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Abstract

In this research, we study the oxidation process of the Transition Metal Dichalco-
genide (TMD) niobium diselenide, NbSe2. TMDs are a category of van der
Waals materials, of which samples are obtained by exfoliation. The measure-
ments are performed with the Low Energy Electron Microscope (LEEM), which
measures reflectivity at different energy, resulting in the so-called IV curves. To
analyze oxidation, we have developed a new method to obtain in situ exfoli-
ated flakes in the LEEM set-up. First, we measure in situ cleaved NbSe2 flakes
(bulk). The reflectivity upon adding (pure) oxygen is followed. Additionally,
the reflectivity of ex situ cleaved NbSe2 flakes is assessed. Here, an intensity
boundary between flake’s edge and center is recognized. The reflectivity mea-
surements show that the electronic structure is different across the boundary:
a V-shaped reflectivity minimum appears, which sharpens over time upon oxi-
dation. The boundary is further researched with Atomic Force Microscopy and
Energy Dispersive X-ray analysis. Additionally, we perform roughness analysis
and Principal Component Analysis. The latter provides an alternative method
to follow the change in electronic properties over time. We propose that already
degraded NbSe2 flakes are more susceptible to oxidatin damage, compared to
in situ exfoliated flakes. Upon further measurements, the in situ cleaved sam-
ples do not show any degradation signs, therefore we attribute the presence of
an intensity contrast with the associated IV features, to oxidized NbSe2.





Contents

1 Introduction 7

2 Theoretical background 9
2.1 Band structure of Transition Metal Dichalcogenides 9
2.2 Low Energy Electron Microscopy 11

2.2.1 Imaging with LEEM 12
2.3 Angle-Resolved Reflectivity Electron Spectroscopy 13

2.3.1 LEEM and the electronic structure 13
2.3.2 Angular dependence of reflectivity in LEEM 14

2.4 Oxidation 15
2.4.1 Oxidation process in TMDs 16
2.4.2 The influence of water and light on oxidation 17

3 Methods 19
3.1 LEEM set-up 19

3.1.1 µ-LEED 21
3.1.2 Noise reduction 21

3.2 In situ exfoliation 22
3.3 Oxidation of NbSe2 in the LEEM 24

3.3.1 Overview of samples 24
3.4 Determining state of oxidation from LEEM data 24

3.4.1 Scanning Electron Microscopy and Energy Dispersive X-
ray analysis 25

3.4.2 Atomic Force Microscopy 25
3.5 Extra analysis techniques 26

3.5.1 Surface roughness 26
3.5.2 Principal Component Analysis 26

Version of August 29, 2023– Created August 29, 2023 - 14:46

5



6 CONTENTS

4 Results and Discussion 29
4.1 Proof of concept measurement MoS2 29
4.2 Measurement of in situ exfoliated NbSe2. 30

4.2.1 Oxidizing the NbSe2 32
4.2.2 AFM characterization of flakes obtained by in situ exfoli-

ation 32
4.3 Comparison to ex situ exfoliated NbSe2 32

4.3.1 SEM and EDX analysis 36
4.3.2 AFM analysis 37
4.3.3 Optical microscope images of flake cluster 40
4.3.4 Application of PCA to the LEEM data 40

4.4 Investigating the influence of air versus oxygen in oxidation 45
4.4.1 Surface roughness analysis 45
4.4.2 Evaluating the consistency of measurements 46

5 Conclusions and Outlook 49
5.1 Conclusions 49
5.2 Outlook 50

A Details about measurements of in situ exfoliated NbSe2. 53
A.1 Quantification of noise reduction 53

A.1.1 Calculation of energy per pixel (in eV) 54
A.2 Reflected intensity upon adding oxygen 55
A.3 AFM characterization of flakes 56

B Details about measurements of ex situ exfoliated NbSe2. 59
B.1 Examples of intensity boundary in NbSe2 flakes 59
B.2 Roughness analysis with LEED 60
B.3 PCA results, after exposure to air. 61
B.4 Experiment motivated by contrast in optical microscope 62

C Exposure of the in situ cleaved NbSe2 to air 65

D Method to obtain few-layer flakes of MoS2 67

6

Version of August 29, 2023– Created August 29, 2023 - 14:46



Chapter 1
Introduction

The dimensionality of a material influences properties of materials. The world
as we view it is three-dimensional, and all materials in it as well, as one would
assume. This, however, changes with the definition of properties on quantum
scale. Specifically, dimensionality is determined by number of degrees of free-
dom of electrons. For example, electrons in 3D materials have three degrees
of freedom (spin aside) and can move freely in a 3D space. We can also de-
fine lower dimensional materials: in 2D materials, the electrons are confined to
planar motion, and are restricted in the third direction. From this confinement,
interesting physics arises, such as the Quantum Hall Effect [1]. By applying a
magnetic field in the third direction, the electron energy levels become quan-
tized and the prevriously constant Density Of States (DOS), changes to a Dirac
comb.

An intensively studied 2D material is graphene, which was first isolated from
bulk graphite by Novoselov et al. in 2004 [2]. Graphene was a promising sys-
tem to observe the exotic Quantum Hall Effect [3, 4] as well as high electron
mobility [5]. It incited the research into similar materials: the so-called van der
Waals (vdW) materials. These layered materials are characterized by weak out-
of-plane interaction (vdW forces) and strong in-plane covalent bonds. Due to
these weak out-of-plane bonds, the layers can be separated easily: exfoliation
can be practiced with a household staple: scotch tape [6]. Among vdW ma-
terials, electronic properties differ. Graphene, for instance, behaves as a semi
metal, whereas hexagonal Boron Nitride (hBN) is an insulator. A subcategory
is formed by Transition Metal Dichalcogenides (TMDs), which are suitable for
fabrication of electronic devices. Interestingly, the number of layers is a de-
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8 Introduction

cisive factor in the electronic behaviour. Specifically, while bulk TMD exhibit
an indirect bandgap [7], TMDs monolayers have a direct bandgap of around
2 eV which lies in the visible light range [8]. Therefore, it can be exploited in
(opto)electronic devices like transistors or photodetectors [9, 10]. Another ap-
plication of TMDs is found in valleytronics [11]; electrons distribute unequally
over valleys in reciprocal space and this polarization can be tuned for systems
with broken inversion symmetry. The broken inversion symmetry in TMDs
occurs because inversion center is located in between layers, such that the in-
version switches at successive layers. Lastly, by stacking different TMD mono-
layers, one can design materials with desired quantum properties.

The applications that TMDs have for fabrication of nanodevices are promising.
However, as the field of study arose only a decade ago, there are still uncharted
details and features of these TMDs. Also, electronic devices like Field Effect
Transistors (FETs) make use of monolayer TMD, of which performance can de-
teriorate due to oxidation [12]. Therefore, we need to understand the effect of
oxidation on the band structure of TMDs.

In this research the band structure of molybdenum disulfide, MoS2 and niobium
diselenide, NbSe2, is studied. Furthermore, the effect of oxidation the band
structure is investigated. We first treat the theoretical background for TMDs,
delving into their properties, band structure and spectroscopic techniques to
characterize TMDs. Low Energy Electron Microscopy (LEEM) is employed to
investigate the characteristics of TMDs. Atomic Force Microscopy (AFM) and
Scanning Electron Microscopy (SEM) are used for further interpretation of the
LEEM results. Chapter 3 explains the application of these methods and a novel
exfoliation method. Subsequently, the obtained results and discussion are de-
scribed in chapter 4. Finally, we draw conclusions about the results in chapter 5
and discuss the implications and further research.

8
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Chapter 2
Theoretical background

Tthe vdW materials Transition Metal Dichalcogenides (TMDs) have been intro-
duced, of which the structure and properties are now described in more detail.
Also, we will discuss what the band structure is and how this determines elec-
tronic properties. We show how the band structure is mapped with LEEM, with
a technique called Angle Resolved Reflectivity Electron Spectroscopy (ARRES).
Lastly, the sample degradation due to oxidation in TMDs is studied.

2.1 Band structure of Transition Metal Dichalcogenides

In TMDs, a transition metal atom (e.g. molybdenum, tungsten, niobium) is
sandwiched between two chalcogens (sulfur, selenide, tellurium), as is shown
in figure 2.1. One monolayer TMD thus consists of three atomic layers. The
thickness of such a monolayer is approximately 0.7 nm [9]. Figure 2.1 displays

Figure 2.1: A schematic three-dimensional view of a TMD. The transition metal is
Molybdenum (Mo) with Sulfur (S) atoms as chalcogens. MoS2 occurs in two polytypes:
2H and 1T. Modified from [13].

two polytypes with a different arrangement of chalcogen atoms: the octohedral
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10 Theoretical background

1450 °C, the regions with shorter periodicities usually ex-
panded. Therefore, we plot the reflectivity curves of the
6�3�6�3 and � phases, which were measured from differ-
ent samples, at the bottom of Fig. 2�e�.

In Fig. 2�e�, the � phase has a dip at around Ee of 2.8 eV.
At this energy, a dip and peak appear in turn from this curve
to curve F. The number of dips between 0 and 7 eV in-
creases one by one in this order. Furthermore, such oscilla-
tions were seen only on the graphitized surface. It has been
shown that m-layer-thick films �m�integer� produce �m−1�
quantum interference peaks, or that is to say m dips, in the
reflectivity between successive Bragg peaks.17,19 As will be
shown later, the overall low reflectivity of the graphitized

surfaces at Ee=0–7 eV corresponds to the conduction band
of graphite along the �-A direction, normal to the graphite
sheet. Graphite has band gaps below 0 eV and above 7 eV
relative to the vacuum level in the �-A direction �Fig. 3�. The
band gap is the source of the Bragg reflection. On the other
hand, the 6�3�6�3 surface has a broad hump in reflectivity
between 0 and 12 eV. The reflectivity of the 6�3�6�3 sur-
face is quite different from those of the other phases in Fig.
2�e�. These results would mean that the 6�3�6�3 surface
has no graphene layer, and that the graphite thickness in-
creases one by one from one layer in the � phase to seven
layers in area F. We will verify this by reproducing the po-
sitions of the dips in the reflectivity using tight-binding and
first-principles calculations.
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FIG. 2. �Color online� �a�–�d� LEEM images of a 6H-SiC�0001�
surface graphitized at 1460 °C. These were obtained after the
sample was cooled to room temperature. The electron beam ener-
gies are �a� 3.5, �b� 4.0 �c� 4.5, and �d� 5.0 eV, respectively. �e� The
reflectivity data from different phases are plotted as a function of
the electron beam energy. The data labeled A–E were obtained from
area A–E in the LEEM images. The reflectivity data form the
6�3�6�3 and � phases were obtained from the different samples.

FIG. 3. �Color� �a� Reflectivity map as a function of electron
energy and graphite thickness. The LEEM observations were done
at room temperature. We assume that the graphite thickness is equal
to 0 on the 6�3�6�3 surface. In order to compare data from the
different samples, the average intensity was obtained at each thick-
ness between Ee=0 and 12 eV, and the intensity was normalized by
setting the average intensity to 0.5. The intensity is mapped in the
red, white, and blue color scheme. The circles indicate the energy
level positions determined by the tight-binding calculation, in
which the transfer integral of 1.6 eV estimated from the first-
principles calculation was used. The diamonds indicate the energy
level positions obtained by applying the quantization condition Eq.
�3� to the band structure calculated using the first-principles
method. The crosses indicate peak positions obtained based on the
kinematical scattering theory. �b� The band dispersion relation of
the bulk graphite calculated using the first-principles method. �c�
The calculated conduction band in the �-A direction, which corre-
sponds to the region indicated by the dotted circle in �b�.
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Figure 2.2: (a): The theoretical band structure of graphite. A red dotted circle can be
seen around a conduction band that splits into two in region A to Γ. (b): Zoom in on
conduction band, known as the interlayer state. Modified from [15].

1T phase and hexagonal 2H phase. As the 1T phase is metastable, we work with
with 2H- MoS2 [13]. Furthermore, niobium diselenide, NbSe2, will be studied,
of which also the 2H polytype is the most stable [14]. The hexagonal structure of
the TMDs leads to the band structure, which determines electronic properties.
Therefore, we now discuss the nature of this lattice.

The band structure is a representation of allowed electron energies. Allowed
energies form the energy bands while energy gaps are forbidden energies. An
example of a band structure is depicted in figure 2.2a. The bands up to the Fermi
energy, which is located at E - EF = 0 in figure 2.2a, are filled with electrons. The
bands above and below the Fermi level are called the conduction and valence
bands respectively. The difference between these bands defines the band gap.
The location of EF with respect to these bands is decisive for electronic proper-
ties; in insulators and semiconductors EF lies between them, like in figure 2.2a.
For metals, the bands interesect at EF which implies that valence electrons can
move freely. Figure 2.2a shows that the band structure is a function of energy E
versus momentum vector k. Namely, the reciprocal lattice is defined in k-space
and the k-vector determines its periodicity. The repetitive unit in this lattice is
called a Brillouin Zone (BZ), which is constructed through the diffraction pat-
tern. Vector k consists of a parallel (i.e. in-plane) and perpendicular component:
k|| and k⊥. Figure 2.2a shows both: from K to Γ and A to Γ respectively. The
k|| component makes up the BZ, of which an example can be seen in figure 2.3.

10
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2.2 Low Energy Electron Microscopy 11

Figure 2.3: Three-dimensional sketch of the first hexagonal Brillouin Zone of a hexag-
onal lattice. Black dots mark the high-symmetry points. In-plane lie: Γ, M, K and K’.
Out-of-plane: A. Modified from [16].

Figure 2.3a shows the high-symmetry points: the Γ-point lies central, K- and
K’- points on the corners of the hexagonal BZ and the M-point is situated on
the center of edges.

The conduction band in the Γ- A region is circled and zoomed in on, see fig-
ure 2.2b. This band is continuous for graphite, but splits in layered graphene.
As the band is located between atomic layers, it is known as the interlayer state.
The interlayer state is absent in the monolayer and can be understood with a
Fabry-Pérot resonator model [17]. Each layer is regarded as a semitransparent
mirror which transmits the electron if the energy matches with the graphene’s
energy band and reflects it if not. Consequently, it is transmitted or reflected
upon encountering the next layer. The resulting electron waves with different
phases can constructively and destructively interfere and this interference is
shown with the LEEM.

2.2 Low Energy Electron Microscopy

The measurements in this research are conducted with the Low Energy Electron
Microscope (LEEM) at Leiden University (ESCHER design). With the LEEM, a
sample is irradiated with an electron beam and the interaction between elec-
trons and the sample form an image. Light and dark areas highlight the areas
of respectively high reflectivity and absorbance of electrons. Electrons have
a smaller wavelength than light and in this way, structures smaller than the
diffraction limit of light can be observed. Additionally, information about crys-
tal structure can be obtained since the electron wavelength is in the order of the
atomic lattice constant (a few Å). Commonly-used electron microscopy tech-

Version of August 29, 2023– Created August 29, 2023 - 14:46
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12 Theoretical background

(a) (b)

Figure 2.4: (a): Bright Field (BF) LEEM image of NbSe2, at energy 5.7 eV. (b): Dark Field
(DF) LEEM image of NbSe2, at energy 25.2 eV.

niques like Scanning Electron Microscopy (SEM) and Transmission Electron Mi-
croscopy (TEM) use electrons up to 30 kV and 300 kV respectively [18]. These
high-energy electrons damage the sample and thereby limit measurement time.
In contrast, the low-energy electrons (0 - 50 kV) used in LEEM, only penetrate
the sample slightly. The limited penetration depth makes LEEM a surface-
sensitive technique. Therefore, LEEM images give an opportunity to study in-
teractions in the shallow surface layers of the sample.

2.2.1 Imaging with LEEM

In LEEM, different imaging techniques can be used. First, bright-field (BF)
imaging is practiced by selecting only the specularly reflected electrons, also
called the (0,0) beam. Advantageously, the secondary electrons i.e. the electrons
that scatter inelastically from the sample surface, are excluded. These secondary
electrons can blur the image. An example of a BF image is shown in figure 2.4a.
Different forms of contrast can be distinguished in LEEM images: (i) phase con-
trast and (ii) amplitude contrast [19]. Phase contrast arises near to the edges if
the image is slightly out-of-focus. Amplitude contrast is caused by a different
reflectivity amplitude which can arise from different layer thicknesses. With
the first order diffraction spots in the Low Energy Electron Diffraction (LEED)
pattern, we can select electrons with non-normal incidence. Images which are
formed from a first order diffracted beam, are called (DF). Figure 2.4b provides
an example of DF imaging. With this technique, areas with the same crystal
orientation are identified.

12
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2.3 Angle-Resolved Reflectivity Electron Spectroscopy

2.3.1 LEEM and the electronic structure

With LEEM, one can measure electron reflectivity spectra, i.e., reflected inten-
sity as a function of energy, also called IV curves. An example IV curve for bulk
MoS2 is shown in figure 2.5. The dips in reflectivity in figure 2.5 yield infor-
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Figure 2.5: Theoretical reflected intensity versus energy, called an IV measurement, of
bulk MoS2. The reflectivity minima reflect the presence of states. Calculated from [20].

mation about the electronic structure. If the electron energy is resonant with an
unoccupied state, it has a high probability of travelling into the material, caus-
ing a minimum in reflectivity. Figure 2.5 shows a minimum around 5 eV which
represents the interlayer state discussed in section 2.1. This resonance enables
us to count the number of layers in few-layer material [15]: for n layers, the
interlayer state splits in n − 1 minima. For bulk, the n − 1 minima are indistin-
guishable and result in one minimum around 5 eV, as seen in figure 2.5.

A visualization of these states is given by solving the electron scattering prob-
lem. For MoS2, this is performed in [17] and the result is provided in figure
2.6. The probability density for energies ranging from 0 to 10 eV is plotted
against the depth (in the material) d in Å. For d > 0, the probability density
is determined by the interference of incoming and outgoing waves. As energy
increases, the wavelength decreases and the interference rings are packed more
densely. Inside the material ( d ≤ 0), high probability density indicates a state.
We see for all three plots in figure 2.6, a state around 1 eV, present in figure 2.8.
It is centered in the first layer. Then, for the 2 layers, we observe that the inter-
layer state around 5 eV, which is indeed located between layers. This state splits
in two in the 3-layer MoS2.
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thus an artifact of the automatic adaptive gain of the channel
plate [14] that prevents overexposure of the brightest features
in the image. For the analysis following, we therefore
subtracted the energy-dependent dark count from the trans-
mission spectra.

In Fig. 1(d), a set of characteristic reflectivity minima are
shown, marked by vertical lines. Their positions are consis-
tent with previous reports on MoS2 [15,16]. Furthermore,
they are consistent with calculations of the projected density
of (unoccupied) states (pDOS; Fig. S2 [12]): The projected
bands at the � point, i.e., at zero in-plane momentum, co-
incide with the reflection minima (transmission maxima) at
the same energy. Indeed, an incoming electron resonant with
an unoccupied state has a strongly enhanced probability of
propagating into the material, leading to a minimum in re-
flectivity, and a maximum in transmission. In general, the
electron reflectivity will thus depend on the dispersion of
the states, i.e., on their energy vs in-plane k vector, as given
by the pDOS and as demonstrated by recent angle-resolved
reflected-electron spectroscopy (ARRES) [10]. In the LEEM
and eV-TEM experiments reported here, the electrons are
incident and detected exclusively along the surface normal,
thus probing the electronic band structure at the � point only.
(Off-normal reflected/transmitted electrons are filtered out by
the contrast aperture.)

Of special importance is that all reflectance spectra
recorded show a dip around 5.4 eV. This dip is absent in
monolayer MoS2, as calculations and previous experiments
[15] show (see also below). We conclude that all areas of the
sample are at least two layers thick, although we had optically
preselected the thinnest MoS2 flakes during sample prepa-
ration. Whereas the study in Ref. [15] could only probe the
electron reflectivity, the current study also employs eV-TEM
to measure the transmissivity of the same sample area. The
high transmissivity of the thinnest area strongly suggests that
we are looking at two, three, and four layers of MoS2.

Let us now look at Fig. 1(d) in more detail. It shows a rather
broad window of maximum transmissivity at a remarkably
high energy range, i.e., from 10 to 25 eV. This feature is
in sharp contrast to the simple case of graphene where the
highest transmissivity is below 5 eV. We will discuss this
phenomenon in more detail below. Furthermore, Fig. 1(d)
shows that the maxima in transmission align with the min-
ima in reflection, as illustrated by the vertical lines. This is
exactly what a simple resonant theory, in which atomic layers
act as “semitransparent” mirrors would yield: at resonance,
there will be constructive interference for forward propagation
(transmission) and destructive interference in backward prop-
agation [5]. However, such a simple model will not suffice
here as it cannot explain all features. The reflection maximum
at 10 eV, for example, comes with a shoulder in transmis-
sion, on the flank of some broader feature. Furthermore, the
reflection minimum at 8.2 eV (dashed vertical line) has no
corresponding feature in transmission. We will attribute the
latter to strong inelastic scattering at this particular energy (see
below).

To gain further insight into the nature of the electron re-
flection and transmission, we calculated electron scattering by
one, two, and three layers of MoS2 using the ab initio method
based on Bloch waves developed in Ref. [17]. Its application
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FIG. 2. (a) Calculated probability density along the out-of-plane
direction for an electron wave incident from the top for one, two,
and three layers of MoS2, with the Mo and S planes marked as
dotted lines. (b) Comparison of the recorded reflection and trans-
mission (dark count subtracted) spectra and the calculated values.
The features of the reflection curves match well. The experimental
transmission spectrum appears more broadened as discussed in the
text.

to an isolated slab is described in Ref. [18]: In the scattering
region the wave function is a linear combination of the eigen-
functions of an auxiliary three-dimensional periodic crystal,
which contains the TMD sandwich as part of the unit cell. The
Bloch eigenfunctions of the auxiliary crystal are obtained in
terms of augmented plane waves (see Refs. [17,18]). Inelastic
scattering was taken into account by the optical potential,
which increases smoothly with energy as calculated for the
similar TMD, tungsten diselenide (WSe2), in Ref. [19] within
the GW approximation based on a full energy and momentum-
dependent ab initio dielectric function of WSe2. Figure 2(a)
shows the solution to the scattering problem for an electron
plane wave that is at normal incidence on the layers of MoS2

from the top side and is partially reflected and partially trans-
mitted. Note that it is the electron probability density that is
plotted. Inside the material, the electron density shows where
the electronic states are localized, whereas on the top vacuum
side we see the interference of the incoming wave with the
reflected wave. The electron wavelength in vacuum shortens
with increased energy, as is seen in the interference between
the incoming and reflected wave in front of the material.

Let us next focus on the (unoccupied) states involved
[see Fig. 2(a)]. The resonance at 1 eV has its highest
electron density within the layers, while the resonance at
4−5 eV, which is characteristic of the multilayer (n > 1, ab-
sent in the monolayer), is centered between the layers. This

075427-3

Figure 2.6: Probability density of electron waves in few-layer MoS2. Here, the waves
enter the material at d =0. At d > 0, we observe the interference of electron waves
outside the material. For d < 0, high probability density indicates the presence of states.
Taken from [17].

2.3.2 Angular dependence of reflectivity in LEEM

ARRES
Unoccupied

Occupied

Figure 2.7: Diagram of energy E versus k|| which displays in which energy range the
Angle Resolved Reflectivity Electron Spectroscopy (ARRES) technique operates: green
area. Dashed horizontal line: zero-energy for LEEM experiments, given by E f + Φ.
Above E f , states are unoccupied, below E f occupied. Red parabola: electron vacuum
dispersion.

Figure 2.5 depicts the energy dependent reflectivity at normal incidence which
means k|| equals zero. Then, the reflectivity at the Γ-point is mapped. For anal-
ysis of the complete band structure, the angle of incidence is varied over the
first BZ. The technique, where E and k|| are varied, is called Angle Resolved

14
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2.4 Oxidation 15

Reflected-Electron Spectroscopy (ARRES). The ARRES technique operates at
energies above the vacuum energy: E f + Φ, indicated with the green area in
figure 2.7. Figure 2.7 demonstrates that ARRES maps unoccupied states. Let
us now analyze an ARRES plot to find out how. Figure 2.8b shows a theoret-

Figure 2.8: (a): Theoretical Angle Resolved Reflectivity Electron Spectroscopy (AR-
RES) plot, which maps the full unoccupied band structure. (b): projected DOS (pDOS)
of MoS2. A great correspondence is observed between high ARRES intensity and the
presence of bands in the pDOS. Modified from [20].

ical ARRES plot of bulk MoS2 and the linecut along k|| gives the IV curve in
figure 2.5. As with an IV-curve measurement, we expect that the availability of
unoccupied states in the material increases the absorption probability and thus
decreases reflectivity. In the ARRES spectrum, this shows as a low reflectivity
R(E, k||). Vice versa, areas of high reflectivity indicate absence of unoccupied
states. Therefore, the unoccupied band structure is mapped by ARRES. To ver-
ify the theoretical ARRES, we compare it with with the projected DOS, pDOS,
(in the z-direction) in figure 2.8b. Namely, figure 2.8a illustrates that high re-
flectivity in ARRES plots corresponds to presence of states (i.e. black bands) in
figure 2.8b and vice versa.

2.4 Oxidation

Oxidation is the reaction between oxygen and molecules which can change elec-
tronic properties. The oxidation of metal surfaces consists of multiple steps.
First, the oxygen molecules adsorb on the surface on which they then diffuse.
Subsequently, oxygen diffuses into the first layers of the material and in this
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step, oxygen atoms interact with the TMD. This can result in a chemical reac-
tion. Besides diffusion and molecular interactions, the oxidation depends on
environmental factors like temperature and pressure. Dependent on the exact
conditions, different oxidation states can arise [21].

2.4.1 Oxidation process in TMDs

The effect of oxygen varies across different materials; bulk Molybdenum Disul-
fide (MoS2) is stable in the presence of oxygen, while Niobium Diselenide (NbSe2)
is instable and sensitive to oxygen adsorption [22]. To note though, is that few-
layer MoS2 is susceptible to oxidation. Also, Qiu et al. reported that the per-
formance of their MoS2 Field-Effect Transistor decreased with a factor 100 by
adsorption of oxygen and water [12]. Also, Liu et al. found that monolayer
MoS2 suffers from oxidation [23]. Since the adsorbed layer formed just a thin
layer, annealing reversed the effect.

To observe oxidation in the LEEM, we will use the more sensitive NbSe2. The
following chemical reaction takes place during the oxidation of NbSe2 [24, 25]:

2 NbSe2 + 5 O2 → 2 Nb2O5 + 4 Se (2.1)

In this reaction, the Se atoms are replaced by O atoms leading to the formation
of Nb2O5 and individual Se atoms. The strength of this bond is determined
by the electronegativity of the chalcogen atoms [23]. For a smaller electronega-
tivity, more electrons are transferred to the O atom which results in a stronger
Metal - O bond. The Nb2O5 is amorphous i.e. has no long range crystalline
structure [25, 26]. As LEEM images give information about crystal structure via
the diffraction pattern, we are able to follow this structural change. Further-
more, it is expected that a layer of a few nm of Nb2O5 is formed at the surface,
increasing the height [25, 27].

The time scale differs among experiments: in [25], the NbSe2 was brought in
air for 21 days at room temperature, whereas it is reported in [27], that the TMD
(WSe2) was treated with O3 (ozone) at 150 °C for 2h and at 200 °C for 1h. Some
experiments were performed over longer time periods: several months [28] up
to one year [29–31]. The oxygen diffuses through the material and its velocity
v scales with

√
t and is therefore expected to ’saturate’ over time. Also, oxida-

tion is self-limiting as the newly-formed oxide layer hinders further diffusion
of oxygen the subsurface region [27].

For the flakes of TMDs, the oxygen diffuses into the flake via the edges faster

16
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2.4 Oxidation 17

(a) Speckles on thin flake
MoS2. From [29].

(b) Left: LSCM photograph of WS2 flake. Right: Measured height of
islands. Modified from [28].

Figure 2.9: Examples of flake degradation in MoS2 and WS2 due to oxidation, observed
with different measurement techniques: (a): Optical microscope, (b) Left: Laser scan-
ning confocal micrograph (LSCM). Right: Atomic Force Microscopy (AFM).

than on top of the material [26, 30]. This difference can be explained via cleav-
age of vdW materials: an edge arises when the crystal is cleaved perpendicular
to the basal plane. The covalent bonds are broken and adsorbates like oxygen
are more likely to interact with these loose bonds [32]. Also, the crystal edges
exhibit a higher concentration of sulfur vacancies and this higher concentration
has been linked to more oxidation degradation [29]. This correlation was also
observed by Kotsakidis et al. [28]. These sulfur vacancies are sample defects
that occur more often for Chemical Vapor Deposition (CVD) grown layers than
layers that were obtained by mechanical exfoliation [29].

2.4.2 The influence of water and light on oxidation

For oxidation, we consider that oxidation in air is different than exposure to
pure oxygen. The air also contains water which plays a role in the oxidation,
as described in [31]: high humidity increased the oxidation damage in mono-
layers WS2 and MoS2. This influence of water in air is also reported in [29],
where speckles were observed on both thin and bulk MoS2 flakes. The speck-
les on thin flakes are depicted in figure 2.9a and were attributed to absorbed
water molecules. Budania et al. reasoned this, because the degradation was
reversible upon annealing, which can be explained only by the evaporation of
water molecules.

Another factor to consider is light. To test the influence of light, Myers and
Montet exposed single NbSe2 crystals to air and illuminated the crystals with
fluorescent light [30]. Interestingly, only the flakes exposed to the light were
affected: they did not show a diffraction pattern and lost their red colour. Simi-
larly, the oxidation of WS2 is photo-induced [28]. Only a combination of ambi-
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18 Theoretical background

ent air with light (after a period of up to ten months) would give rise to small
islands on the sample. The islands can be seen in figure 2.9b. With AFM, it
was determined that the islands were around 1.14 nm high [28] (with respect to
the original sample surface). The islands exhibited a shift in photoluminiscence
(PL), which indicates that the electronic structure changed upon oxidation. The
physical process resulting in the change in the PL spectrum was not determined,
which shows that damage due to oxidation requires further research.

18
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Chapter 3
Methods

This chapter discusses the used methodology to study the oxidation in niobium
diselenide NbSe2. First, the LEEM set-up is explained. Additionally, a method
to reduce noise of the electron gun in the set-up is treated. Then, we study the
method of in situ (i.e. vacuum) exfoliation of Transition Metal Dichalcogenides
(TMDs). Subsequently, section 3.3 goes into detail about methods to oxidize the
NbSe2 and an overview of the samples is given. To investigate the oxidation
state we use several techniques: Atomic Force Microscopy (AFM) and Scanning
Electron Microscopy (SEM) & Energy Dispersive X-ray (EDX). Furthermore,
Principal Component Analysis (PCA) and roughness analysis are performed
to obtain extra information on the electronic structure.

3.1 LEEM set-up

A schematic overview of the LEEM set-up is depicted in figure 3.1. First, a
cold field emission gun (of Tungsten) emits electrons at -15 keV, with an energy
spread of approximately 0.25 eV [33]. The gun potential is negative to keep the
rest of the set-up on ground. We will now follow the electron trajectory through
the set-up.

The angle of incidence of the electron beam on the sample can be varied with
deflector 1. After, the beam is focused by a gun lens and condenser lens respec-
tively. The electron beam goes through a magnetic prism array which deflects
the electrons under a right angle towards the objective lens. An illumination
aperture,displayed as the top diagonal in figure 3.1 can be placed inside the
image plane of the prism to only illuminate a certain sample area with elec-
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2.1. Introduction

2

15

the objective lens and by the objective lens itself. [1] and thus pushes the optimal
resolution of the ESCHER set-up to 1.4 nm. [2] Below the second prism the elec-
tron beam is deflected into the projector column. The projector column allows for
selection of the real-space image or a diffraction pattern. One of the lenses is used
to focus the image plane onto the detector. An additional (optional) lens allows
the diffraction pattern to be in focus on the detector. Additional lenses are used to
change image and diffraction magnifications.
Within this projector we find the second aperture of the set up: the contrast aper-
ture. This aperture is situated in a back focal plane of the system. This allows
the selection of electrons scattered under a certain angle from the sample. As we
will see in section 2.4 and in section 2.3.2, this aperture plays an important role in
analyzing spectroscopic contrast and local crystalline structures of a sample.

illumination aperture

contrast aperture

gun (-15 kV)

detector

prism 1

de�ector 3

de�ector 1

sample
-15 kV + V0

mirror

prism 2

projector

Figure 2.1: Schematic illustration of the LEEM set-up used in this thesis. The electron path is indicated
in red, electron lenses in blue and the apertures in green. Adapted from [3]

.

In this chapter we will discus some of the various operation modes of LEEM. The

Figure 3.1: LEEM set-up schematic. Electrons travel the red path, from the gun to the
detector. Lenses can be seen in blue and apertures in green. Prism 1 deflects the beam
90 °through the sample. The electrons are partly reflected and follow their pathway
back to prism 1. Prism 2 deflects under a right angle to the electrostatic mirror. Then,
upon reflection, the electrons are deflected towards the detector. Obtained from [19].

trons. Next, the electrons are decelerated by an applied potential of -15 keV +
V0. The landing energy is varied with V0, theoretically in the range of about
0 to 100 eV [33]. For V0 < 0, the electrons do not have enough energy to hit
the sample, and all are reflected, which is called mirror mode. For V0 >0, the
electrons interact with the sample surface and are reflected back partially. The
electrons are accelerated and focused by a magnetic lens. Upon hitting the first
magnetic prism again, they get deflected 90 degrees. A second prism leads the
electrons to an electrostatic mirror which corrects for for spherical and chro-
matic aberrations caused by the cathode objective lens (up to fifth order) [33].
The electrostatic mirror improves the spatial resolution from 5 nm to < 2 nm
[33]. Next, a contrast aperture selects the electrons scattered under a certain
angle from the sample, for example only the (0,0) beam. Finally, electrons find
their way to the CCD detector, where an imaged is formed. Furthermore, we
perform Photo Emission Electron Microscopy (PEEM) with an Hg lamp. The
UV light excites electrons from the sample which are recorded by the detector,
resulting in a PEEM image.

20
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3.1 LEEM set-up 21

3.1.1 µ-LEED

We already touched upon the illumination aperture visible in figure 3.1 and now
we discuss an imaging technique associated with this aperture: very -Low En-
ergy Electron Diffraction (LEED), also called µ-LEED. With LEED, the diffrac-
tion pattern that arises at the backfocal plane of the objective lens is imaged,
which contains information about the crystal structure (see section 2.1). One
speaks of µ-LEED, if the illuminated sample area is restricted with an illumina-
tion aperture. In this manner, the diffraction pattern obtain insights about the
specific illuminated area. We measure with illumination apertures of around
1 µm diameter.

3.1.2 Noise reduction

The basics analysis steps consist of (i) channelplate correction and (ii) drift cor-
rection, which are described in [34]. Additionally, we correct the diffraction IV
curves for noise caused by the electron gun. The gun has a fluctuating intensity
which causes noise, which can be corrected for. Furthermore, we use the dis-
persion of the gun to do additional noise reduction. Namely, electrons leaving
the gun have slightly different kinetic energy Ek (a FWHM of 0.25 eV [33]), as
explained in [35]. In the LEEM set-up, the electrons are deflected 90 degrees
before hitting the sample by the magnetic prism (see figure 3.1). The difference
∆Ek leads to a different orbital radius r via:

R =
mv
qB

(3.1)

with m mass electron v velocity of electron, related with Ek as Ek =
1
2 mv2. The q

is electron charge, and B magnetic field. When electrons have a different r, they
end up at a different position on the detector i.e. a different pixel in the image.
This results in an elongated diffraction spot, in the dispersive direction of the
prisms in figure 3.1.

We take a linecut along this direction, such that we average n frames with differ-
ent intensity to reduce noise with

√
n. Before averaging, we translate IV curves

from different pixels such that they align with the middle pixel in the linecut.
For this, the energy (in eV) per pixel δ was calculated in [35]. Mathematically,
the intensity In is corrected as follows:

Ishi f t(E) =
1
N

n=N

∑
n=1

In(E − δ · n) (3.2)
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With formula 3.2 a corrected average is computed. To improve this formula,
we normalize the IV curves: the IV curves for different pixels along the linecut
have a different intensity in the mirror mode (where E < 0). A normalization
factor An is computed as:

An =
∑ In(E < 0)

∑ Imax,pix
(3.3)

The corrected IV curve intensity is then calculated via:

In,norm = An(E) · In(E) (3.4)

The final, noise reduced IV curve is obtained with averaging the In,norm over n
pixels.

Noise reduction in real space LEEM images

The above described noise reduction can not be applied in real space, as the
elongated diffraction spot is absent. Therefore, real space IV curves are fil-
tered with a Wiener filter (see [36] for documentation). This filter uses cross-
correlation to estimate the power spectral density of the noise. It computes filter
coefficients that minimize the RMSE between the original and filtered signal.

3.2 In situ exfoliation

We exfoliate 2H-MoS2 and 2H-NbSe2 crystals in air with the scotch tape method
[6]. The layers are peeled off since the sticking force of scotch tape is larger than
the vdW forces between layers. To exfoliate in situ (i.e. in vacuum), the final
exfoliation step takes place in the load lock. This load lock is used to load the
sample and is connected to the sample chamber via the transfer chamber.

To perform in situ exfoliation, we use a screw of which the back is covered
in Kapton tape (polyimide film, DuPont, Wilmington, USA), which is vacuum
compatible. The tape is tightened with a metal wire onto the screw, and the
screwhead must be free of tape. The screw is stamped onto freshly cleaved
TMD crystal. We put a clean Si substrate in the sample holder. Via the Kapton
tape, the screw is glued to a substrate. A schematic overview of this part of the
set-up is depicted in figure 3.2a and figure 3.2b provides a photo. The sample
holder, with the screwhead pointed downwards is brought into the load lock.
We pump the loadlock down to 1e-7 mbar.

Then, we turn the transfer arm in the load lock such that an aluminium cup-
shaped tool knocks off the screw with the Kapton tape. We have fabricated this

22
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Screw

Metal wire

Si plate

Sample
 holder

TMD flakes
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Figure 3.2: The set-up and materials needed for in situ exfoliation in the load lock. (a):
Schematic of screw, Kapton tape and sample cap. Zoom in: on back end of screw is tape
with TMD flakes on it. (b): Screw with tape, positioned on sample holder. Sticky side
is exposed to air. (c), (d): Side and top view of the tool respectively, dimensions in mm.

tool, which schematics are shown in figure 3.2c,d. The vent seen in figure 3.2b
protects against virtual leakage. Figure 3.2d shows that a metal plate is attached
on top of the cup shape. The V-groove in this plate catches the screwhead.

With this method, we assume that with knocking off the screw, the last exfo-
liation step takes place in the load lock. The flakes that we image in LEEM are
then cleaved in vacuum. Hereby we assume that Kapton’s tape sticking force
is larger than the force between layers, and a smaller than the force between
substrate and first TMD layer. The proof-of-concept measurement was verified
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with PEEM intensity and IV measurement of an MoS2 sample. The next mea-
surements are performed with NbSe2.

3.3 Oxidation of NbSe2 in the LEEM

The in situ exfoliated samples are measured after heating the sample up to 500-
600 °C to remove contamination such as tape residue on the substrate. An oxy-
gen gas line was added to the LEEM set-up such that we can add oxygen to the
sample chamber consistently and at a controlled pressure (by opening or clos-
ing the needle valve more). The maximum oxygen pressure is constrained by
the maximum sample pressure which is around 1e-6 mbar. To compare, we take
measurements before and after the oxidation. Furthermore, we vent the sample
in the load lock to investigate the difference in oxidation process between pure
oxygen and air.

3.3.1 Overview of samples

To compare the in situ exfoliated NbSe2, we also measure scotch tape exfoliated
NbSe2 in the LEEM. In table 3.1, an overview is given of the different samples
that we measured in the LEEM.

Table 3.1: Overview of the samples measured in the LEEM: the material, exfoliation
method and oxidation method. The order of oxidizing is as stated in the table.

Material Exfoliation
method

Oxidation method

Sample 1 Mos2 In situ -
Sample 2 NbSe2 In situ Add oxygen
Sample 3 NbSe2 Ex situ

1. Add oxygen
2. Vent load lock

Sample 4 NbSe2 In situ Vent load lock

3.4 Determining state of oxidation from LEEM data

We measure reflected intensity versus voltage curves i.e. IV curves to inves-
tigate whether the curves change upon adding oxygen. The Python package
Napari is used to select a region to measure intensity. Besides the IV analysis,

24
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3.4 Determining state of oxidation from LEEM data 25

we use additional (analysis) techniques to determine the oxidation state of the
flakes.

3.4.1 Scanning Electron Microscopy and Energy Dispersive X-
ray analysis

With Scanning Electron Microscopy (SEM) we have performed Energy Disper-
sive X-ray (EDX) analysis. With EDX, an electron beam hits the sample, which
excites an electron from the inner shell. An electron from the outer shell falls
back and releases energy in the form of X-ray radiation. As the energy differ-
ence is element specific, we can identify the elemental composition with EDX
[37]. From the position on the energy axis of an EDX spectrum, we learn which
elements are in our sample. We used the ThermoFisher Apreo SEM and used
8 kV electrons with normal incidence. We analyzed a NbSe2 on Si sample af-
ter adding oxygen and expect to find Niobium, Selenide, Silicon, Oxide and
Carbon (i.e. tape residue). All these elements have an X-ray peak below 8 kV.
The data analysis is based on the code provided in [38], with some adjustments
tailored to our data. Besides plotting the peak intensity of the components, we
calculate the percentages of elements along the linecut. Also, the ratios between
elements are computed.

3.4.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a technique used to characterize surfaces.
We used tapping mode AFM (JPK Nanowizard 3), with a 70 kHz frequency tip.
The sample surface is scanned with a sharp tip, mounted to a cantilever which
vibrates close to resonance frequency. Due to sample-tip interactions, the oscil-
lation of the tip varies. The height is adjusted according to the feedback based
on this oscillation. This way, we measure height with sub-nanometer accuracy
[39]. Also the phase difference between the drive and response is measured.
A change in this phase lag indicates a change of material, which enables us to
distinguish different types of materials with phase imaging. The square AFM
images have sizes of 1 - 100 µm2. Data analysis is performed with Gwyddion.
The background is substracted with a line-by-line linear fit. Also, the color con-
trast in images is optimized. The minimal height value is set to zero.

We use AFM to characterize the roughness and height of flakes obtained with
the new in situ exfoliation method. For the oxidation experiment, we use AFM
as an additional tool: intensity contrast in LEEM in a certain flake cluster can be
analyzed with AFM. Oxidation is expected to change the height profile of the
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sample, as discussed in section 2.4.

3.5 Extra analysis techniques

3.5.1 Surface roughness

We analyze the surface roughness on flakes the LEED (Low Energy Electron
Diffraction) pattern, according to the method reported in [40]. A perfectly flat
surface would produce a sharp round (0,0) LEED spot. Roughness on the sur-
face cause this spot to broaden. We take a linecut through the (0,0) LEED spot
perpendicular to the dispersive direction of the magnetic prisms (see figure 3.1).
The width of the peak i.e. FWHM is computed, which quantifies the in-plane
momentum spread ∆k. The width ∆θ is then defined as:

∆θ =
∆k√

2meEk
(3.5)

where ∆θ is the deviation from the surface normal and
√

2meEk the total mo-
mentum [40]. If the same energy is chosen to compare line profiles, equation 3.5
simplifies to ∆θ ∼ ∆k.

We expect that oxidation changes the surface roughness. Namely, the resulting
oxide layer is amorphous which is more rough than the original flake’s surface.
Therefore, surface roughness analysis yields us additional information about
the oxidation state.

3.5.2 Principal Component Analysis

Principal Component Analysis (PCA) is a mathematical procedure used to re-
duce the dimensionality of data. The application of PCA to LEEM spectra is de-
scribed in [34]. Regular analysis of LEEM images is to record images at different
energies in real space or diffraction space. The data is interpreted as a set of im-
ages and in each image, intensity can be calculated to yield information about
the electronic structure. Alternatively, the data can be represented as a vector
in a multidimensional space [34] (instead of a set of images). Subsequently, the
vector is projected to a lower-dimensional vector space, which is spanned by
orthogonal PCA eigenvectors i.e. the principal components (PCs). The PCs rep-
resent the axes of the multidimensional space. These PCs are ranked according
to the variance in the data they explain. With a determined number of PCs, the
data is reconstructed.

26
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3.5 Extra analysis techniques 27

For this analysis, we use the code in supplementary information of [34]. The
PCA method is based on Singular Value Decomposition but we do not execute
this full procedure with automated iterative PCA. First, we determine the suit-
able amount of PCs via a scree plot, which displays the number of PCs versus
the cumulative percentage of data they describe. The PCs are established and
due to the dimensionality reduction, the data can be clustered. Separate clusters
represent different areas on the sample. The output is a color map, visualizing
the different clusters on the sample. The IV spectra of these clusters are plotted
separately.

The PCA method enables to identify different numbers of graphene layers and
stacking domains in [34]. Consequently, we anticipate to reveal intact and oxi-
dized areas of the sample with PCA.
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Chapter 4
Results and Discussion

The main object of study was the oxidation of Transition Metal Dichalcogenide
niobium diselenide NbSe2. First, the in situ exfoliation method as described
in section 3.2, is verified. Then, we proceed with the LEEM measurements of
in situ cleaved NbSe2 and expose the sample to pure oxygen. Subsequently, a
study of NbSe2 exfoliated in air is presented. Starting from LEEM images we
continued the study with the (analysis) techniques described in sections 3.4.1,
3.4.2, 3.5.1 and 3.5.2. Finally, the difference of exposure to oxygen and air is
examined.

4.1 Proof of concept measurement MoS2

This measurement was performed to test the in situ exfoliation method as de-
scribed in section 3.2. We used molybdenum disulfide MoS2 as this has been
extensively studied in the group, such that we know which features to expect
in our measurement.

In the LEEM images, we observed MoS2 flakes. Figure 4.1 shows the measured
reflectivity versus energy, i.e., an IV curve of a flake recorded in real space. In
figure 4.1 we observe the features characteristic for MoS2. Specifically, the first
state is located around 1 eV and the interlayer state is present at 5 eV [17, 20]. In
figure 4.1, we observe a maximum around 20 eV, when the first order diffraction
spot appears [20]. Here, we conclude we can do detect oxidation damage which
was hypothesized: bulk MoS2 is stable in air for these measurement periods.
We have verified with the new in situ exfoliation method, a sufficient amount
of flakes is transferred from the Kapton tape to the clean silicon substrate to
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Figure 4.1: (a): A real space Bright Field image of an MoS2 flake, at 4.9 eV. (b): Recorded
reflectivity intensity for different energies, i.e., an IV curve of MoS2, at the location with
green marker (in the middle of figure 4.1a. Measured in real space.

measure with the LEEM. Therefore we move on to our oxidation experiment.

4.2 Measurement of in situ exfoliated NbSe2.

From now on, we measure NbSe2 because we want to study the oxidation. Our
hypothesis is that we can follow the oxidation process in bulk NbSe, better than
in MoS2 [22]. Here, we discuss the findings of sample 2: in situ cleaved NbSe2
(see section 3.3.1 for a description of the samples).

The samples were heated to remove contamination (like tape residue) and IV
curves were recorded. We perform µ -LEED with which we illuminate a smaller
sample area, such that the diffraction pattern entails local information (described
in section 3.1.1. The illumination aperture used is approximately 1 µm. Figure
4.2 shows an IV measurement of the (0,0) LEED spot in the diffraction pattern.
The curve was corrected with the method described in section 3.1.2. In appendix
A.1, the end result and regular average are compared in figure A.1, to show the
improvement due to noise reduction. This improve is determined to be roughly
8 %.

The reflectivity of NbSe2 at low energy is less studied than MoS2. To validate our
results, we compare the measure reflectivity R with the theoretical transmission
T of NbSe2, visible in figure 3 in [41]. Namely, 1 − T is the best approximation
of R, if we neglect absorption. The energy axis in [41] shifted by the work func-
tion Φ, to align the zero energy in LEEM measurements (see figure 2.7 in section
2.3.2). Figure 4.2 shows the theoretical 1 - T in black and the experimental re-
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Figure 4.2: Diffraction IV curve of sample 2: NbSe2, cleaved in situ. Black curve: 1 -
T with T the theoretical transmission, modified from [41]. The 1 - T values are plotted
on the right y-axis. Dotted verticals mark theoretical reflectivity minima, i.e., presence
of states. A great correspondence can be observed between experiment and theory,
especially at lower energies (E0 < 15 eV).

sults in blue. The vertical dotted grey lines are a guide, and help to identify the
reflectivity minima, which mark the locations of the states.

First we note that the intensities in figure 4.2 could not be normalized (as dig-
ital data was not available), therefore we cannot compare qualitative intensity
values.

In general, we observe a good correspondence between the two curves: the
first three experimental minima align excellent with theory. The states around
10 and 13.5 eV, are both shifted to slightly higher energy in our experiment. The
theoretical minima are however sharper for the low energies. It is not likely that
this shift is caused by inelastic scattering, as the measurement was performed
with an illumination aperture. Electrons with lower energy then end up outside
the aperture. Therefore, we attribute these slight shifts to contamination on the
sample. Contamination can lower the work function, resulting in electrons that
have a slightly higher energy. At higher energies, the curves in figure 4.2 match
less: we observe a kink in the our experimental results around 20 eV, for which
we would expect a minimum. At this energy, the first order LEED spots appear,
which are not included in our measurement as the contrast aperture (visible
in figure 3.1) only selects the specularly reflected electrons. As a result, we do
not see the minimum, which is already not pronounced in theoretical curve, in
figure 4.2.
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4.2.1 Oxidizing the NbSe2

We did a successful measurement on in situ cleaved NbSe2, thus we proceed
with the next step: oxidizing the sample. There is an oxygen line attached to
the sample chamber of the LEEM which we use to to expose the sample to pure
oxygen. We apply the maximum oxygen pressure of 1e-6 mbar, at a temperature
of 360 °C, over a time period of roughly 30 minutes. With inspection of LEEM
images, we did not observe differences in intensity or intensity contrast regions
on the flakes. A diffraction IV curve measured after this exposure, is depicted in
figure A.3 in appendix A.2. From this, we learn that 1e-6 mbar oxygen pressure
is not sufficient to oxidize in situ exfoliated NbSe2 flakes.

4.2.2 AFM characterization of flakes obtained by in situ exfoli-
ation

The in situ exfoliation method is new and therefore we characterize the flakes
obtained by this method with AFM. In general, the flakes are thick and vary
in height from 80 - 150 nm. An example of AFM analysis on a flake of sample
2 is provided in appendix A.3. The surface roughness upon zooming in de-
pends highly on the morphology of the flake, and is in this case circa 3 nm. The
roughness on the flake is examined because in LEEM measurements, a surface
should be as flat as possible. Then, the observed intensity contrasts dominantly
indicate structural changes or different band structure.

4.3 Comparison to ex situ exfoliated NbSe2

The in situ cleaved flakes that we discussed so far, did not exhibit any signs
of oxidation damage. Therefore, we continue our research with a NbSe2 sam-
ple that we cleaved ex situ. This means that all exfoliation steps were under-
taken outside of the LEEM, such that the flakes were exposed to air before the
LEEM measurements. We were motivated by previous LEEM data indicating
that some boundary forms if NbSe2 flakes degrade due to oxidation (see fig-
ure B.1). It is common to observe areas of different intensity in LEEM, but this
boundary seemed unsharp, unlike areas we observe in TMD flakes. For illus-
tration of typical sharp TMD features on flakes, see figure 2.4 or the sharp edges
on the flake in figure A.4.

Remarkably, some NbSe2 ex situ exfoliated flakes exhibited the same behaviour,
which we did not observe for the in situ exfoliated NbSe2 sample. An example
is provided in figure 4.3a. Additional examples are provided in appendix A.1.1.
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Figure 4.3: (a): A LEEM Bright Field image of ex situ exfoliated NbSe2 at 4.7 eV. We
observe a flake with peculiar intensity boundary: high intensity in center and lower
intensity around the edges. The boundary is not ’sharp’, as commonly-seen in TMD
flakes (see figure 2.4 for an example). (b): Reflected intensity versus energy, recorded
at the (0,0) LEED spot at the center and edge of the flake. The locations at which we
measure the LEED pattern are indicated with blue (center) and orange (edge) in figure
4.3a. A clear difference is observed between the two IV curves.

To highlight, the boundary was visible in the BF LEEM images around 4 or 5 eV
consistently.

The intensity contrast in figure B.1 indicated that the flake could have under-
gone a structural change. We hypothesized that oxidation led to this boundary,
as the difference between center and edge suggests a diffusive process, where a
gas diffuses from the edges into the material [26, 30, 32]. The areas of high and
low intensity are consistent: a high intensity region in the center, and a lower
intensity region at the edges. This could imply that the center is intact while the
edge, more prone to oxidation, is oxidized.

We conducted a µ-LEED measurement (as described in section 3.1.1), to in-
vestigate the LEED pattern at locations marked in figure 4.3. Curiously, the
first order LEED spots are not visible at the flake’s edge, while the center area
does show the spots. This is shown in figure 4.4 below. The absence of diffrac-
tion spots can be caused by contamination or a very rough surface, which then
masks the diffraction pattern. However, it could be also be an indicator of amor-
phous oxide [26, 29, 30]. We analyze the reflectivity versus energy (IV measure-
ment) at the edge and center.
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(a) (b)

Figure 4.4: Low Energy Electron Diffraction (LEED) pattern at 21.3 eV. (a): Center area
of the flake from figure 4.3a. (b): Edge area of the flake from figure 4.3a. Here, the first
order spots are absent.

Figure 4.3b shows diffraction IV curves for two spots on the center and edge
respectively. The result is remarkable: from figure 4.3b, it is clear that the elec-
tronic structure is different. The center IV curve resembles figure 4.2, with for
example the difference that in figure 4.3b, the state at 3 eV is not present and
the states at higher energy are hardly noticeable. The edge’s IV curve exhibits
different features: only one sharper, V-shaped minimum around 4 eV and from
then, not any pronounced feature. This V-shaped minimum coincides with the
energy at which we observe the intensity boundary.

With inspection of figure 4.3b, we hypothesize the underlying reasons for this
distinct electronic structure. The sharpening of the reflectivity minimum visible
in figure 4.3b indicates that the band structure changes. To see how, we turn
back to figure 2.2b in section 2.1. A more pronounced minimum indicates that
the two bands in figure 2.2b in the out-of-plane band structure, lie closer to each
other. This causes the reflectivity minimum to be more sharp.

The absence of reflectivity minima for the higher energies can have multiple
reasons. First, contamination like tape residue on the sample could break the
interference effects, which results in the loss of interference peaks. Alterna-
tively, the edge is a mix of oxidized and non-oxidized areas. If Nb2O5 is formed
upon exposure to air, we anticipate the oxidized area to be a few nm higher
than the intact area [25, 27, 28]. Namely, either an oxidized layer forms on top
or oxidation takes place between TMD layers and thereby pushes up the lay-
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ers on top. Consequently, the sample surface exhibits areas of different height.
Then, electron waves that scatter on the intact areas and electron waves reflect-
ing on oxidized areas have different phases, which again masks the interference
extrema.

Exposure to pure oxygen and air

To examine whether the contrast edge moves, we expose it to pure oxygen again
and subsequently to air by venting the sample in the load lock. The hypothesis
is that the low intensity region grows as more oxygen is added. From section 2.4
it is known that humidity may play a role [31], hence we test both pure oxygen
and air (which contains water). Important to note is that first, we add pure oxy-
gen and later, the sample is vented in the load lock. We analyze the IV curves
over time at the marked spots depicted in figure 4.5a. The results are shown in
figure 4.5b.
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Figure 4.5: (a): Bright Field image of a NbSe2 flake at 4.7 eV, where an intensity bound-
ary between center and edge is visible. (b): Real space IV curves, showing reflectivity
at the marked spots on the flake in (a), at different energies. Over time, the sample is
first subjected to oxygen and then to air. The development of the IV curves at spot 1
and 3 is striking.

Figure 4.5b reveals interesting insights: the reflectivity minimum of spot 1 and
spot 3 sharpen over time. Here, we see the V-shaped minimum in figure 4.3b
developing over time in figure 4.5b. The effect of oxygen and air is the least
prominent for spot 2 on the sample. This is attributed to the oxidation process,
in which the oxygen is more likely to interact with the edges [26, 30, 32]. In
the LEEM BF images, we did not observe any movement of the boundary. That
makes sense if we assume that the velocity of the oxidation boundary would be
very slow; think about 50 nm per hour, which is even with the enlarged LEEM
view, hardly noticeable.
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These results indicate that we can follow the change in electronic structure of
ex situ exfoliated NbSe2 upon adding (pure) oxygen. However, to draw conclu-
sions we use additional techniques to research the flake of interest.

4.3.1 SEM and EDX analysis

We performed SEM and EDX to further investigate the intensity contrast visible
in LEEM. Figure 4.6a shows a SEM image of the flake cluster which contains the
flake in figure 4.5a (right bottom). The flake also exhibits an intensity contrast
in figure 4.6a. For the EDX analysis, our goal was to identify the chemical com-
ponents in the center and the edge. We took three linecuts through the intensity
contrast observed in LEEM images. Linecut 1 on the flake depicted in figure
4.5a, is discussed in detail.
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Figure 4.6: (a): Scanning Electron Microscopy image of the flake cluster which entails
the cluster in figure 4.5a. Blue arrows: the linecuts along which we assessed Energy
Dispersive X-ray intensity. (b): Recorded EDX intensity along the linecut for the ele-
ments Nb, Se, Si, C and O. Black dotted vertical: edge I = high intensity - low intensity.
Dark blue dotted vertical: edge II = sample - substrate.

In figure 4.6b, the measured intensities for the elements niobium, selenide, sil-
icon, carbon and oxygen are plotted. Two vertical dotted lines are visible in
this plot. The black dotted line is edge I which is between the high- and low
intensity regions. we define these regions as: region I corresponding to high in-
tensity and region II to low intensity. The dark blue dotted line marks the edge
between sample and substrate, called edge II. Figure 4.6b shows that at edge I,
the Si intensity increases while the intensities of Nb and Se decrease. This in-
dicates that the low intensity region is thinner, which leads to a larger part of
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substrate (i.e., Si) intensity. We observe this more obviously at edge II, when the
EDX intensities at the Si substrate are assessed.

In order to obtain insights into changes in chemical composition, we compute
the mean value of the C and O percentage was computed, for region I and re-
gion II. The results are displayed in table 4.1.

Table 4.1: Percentages of elements Carbon (C) and Oxygen (O) in different regions in
the EDX linecut, visible as linecut 1 in figure 4.6a. We spot no significant difference in
C and O percentages between region I and II.

% Carbon (C) C Intensity (a.u.) % Oxygen (O) Intensity O (a.u.)
Region I 2.3 ± 0.5 14 ± 3 2.7 ± 0.7 16 ± 5
Region II 2.9 ± 0.6 17 ± 4 2.6 ± 0.6 16 ± 4

Table 4.1 demonstrates that the oxygen content is roughly equal between region
I and II. This does not agree with our hypothesis that region II oxidized (and
region I is intact), as this would result in a higher oxygen percentage. Also,
there is no significant difference in carbon contamination which could explain
the contrast we see in the LEEM and SEM and the absence of diffraction pattern.
To note, is that oxygen and carbon are elements with low atomic mass for which
EDX analysis is less accurate [42]. Namely, the X-ray yield of light elements is
low and can be absorbed by the sample before being detected. Then, the EDX
intensities do not reflect the true intensities of light elements. So our findings
that the C nor O amount is different in regions I and II, are not conclusive.

Additionally, we calculate the Se/Nb ratio in both regions. Oxidation leads
to the formation of Nb2O5, in which the Se atoms are replaced by oxygen. Then,
we anticipate the Se/Nb ratio to be lower in an oxidized region. Alternatively, if
we measure on an oxidized area where selenates have formed [25], the Se/Nb
could spike. The ratios were 3.1 ± 0.3 and 2.7 ± 0.3 in region I and region II
respectively. Thus, our analysis reveals no significant difference.

Figure 4.6a depicts two other linecuts which were consistent with the findings
above. Hence, the EDX analysis does not indicate that the chemical composition
in the sample is different in region I and II.

4.3.2 AFM analysis

With AFM, we have analyzed the flake of interest (of figure 4.3a). The height
was determined to be around 90 nm. Furthermore, we evaluated the height
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along a linecut through the intensity contrast observed in LEEM and SEM. The
results are depicted in figure 4.7. The beam imprint from the EDX analysis line-

(a) AFM height image.
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(b) Height profiles.

(c) AFM phase image
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Figure 4.7: (a), (c): AFM height and phase measurements respectively (6.5 x 6.5 µm).
The LEEM intensity contrast in the flake shown in figure 4.5a, is further studied. Blue
arrows in (a), (c): along these linecuts, the line profiles are plotted, the direction is
indicated. The linecuts cross the intensity contrast, supported by the EDX beam imprint
visible in (a) (high intensity). (b), (d): Height and phase profiles respectively.

cut, which is visible in figure 4.7a, helped to locate the AFM linecuts: the EDX
trace crosses the high-low intensity contrast.

Figure 4.7b shows the height profiles, from which we determine that the height

38
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difference between the center (A) and edge of the flake (B): A is 21 ± 2 nm
higher than B. This result is surprising: (i) 21 nm is a large difference (circa 20 %
of the thickness) and (ii) we did not expect the edge to be lower than the center.
Namely, if a layer of Nb2O5 is formed at the edges, this oxide should increase
the flake’s height: reported values go up to a few nm [25, 27, 28]. The only
outlier in the research stems from [29]: Budania et al. observed speckles after
a long time period of exposure to ambient air, which could reach up to 0.1 µm,
but this can be attributed to a longer measurement period of 1 year. The lower
edge implies some effect that etches a part of the flake away. Another factor is
the substrate which could react with the oxygen; Si can react with O2 to form
SiO2. It is however highly unlikely that this reaction occurs, because the critical
temperature ranges from 890 to 1150 °C and the critical pressure is between 7e-5
and 7e-2 mbar [43]. Both are high compared to our LEEM measurements with
a maximum temperature of 600 °C and pressure 1e-6 mbar. Alternatively, this
height contrast could occur at flakes that were mechanically damaged during
the exfoliation process; then the origin of this boundary is not found in an inter-
esting chemical or physical phenomenon taking place.

The AFM results do not support our hypothesis that the edges are oxidized. We
did not find back any other flake which we measured in LEEM, as we have no
opportunity to mark places of LEEM measurement. Therefore it is hard to give
a statement about the height differences accompanying the irregular intensity
contrast visible in 4.5a.

Determining roughness with LEED

Besides the AFM analysis of flakes, we can additionally execute a more local
method, which uses the Low Energy Electron Diffraction (LEED) pattern. We
have studied the surface roughness of the flake shown in figure 4.2a, according
to the method clarified in section 3.5.1. A line profile through the (0,0) diffrac-
tion spot, perpendicular to the dispersive direction of the prisms in figure 3.1
is assessed. The width ∆k, the in-plane momentum spread, yields information
about the surface roughness at the location where the diffraction LEEM image
is measured. We perform this analysis on the LEED data of the two locations
visible in figure 4.2a. We found these were nearly identical. Figure B.4 presents
the measured line profiles. Our hypothesis was that the roughness on the edge
of the flake would be larger than in the center: Upon oxidation, amorphous
Nb2O5 is formed [25, 26] (see also section 2.4) and this is expected to be more
rough.
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4.3.3 Optical microscope images of flake cluster

After the LEEM measurements, the flake cluster was imaged with the optical
microscope, to. The goal was to investigate whether the boundary was visi-
ble under the optical microscope. The images are displayed in figure 4.8. The

(a) (b)

Figure 4.8: Optical microscope images of ex situ exfoliated NbSe2 flakes. (a): Flake
cluster, including the flake in figure 4.5a. (b): Different flake cluster.

wide range of colours shown visible in figure 4.8 is striking. Additionally, there
seems to be different behaviour for the edges versus the center, in line with the
previous LEEM measurements on the ex situ exfoliated LEEM flakes. It was re-
searched whether these colours also occurred if NbSe2 flakes on Si substrate are
exposed to air (and without the high temperature in the LEEM). The results of
this small experiment are described in appendix B.4. With the experiment, we
conclude that features in figure 4.8 originate from the high temperature in the
LEEM, as this sample was heated up to 600 °C.

4.3.4 Application of PCA to the LEEM data

The flake of interest in figure 4.5a has already been assessed with different meth-
ods like EDX and AFM. These results did not clarify the the origin of the bound-
ary we observe between the flake’s center and edge. Therefore, we proceed with
an additional technique: Principal Component Analysis (PCA).

Section 3.5.2 described the implementation of PCA on LEEM data. The method
is relevant for Bright Field (BF) and Dark Field (DF) LEEM images. We have ap-
plied the method for our BF data over time upon exposing the sample to oxygen
and air subsequently. The PCA analysis thus serves as an additional analysis be-
sides the IV analysis in 4.5b. The input for the PCA consists of one IV data set.
We project the IV data to a lower dimensional space, spanned by orthogonal

40
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eigenvectors, i.e., Principal Components (PCs). To optimize the analysis, the
data is sliced in x- and y-direction such that we zoom in on the flake as much as
possible, while retaining the edges of the flake. For clarity, we will now display
all intermediate steps to obtain the clustered PCA image. To this end, the start
data is used (before adding oxygen).

Figure 4.9a shows the scree plot, which displays the number of PCs and the
cumulative percentage of data they explain. The scree plot has a characteristic
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Figure 4.9: First PCA steps on the flake of interest (see figure 4.5a). (a): A scree plot,
used to determine the suitable amount of PCs. (b): A constructed Bright Field image,
based on the first three PCs. The axes display the # pixels. Three PCs remarkably
reproduce the features in figure 4.5a.

’elbow’ shape, and we select the number of PCs right before the curve flattens
out. Figure 4.9a demonstrates that four PCs suffice as they explain 0.97 of the
total variance. Subsequently, figure 4.9b shows the BF image that can be recre-
ated with the first three PCs. When comparing figure 4.9b with figure 4.5a, we
verify that the first three PCs accurately represent the data.

To cluster the data, the silhouette score can be utilized (see supplementary in-
formation of [34]). However, with this method, our data could be overfitted,
implying that the number of clusters is larger than necessary. For example, if
we want to distinguish between oxidized, not-oxidized and substrate, it will be
sufficient to use three or four clusters. We tested both three and four clusters
for each BF data set, and for the first two data sets (start and oxygen), the back-
ground is interpreted as two different clusters, hence a fourth cluster was used.
The results are depicted in figure 4.10. Figures 4.10a depicts the first three PC
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Figure 4.10: Result of clustering of the PCs, from the LEEM data of the flake in figure
4.5a, before addition of oxygen. (a), (c): Plot of the first three PC vectors used for
clustering. We make use of four clusters. (b): A reconstructed Bright Field image. (d):
IV curves of the clusters, which show a great correspondence with figure 4.5b.

vectors, and and 4.10c again but then with the colours we will use for the clus-
tered BF image. The clustered data represented as a BF image is shown in figure
4.10b. This image matches very well with the features we see in the LEEM im-
age (see figure 4.5a). Additionally, figure 4.10d displays the IV curves of the
clusters, which shows astonishing correspondence with the IV curves in figure
4.5b and 4.3b.

We note that indeed, the center (blue) is different than the edge (orange). The
alternative PCA method excellently produces IV curves for the areas with as-
signed clusters. Particularly, the blue IV curve corresponds to the center’s IV
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curve shown in figure 4.5b: the two features at 3 and 8 eV are clearly visible.
The red and green clusters indicate substrate: low intensity, absence of states.
Interestingly, the flake, visible in figure 4.9b is not identified in figure 4.10d.
This could be due to low intensity, which is masked as background.

Using PCA to follow oxidation

In the previous section, we have described the application of PCA and the anal-
ysis steps. The process was illustrated with the interesting flake’s data before
adding oxygen and air. We move on to applying PCA to obtain information
about the oxidation state.

To this end, we carry out the analysis again, now on data after addition of
oxygen. Figure 4.11 shows the results. Interestingly, figure 4.11a reveals the

PCA dim 1
202

PCA dim 2

2
0

2

PCA dim
 3 2

0
2

0 200 400
x (pixels)

0

100

200

300

400

500

y 
(p

ix
el

s)

PCA dim 1
202

PCA dim 2
2

0
2

PCA dim
 3 2

0
2

0 10 20 30
Energy (eV)

10 1

100

101

102

Re
fle

ct
iv

ity

Cluster 1
Cluster 2
Cluster 3
Cluster 4

(a)

PCA dim 1
202

PCA dim 2

2
0

2

PCA dim
 3 2

0
2

0 200 400
x (pixels)

0

100

200

300

400

500

y 
(p

ix
el

s)

PCA dim 1
202

PCA dim 2
2

0
2

PCA dim
 3 2

0
2

0 10 20 30
E0 (eV)

10 1

100

101

102

In
te

ns
ity

 (a
.u

.)

Cluster 1
Cluster 2
Cluster 3
Cluster 4

(b)

Figure 4.11: Result of PCA on flake in figure 4.5a, after exposure to pure oxygen. (a): A
reconstructed Bright Field image. (b): IV curves of the clusters. We see a new feature
appearing with respect to figure 4.10b.

development of a feature on the bottom flake. One could argue that cluster 1 is
similar to cluster 4, but we do notice that the reflectivity minimum is more sharp
for cluster 1. Additionally, the IV curve of cluster 1 resembles the IV curve at the
flake’s edge in figure 4.5 well. Therefore, the appearance of this feature in the
PCA representation, can be an indicator that the bottom flake is oxidized upon
adding oxygen. In section 4.2.1, we found out that 1e-6 mbar oxygen pressure
is not enough to detect changes of a clean, i.e., in situ cleaved NbSe2 sample in
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the LEEM BF images or IV measurements. From the results presented in the
paragraph above, we could conclude that 1e-6 mbar oxygen is sufficient if the
sample has already been in contact with (pure) oxygen.

The analysis was repeated after venting the load lock. The results were con-
sistent and are shown in the appendix B.3 in figure B.5. A slight difference is
that the data is reconstructed with three clusters: this because the bottom flake
in figure 4.5a is not in the LEEM measurement window. Consequently, we did
not obtain further information about the development we observed in figure
4.11 with PCA on this data set.

We continue to study the resemblance of the IV curves reconstructed with PCA
with the curves shown in figure 4.5b. Therefore, we plot the clusters in 4.11d
over time, upon adding oxygen and air respectively. The results are visible in
figure 4.12. Figure 4.12 demonstrates the similarity of the clusters found with
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Figure 4.12: Development of the IV curves of four clusters identified with PCA on the
flake of figure 4.5a.

PCA and the IV measurements at the spots indicated in figure 4.5a. Cluster
4 represents the substrate. Then, for the start sample, cluster 1 is identified as
substrate while we see the development of the V-shaped minimum after adding
oxygen. This shows more clear in cluster 2, which describes the edges of the
flake while cluster 3 is formed by the flake’s center. Again, the IV curve of the
edge is more affected by the (pure) oxygen than the center, see section 4.3.

The alternative analysis technique, PCA, has shown to be corresponding to the
results from IV measurements. Additionally, we discovered that performing
PCA over time, we can follow the changes in electronic structure live.
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4.4 Investigating the influence of air versus oxygen
in oxidation

So far, we observed features that could be caused by oxidation exclusively on
the sample, which was already exposed to air before loading it into the LEEM
(see section 4.4 for the details). We saw peculiar intensity boundaries as well as
a development of the first reflectivity minimum (visible in figure 4.5) upon ad-
dition of (pure oxygen). A clean, in situ cleaved, sample did not exhibit changes
when it was exposed to pure oxygen (see section 4.2.1). This raises the ques-
tion whether the combination of oxygen and water, present in air, is crucial for
observing degradation due to oxidation. According to literature, humidity can
play a decisive role in the oxidation process [29, 31]. Consequently, another in
situ exfoliated sample was prepared, and only exposed to air, by venting the
sample in the load lock.

4.4.1 Surface roughness analysis

We want to further test this analysis technique, hence we apply it to our new
data. According to the method in section 3.5.1, the width of the line profile of
the (0,0) LEED spot (perpendicular to the dispersive direction), provides a mea-
sure for surface roughness. We performed LEED measurements and examined
the in-plane momentum spread ∆k of the same flake, before and after venting
the sample in the load lock. The spread was assessed at 19.2 eV and repeated for
22.4 eV, to verify consistency. The measurements were conducted at the center
of the flake in figure 4.13a. At both energies the first order LEED spots are visi-
ble. The results are shown in figure 4.13. Figure 4.13 shows that ∆k at the start
is smaller than after venting in the load lock. Table 4.2 displays the computed
FWHM values of the curves in figure 4.13.

Table 4.2: Calculated FWHM values of the in-plane momentum spread ∆k shown in
figure 4.13. Here, the FWHM is an indication for surface roughness.

FWHM (in 1 / Å), E0 = 19.2 eV FWHM (in 1 / Å), E0 = 22.4 eV
Start 0.20 ± 0.03 0.20 ± 0.05

Vent load lock 0.36 ± 0.04 0.46 ± 0.04

Figure 4.13 and table 4.2 imply that the flake’s roughness at the start, is smaller
than after it was in contact with air. This is in line with our expectation: upon
oxidation a rougher amorphous oxide layer is formed, as reported in [26, 29, 30].

From the roughness analysis, we would conclude that venting the sample in
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Figure 4.13: (a): Bright Field LEEM image of in situ exfoliated NbSe2, at 6.5 eV. (b),
textbf(c): Line profiles of the (0,0) LEED spot, perpendicular to dispersive direction of
the magnetic prisms (see figure 3.1). The FWHM is a measure of surface roughness [40].
Measured at 19.2 eV. and 22.4 eV respectively.

the load lock triggered some process to increase roughness, which could be at-
tributed to oxidation. It should be noted though, that this analysis on its own
can not verify that the flakes are oxidized. Namely, roughness can also increase
if dust from the air settles on the sample. In the sample chamber, pressure is
1e-9 mbar, so most of it should be removed but even at this pressure some con-
tamination is possible. Therefore, the roughness analysis should be used as an
additional support, instead of a decisive measurement.

4.4.2 Evaluating the consistency of measurements

For the in situ LEEM measurements, we presumed that all flakes we observed
were clean, as they were cleaved with the method treated in section 3.2. In this
section, we examine the consistency of our method and the drawn conclusions
about the intensity boundary in the NbSe2 flakes (the details can be found in
section 4.3). An example of a flake which seems to exhibit the same contrast is
provided in figure 4.14a.

The flake in figure 4.14 seems to show the intensity boundary again with high
intensity in the center and low in the edge area. In figure 4.14, the reflectivity
versus energy is plotted for the spots marked in figure 4.14a. The IV curve at
first sight resembles the curves visible in figure 4.3b. Upon closer inspection, we
however see that the IV curve of the edge (red in figure 4.14b) does not show
the V-shaped first reflectivity minimum, which was characteristic for the edge
IV measurement (see also figure 4.5b). It appears that the edge’s reflectivity be-
haves similarly to the background, as demonstrated in 4.10 in the green and red
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Figure 4.14: (a): A real space Bright Field image of an in situ exfoliated NbSe2 flake,
at 6.0 eV. There seems to be an intensity contrast between center and edge (similar to
4.3b). (b): Measured reflectivity intensity for different energies, i.e., an IV curve, at the
spots marked (a). Recorded in real space.

curves. The low intensity at the edge of this flake is attributed to a contaminated
surface. This is supported by the lack of states visible as reflectivity minima in
figure 4.14b.

This example was shown to clarify the difference between (i) flakes like in fig-
ure 4.3a from which we believe that the boundary separates NbSe2 with differ-
ent electronic structure, and (ii), flakes that display an intensity contrast, from
which we assume it is due to contamination (like tape residue).

After exposure to air, no flakes were discovered which exhibited the same IV
behaviour as the ex situ exfoliated flakes. The IV measurements are shown in
figure C.1. This supports the hypothesis that the flake was clean before, and
the intensity boundary stems from contamination. For an oxidized flake’s edge,
we would namely expect the features described in section 4.3. With this, we
propose that only flakes that are already degraded due to oxygen, will show
more oxidation damage signs upon addition of (pure) oxygen.
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Chapter 5
Conclusions and Outlook

5.1 Conclusions

In this research, we have developed a new method to exfoliate TMD flakes in
situ in the Escher LEEM set-up. This method was implemented to investigate
the oxidation process, for which we used bulk niobium diselenide, NbSe2. The
IV curves measured in diffraction space were corrected for electron gun noise,
which improved the smoothness by 8 %.

In section 4.2, we assessed the flake’s reflectivity versus energy, so-called IV
measurements. These showed great correspondence to the theoretical predic-
tion in [41]. Pure oxygen at a pressure of 1e-6 mbar (in a time period of 30
minutes), was not sufficient to observe changes in the LEEM images and IV
measurements.

Interestingly, we have noticed the difference between exposure to pure oxygen
and air in section 4.3: flakes exposed to air before conducting the first LEEM
measurements, did show signs of degradation. Specifically, a boundary be-
tween edge and center with low and high intensity respectively was visible
and the areas exhibited different IV curves. The first reflectivity minimum of
the edge’s IV curve exhibited a sharp V-shape (visible in figure 4.3). Upon addi-
tion of oxygen and air, the V-shape continued to sharpen over time. By eye, no
changes in the BF LEEM images were observed. With the usage of PCA on this
data, we have confirmed that PCA to accurately identifies these different areas
in a BF LEEM image. Furthermore, the IV curves are excellently reproduced
by the analysis. To conclude, with the LEEM IV measurements (in combination
with PCA), we are able to follow the changes in band structure live. The change
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of electronic properties is attributed to oxidation, as this was the variable factor
in this experiment.

Further investigation into the origin of the intensity contrast was executed, but
EDX and AFM did not give conclusive results. According to the EDX analysis,
there was no significant difference in the Se/Nb ratio between the edge and
center. This would be expected if the edge is oxidized and the center intact.
From AFM, we learned that the center is 21 nm higher than the edge, which
does not agree with literature findings of oxidized TMDs [25, 27, 28].

We have explored an additional technique besides AFM to examine the surface
roughness via the (0,0) LEED pattern. Lastly, we explored whether a difference
exists between oxidation in pure oxygen and air. We found that flakes that were
already in contact with air, and therefore supposed to be degraded at time zero,
are more prone to further degradation upon adding (pure) oxygen.

It is clear that further investigation is needed for a better understanding of the
oxidation of bulk NbSe2. Namely, TMDs are suitable candidates for the devel-
opment of optoelectronic devices due to the indirect band gap in the visible
light range [9].NbSe2 specifically is interesting, as it was used to fabricate the
first solid, conductive lubricant which is stable in vacuum, over a wide tem-
perature range [44]. For the quality of the electronic devices, it is desirable that
oxidative degradation is minimized [12].

5.2 Outlook

To obtain a definitive explanation on the features observed on theNbSe2 flakes,
we can use a different method to identify the elemental composition. Raman
spectroscopy is suitable for this, due to its locality [45]. Raman spectroscopy
measures the energy shift of inelastically scattered photons which are excited
after incident light hits the sample [46]. As the wavelength shift is dependent
on chemical composition of the scattering molecules, it is used for component
identification. This technique was used before to analyze oxidation damage
[29]: Budania et al. observed differences in Raman spectra of thin flakes between
affected and intact areas.

The EDX analysis did not yield conclusions about the oxidation state. We pro-
pose an adjustment for EDX measurements on samples that are suspected to
be oxidized. In particular, the beam incidence can be changed from normal to
almost sheering incidence, to maximize the amount of measured oxygen. With
our measurement, electron beam hit the sample at normal incidence such that
the full thickness of sample is measured. The oxide layer is expected to be thin
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compared to the full flake height. Therefore, with normal inciding beam, we ex-
pect a small part of the signal to be due to the oxide layer. In contrast, sheering
incidence results in measurement of the top layer, which should lead to a larger
percentage of oxygen.

Another suggestion for follow-up research is to repeat the oxidation experi-
ments with thinner flakes. As discussed, the oxygen enters the material from
the side and the top. In particular, the edges are more prone to react with oxy-
gen [26, 30, 32]. We hypothesized in section 4.3.2, that the formed Nb2O5 could
be located between layers and thereby push up the TMD surface. If the TMD
flake is thinner, this height effect will be observed more easily [29]. A method to
obtain thin flakes is to evaporate the substrate with a layer of gold (with a stick-
ing layer of Nb or Cr) [47]. We have already tested this method, which yielded
areas of thin flakes, which is reviewed in appendix D.

For future research into oxidation, it is desired to have longer measurement
windows. During this project, we were subject to time constraints. Conse-
quently, we did not measure flakes after 90 days or 1 year, similar to the ap-
proach in [28–31].

Before changing up the system, we need to further explore NbSe2. Subsequently,
though, a logical next step would be to perform the in situ exfoliation and ox-
idation with a different TMD. Accordingly, it is possible investigate whether
the flakes of a different TMD exhibit similar intensity boundaries. As described
in section 2.4, the electronegativity of the chalcogen (sulfide, selenium or tel-
lurium) influences the oxidation. For S, Se and Te respectively, the bonds be-
tween the metal and oxygen are stronger. For example, NbTe2 would be more
prone to oxidation [48]. It should be noted, though, that for S, Se and Te, the
amount of states increases [20], which could mean that states are more easily
masked in the IV measurements. Also, the transition metal could be different,
as for example tungsten disulfide and - diselenide (WS2 and WSe2) have already
been objected to oxidation studies [23, 27, 28, 31].
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Appendix A
Details about measurements of in situ
exfoliated NbSe2.

We now show additional results that support the results described in section
4.2. The noise reduction is quantified, and then details about the oxidation ex-
periment are provided.

A.1 Quantification of noise reduction

Figure 4.2 shows an IV curve which was recorded from the (0,0) Low Energy
Electron Diffraction (LEED) pattern. This spot is elongated because electrons
have slightly different energies upon leaving the electron gun, see section 3.1.2
for details. The IV curve is corrected for this energy dispersion. Figure A.1a
shows both the regular average (obtained by averaging over all pixels in the
linecut) and the corrected average.

Visually, we observe that the corrected curve is smoother. To quantify this, a
noise factor is computed. First, the average is divided by the corrected average
and then the mean is subtracted to center the noise factor around zero. If we
assume that the corrected average is a smoother and more correct version than
the regular average, this noise factor indicates the percentual improvement by
correcting. The noise factor is plotted in figure A.1b. The standard deviation of
the factor provides the percentual improvement, which is 8 %.
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(a) (b)

Figure A.1: Quantification of improvement of the IV curve (measured in diffraction
space), with noise reduction. (a): The average and corrected IV curves of sample 2:
NbSe2, cleaved in situ. (b): Plot of the noise factor = average / corrected. The mean
subtracted to center the noise factor around 0. The standard deviation, 8 %, of this
factor quantifies the improvement due to correction.

A.1.1 Calculation of energy per pixel (in eV)

For the method described in section 3.1.2 we determine the correct energy per
pixel (in eV) value, defined as δ. The calculation of δ was carried out in [35] for
the setting ’diff hi’ in the LEEM measurement. Now, we repeat the steps for ’diff
std’ to ensure that the correction described in section 3.1.2 is performed with a
correct energy per pixel value. The method is described in [35] and makes use
of the shift of the reflectivity minimum between frames. Namely, we know this
minimum should appear at the same electron energy. The difference in energy
is derived with a line profile through the (0,0) LEED spot. The linecut is taken
parallel to the dispersive direction, which obtains us a spread in out-of-plane
momentum. An example is shown in figure A.2.

In figure A.2 a minimum is visible in the Electron Energy Loss Spectroscopy
(EELS) plot. The location of this dip shifts between frames, as seen in figure
A.2. With this energy shift, ∆Eshi f t, and number of pixels, the energy per pixel
(in eV) is computed. We determined:

δ =
∆Eshi f t

#pixels
= 0.033 ± 0.001 eV/pixel
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A.2 Reflected intensity upon adding oxygen 55

Figure A.2: The Electron Energy Loss on the x-axis is plotted against intensity of the
(0,0) diffraction spot. The energy loss of electrons is correlated to the pixel location: this
is how the elongated spot arises, which we discussed in section 3.1.2. The energy shift
between the plotted frames determines the energy per pixel (in eV) for the ’diff std’
setting of the LEEM set-up.

A.2 Reflected intensity upon adding oxygen

We measured the reflectivity for in situ exfoliated NbSe2 flakes. Now the oxi-
dation experiment is implemented and pure oxygen is added to the sample, at
temperature 360 °C and 1e-6 mbar pressure. We anticipated to observe changes
in the LEEM images or IV curves. However, as shown in figure A.3, the IV
measurement still matches well with the curve before adding oxygen (in figure
4.2). Also, no changes in the LEEM BF images were visible. From this figure, we

Figure A.3: The reflectivity at different energies, measured on the same flake of which
the (0,0) LEED spot is visible in figure 4.2. This IV curve was recorded after exposure
to pure oxygen. The IV measurement before, is depicted in figure 4.2b.

conclude that the amount of oxygen was not sufficient to follow the oxidation
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degradation live.

A.3 AFM characterization of flakes

We have implemented a new exfoliation technique to cleave crystal in vacuum.
In this section, the flakes are characterized with AFM analysis. Here, we pro-
vide examples of thickness of flakes and the surface roughness on the flakes.

Figure A.4 depicts a flake which clearly shows sharp edges that occur between
different parts of the flake. This is caused by the exfoliation method, where
some layers are ripped of while other stick to the Kapton tape. We take a line-
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Figure A.4: (a): Atomic Force Microscopy image of a flake in sample 2 (in situ exfoli-
ated). We measure the height along the linecut shown in blue. (b): Height profile along
the linecut.

cut from the edge of the flake to the substrate, which is visible in figure A.4a.
This way, the flake’s height is determined. From figure A.4b we learn that the
height is roughly 80 nm.

To examine the roughness on the surface of the flake, we measure a zoomed-
in area on the flake in figure A.4. Now, we randomly draw a linecut across
the surface and analyze the height differences. The results are shown in figure
A.5. In figure A.5 we notice that the height on the surface of the flake in figure
A.4 fluctuates with approximately 3 nm. For LEEM measurements, we aim to
obtain a surface as flat as possible, but a roughness of a few nm is acceptable.
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Figure A.5: (a): Atomic Force Microscopy image, selecting a small region on the flake
shown in figure A.4. We measure the height fluctuations along the linecut shown in
blue. (b): Height profile along the linecut.
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Appendix B
Details about measurements of ex situ
exfoliated NbSe2.

This appendix treats additional results and analysis of sample 3, discusssed in
section 4.3. These consist of (i) examples of an observed intensity boundary in
flakes, (ii) roughness analysis and (iii) PCA.

B.1 Examples of intensity boundary in NbSe2 flakes

We are investigating the oxidation and this started with interesting observa-
tions on NbSe2 flakes some time ago. Figure B.1 shows an example, where an
intensity boundary on the flake itself is visible. The center and edge exhibiting
high and low intensity respectively. During the measurement of ex situ NbSe2,
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Figure B.1: Bright Field image of a NbSe2 flake at 4.9 eV, where an intensity boundary
between center and edge is visible. Measurement stems from 2021.
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60 Details about measurements of ex situ exfoliated NbSe2.

similar flakes were encountered. Figure 4.3a shows this intensity contrast. In
figures B.2 and B.3 below, we provide additional examples.
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Figure B.2: (a): Bright Field image of a NbSe2 flake at 4.4 eV, where an intensity bound-
ary between center and edge is visible. (b): Real space IV curves, showing reflectivity
at the marked spots on the flake in (a), at different energies
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Figure B.3: (a): Bright Field image of a NbSe2 flake at 5.5 eV, where an intensity bound-
ary between center and edge is visible. (b): Real space IV curves at the marked spots
on the flake in (a).

B.2 Roughness analysis with LEED

Section 3.5.1 gives a description of the method used to quantify the roughness.
We measure line profiles for diffraction curve at the edge and center of the flake
shown in figure 4.3a. Figure B.4 shows the line profile through the (0,0) LEED
spot, measured perpendicular to dispersive direction.
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Figure B.4: (a): Bright Field LEEM image of a flake which shows an intensity boundary
between center and edge. (b): For the spots pointed out in figure B.4a, the intensity
along a linecut through the (0,0) Low Energy Electron Diffraction spot is measured.
Linecut taken perpendicular to the dispersive direction. Intensity is measured at 21.2
eV and plotted against k∥.

We see that the width of the peaks in figure B.4 is equal for the center and edge
of the flake. Therefore, the plot demonstrates that the roughness is similar for
both areas on the flake.

B.3 PCA results, after exposure to air.

We repeat the analysis described in section 3.5.2 for an IV dataset of the flake
depicted in figure 4.3a. This IV measurement was performed after exposure to
air (by venting in the load lock). The results are shown below. We clearly see
that the field of view in figure B.5a measured with LEEM is different than in
figures 4.10 and 4.11. This results in a different number of identified clusters:
three instead of four. Namely, the flake at the bottom, visible in figure 4.5a, is
not in the LEEM measurement window. Furthermore, the IV curves in figure
B.5b exhibit the features from the center and edge (previously observed in figure
4.5b).
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Figure B.5: Result of PCA on flake in figure 4.5a, after exposure to air. (a): Recon-
structed Bright Field image with three clusters. (b): IV curves of the clusters.

B.4 Experiment motivated by contrast in optical mi-
croscope

The motivation for this experiment, is the remarkable colour contrast between
and within flakes in figure 4.8. We hypothesized that this arose due to oxidation.
Ex situ NbSe2 samples on silicon with silicon dioxide were prepared and were
exposed to air and light for 7 days. If the sample looked similar to the flakes
in 4.8, the hypothesis was supported. After 7 days, the samples did not show
the colours visible in figure 4.8, which is demonstrated in figure B.6 Therefore,
we suspect the wide range of colours in figure 4.8 is due to the temperature in
the LEEM: this sample was heated up to 600 °C, which could have caused to
change optical properties.

62

Version of August 29, 2023– Created August 29, 2023 - 14:46
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Figure B.6: An optical microscope image of ex situ NbSe2, after one week of exposure to
air and light. While certain colours can be identified, the flakes do not resemble figure
4.8.
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Appendix C
Exposure of the in situ cleaved NbSe2
to air

Additional experiments were performed to study the difference between expo-
sure to pure oxygen and air. Figure C.1 shows that the IV curves did not alter
upon venting the sample in the load lock. This supports the hypothesis that the
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Figure C.1: (a): Bright Field LEEM image a flake with an intensity boundary. (b): Re-
flected intensity versus energy measured at the two locations in figure C.1a. We observe
no development of the IV curves upon exposure to air (i.e., venting sample in the load
lock)

clean was flake before, and that the intensity boundary stems from contamina-
tion.
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Appendix D
Method to obtain few-layer flakes of
MoS2

In this appendix, an alternative substrate is reviewed, which leads to thin TMD
flakes.

We have tested this method to yield larger areas of thin flakes of MoS2. To obtain
few-layer TMDs, we use a different substrate. As a substrate, we start with sili-
con. Then, a 2 nm layer of gold is evaporated with niobium as sticking layer on
top of our substrate. This method is described in [47]. The gold interacts with
the chalcogen in the TMD layers (see figure 2.1), which results in thin flakes
sticking to the gold.

We first used an optical microscope to analyze our result, an image is shown
in figure D.1a. In figure D.1a, the large slightly darker areas suggest the pres-
ence of few-layer MoS2 (see [47] for examples). To support, we have performed
AFM on the samples. Because the contrast of the optical microscope in the AFM
is not optimal, the thin areas are hard to distinguish. Consequently, a large thin
flake area, like in figure D.1a, was not found. Figure D.1b shows a small thin
flake, with a height of around 2 nm. From section 2.1, it is known that this cor-
responds to approximately three MoS2 layers.

To conclude, the evaporation of gold on silicon substrate showed to yield thin
flakes. During the research we did not take LEEM measurements on these sam-
ples, but this could be an object of future study.
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Figure D.1: (a): Optical microscope image of MoS2 flakes. On the silicon substrate, 2
nm of gold was evaporated with a sticking layer of niobium, to obtain thin MoS flakes.
(b): AFM image of a thin MoS2 flake. (c): Height profile along linecut. The height of the
flake is approximately 2 nm

.
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