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Abstract

Transition metal dichalcogenides (TMDs, MX2) are Van der Waals ma-
terials with properties such as the band structure depending on chemi-
cal structure and the number of layers. Low energy electron microscopy
(LEEM) provides a manner of characterizing TMDs, by controlling the
landing energies at which electrons reach the desired sample and measur-
ing the reflection of the electrons. Besides real space imaging, our LEEM
instrument is able to image reciprocal space, which is especially interest-
ing to the characteristic hexagonal lattice of TMDs. This thesis will discuss
a number of energy-resolution limiting factors. One of these factors is the
energy distribution of electrons incident on the sample. It will discuss a
method to correct for this energy dispersion and use it to decrease noise in
electron reflectivity spectra. Also, fluctuations in electron current will be
discussed and corrected for. Further, this thesis will examine oxidation of
TMDs, as the rate of oxidation and impact on properties differs greatly de-
pending on the specific composition of the TMD. It will discuss methods
of exfoliating TMDs in vacuum, i.e. in situ, and show successful exfolia-
tion in vacuum of around 10−6 mbar inside the LEEM. Also, the research
will study exfoliation of Si/SiO2 substrates with gold evaporated to pro-
duce large flakes of few-layer TMDs. This yielded MoS2 few-layers flakes
of up to 100 microns. The findings in this study regarding enhanced en-
ergy resolion in LEEM measurements of TMDs and improved techniques
for TMD exfoliation will help the progress in understanding and charac-
terization of TMD materials.
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Chapter 1
Introduction

In recent years, there has been extensive research in 2D materials, or Van
der Waals materials [1]. These materials are layered, existing from mono-
layers to bulk. Van der Waals materials are characterized by strong in-
plane bonding and weak out-of-plane interactions. This feature enables
exfoliation up to a single unit cell thickness [2].

Van der Waals material graphene has especially attracted a lot of at-
tention [3]. Another group of materials has also been a prominent sub-
ject of research for some time: transition metal dichalcogenides (fig. 1.1)
[1]. These transition metal dichalcogenides (TMDs) are a class of materials
with the form MX2, where M is a transition metal (for instance, Mo, W or
Nb), and X is a chalcogen (S, Se or Te). In the TMD crystal, a transition
metal atom is sandwiched between 2 chalcogen atoms [2].

(a) (b)

Figure 1.1: (a) Three-dimensional schematic representation of 3 layers of a TMD
(MX2), where M is transition metal atom (e.g. Mo, W or Nb), and X and chalcogen
atom (S, Se or Te). Taken from [2] (b) Thin and thick flakes of MoS2 on SiO2-Au
substrate

Version of July 5, 2023– Created July 5, 2023 - 14:16
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8 Introduction

(a) (b) (c) (d)

Figure 1.2: Calculated band structure of MoS2 in (a) bulk, (b) quadrilayer, (c)
bilayer, and (d) monolayer. The arrows indicate the lowest energy transitions.
Taken from [5]

Due to their Van der Waals properties with weak interactions between
layers, TMDs can relatively easily be exfoliated from bulk to a single layer.
Interestingly, properties of the material may change, transitioning from
bulk to few or single layer [4]. For example, the electronic band struc-
ture of TMDs changes when adding or removing layers from the material,
shown in fig. 1.2.

To study TMDs, it is most interesting to chart the lowest energy states
of materials in the region up to around 50 eV. In these energy states, the
difference in band structure between TMDs is most visible. Also, changes
in energy band structure due to the number of layers are visible at these
lower energies. To measure at these energies, Low Energy Electron Mi-
croscopy (LEEM) can be used. In LEEM, the adsorption of electrons at the
surface of materials can be studied with electron energy intervals down
to 0.1 eV. Furthermore, due to the crystal lattice nature of TMDs, it would
be interesting to study in diffraction space. To look at reflectivity in mo-
mentum space at low energies, a technique called angle-resolved reflected-
electron spectroscopy (ARRES) can be exploited.

LEEM has the capability to map energy bands above the vacuum level.

8
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With the right landing energy and the right angular momentum, corre-
sponding to the energy state, an electron will be allowed to enter the
material [6]. The LEEM setup is able to measure this, thus mapping the
unique band structure for a TMD with a specific chemical orientation and
the number of layers.

There are a few limiting factors to LEEM measurements. First of all,
the electron beam used in LEEM is not monochromatic in kinetic energy
but rather has a certain energy distribution. Second, the number of elec-
trons released by the electron gun is not perfectly constant as well. These
factors might lead to noise and inaccuracies in LEEM measurements. An-
other obstacle might be oxidation. Depending on the specific chemical
composition, some TMDs are very prone to oxidation. This might change
the electronic properties of the material, making it more difficult to map
the properties of a sample.

The next chapter will go into more depth on the properties, similarities
and differences of TMDs. Also, LEEM, the Leiden setup and ARRES will
be discussed in detail. Further, it will discuss the implications of a non-
monochromatic electron beam and inconstant electron current. Lastly, it
will delve into oxidation of some materials and its consequences.

Version of July 5, 2023– Created July 5, 2023 - 14:16

9





Chapter 2
Background

2.1 Transition Metal Dichalcogenides (TMDs)

Two-dimensional transition metal dichalcogenides (TMDs) is a group of
materials in which the field of research is growing rapidly. Depending on
the chemical composition, these materials might be categorized as (semi-
)metallic, (semi-)conducting, insulating or even superconducting. TMDs
all share the same composition (MX2) of a transition metal layer (M) sand-
wiched between two chalcogen layers (X). Some of the most commonly
used TMDs include molybdenum disulfide (MoS2), molybdenum dise-
lenide (MoSe2) and tungsten diselenide (WSe2) [7].

One of the main shared properties of TMDs is their hexagonally shaped
crystal lattice due to their X − M − X composition. This means, in recipro-
cal space, their first Brillouin zone will look like a hexagon with a charac-
teristic threefold symmetry. This Brillouin zone contains high symmetry
points Γ, K, K′ and M (fig. 2.1). Although every TMD has a comparable
hexagonal Brillouin zone, the lattice parameters differ, in both the in-plane
and out-of-plane direction. The in-plane lattice parameters define the dis-
tance between Γ, K, K′ and M, while the out-of-plane parameter defines
the distance between separate layers, as well as the distance between tran-
sition metal atom and the chalcogen atom inside a layer [8].

Variations in chemical composition, as well as the number of layers,
determine the energy band structure of a TMD [7]. For example, most
semiconducting TMDs have a direct bandgap in monolayer, transitioning
to an indirect band gap in bulk, with a few exceptions [10]. The band struc-
tures for MoS2, MoSe2, WS2 and WSe2 in monolayer, bilayer and bulk are

Version of July 5, 2023– Created July 5, 2023 - 14:16
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12 Background

(a) (b)

Figure 2.1: (a) Schematic representation of the diffraction pattern of a hexagonal
lattice, occurring in TMDs. Black spots represent diffraction spots. (b) Hexagonal
first Brillouin zone. Taken from [9]

shown in fig. 2.2, simulated using DFT calculations, showing the change
in band structure [11].

(a) (b) (c)

Figure 2.2: Band structure of several TMDs, in (a) single layer, (b) bilayer and (c)
bulk, demonstrating how the energy band structure is dependent on the number
of layers. Taken from [11]

There is also a characteristic interlayer energy state in TMDs which is
absent in monolayers [12]. For example, in MoS2 this state occurs around
5.4 eV. In a bilayer, this is present as a single state. Adding more layers,
this state splits into two very similar states. Adding even more layers, the
states continues splitting until the states are indistinguishable in bulk. [13].

12
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2.2 Oxidation 13

This can be understood as resonance in electron wave functions. When an
electron comes in contact with a layered material, it either passes through
the layer or gets reflected. The electron that passes through can then ei-
ther also pass through the next layer or get reflected. If this electron gets
reflected, the wave functions of the electrons can interfere constructively,
creating an extra energy state.

2.2 Oxidation

Another potential problematic factor for LEEM measurements of TMDs is
oxidation. Scotch tape (or other kinds of tape) is still very widely used
as a modus of exfoliation of TMDs [14]. While this is a very convenient
method, exfoliation usually happens manually and immediately exposes
freshly cleaved flakes to environmental gasses.

Experimentally, it is shown that monolayers of TMDs are especially
prone to oxidation, the adsorption of O2 [15]. While calculations show that
perfect single-layer TMDs are not harmed by oxidation, O2 can be chemi-
cally adsorbed onto a sample with single vacancies of chalcogen atoms in
the crystal structure, which is the most common defect of TMDs. Some
TMDs, such as MoS2, are more prone to changes in electronic properties
due to oxidation than others (especially MoTe2 & WTe2 are less affected)
[15]. Also, the rate at which oxidation occurs might vary considerably be-
tween TMDs. For instance, NbSe2 oxidizes at least 5 times quicker than
MoS2 [16]. This varying influence and rate of oxidation is reason to study
exfoliation in (near) vacuum.

Version of July 5, 2023– Created July 5, 2023 - 14:16
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Chapter 3
Experimental setup

3.1 LEEM

Low energy electron microscopy (LEEM) is a surface probing technique in
which electrons with very low energies interact with the surface of a sam-
ple, with a range of around 0-100 eV. A simplified overview of the Leiden
LEEM setup is given in fig. 3.1. Here, the electron path is indicated in red,
electron lenses in blue, apertures in green and deflectors in black [9].

The electrons exiting the gun have a initial energy of 15 keV. The beam
is then rotated 90° in the prism towards the sample. The sample is how-
ever charged with a voltage of -15 kV + V0. Thus the electrons are deceler-
ated due to the negative charge. The user can manually set V0 to vary the
landing energy for the electron, from around -5 eV to +60 eV. For V0 < 0,
the surface charge will be too large for the electrons to reach the sample,
and the electron will be fully reflected. This is called the mirror mode. For
V0 > 0, electrons will have just enough energy to reach the sample, with a
landing energy equal to V0. This allows for very low energy interactions,
with a tweaking resolution of around 0.1 eV.

After reflection, the electrons are accelerated back to 15 keV, and the
resulting image beam is magnified in an objective lens. The beam is then
rotated 90° to its initial path. In the second prism, the beam is again ro-
tated 90° towards an electron mirror. This mirror corrects for spherical and
chromatic aberrations, which are induced by the field between the sample
and the first objective lens. This aberration correction allows for a higher
resolution compared to LEEM without the correcting electron mirror, ide-
ally down to around 1 nm [17].

Version of July 5, 2023– Created July 5, 2023 - 14:16
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16 Experimental setup

Figure 3.1: Schematic overview of Leiden LEEM setup (ESCHER), used to study
TMDs. Taken from [9]

Finally, the beam is rotated again 90° back to its initial path. The elec-
trons reach the detector, in which an image is formed [9]. This image is
formed in a detector which counts the reflected electron.

The driving idea behind LEEM is that when reaching the surface of a
sample, an electron can either get be reflected elastically from the surface,
or enter the material, consequently not getting reflected. To link this to
the band structure of TMDs, LEEM only maps energies above the vacuum
level. If the landing energy and position in momentum space corresponds
to an energy state, there is a higher probability of adsorption of electrons.
Hence, a dip in reflectivity will occur at that energy and position. Reflec-
tivity can then be plotted in an intensity-landing energy plot, called an IV
curve. The band structure of samples differ depending on the material or
the number of layers. Accordingly, different samples will give different IV
curves [3].

16
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3.2 Diffraction space imaging & ARRES 17

(a) (b)

Figure 3.2: Simplified ray represtation of (a) real space plane (b) reciprocal space
plane. Taken from [9]

3.2 Diffraction space imaging & ARRES

The characteristic TMD crystal structure with threefold symmetry sug-
gests that it is also interesting to observe TMDs in reciprocal space. The
hexagonal lattice with K − Γ− M high symmetry points is after all defined
in momentum space. Further, the band structure of TMDs changes along
these high symmetry lines. A theoretical plot of surface reflectivity of bulk
MO2 along these lines is shown in fig. 3.4.

A very useful feature of LEEM is that switching between imaging in
real space and reciprocal space is possible. Imaging reciprocal space is re-
ferred to as Low Energy Electron Diffraction mode (LEED) [18]. Fig. 3.2
illustrates how both the real space image and reciprocal space image is
constructed. The black arrow represents an object, or sample. The lines in-
dicate the path of rays, with rays scattered at the same angle represented
with the same colour. In real space, beams stemming from the same lo-
cation are focussed in plane. This gives a regular (rotated) image with
a certain magnification. Alternatively though, in reciprocal space, beams
that are scattered at the same angle are projected on the detector. These
beams thus have the same k-vector.

In LEEM imagining, it is possible to image the reciprocal. This is done
by focusing in the reciprocal plane, as shown in fig. 3.2. To detect elec-
trons with a certain k-vector, the electron beam is tilted to vary the angle
of incidence, which is equal to the angle of reflection. This introduces an
in-plane momentum kparallel, as shown in fig. 3.3 [19]. This technique is
called angle-resolved reflected-electron spectroscopy (ARRES). The tech-

Version of July 5, 2023– Created July 5, 2023 - 14:16
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18 Experimental setup

Figure 3.3: Electrons reaching the sample at an angle will have an in-plane mo-
mentum k∥. This is used to map the band structure of TMDs above vacuum level
with ARRES. Taken from [19]

nique can measure TMD lattices to reproduce plots such as fig. 3.4 experi-
mentally [9].

3.3 Gun current fluctuations

Measurements with LEEM are based on electron count of the reflected
electrons. The electron intensity is dependent on the reflectivity of the
surface of the sample. This is the desired variable to measure. Unfortu-
nately, the electron gun in the setup from which the electrons are initially
emitted, is not perfect. The beam current is dependent on a number of
external noise factors [21]. Because this noise directly affects the number
of electrons emitted, this will consequently affect the number of electrons
detected at the detector.

The LEEM setup can however measure gun current before the elec-
trons hit the sample. This feature is possible in the illumination aperture in
prism 1. Measuring this gives the possibility to reduce noise in IV curves.

3.4 Electron Energy dispersion

Ideally, the LEEM image in mirror mode (V0 < 0) would produce a single
spot in reciprocal space, indicating that all electron are reflected under
the same angle. However, the diffraction spot, shown in fig. 3.5, seems
to produce a line-like shape with asymmetric intensity decreasing in one
direction. This is in fact caused by a kinetic energy distribution fo the

18
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3.4 Electron Energy dispersion 19

Figure 3.4: Theoretical reflectivity of bulk MoS2 hexagonal lattice along high sym-
metry lines M − Γ − K. Data used from [20]

(a) (b)

Figure 3.5: (a) Mirror mode (E < 0) with dispersion in one direction. This inten-
sity loss is due to a distribution of kinetic energy in the incidence electron beam
as a result of tunnelling effects at the time of generation (b) Intensity spread over
a linecut of (a) in the direction of intensity loss

Version of July 5, 2023– Created July 5, 2023 - 14:16
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20 Experimental setup

Figure 3.6: Tunneling process of electrons extracted from electron gun tip visual-
ized. The energy barrier tilts down when an extraction voltage is applied to the
tip. This allows electrons with to tunnel through the barrier.

electrons emitted from the electron gun.
This energy distribution in kinetic energy of individual electrons has

been described by Fowler and Nordheim [22]. In an electron gun, electrons
are emitted by applying a certain extraction voltage to the tip of the gun.
This allows electrons with lower energies to tunnel out of the tip. This ef-
fect is visualised in fig. 3.6.The chance of tunneling out of the tip drops off
exponentially with the energy, going to zero for energies lower than the
Fermi energy. The electrons available for tunneling are described by the
Fermi-Dirac distribution, and the full energy distribution is described by:

j(ϵ) = zS fFD
2F

3bϕ1/2
exp(

bϕ1/2(3ϵ
2 − ϕ)

F
) (3.1)

With zs Sommerfeld’s electron supply constant, fFD the Fermi-Dirac
distribution, F the field gradient depending on the extraction voltage, ϕ
the work function for the tip and ϵ the energy of electron relative to the
Fermi level. b is a constant defined by the electron mass me and charge e:
b = 4

√
2me

3eh̄ [23].

In the LEEM setup, electrons are turned in the prisms a number of
times due to a magnetic field, ideally 90°. The Lorentz force law for a
moving electron states, assuming E⃗ = 0:

F⃗ = qe(v⃗e × B⃗) (3.2)

Here, F⃗ is the force vector on the electron, qe the electron charge, v⃗e the
velocity of an electron and B⃗ the applied magnetic field. The magnetic field
is set perpendicular to the electron velocity, hence v⃗e × B⃗ = veB. Setting

20
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3.5 Exfoliation 21

the resulting Lorentz force equal to the centripetal force, and rearranging
the terms, this results in:

rg =
mve

qB
(3.3)

With rg the gyroradius, i.e. the radius of the motion of the electron
in a magnetic field. The velocity of the electron is only dependent on the
applied (electric) potential.

ve =

√
2ϵe

me
(3.4)

With me the electron mass. The kinetic energy distribution described
by Fowler and Nordheim leads to a slight variation in the gyroradius rg.
This results in slight deviations from the 90° turns in the several prism
passes, producing an elongated spot in diffraction space, as shown in
fig. 3.5.

This feature of the LEEM adds noise and inaccuracies to measure-
ments. However, if this spread is defined and quantified, this can be fil-
tered out and could even improve measurements.

3.5 Exfoliation

Transition metal dichalcogenides are, as explained in the previous chap-
ters, a group of Van der Waals metarials. These type of materials are char-
acterized by strong in-plane bondings, but weak interactions between lay-
ers. Some properties of TMDs change, transitioning from bulk crystals to
few or single layers. Consequently, thin flakes of TMDs is an interesting
subject of research. Monolayers of TMDs typically have a thickness of 0.6-
0.7 nm [24].

Due to this weak out-of-plane van der Waals force interaction in TMDs,
exfoliating thinner flakes is relatively easy. This is done by pressing a crys-
tal of the desired TMD onto a piece of scotch tape, leaving a thick layered
crystal of the TMD on the tape. Fig. 3.7 shows a very thick flake of MoS2.
This tape is then folded onto itself slightly misaligned two or three times
to create thinner flakes. The resulting tape with flakes is called the mother
tape. Next, another piece of scotch tape is pressed onto a desired patch of
flakes from the mother tape, preferably with some large intact flakes. This

Version of July 5, 2023– Created July 5, 2023 - 14:16
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22 Experimental setup

Figure 3.7: MoS2 crystal on scotch tape. This tape could serve as a mother tape
for the exfoliation process of MoS2.

is again folded onto itself a number of times to further exfoliate layers.
The resulting tape is the generation I tape. The goal is to obtain flakes as
thin as possible and as intact as possible. Depending on visual judgement
of the flakes, a number of generations can be made. When the flakes are
sufficiently thin, the tape is pressed onto the desired substrate to exfoliate
flakes one last time, leaving thin flakes on the substrate.

This exfoliation method usually happens manually in atmospheric pres-
sure. In the previous chapter, the potentially high influence of oxidation
in TMDs is discussed. To prevent this oxidation, it is desirable to perform
the exfoliation in situ, i.e. in a vacuum. However, regular tape is usually
avoided in vacuums due to their high outgassing potential. Mainly the
diffusion of H2O from the tape can be a source of contamination of the
vacuum [25]. Therefore, Kapton tape will be used for the process. Kapton
tape is regularly used in (ultra-)high vacuums on account of its property
to maintain its structure and adhesiveness in low-pressure environments
[26].

While a glove box with inert gas, such as nitrogen, does provide a
practical and versatile environment to exfoliate, the transfer to the LEEM,
in which the sample is measured, yields some time period for the flakes to
exfoliate. To work around this transfer, the exfoliation will happen inside
the LEEM. The most practical location would be in the loadlock, with a
pressure of the order of 10−6 mbar, where you have manual control over
the transfer arm, which can move and twist along the direction of the arm.

Oxidation mainly happens at the surface layers of a TMD, with the un-
derlying layers almost unaffected by oxidation [27]. Thus, it would suffice

22
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3.5 Exfoliation 23

(a) (b)

Figure 3.8: (a) Leiden LEEM sample holder with substrate. (b) Design for in situ
exfoliation instrument. Kapton tape is stretched over the flat tip of the screw. The
tip is pushed onto the revealing part of the substrate, with TMD flakes between
the substrate and the Kapton tape. After placing the sample holder with the screw
adhered inside the vacuum, the screw is removed to exfoliate flakes in situ.

to remove to remove the top (few) layers in situ. There are two options for
this in situ exfoliation. Firstly, it is possible to perform the full exfoliation
as described before. The initial flake will be touched down on the substrate
outside a vacuum. Then, the top layers of the flakes on the sample will be
exfoliated inside the loadlock. This technique would consequently leave
unoxidized flakes of the TMD. A potential obstacle is that it is uncertain
which flakes will get adhered to the tape, and thus exfoliated. Another
option is to collect flakes on Kapton tape after creating flakes ex situ by
pressing it down on the final generation scotch tape. The tape will then
be applied the tape to the substrate and removed after putting the sub-
strate with tape inside a vacuum. Assuming no flakes will get completely
detached from the adhesive tape, every flake on the substrate will be un-
affected by oxidation.

There are some practical difficulties with in situ exfoliation. The sam-
ple holder, shown in fig. 3.8(a), has a round aperture of 5 mm in diameter,
with only this area of the substrate revealed. To cover as much substrate
as possible with the (Kapton) tape but also prevent contamination of the
sample holder, the in situ exfoliation would ideally happen with a piece of
tape with a surface area of the same size as the aperture. A design for an
in situ exfoliation instrument in fig. 3.8(b). Here, a piece of Kapton tape is
"stretched" over the tip of the screw and fixed using metal wire. The head
of the screw could be used to knock or pull the stamp off of the substrate.

Version of July 5, 2023– Created July 5, 2023 - 14:16
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Chapter 4
Results & discussion

4.1 Noise reduction

This section will delve into some noise factors and how to reduce these
factors. First, it will discuss the energy dispersion, as described in sec-
tion 3.4, and how to reduce this. Next, it will consider reducing noise by
weighing the average to reduce fluctuations. Finally, correcting for fluctu-
ations in gun current, i.e. fluctuations in the number of electrons emitted
by the electron gun is discussed.

4.1.1 Energy dispersion correction

As discussed in the previous chapter, noise of LEEM measurements could
be reduced by using the energy dispersion property of the electron gun.
An IV curve is calculated using the intensity of pixels in frames, where
each frame corresponds to an certain energy. Averaging over multiple pix-
els is a good way to reduce noise affecting individual pixels. This can be
done by taking a linecut along the direction of intensity loss, as shown in
fig. 4.1. If In(E) is the function that describes the intensity of pixel n at
energy E, the intensity at a specific energy can then be calculated:

Iaverage(E) =
1
N

N

∑
n=1

In(E) (4.1)

With Iaverage(E), the calculated intensity curve, In the intensity curve
at the nth pixel, and N as the number of pixels in the linecut. But, as
is explained in the previous chapter, due to the energy dispersion of the
electron, pixels in a frame do not represent electrons with exactly the same

Version of July 5, 2023– Created July 5, 2023 - 14:16
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26 Results & discussion

Figure 4.1: Linecut through diffraction spot. By measuring long the linecut the
intensity of pixels at frames with a range of electron landing energies, an IV curve
can be constructed.

energy. Due to a distribution in kinetic energy, the electrons will land on
the sample at a slightly different angle, which is in a diffraction space mea-
surement represented as a different position on the detector. A more cor-
rect averaging method can take this dispersion into account while also
reducing frame-specific noise factors:

Icorrected,average(E) =
1
N

N

∑
n=1

In(E − δn) (4.2)

With δ the energy per pixel.

To determine the value of δ, one can use some characteristic intensity
feature of a sample. For a TMD, the first intensity dip can be used. Without
any energy dispersion, this dip in intensity would appear uniformly over
the spot. Due to the energy dispersion, this is not the case. The dip ’shifts’
along the diffraction spot in a certain direction, as shown in fig. 4.2(a)-(b).

One can assume this dip occurs at exactly the same true landing energy
of the electron. Then, the energy per pixel can be calculated:

δ =
∆E

∆pixelminimum
(4.3)

From multiple LEEM measurements, this energy per pixel is deter-
mined at δ = 2.275 · 10−2 ± 2.4 · 10−6 eV per pixel.

With this value, it is also possible to check the full width at half maxi-
mum for the electron gun. This calculation is done in appendix A.

26
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4.1 Noise reduction 27

(a) (b) (c)

Figure 4.2: (a), (b) Diffraction spots of MoS2 at different energies (as indicated).
The characteristic first dip in electron reflectivity can be observed as a moving dip
in intensity at these energies. (c) Found minima of intensity of frames shown in
(a) & (b), along the shown linecuts. Using the difference in energies of the frames
and the difference in position of minima, the energy per pixel is calculated.

Ideally, In(E) is a continuous function, which would make averaging
over all In(E) after shifting δn perfectly possible. Because of the nature
of LEEM measurements however, with discrete energy steps, the resulting
intensity is not continuous. This makes averaging over measured inten-
sity values a bit less straightforward. Here, the choice is made to round
the shift δn to the nearest energy step. For example, if the measurement
step ∆E is equal to 0.1eV, for δn < 0.05, the intensity will not be shifted.
For 0.05 < δn < 0.15, the intensity will be shifted by 0.1eV, and so on.

4.1.2 Weighing base intensity

Another factor that induces noise into measurements by taking the regu-
lar average, is the fact that different measuring positions have a different
’base’ intensity. While characteristic features of intensity are exhibited at
every position, the exact value of the intensity differs greatly, especially
along the axis of energy loss discussed in the previous section. The values
of |In(E)− Iaverage(E)| are consequently higher. Hence the variance of the
average is higher, resulting in more noise in the average IV curve.

Because the values of the measured intensity are not normalized, it
is allowed to multiply the intensity values at a certain pixel with a con-
stant factor A for every landing energy, without changing the measure-
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ment. The IV curves for every pixel can be multiplied with some specific
normalization factor to overlay the curves, to bring the variance of the av-
erage down. While the choice for the normalization factor is somewhat
arbitrary, a logical choice would be to normalize with respect to the pixel
with the highest intensity. In mirror mode, i.e. E < 0, every electron is
reflected, so a constant intensity is expected. The average intensity serves
as a good reference point. The normalization constant can be calculated:

An =
∑ Imaxpixel(E < 0)

∑ In(E < 0)
(4.4)

Hence, the resulting corrected intensity is:

In,corrected(E) = An In(E) (4.5)

Fig. 4.3(a) shows an IV curve as a result of taking the regular average.
Fig. 4.3(b) shows the resulting IV curve if the pixel intensity is corrected
for energy dispersion and normalized. Visually, the improved IV curve
looks smoother than the regular average.

Fig. 4.3(b) and (d) show the absolute first difference for the IV curves,
so for energy E, with energy steps ∆E:

|∆I(E)| = |I(E + ∆E)− I(E)| (4.6)

These differences are taken after normalizing the curves. For a per-
fectly smooth curve, one would expect also perfectly smooth first differ-
ences. If the first differences are more erratic, more noise is in the signal,
in this case the IV curve. We are interested in the absolute value of the first
differences to see whether this value follows a smooth course.

In the first differences, fig. 4.3(b) is a lot more erratic than (d), which
is following a clearer trend. This suggests that the IV curve in fig. 4.3(c)
is indeed more smooth, after the correction for energy dispersion and
weighing the average. Further, around E = 0, i.e. the transition from
mirror mode to the first characteristic dip, the first difference has a high
but smooth peak for the correct IV curve. This is due to the increased
slope of the IV curve approaching the first dip. Because these features oc-
cur over a small energy interval, not correcting for energy dispersion will
lead to some convolution of the signal and energy distribution of the elec-
tron gun, which broadens the dip. This effect is removed in the improved
method, thus resulting in a energy resolution better than the gun spread.

28
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(a) (b)

(c) (d)

Figure 4.3: (a) IV curve of MoS2, calculated with the regular average over a line-
cut. (b) First difference of IV curve shown in (a) (c) Improved IV curve, corrected
for energy dispersion & normalized before averaging (d) First difference of IV
curve shown in (a). Visually, the IV curve shown in (c) is smoother. This is con-
firmed by the first difference shown in (b) & (d). For a smooth curve, one would
expect the first difference (I(E + ∆E) − I(E)) to also follow a smooth curve, as
there are no sudden changes in value expected. The first differences of the un-
corrected curve are significantly more erratic than the first differences of the cor-
rected curve, showing an improvement of the IV curve.
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Figure 4.4: The measured gun current of mirror mode (E < 0) frames and the
resulting measured intensity. The gun current, the number of electrons emitted
by the gun, is not constant. This plot shows a positive linear relation between the
measured gun current (before hitting the sample) and the measured intensity in
the detector. The black line is a linear fit. This relation can be used to correct for
fluctuations in gun current for every E.

4.1.3 Gun current correction

Another factor of noise in the measurements is the distribution of elec-
tron current from the electron gun. This gun current can be measured and
corrected for. The current from the gun is measured in the illumination
aperture before the electron beam hits the sample. The range of the cur-
rent is approximately 2.4·10−10 - 3.2 ·10−10A.

First, it has to be determined what the relation is between the gun cur-
rent and intensity measured in the detector without taking into account
the reflectiveness of the sample. This can be calculated using mirror mode
frames, in which all electrons are reflected before hitting the sample. Fig.
4.4 shows a strong linear fit between the current and measured intensity,
using the maximum intensity of the diffraction spot as reference.

While the linear fit has an intercept, this has not been taken into ac-
count when correcting for gun current. Mathematically this should be
included, as is shown in the derivation in appendix B, but there is also
a figure included in the appendix showing the resulting IV curve when
the intercept has also been corrected for. This could be due to the fact that
intensity drops exponentially for E > 0. Hence, small noise factors in the
fit, which have some impact on the intercept, will lead to an exponentially
larger impact at higher energies. Also, it is possible that the intercept is not

30
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4.2 In situ exfoliation 31

exactly equal for every pixel on the linecut. If the ’base’ intensity is lower,
effectively, the linear fit will be moved down, changing the intercept. To
take the intercept into account as well, one could determine a fit to the gun
current in mirror mode for every distinct pixel and correct the individual
pixels using these fits.

Rather, the relative gun current compared to the average gun current
is used. At the frame with energy E, this correcting factor BGCC,E is calcu-
lated:

BGCC,E =
1
N ∑N

n=1 GCn

GCE
(4.7)

With GCE the gun current at the frame with energy E. Hence, the
resulting intensity for every pixel in that frame, will be:

IGCC,E = BGCC,E IE (4.8)

Fig. C.1 shows an IV curve of a sample with NbSe2 flakes. Fig. C.1(c)
has been corrected for gun current, as well as corrected for energy dis-
persion and averaged as described in 4.1.1 & 4.1.2 respectively. Visually,
the curve has been improved, as it looks significantly smoother than the
regular average.

Fig. C.1(b) and (d) again show the squared first differences as de-
scribed in eq. (4.6). The gun current corrected squared first differences
look smoother than the squared first differences of the regular average,
especially for E > 0. The effect as in section 4.1.2 can be seen, with a
smooth peaking value of the squared first difference approaching the first
dip. This is again due to smoothing and an increase in the slope. This
shows an increase in energy resolution. In appendix C, another gun cur-
rent corrected IV curve is shown, with comparable characteristics in im-
provement.

4.2 In situ exfoliation

This section will focus on the exfoliation on TMDs. ’Normal’ exfoliation is
quite easy of regular substrates (Si/SiO2 wafers), but rarely render large
flakes of monolayers. Alternatively, exfoliation using substrates with a
layer of gold will be discussed. Further, oxidation of flakes is problem-
atic for some TMDs, as it might happen quickly and might change the
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(a) (b)

(c) (d)

Figure 4.5: (a) IV curve of NbSe2, calculated with the regular average over a line-
cut (b) First difference of IV curve shown in (a) (c) Improved IV curve, corrected
for gun current, energy dispersion & and normalized before averaging (d) First
difference of IV curve shown in (c). As was the case in fig. 4.3, the corrected IV
curve is visually smoother. When taking the first difference of the uncorrected
and corrected IV curve, (b) & (d), again, a smoother trend can be seen in the first
differences of the corrected IV curve, while the first differences of the uncorrected
IV curve is more erratic. Around E = 0, when transitioning from mirror mode to
the first dip, a peaking curve can be seen in de corrected first differences, demon-
strating a more smooth and pronounced slope in the corrected IV curve.

32
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4.2 In situ exfoliation 33

properties, depending on the TMD. A method of in situ exfoliation, i.e.
exfoliation in vacuum is also discussed in the section.

4.2.1 Exfoliation on substrate with Au

The most straight forward substrates for TMD exfoliation are Si or SiO2
wafers. While this method works reasonably well, ending up with a note-
worthy monolayer is rare. The contact between the substrate and the TMD
does not provide enough interaction to cleave up to a monolayer, as the
Van der Waals force between the substrate and bottom layer has to com-
pete with the interlayer Van der Waals force [28]. An improved alternative
is a substrate, e.g. Si/SiO2, with a thin layer of gold evaporated, with a
thickness of around 2-3 nm. Au atoms interact strongly with atoms of the
chalcogen group. This group conveniently provides the atoms for TMDs
that are closest to the substrate when exfoliating. Together with its low
chemical reactivity and air stability, a substrate with a layer of Au is the
perfect candidate to create monolayers of TMDs [29]. This method yields
monolayers of typically several hundreds of microns [30].

Exfoliating on Si/SiO2 substrates rendered little to no monolayers, whereas
using a substrate with an Au layer did. The substrates have a basis of a
regular wafer of Si or SiO2. This wafer is chemically cleaned. Next and
adhesive layer of 2 nm Cr is evaporated onto the wafer. Finally, a layer of
either 2 or 3 nm is evaporated on the Cr layer. Fig. 4.6(a) shows a very
thin MoS2 flake of around 100 microns in width on a Si substrate evapo-
rated with Au, with an adhesive layer of Cr between the wafer and Au.
The thickness of flakes, i.e. the number of layers, can only be judged vi-
sually, as it is especially difficult to find thin flakes on Si substrates with
gold under the optical microscope in the AFM. Visually however,we judge
that these flakes are indeed thin. Fig. 4.6(b) shows another sample with
a SiO2 substrate with Au. A number of smaller thin flakes of around 50
microns are visible, with fig. 4.6(c) & (d) an AFM scan and linecut profile
of the sample shown in (b) respectively. In the profile, a plateau can be
observed with a thickness of 0.6-0.7 nm. This value corresponds very well
to the values for monolayers found in other research [31].

4.2.2 Exfoliation in the LEEM loadlock vacuum

To prevent oxidation on TMD flakes, exfoliation should happen in an inert
environment. The loadlock of the LEEM provides suitable conditions for
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(a) (b) (c)

(d)

Figure 4.6: (a) Thin-layer flake of MoS2 on a Si substrate with a layer of Cr, and
a layer of Au (b) Number of thin-layer flakes of MoS2 on a SiO2 substrate with
a layer of Cr, and a layer of Au (c) AFM scan of sample shown in (b) (d) Profile
of linecut in (c). Both samples show considerable few- or monolayer flakes of
MoS2, with the off-color patches thin flakes. The AFM scan of the SiO2 sample
shown in (c) & (d) finds a plateau with 0.6-0.7 nm thickness. This is in line with
the literature value of MoS2 monolayers [31].

34
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4.2 In situ exfoliation 35

this. The lockload provides a vacuum of around 10−6 mbar. This low pres-
sure and the fact that a sample typically does not remain in the loadlock
longer than a couple of minutes, one can expect that freshly cleaved TMD
flakes inside the loadlock are not significantly affected by oxidation. This
might also be subject of further research.

In section 3.5, two different potential exfoliation techniques are de-
scribed. Firstly, the method of full exfoliation manually ex situ. Then, a
piece of Kapton tape is placed onto the substrate. This is placed in situ,
inside the loadlock. When the vacuum is reached, the Kapton tape is re-
moved, exfoliating the top layers from the settled flakes, revealing unaf-
fected layers. Alternatively, the exfoliation process can happen ex situ, up
to the action of putting the tape onto the substrate and exfoliating. Instead,
flakes are collected by a piece of Kapton tape, which is placed on a clean
substrate. Then, after putting the sample with the tape inside the loadlock
and the desired vacuum is reached, the tape is removed, leaving unoxi-
dized layers exposed on the substrate.

For both techniques, a screw is used to apply the Kapton on the ex-
posed area of the sample in the sample holder. This screw with tape then
has to be removed by moving the transfer arm. To do this in a controlled
manner, a tool is designed which can be conveniently placed right below
the access of the loadlock, fitting in a circular cavity on the floor of the
loadlock. The semicircle is designed for the shaft of the screw to be able to
get caught onto the tool. This tool is shown in fig. 4.7(a)-(c), and an exam-
ple of a screw with Kapton tape is shown in fig. 4.7(d).

While both techniques of exfoliation in situ are possible, the technique
with flakes deposited fully in situ is preferred. This is due to the fact
that, while this technique might result in fewer flakes, one can assume
that every resulting flake is freshly cleaved. This is in contrast to the other
technique, where one cannot be directly certain whether a flake is freshly
cleaved.

Because of the promising results of this technique, we will only focus
on this method. Fig. 4.8(a)-(b) show a Si substrate sample with MoS2 flakes
deposited with this technique. While the screw accidentally separated
from the sample before the loadlock was pumped into vacuum, under the
optical microscope, we can visually assume these are MoS2 flakes. There
is a clear imprint of the screw head on the sample (fig. 4.8(a)). Zooming
in, in fig. 4.8(b), there are plenty of flakes of reasonable size (1̃5 microns)
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(a) (b)

(c) (d)

Figure 4.7: (a)-(b) Design of exfoliation tool (c) Realized exfoliation tool (d) Screw
with Kapton tape used for exfoliation. The tool shown in (a)-(c) can be placed
inside the loadlock LEEM. The screw in (d) is adhered to the sample. By moving
the transfer arm in the loadlock, the tool can catch onto the screw, pulling off the
Kapton tape from the sample, intended to exfoliate TMD flakes on the substrate.

36
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(a) (b)

(c) (d)

Figure 4.8: (a)-(b) Sample of MoS2 flakes on Si substrate. Deposited with screw
onto the substrate (outside vacuum). There is a clear imprint of the screw head
in (a). While no LEEM measurement has been done on this sample, it has been
analyzed under the optical microscope, which confirms flakes on the substrate.
(c) Sample of MoS2 flakes on Si substrate after LEEM measurements. Deposited
with screw inside the loadlock onto the substrate (d) IV curve of sample shown
in (c). The roughness of the IV curve might be the result of some contamination.

visible. The amount of flakes is evidence the technique works well. Fig.
4.8(c) shows a sample of Si substrate with MoS2 flakes deposited with the
same technique. This sample was measured in the LEEM, resulting in the
IV curve shown in fig. 4.8(d). While the flakes are MoS2, the irregular IV
curve shows that the flakes are not very clean.
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Chapter 5
Conclusion & Outlook

5.1 Conclusion

This thesis inspected a number of noise factors in LEEM measurements of
transition metal dichalcogenides (TMDs). It discusses the source of these
factors, and how to reduce this. One of the energy-resolution limiting as-
pects is the energy dispersion of electrons in LEEM. Electrons emitted from
the electron gun, which hit the sample with a certain landing energy, have
a specific distribution of kinetic energy due to tunnelling effects while be-
ing extracted from the electron gun. In diffraction space measurements,
this influences the incidence and measuring angle of electrons. Up until
now, this distribution has not been explicitly taken into account when an-
alyzing LEEM data. Averaging ordinarily over pixels also averages this
energy dispersion effect, limiting the resolution. The thesis proposed a
method that not only corrects for not taking into account this effect but
uses this effect to reduce overall noise. Further, although it has been pos-
sible to analyze the fluctuations in the number of emitted electrons from
the gun, i.e. the gun current, it had not been used to reduce noise intro-
duced by these fluctuations. Here, we show that explicitly measuring gun
current can be used to improve measurements.

This research also explored methods of exfoliation. First, it analyzed
an alternative exfoliation technique. Obtaining monolayers of TMDs on
’traditional’ substrates proved to be difficult. Alternatively, exfoliating on
a substrate evaporate with a thin layer of gold gave much more promis-
ing results, with few-layer flakes exfoliated of around 100 microns. Fur-
ther, to prevent oxidation in TMD flakes, it set the basis for exfoliating in
situ, specifically inside the loadlock of the LEEM, where the pressure gets
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pumped down to around 10−6 mbar. While this is a good subject for fur-
ther research, this thesis showed promising first results. This might be of
use to further research into oxidation of TMDs.

5.2 Outlook

The results and conclusions of this thesis give multiple reasons for further
research. One subject that needs more research is noise reduction in AR-
RES. The conclusions of energy dispersion focused on one certain position
in diffraction space, that is the Γ spot. The methods might be extrapolated
to ARRES measurements; it might be possible to use the energy disper-
sion for the diffraction spots at every position in diffraction space. That
might require very accurately spaced steps in k-space, which would make
it possible to link diffraction spots at different landing energy ’loops’. Fur-
ther, the correction for gun current could also be further explored. The
mathematically feasible correction of a linear fit of gun current to intensity
did not provide improvements on measurements. As the data available
for gun current is at the moment limited, more data might lead to new
insights. Different kinds of fit could be investigated, as well as pixel-by-
pixel correlation to the fit.

A lot of follow-up research can be done about in situ exfoliation. There
is evidence that in situ exfoliation works, but exceptionally clean flakes
have not been observed. Also, this might provide a basis for exfoliation in
higher vacuums, up to ultra-high vacuum (UHV), which reaches pressures
of at maximum 10−9. This is possible in the sample chamber of the Leiden
LEEM, but not in the loadlock. Moreover, while this research looked at
exfoliation on gold, and in situ exfoliation separately, a subject of interest
remains if exfoliation on gold works as well on in situ as ex situ. Due to
the reactivity between Au atoms and chalcogen atoms, this might favour
exfoliation with the tools proposed in the research. Also, the process of
oxidation in TMDs might be of interest. Currently, there is no fast and
distinct way to determine whether a TMD flake is oxidized in the LEEM.
Additionally, successful in situ exfoliation might help research into the
rate of oxidation of different TMDs. Unoxidized flakes could be exposed
to controlled oxygen flow, to determine the effect on different chemically
composed TMDs, or even if the number of layers has any influence on the
oxidation process. The broad range of application options for the LEEM,
as well as the range of properties of (oxidized) TMDs offer a great number
of motivations for new research.

40
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Appendix A
Full width at half maximum for the
electron gun

The energy per pixel is determined at δ = 2.275 · 10−2 ± 2.4 · 10−6 eV. By
measuring the number of pixels between the values at half maximum in-
tensity for multiple mirror mode frames, the following full width at half
maximum for the electron gun is calculated at: FWHM = 0.24 ± 0.01 eV.

This is quite significant as LEEM measurements are typically done
with an energy interval of 0.1 eV. This means there will be significant
spillover in measuring points if the energy dispersion is not explicitly
taken into account.

Figure A.1: Full width at half maximum of the electron gun
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Appendix B
Gun current correction derivation
with intercept

Multiple mirror mode measurements with gun current values seem to con-
firm the hypothesis that there is a linear relation between gun current and
measured intensity. This is no surprise, as intensity measured is propor-
tionate to the number of electrons, which is proportionate to the gun cur-
rent. This would mean the relation looks as following:

I = α + βGC (B.1)

With I the intensity, α the intercept, and β the slope. To correct for gun
current, the intensity at a certain point has to be corrected to some base
intensity, for which can take the intensity corresponding to the mean gun
current:

Imean = α + βGCmean (B.2)

Rearranging the terms and deviding the two equations for the data
point and average:

I − α

Imean − α
=

βGC
βGCmean

=
GC

GCmean
(B.3)

Rearrange the terms:

I − α
GC/GCmean

= Imean − α (B.4)

To obtain the base Imean:
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44 Gun current correction derivation with intercept

Figure B.1: IV curve of regular average & IV curve corrected for gun current
with intersect. For E > 0, noise factors seem to impact the correction yielding no
improvement

Imean =
I − α

GC/GCmean
+ α (B.5)

While this is mathematically correct, calculating these values and plot-
ting these "corrected" values gives fig. B.1. This is obviously not an im-
provement of the IV curve. As mentioned in section 4.1.3, this might be
due to the difference of true intersect for each individual pixel. Further,
inaccuracies in fit might also play a role.

44
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Appendix C
Additional gun corrected IV curve

(a) (b)

(c) (d)

Figure C.1: (a) IV curve of NbSe2, calculated with the regular average over a line-
cut (b) First difference of IV curve shown in (a) (c) Improved IV curve, corrected
for energy dispersion & gun current, weighted average over pixels (d) First dif-
ference of IV curve shown in (c)
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Appendix D
Code

Energy dispersion correction & weighted average

#data: linecut
#egy: energy array
#reference_frames: frames to use as reference to stack
lines on top of eachother

def averaging_trick(data ,egy ,reference_frames):
no_frames = len(data.T)
total_egy_delta = egy[-1] - egy [0]
delta_per_frame = total_egy_delta/no_frames

cut = len(data.T) - round((len(data) * epp)/
delta_per_frame)

full_corrected_linecut = np.empty ((len(data), cut))

for pixel in range(len(data)):
corrected_linecut = []
shift_left = pixel * epp
cut_left = round(shift_left/delta_per_frame)
shift_right = (len(data)-pixel) * epp
cut_right = math.ceil(shift_right/
delta_per_frame)

if (cut_left+cut_right) < len(data.T)-len(
full_corrected_linecut.T):
cut_right += (cut_left+cut_right) -(len(data.
T)-len(full_corrected_linecut.T))
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if (cut_left+cut_right) > len(data.T)-len(
full_corrected_linecut.T):
cut_right -= (cut_left+cut_right) -(len(data.
T)-len(full_corrected_linecut.T))

if cut_right == 0:
full_corrected_linecut[pixel ,:] = data[pixel
,cut_left :]

else:
full_corrected_linecut[pixel ,:] = data[pixel
,cut_left:-cut_right]

ratios = []
ref_index = np.argmax(data [: ,0])
ref = full_corrected_linecut[ref_index ,:
reference_frames]

for pixel in range(len(full_corrected_linecut)):
ratio = [i / j for i, j in zip(
full_corrected_linecut[pixel ,:150] , ref)]

av_ratio = np.mean(ratio)
ratios.append(av_ratio)

corrected_for_ratios = np.empty_like(
full_corrected_linecut)

for pixel in range(len(full_corrected_linecut)):
corrected_for_ratios[pixel ,:] =
full_corrected_linecut[pixel ,:] / ratios[
pixel]

average_corr_data = np.mean(corrected_for_ratios ,
axis = 0)

plt.semilogy(egy[: reference_frames],
average_corr_data [: reference_frames ])

plt.title(’IV curve averaged over corrected pixels ’)
plt.ylabel(’Intensity (arb.)’)
plt.xlabel(’Incident energy (eV)’)
plt.show()
return average_corr_data

Gun current correction

#This shift is necessary because there are sometimes
shifted datapoints in gun current. Determines the

48
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shift based on best linear fit.
#linecut: napari linecut
#guncurrent: gun current array
#MMwindow: no. of frames in mirror mode
#shift: max guncurrent frameshift

def shiftdata_current(linecut ,guncurrent ,MMwindow ,shift)
:
MM_guncurrent = guncurrent [: MMwindow]
MM_intensity = np.mean(linecut [:,: MMwindow],axis =0)
no_missingpoints = len(np.where(MM_guncurrent > 0))
+1

slicedcurrent = MM_guncurrent[no_missingpoints :]
intercepts = []
stderrors = []
for i in range(-shift ,shift):

if i < 0:
x = slicedcurrent[-i:]
y = MM_intensity [:(i-no_missingpoints)]

if i == 0:
x = slicedcurrent
y = MM_intensity [:- no_missingpoints]

if i > 0:
x = slicedcurrent [:-i]
y = MM_intensity[i:-no_missingpoints]

fit = stats.linregress(x,y)
print(fit.stderr ,fit.intercept)
stderrors.append(fit.stderr)
intercepts.append(fit.intercept)

bestshift = range(-shift ,shift)[np.argmin(stderrors)
]

gc_intercept = intercepts[np.argmin(stderrors)]

if bestshift < 0:
corrected_gc = guncurrent[no_missingpoints -
bestshift :]

corrected_lc = linecut [:,:( bestshift -
no_missingpoints)]

elif bestshift == 0:
corrected_gc = guncurrent[no_missingpoints :]
corrected_lc = linecut [:,:- no_missingpoints]

elif bestshift > 0:
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corrected_gc = guncurrent[no_missingpoints:-
bestshift]

corrected_lc = linecut[:, bestshift:-
no_missingpoints]

return corrected_gc , corrected_lc , gc_intercept

def guncurrent_correction(linecut ,guncurrent ,intercept):
averageguncurrent = np.mean(abs(guncurrent))
relative_gc = abs(guncurrent)/averageguncurrent
corrected_I = ((linecut -intercept)/relative_gc)+
intercept

return corrected_I

#FWHM
def fwhm(spread ,stepsize):

maximum = max(spread)
halfmax = maximum /2
for i in range(len(spread) -1):

if spread[i] <= halfmax and spread[i+1] >=
halfmax:
lower_index = i

if spread[i] >= halfmax and spread[i+1] <=
halfmax:
upper_index = i

EELS = np.arange(0,len(spread)*stepsize ,stepsize)
plt.plot(EELS , spread)
plt.plot(lower_index*stepsize ,spread[lower_index],’o
’)

plt.plot(upper_index*stepsize ,spread[upper_index],’o
’)

plt.xlabel(’EELS spread (eV)’)
plt.ylabel(’Intensity (arb.)’)
plt.title(’Full width at half maximum ’)
plt.show()
diff_index = upper_index - lower_index
fw_hm = diff_index*stepsize
print(’Full width at half maximum:’, fw_hm)
return fw_hm

50
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