representation of a
molecule or unit cell for different symmetry operations R. . . . . . . . . . 164
A.2 Character table of point group C2v . . . . . . . . . . . . . . . . . . . . . . . 167
A.3 Character table of point group D6h . . . . . . . . . . . . . . . . . . . . . . 169

217

List of Tables
A.4 Space group and wave vector point groups of graphite and Graphene at
all points in the Brillouin zone. . . . . . . . . . . . . . . . . . . . . . . . . 170
A.5 Representations for the lattice vibrations in Graphene and graphite at all
points of the Brillouin zone. . . . . . . . . . . . . . . . . . . . . . . . . . . 172
A.6 Representations for the π electrons in Graphene and graphite at different
points and lines of the Brillouin zone. The results are implemented in
figure A.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
A.7 Symmetry based selections rules for direct optical transitions (∆k = 0) in
Graphene and graphite. The results are implemented in figure A.4. . . . . 175
A.8 Symmetry based selection rules for electron-phonon scattering. . . . . . . 176
B.1 Samples prepared and used during the work. . . . . . . . . . . . . . . . . 178
D.1 Optimized Dazzler settings for the signal of the 3 eV photodiode at the
copy sample position and the highest output power of the 266 nm laser
pulses behind the harmonic generator. . . . . . . . . . . . . . . . . . . . . 200

218

Bibliography
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Visibility of dichalcogenide nanolayers. Nanotechnology, 22(12):125706, 2011.
[45] Y. Y. Wang, R. X. Gao, Z. H. Ni, H. He, S. P. Gui, H. P. Yang, C. X. Cong, and
T. Yu. Thickness identification of two-dimensional materials by optical imaging.
Nanotechnology, 23:495713, 2012.
[46] H. S. Skulason, P. E. Gaskell, and T. Szkopek. Optical reflection and transmission
properties of exfoliated graphite from a graphene monolayer to several hundred
graphene layers. Nanotechnology, 21(29):295709–295709–8, 2010.
[47] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T Stauber,
N. M. R. Peres, and A. K. Geim. Fine structure constant defines visual transparency of graphene. Science, 320:1308–1316, 2008.
[48] P. Blake, E. H. Hill, A. H. Castro Neto, K. S. Novoselov, D. Jiang, R. Yang,
T. J. Booth, and A. K. Geim. Making graphene visible. Applied Physics Letters,
91:63124–63126, 2007.
[49] J. Kim, F. Kim, and J. Huang. Seeing graphene-based sheets. Materials Today,
13(3):28–38, 2010.
[50] M. Born and E. Wolf. Principles of optics -electromagnetic theory of propagation,
interference and diffraction of light, volume 7th (exp.). Cambridge University
Press, 1999.
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und Molekülen. PhD Thesis, Universität Kassel, Kassel, 2016.
[104] C. Corley. Umbau des Strahlengangs der Ultraschnellen Elektronenbeugungsanlage
mit anschließender Charakterisierung der Laserpulse. Bachelor Thesis, Universität
Kassel, Kassel, 2015.
[105] X. Holzapfel.
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Gilliland, and S. A. Thielke. Molybdenum and molybdenum compounds. In Ullmann’s encyclopedia of industrial chemistry, volume I, page 633. Wiley, Chichester,
2010.
[144] N. Kumar, B. P. A. George, H. Abrahamse, V. Parashar, and J. C. Ngila. Sustainable one-step synthesis of hierarchical microspheres of pegylated MoS2 nanosheets
and MoO3 nanorods: Their cytotoxicity towards lung and breast cancer cells. Applied Surface Science, 396:8–18, 2017.
[145] H. Lee, J. Y. Kim, and C. Lee. Improvement of power efficiency in phosphorescent
white organic light-emitting diodes using p-doped hole transport layer. Int. J.
Photoenergy, 2012(3):1–8, 2012.

231

