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Abstract

Contaminations on two dimensional materials can influence electronic, optical and mechanical
material properties or even dominate them. We perform ion beam spectroscopy with highly
charged ions as projectiles transmitted through free-standing 2D materials to study fundamental
charge exchange processes between the ion and the sample.

We employ an electron beam ion source to produce ions with charge states in the range of Xelt
to Xe*** which can be extracted from the source with tunable kinetic energies (1-400keV).
The projectiles are transmitted through the free-standing 2D materials and capture as well as
stabilise electrons due to the interaction. We measure the exit charge state of the primary ions
after transmission in coincidence with emitted electrons from the sample due to the ion impact.
Additionally, we record the time of flight of Xe ions from the target position to the detector to
gain information on their energy loss in the sample.

Both, exit charge state and energy loss critically depend on the sample thickness and will be
influenced by contaminations on either side of the two dimensional materials. To aim at reaching
a clean 2D sample so that the projectile exit charge state and the measured electron emission
yields are dominated by the 2D layer rather than by contaminations (e.g. water molecules,
hydrocarbons, PMMA) | try different ways to clean our samples: employing a heating wire as
well as a laser (445 nm, 6 W) creates clean(er) samples and shifts the exit charge state to higher
and the time of flight to lower values. | show that | achieve a cleaned target state which | at least
cannot further improve with the methods at hand.

Measurements using cleaned single, bi- and trilayer graphene samples are discussed in the end
of this thesis with respect to charge exchange in dependence of the number of graphene layers,
scattering angles and neutralisation times of highly charged Xe ions transmitted through these
samples.
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Kurzfassung

Kontaminationen auf zweidimensionalen Materialien kénnen elektronische, optische oder mech-
anische Eigenschaften des Materials beeinflussen oder sogar dominieren. Wir nutzen hochge-
ladene Xenonionen als Projektile fur lonenspektroskopie, die durch freistehende 2D-Materialien
transmittiert werden. Dabei studieren wir fundamentale Ladungsaustauschprozesse zwischen
dem lon und der Probe.

Wir verwenden eine Elektronenstrahlionenquelle (electron beam ion source, EBIS), um lonen
mit Ladungszustanden im Bereich Xe!*-Xe*** zu produzieren, die mit einstellbarer kinetischer
Energie (1-400keV) aus der lonenquelle extrahiert werden. Die Projektile werden dann durch
freistenende 2D-Materialien transmittiert und fangen sowie stabilisieren bei der Wechselwirkung
Elektronen. Wir messen den Austrittsladungszustand der Priméarionen nach Transmission durch
die Probe in Koinzidenz mit Elektronen, die bei der Wechselwirkung vom Material emittiert wer-
den. Zusatzlich nehmen wir die Flugzeit der Xenonionen von der Position der Probe bis zu einem
Detektor auf, um Informationen Uber deren Energieverlust im Material zu erlangen.

Sowohl der Austrittsladungszustand als auch der Energieverlust hangen kritisch von der
Materialdicke ab und werden von Kontaminationen auf beiden Seiten des 2D-Materials be-
einflusst. Um sicherzugehen, dass unsere zweidimensionalen Proben sauber sind und dass
der Ausgangsladungszustand des Projektils sowie die detektierte Elektronenemissionsausbeute
vom 2D-Material dominiert sind und nicht von Kontaminationen (wie z.B. Wasser, Kohlenwasser-
stoffe, PMMA), versuche ich mit verschiedenen Mdoglichkeiten unsere Proben zu reinigen: die
Verwendung von einem Heizdraht und von einem Laser (445 nm, 6 W) verlagert den Ausgangs-
ladungszustand zu héheren und die Flugzeit zu kleineren Werten und erzeugt somit saubere(re)
Proben. Ich zeige, dass ich gut gereinigte Probenzusténde erreiche, die zumindest mithilfe un-
serer Moglichkeiten nicht mehr verbessert werden kdnnen.

Messungen mit gereinigten Proben von Mono-, Bi- und Trilagengraphen werden am Ende dieser
Arbeit in Bezug auf Streuwinkel, Ladungsaustausch und Neutralisationszeiten von hochgelade-
nen Xenonionen jeweils in Abhangigkeit der Graphenlagen diskutiert.
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1 State of the art and objectives

lon-solid interaction has been a main field of research over the past decades as it forms the
basis for many important applications such as nano lithography [1] and ion implantation as is
needed for doping of semiconductors [2]. Additionally, several analytical methods using ion
beams rely on a good understanding of the interaction between the ions and a material. Ruther-
ford backscattering spectrometry (RBS) [3], medium energy ion scattering (MEIS) and elastic
recoil detection (ERD) [4] are just a few of those ion beam analysis (IBA) techniques [5].

In the beginning, research focused on the fundamentals of the ion’s energy E dissipation in
a material. The energy transfer on the ion’s trajectory x in a material per unit path length is
described by the stopping power

dE

S:—& :Sn+Se. (11)

The stopping power S is made up of two constituents: nuclear stopping S, and electronic stop-
ping Se. The first one derives from nuclear collisions whereas the latter describes the energy
transfer due to excitation and ionisation of the target’s and projectile’s electronic system. Be-
sides the case of low energy heavy particles as projectiles, the electronic energy transfer usually
dominates [6].

lons depositing sufficient energy in a material provoke radiation damage which can lead to struc-
tural modifications whereas nuclear stopping usually causes the most damage: nuclear collisions
result in collisional cascades leading to sputtering which is one major application of ion-solid
interaction. Another way of causing material modifications is provoking electronic excitations
either via electronic stopping or neutralisation. Electronic excitations may then be converted
into nuclear motion triggering material damage. For the latter, swift heavy ions (SHI) and highly
charged ions (HCI) are special cases which are mainly interesting for fundamental research.
Examination of effects of the interaction of highly charged ions with materials advanced in the
last quarter of the 20th century after development of ion sources that are able to produce ions of
high charge states, e.g. electron beam ion traps/sources (EBIT/EBIS, cf. section 2.1) or electron
cyclotron resonance ion sources (ECRIS) [7, 8].

In general describing the electronic interaction of ions with materials demands differentiating
between effects induced by the kinetic or the potential energy, respectively and thus between
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1 State of the art and objectives

swift heavy and slow highly charged ions. This was done for instance by Aumayr et al. with
regard to nano structuring [9]. As the main interest of this thesis is to gain further insights into the
neutralisation processes of slow highly charged ions, this theoretical introduction will henceforth
focus on HCls.

1.1 Highly charged ions

Known phenomena occurring in ion-solid interaction such as nano structuring [10], sputtering
[11-13] and electron emission [14] usually are associated with the kinetic energy of the impinging
ion. Looking at highly charged ions, their potential energy also needs to be taken into account
if studying the interaction with a material.

The potential energy of, for instance, a Xe ion with a charge state g, namely Xe9™ is made up of
the sum of the binding energies of all g removed electrons from the atom. The potential energy
of Xe9™, which may easily excel its kinetic energy, is shown in dependence of the charge state
g in figure 1.1 (a).

; XeClm+ .
10°
E . e ®
2 i \ sample
S 10°]
IS |
5 102} '.‘/ e
o) E i
< 10! © ¢
é . | . | . | . | . | . v
0 10 20 30 40 50 60 Xgfout* )

@ ion charge state g (b)

Figure 1.1: (a) Potential energy of Xed™ ions in dependence of the ion charge state q. The po-
tential energy results from the sum of the binding energies of all g removed electrons
of the atom. (b) Electron emission due to the interaction with highly charged ions
(only effects important for this thesis are included).

Deposition of this potential energy in a material may then also cause effects such as nano struc-
turing, sputtering and electron emission mentioned before together with the kinetic energy of
the projectile [15-18]. One notable difference nevertheless is the affected volume: in contrast
to swift heavy ions (SHIs), HCI induced effects affect only the topmost atomic layers of a mate-
rial. SHIs can be reckoned as the counterpart to HCls because their interaction with materials
is dominated by the high kinetic energy (and mass) of the projectile whose deposition affects
also the bulk material and is mainly described by the energy loss or stopping power (cf. equa-
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tion (1.1)) [19].

Of all mentioned effects, electron emission [20-22] is the most important one in our setup
whereby in the relevant velocity regime kinetic electron emission only has a small contribution to
the total electron yield and potential electron emission is the main underlying mechanism [23].
Using thin, here atomically thin materials such as a single layer of graphene (cf. section 1.2)
as target we can still detect the projectile after interaction with our sample. Detecting both,
emitted electrons due to interaction with the material and transmitted ions, makes coincidence
measurements of electrons and ions possible (see experimental setup in section 2.2).

During transmission through the material, the impinging ion Xe9n* also captures and stabilises
several electrons from the sample and thus will be detected with a smaller charge state Xe%out
with gout < Qjn. A scenario how this neutralisation may take place in combination with a short
introduction into possible mechanisms is given in the following section. Figure 1.1 (b) illustrates
the interaction of a highly charged ion with a thin target.

HCI neutralisation

Highly charged ions approaching a (metal) surface start interacting with the material even before
they impact. In 1991 Burgddrfer et al. [24] described this process in the form of the classical
over barrier (COB) model. According to COB, the ion captures electrons resonantly from the
surface within a distance smaller than a critical distance R, where the neutralisation sets in:

1
Re = 5,,V/8q +2 (1.2)

In equation (1.2) which uses atomic units, g is the incident charge state of the impinging ion
whereas W is the work function of the surface [24].

This model is applicable to slow HCls as we use in our experiments since we reach projectile
velocities of v < 1a.u. ~ 2.19- 108 m/s.

time —»
[ N .
o
@
target €0, o @
image charge hollow atom hollow atom
acceleration formation decay

Figure 1.2: Hollow atom formation and decay of a HCI approaching a target surface.

These electrons are captured in high Rydberg states leading to a neutralised atom with empty
inner states: a so-called hollow atom is formed [25, 26]. A sketch of the described steps in the


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

1 State of the art and objectives

interaction of a highly charged ion with a material is given in figure 1.2 [27].
The hollow atom then further decays which means that intermediate energy levels are populated
by electrons. Wilhelm et al. [28] described relevant mechanisms that possibly contribute to this

decay which will be shortly presented below.

\.e'

Figure 1.3: Deexcitation mechanisms: (a) Auger neutralisation, (b) exchange transition, (c) res-
onant transition and atomic Auger deexcitation, (d) sidefeeding, (e) resonant transi-
tion and interatomic Coulombic decay, (f) schematic presentation of the interatomic
Coulombic decay in the interaction of a hollow atom transmitting a single layer of
graphene.

Figure 1.3 displays four possible processes.

(@) Auger neutralisation: a target electron is transferred into a deeply bound projectile state,
the excess energy is used to ionise another target electron

(b) exchange transition: a target electron is transferred into a deeply bound projectile state,
the excess energy is used to ionise another electron of the projectile

(c) resonant transition and atomic Auger deexcitation: electrons are captured resonantly by
the projectile (orange arrows) and decay (non-)radiatively further on (violet arrows)

(d) sidefeeding: a resonant transfer from deeply bound target to projectile states becomes
possible due to energy level shifting at close distances

Moreover, Wilhelm et al. ruled out all of those processes because of considerations regarding
time scales: measured neutralisation time constants of highly charged ions cannot be explained
by such low rates that are associated with the mechanisms above [19, 28]. They introduced
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a promising candidate which is consistent with experimental data: the interatomic Coulombic
decay (ICD) which is depicted in figure 1.3 (e) and (f).

ICD (also called direct Auger deexcitation) describes a process where one projectile outer-shell
electron fills an inner-shell vacancy. The excess energy is transferred to neighbouring atoms
leading to emission of multiple electrons from different nearest (or next nearest) neighbours of
the target into the continuum. ICD is dominated by a strong distance dependence (N #) and
was first described by Cederbaum et al. in 1997 [29] for HF molecules and later experimentally
shown by Jahnke et al. [30, 31]. Due to the formed hollow atom with large orbitals, the neces-
sary electron-electron interaction of projectile and target electrons can albeit be assumed which
makes ICD applicable to HCls.

With the interatomic Coulombic decay being a fast process it is also a possible solution to the
time scale problem mentioned above and thus a good candidate for the description of the neu-
tralisation process of a highly charged ion. ICD is not completely efficient so there will still be
some unoccupied inner shell vacancies at the projectile after the interaction with the material.
They can afterwards decay by short Auger electron emission cascades or otherwise decay ra-
diatively under emission of x-rays [32]. The latter ones were also already observed experimentally
for the system of highly charged Xenon ions transmitted through a single layer of graphene [33].
A theoretical model called TDPot uses time dependent potentials and also includes ICD rates
for the description of the neutralisation dynamics of HCIs and was also published in 2019 [34].
It shows good agreement with experiments, which supports the idea of using ICD as main
neutralisation process of HCls.

1.2 2D materials

When K.S. Novoselov and A.K. Geim (Nobel prize in physics 2010 *for groundbreaking experi-
ments regarding the two-dimensional material graphene” [35]) first reported the observation of a
stable two-dimensional material, a monolayer of graphene, in 2004 [36] they laid the foundation
for a new field of physics.

Having prepared their samples using mechanical exfoliation they were able to find single layers
of graphene amongst mostly few layer graphene sheets. First experiments were performed to
investigate the electronic properties of the new-found material concluding that "graphene may
be the best possible metal for metallic transistor applications” [36]. However, it was not for long
until other 2D materials were studied as well: in 2005 the Nobel laureates discussed electronic
properties of other two-dimensional atomic crystals [37] investigated in field-effect-transistor-like
devices such as single layers of boron nitride or transition metal dichalcogenides.

Two-dimensional materials have been a hot topic ever since offering promising optical and elec-
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1 State of the art and objectives

tronical properties [38]. Even more encouraging characteristics are expected from van der Waals
(vdW) heterostructures which are obtained through combination (stacking (vertical) or sticking
together (lateral) heterostructures) of 2D materials [39]. Addressed fields of possible applica-
tions using two-dimensional materials or vdW heterostructures range from tunnelling devices
(field-effect tunnelling transistors) via photodetectors and phototransistors [38] to tunable light-
emitting diodes [40-43] or molecular sieving possibilities [44, 45].

Various stable 2D materials were found until now and progress is still going on. Not all of them
consist of one atomic layer only as it is the case for graphene. For instance, transition metal
dichalcogenides (TMDs) such as MoS, or WS, are also called two-dimensional even though
they consist of three atomic layers (cf. figure 1.5 below).

In general, 2D materials are defined by - if stacked onto each other to form a 3D material - a
layered structure with strong covalent bonds in-plane and weak vdW bonds between layers. Def-
initions of two-dimensional materials differ as sometimes the ability of producing a free-standing
layer of the material is referred to as another vital feature of a 2D material [46]. Sometimes all
materials with a thickness of less than 10 atoms are counted as 2D materials [46].

In the following, a discussion of two of the most famous two-dimensional material families,
graphene and transition metal dichalcogenides, is presented before a short summary on meth-
ods how to produce 2D materials. To conclude, recent studies on contaminations on 2D mate-

rials are reviewed.

Graphene

Graphene probably is the most well-known two-dimensional material [47] and can be considered
as the basis of Carbon allotropes from dimension zero to three: fullerenes, carbon nanotubes,
graphene and graphite. It can be seen as composed of benzene rings without the hydrogen
atoms: graphene forms a honeycomb structure which is shown in figure 1.4 (a)-(c).

The thickness of a 2D material is usually assumed to be the interlayer spacing of its 3D coun-
terpart, here addressing graphite with an interlayer spacing of d = 3.4A [48]. The C-C bond
length amounts to 1.42 A [49].

Graphene possesses multiple extraordinary electronic properties which are presented in detail in
[50]. Itis azero band gap semiconductor (also called semimetal), as the valence and conduction
band touch only at the K point.

Rebuilding bulk graphite via stacking several layers of graphene onto each other (A-B-A stacking)
produces bi- and trilayer graphene. The latter one can be seen in figure 1.4 (d)-(f).

Today, single to trilayer graphene is commercially available, e.g. at Graphenea [51]. More infor-
mation on how free-standing graphene is used as target material in our experimental setup can
be found in section 2.2.
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Figure 1.4: Various perspectives of the structure of single layer (a-c) and trilayer (d-f) graphene.

Transition metal dichalcogenides

Besides graphene, transition metal dichalcogenides make up another group of 2D materials with
the universal formula MX,. Nominally, M is a transition metal whereas X is a chalcogen (elements
of group 16 in the periodic table of elements).

Figure 1.5: Various perspectives of the structure of TMDs (e.g.: MoS»).

Depending on the transition metal, TMDs can either be insulating, semiconducting, metallic or
semimetallic [38]. All of them consist of three atomic layers: the transition metal is sandwiched
between two layers of the chalcogenide - still building a hexagonal structure. Representatively,
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1 State of the art and objectives

molybdenumdisulfide (MoS»,) is portrayed in figure 1.5.

Even though the hexagonal structure (figure 1.5 (a)) of TMDs and the one of single layer graphene
(figure 1.4 (1)) look alike, lattice dimensions are larger in this case with a Mo-S bond distance
of 2.42 A leading to a lattice constant of 3.18 A [52]. In contrary to bulk MoSs (indirect), single
layer MoS» is a direct semi-conductor [53].

Preparation of 2D materials

With graphene and other 2D materials being handled as promising candidates for future de-
vices a lot of effort was put into the development of production and processing mechanisms for
two-dimensional crystals. Figure 1.6 depicts two prominent production [54] and two transfer
processes [55] for 2D crystals. Described methods (upon many others) are discussed in [56]
and summarised below.

PMMA PMMA  releasing
- graphene layer

sticky tape

Sio,

targe
substrate

metal
substrate

(b) (d) ®

Figure 1.6: Production and transfer mechanisms of two-dimensional materials: (a) microme-
chanical exfoliation, (b) chemical vapour deposition, (c)-(d) wet transfer method, (e)-(f)
dry transfer method. Schematics taken from [56].

(@) micromechanical exfoliation: Layers of the bulk material are split via mechanical forces,
e.g. rubbing of a graphite surface on another flat surface.

(b) chemical vapour deposition (CVD): A vaporized precurser (hydrocarbons) is deposited onto
a substrate (e.g. thermally driven or plasma enhanced).
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(c) wet transfer method (part 1): A poly(methyl methacrylate) (PMMA) layer is deposited on the
sample, e.g. graphene on substrate and then immersed in NaOH solution. The polymer

is released upon etching of the substrate.

(d) wet transfer method (part 2): The sample with its PMMA layer is then transferred onto the
target support. Acetone finally dissolves the PMMA and releases the sample.

(e) dry transfer method (part 1): The sample is deposited onto one water dissolvable and one
PMMA layer. Dissolving the lower layer leads to the PMMA and sample layer floating on
water, however without contact between sample and water.

(f) dry transfer method (part 2): The floating film is then transferred onto the target support.

Both transfer techniques do not leave the sample completely uncontaminated as for instance
residuals of the sacrificial PMMA layer may still get trapped on the sample besides other adsor-
bates.

Contaminations on 2D materials

Since the special aspect of two-dimensional materials is their atomically thin thickness, every-
thing challenging this fact is a major issue. Every form of contamination on either side of the
material may change its properties. This fact was already addressed in the very first paper on
graphene in 2004 [36]. Novoselov et al. reported on changes in their measurements when
annealing few layer graphene which they attributed to unintentional doping by water.

In fact, graphene is known to be densely covered with contaminations - mostly hydrocarbons
in various stoichiometry (C=0, C-OH, H-C) and chain length, water and possibly residuals from
transfer processes (e.g. PMMA) [39, 57-59]. In case of CVD growth on metallic surfaces also
metal contamination from the production (e.g. Cu, Ni, Fe) can be found [60]. Figure 1.7 shows
STEM images of single layer graphene (monolayer nature was verified via atomic-resolution
STEM (middle)) where the thickness of hydrocarbon adsorbates is given in equivalent number
of graphene layers [61].

When stacking 2D materials the relation of the affinity between two layers and the affinity be-
tween the 2D crystal and the contaminant needs to be considered. So, e.g. if graphene is
deposited on substrates it has only poor adhesion to (as for example mica), contaminations are
found uniformly across the whole surface. In contrary, if the energetically favourable situation
is the largest possible common interface, contaminations are forced away leading to forma-
tion of bubbles. This effect was found for graphene on MoS,, hBN and WS, as well as for
heterostructures. These bubbles are sometimes also called dirt pockets [38, 62].

Moreover, contaminants can have a crucial influence on the behaviour of a 2D material. Zan et
al. [63] found that under electron irradiation (as used in TEM) contaminations are used for hole
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equivalentdhickness
in number:of; &
graphene fayers

Figure 1.7: (lefty STEM image of SLG showing clean monolayer regions, (middle) atomic-
resolution STEM image of a clean region as seen in the left picture confirming the
thickness of only one atomic layer, (right) colour-coded version of the left picture
with estimated thicknesses of hydrocarbon contaminations obtained via high angu-
lar annular dark field (HAADF) STEM. Taken from [61].

healing provoking a self-healing mechanism. TEM images showing this hole filing process at
the border of hydrocarbon contaminations are depicted in figure 1.8. For MoS, as well as for
graphene it was found that contaminations have a detectable effect on its work function [53].
Thus, finding a method to decontaminate 2D materials has been an important topic recently.

Figure 1.8: Self-healing mechanism of free-standing single layer graphene. Holes in graphene at
the border of hydrocarbon contaminations are closed under electron beam irradiation
in TEM. Taken from [63].

The most common way to deal with contaminations is annealing the sample. Investigations with
Raman spectroscopy about the thermal stability of graphene in air [64] and vacuum [65] showed
no defects in graphene layers until 500°C and 900°C, respectively. In case of annealing in air,
reactions of graphene with O, affect C-O bonds which leads to instability. Kim et al. [66] even
reported on the stability of free-standing graphene up to at least 2300°C. Hence, if annealing
up to hundreds of degrees Celsius removes adsorbates, this can be done without affecting the
graphene sample.

Many examples can be found in literature how annealing is employed to clean two-dimensional
materials. Mainly, graphene samples are heated up either in Ar/Hy environment [54, 55] or in
vacuum [58, 60, 67, 68]. Although, used temperatures and durations vary between 280°C (ultra

10
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high vacuum) [66, 68], 360-400°C (2-4 hours, Ar/H») [54, 55] and 500°C (10 minutes, vacuum
~ 1079 mbar) [58] up to 750°C (3 minutes, vacuum) [67]. Also metallic contamination remaining
from CVD on metal surfaces can be reduced via annealing the sample at 500°C (30 minutes,
vacuum) [60]. Cleanliness - the ratio of clean vs. contaminated area of a sample - of graphene
in general is determined via TEM [57, 67, 69], AFM [68] or Raman spectroscopy [57, 65, 68, 69],
sometimes also via x-ray photoelectron spectroscopy [56, 57, 68].

However, van Dorp et al. [58] also stated that contamination can get fixated under electron
irradiation (as in TEM) and thus is still present after heating the sample. This is explained via
crosslinking of hydrocarbons and graphene under influence of electron irradiation and needs to
be considered when analysing annealing success via TEM.

One study [57] even went one step further and described the decomposition of PMMA in a two-
step scheme: air-facing PMMA layers are decomposed at lower temperatures (starting at 160°C
but still not entirely removed even after annealing at 350°C for 5 hours) than the graphene-facing
PMMA layer which begins to burn out at 200°C. Annealing at more than 250°C did not yield
higher cleanliness. Leftovers of PMMA forms strip-like patterns (also wrapping nanoparticles).
Algara-Siller et al. [59] reported better cleaning in case of dry-cleaning: they annealed their
samples at moderate temperatures embedded in adsorbents, e.g. activated Carbon.

While most studies focused on cleaning of graphene, one can also find studies on MoS,: Oche-
dowski et al. [53] heated MoS, to 200°C for 30 minutes in vacuo before performing non-contact
atomic force microscopy (NC-AFM) measurements to clean the sample from contamination ad-
sorbed in ambient. Annealing reportedly also removes contaminants remaining from stacking
(wet transfer technique) vdW heterostructures [38].

Additionally, annealing does not only serve the purpose of cleaning samples but can also be
used for applications: Ni et al. [65] found that vacuum annealing makes graphene more active
to molecular adsorption (H,O and O, in particular). Heating samples again helps to desorb
particles (until exposed to air again). This effect can also be used for doping which may be
attractive for electrical devices.

There are various possibilities to achieve heat treatment in air (hot plate) and vacuum, e.g. ra-
diative heating or resistively heating via a heating wire. Laser annealing is another way to heat
samples, albeit estimating the treatment temperature is more difficult in this case [67].

Besides annealing, other cleaning techniques were demonstrated. For instance, as annealing
is not really feasible at low temperatures in a cryostat other ways for sample cleaning had to be
developed. Moser et al. [70] cleaned their samples via inducing high current densities (I ~ mA)
through graphene devices. Graphene can withstand such extreme conditions while the ad-
sorbed contaminations on the surface are removed via effects induced by the large electrical
current such als Joule heating. Other mentioned cleaning techniques are for instance chemical
cleaning (chloroform) or mechanical cleaning (scanning the surface with an AFM tip) [56].
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1 State of the art and objectives

1.3 Motivation

Highly charged ions have proved themselves as an effective tool to study and modify 2D mate-
rials: e.g. insight into defect engineering by ion irradiation will be valuable information since the
formation of pores of specific sizes will be handy for possible applications [71, 72].

The other way around, 2D materials are also an effective tool to study the neutralisation of highly
charged ions because the ion has not yet reached its equilibrium charge state after transmission.
Gruber et al. [61] investigated the interaction of highly charged Xe with a single layer of graphene
showing ultrafast neutralisation of the projectiles. They measured the mean number of captured
and stabilised electrons for impinging ions with various velocities. The dependence of the mean
number of captured electrons from the interaction time with the target was fitted by

_ e
Qin —Qout = 9in (1 —e™/ ) . (1.3)
exp

There, 1" is a fit parameter giving a neutralisation time constant and < is the interaction time
given as the ratio of an effective interaction length dgg and the velocity v of the projectile:
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Figure 1.9: Mean number of captured and stabilised electrons after transmission of Xe9in™

through a single layer of graphene. Data points for Xe29t to Xe35* are taken
from [61], points for Xe*O* is unpublished data measured by Janine Schwestka.
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According to performed time dependent density functional theory (TDDFT) calculations [19] and
the COB model (equation (1.2)), the effective neutralisation length (distance in which the inter-

action takes place) is assumed as

der = (0.5731/8g + 2 + 1.66) A. (1.5)

Experimental data processed as described above is shown in figure 1.9. Data for Xe20t to
Xe35T is taken from [61]. Charge dependent neutralisation times in the order of ~ fs can be
extracted from plotted fits according to equation (1.3), which are a significant component in
time scale considerations to possibly participating neutralisation mechanisms as discussed in
section 1.1.

However, equation (1.5) builds upon a clean graphene target. Contaminations on the sample
may thicken it by various monolayers. Therefore, using cleaned samples could result in higher
neutralisation time constants as well as in the possibility of other participating deexcitation mech-
anisms which would not be necessary to consider otherwise. Thus, knowledge on the cleanli-
ness of our sample is crucial to pursue estimations on neutralisation times which is the motivation
for the present study. Cleaning processes in the form of heat treatment of our samples shall be
applied to review the influence on contaminations in the interaction and neutralisation of highly
charged ions.
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2 Experimental methods

Measurements discussed in this diploma thesis were performed at the Neutrals and lon En-
ergy Loss Spectrometer (NIELS) facility of the Atomic and Plasma Physics Group at TU Wien.
The experimental setup is presented in the current chapter following a brief description of the
employed electron beam ion source.

2.1 Electron beam ion source

lonisation by electron collision is the main mechanism used to produce ions in an electron beam
ion source (EBIS). To achieve highly charged ions, it needs to be ensured that working gas atoms
stay in the collision area long enough so that multiple electrons can get removed in subsequent
electron impact events. Therefore, ions are held in a potential trap within three drift tubes (U,
Ua, Up) and brought to collision with a high density electron beam (obtained via magnetic com-
pression) to subsequently ionise electrons. A schematic of an EBIS is shown in figure 2.1.

Wien filter

m -| NIELS
|

m =

Figure 2.1: Schematic overview of an EBIS. Working gas ions are held within a potential trap and
get ionised by a high density electron beam. lons are extracted and specific charge
states are selected by means of a Wien filter.

The behaviour of Uy defines whether the ion source is operated in leaky mode
(Up = const. < Up) or in pulsed mode, when Uy, switches from Uy, to Up,, < Uy, for a short time
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2 Experimental methods

in the order of ms. Hence, U (sz in pulsed mode) defines the kinetic energy of the extracted
ions. Biasing the source to Ug,; (BL = beamline) decelerates the ions towards entering the target
chamber resulting in a final kinetic energy Ej, of

Exin = q - (Up —UpgL). (2.1)

A Wien filter is located before the entrance to the target chamber. Depending on applied volt-
ages, selected charge states of the employed working gas (in case of Xenon, charge states in
the range of Xe!* to Xe**) can enter the target chamber covering kinetic energies from 1 -
350keV (equation 2.1). Multiple electrostatic lenses at various positions are employed to focus
and steer the ion beam onto the target as desired [73, 74]. A Dreebit Dresden EBIS-A [75] with
Xenon or argon as working gas at an operating pressure of roughly 4-5-1 079 mbar was used for
the measurements presented in this thesis.

2.2 lon beam spectrometer

The ions extracted from the ion source then enter the target chamber, schematically sketched
in figure 2.2. The spectrometer is described in detail in [76].

MCP detector

ions frame

slit + T
deflection plates Ag
electron repeller

Figure 2.2: Schematic overview of the target chamber at the NIELS setup. The electron repeller
as well as the two grids, the frame and the PIPS detector are further collectively
referred to as electron emission statistics and are discussed later on in this chapter.
A slit and deflection plates in combination with a MCP detector are employed for exit
charge state analysis of ions transmitted through 2D samples.

First, the ion beam passes through a set of one vertical and one horizontal shaping slit with two
possible slit widths each (0.5 mm and 1.0 mm, both not depicted in figure 2.2). A target holder
is mounted in the centre of the chamber and can be translated in three directions and rotated
around the vertical axis. The electron repeller, the frame, the two grids and the passivated
implanted planar silicon detector are in use to collect and count electrons emitted from the
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sample and are further described later on in this chapter. A pre-vacuum and a turbo pump
ensure a pressure of < 5.0-1072 mbar in the target chamber.

Another horizontal slit, deflection plates and a microchannel plate (MCP) detector are used to
analyse the mean exit charge state of the ions transmitted through probed samples. The prin-
ciple of this spectroscopy is further described below.

All examined 2D materials are placed on transmission electron microscopy (TEM) grids with a
Quantifoil (QF) support on top. On some samples, an additional Au layer of 50-100 nm covering
the QF sits in-between the QF and the actual sample of interest. The TEM grids have a diameter
of 3mm. Most of the more recent samples used for this project were produced by Graphenea
on a 300 mesh Au TEM grid with a Au coated QF (~ 50 nm) having a hole size of 2um and a
space between two holes of 4 um [51]. The structure of the samples is outlined in figure 2.3 (a)
whereas microscopy images of a single layer graphene (SLG) sample are depicted in figure 2.3
(b) (light-optical microscope, magnification ~ 200x) and figure 2.3 (c) (atomic resolution STEM,
scale bar denoted inside the figure, [61]).

The Au coated QF serves the purpose of stopping ions from transmitting the support. Au layers
with a thickness of 50-100 nm on the QF suffice to stop or adequately decelerate transmitted
ions to be able to separate them from the ions of interest transmitted through the free-standing
two-dimensional material.

Quantifoil + Au layer

Figure 2.3: (a) Schematic of the used samples: the 2D materials (here single layer graphene
(SLG)) are placed on a Quantifoil support (10-20 nm) coated with Au (50-100 nm),
both on top of a standardised Au TEM grid. Picture taken and adapted from [77].
(b) Microscopy image (magnification ~ 200x) of a SLG sample showing the
Au TEM grid as well as the QF support (in this case with a 50nm Au layer).
(c) Atomic resolution STEM image of single layer graphene. Taken from [61].

Our target holder can hold three samples of this kind at the same time which are separately
pinched between the main plate of the target holder and one smaller part for each sample (cf.
figure 2.4). The conical openings allow to detect electrons emitted within an emission angle of
a < 60°.
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2 Experimental methods

To heat the sample holder to more than 300°C, a heating wire was mounted on the target holder.
A 1Ncl15 wire with a room temperature (RT) resistance of R = 1.0 served for this purpose
needing ~ 5A to heat up the target holder and samples to 360°C. Two drilling holes through
the metal plate serve as path for the horizontal parts of the wire. This ensures optimal contact
area to pass on the heat to the target holder. To keep track of the sample temperature a PT100
or PT1000 temperature element was also mounted on the target holder.

Additionally, also for heating purposes, a Lasertack 6 W 445 nm laser diode [78] aligned to the
sample was installed at NIELS.

Figure 2.4: Photograph of our target holder. Three TEM grids supporting suspended 2D mate-
rials can be mounted in the target chamber at the same time. A 1Ncl15 heating wire
(Rer = 1) can be used to heat up the samples to > 300°C. To keep track of the
temperature of the target holder, a PT1000 temperature element was installed.

Electron emission statistics

Emitted electrons from the sample are detected and counted by means of an electron emission
statistics setup. Two highly transparent grids are used to attract the emitted electrons. By biasing
the second grid less positively than the first one, the minimal energy of electrons transmitted
through the second grid can be adjusted. Via variation of this potential difference, these retarding
grids help to determine the energy of emitted electrons [23]. Presented measurements using the
laser, however, were recorded after having unmounted one of the grids from the target chamber.
A negatively biased frame in front of the first grid is needed to attract the electrons to the trans-
parent grid area instead of the positively biased frame of the first grid. A negatively biased
electron repeller opposite of the sample holder also helps to guide the electrons to the grids
(see figure 2.2).

Behind the two grids, the electrons are accelerated onto a passivated implanted planar silicon
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(PIPS) detector biased at 25-30kV. Impinging electrons on the detector create electron-hole
pairs. The electric field of an applied bias voltage gathers these electron-hole pairs at the elec-
trodes where they are then analysed by further acquisition electronics. All electrons arriving
within the integration time of a used preamplifier are collected in one pulse with the pulse height
being proportional to the deposited energy Eygp:

Egep = Ne - 30keV, (2.2)

where Neg is the number of collected particles, i.e. the number of detected electrons. This makes
it possible to gather the mean value of emitted electrons due to a single ion impact by analysing
the spectrum showing the pulses of the detector. These pulses are also used as start signal for
time of flight measurements. Table 2.1 reports values for these parts of the electron emission
statistics setup used for 150keV Xe39F. Figure 2.5 shows three electron emission statistics
spectra of 87 keV Xe9™ transmitted through a free-standing single layer of graphene.

Table 2.1: Applied voltages on the electron emission statistics setup for 150 keV Xe30+,

grid 1 270V
grid 2 280V
frame -50V

electron repeller | -300V
PIPS detector 27 kV

1.5

0 ~ 20 40 60 80 100
number of emitted electrons (e/ion)

Figure 2.5: Exemplary electron emission spectrum emitted due to interaction of 87 keV Xed™

ions with suspended single layer graphene. The number of emitted electrons in-
creases with the potential energy of the impinging projectile.
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2 Experimental methods

Repetition of measurements and comparison with published results from well-studied sam-
ples [79] can be consulted to estimate the electron collection efficiency. As another way to
achieve knowledge about the collection efficiency, we performed simulations with the C++ li-
brary IBSIMU [80].

IBSIMU uses Vlasov iteration to solve the Poisson equation in a defined geometry. CAD files
can be imported to do so as accurately as run-time permits it. A simplified version of our target
chamber had to be modelled which is shown as a screenshot of the IBSIMU visualisation in
figure 2.6 (a).

Particles can be added to the geometry to simulate particle trajectories which can then be fur-
ther analysed, e.g. counting the electrons transmitted through the grids to estimate the electron
collection efficiency. Figure 2.6 (b) shows the simulated trajectories for 40 keV Xe*0+ ions (yel-
low, beam diameter 2 mm) and electrons emitted with a starting energy of 2.5eV (red) within a
horizontal cut through the target chamber (blue). Potential lines are shown in green colour. The
electrodes were biased t0 Urgpgier = =250V, Ugrig, = 490V, Ugig, = 500V, Ugame = -50V
and Ugyrains = O0V. Grounded curtains were additionally mounted in the target chamber for
measurements tailored to analyse electron emission yields.

grid 1 frame  target holder 350 + ' —

grid 2

300 + il

250 +

_E
£ 200 +
<

150 +

100 +

curtains
50 +

ions

electron repeller 0O 50 100 150 200 250 300
(@) (o) z (mm)

Figure 2.6: (a) Screenshot of the visualised geometry (imported via CAD files) in IBSIMU [80].
(b) Simulated ion (yellow) and electron with a starting energy of 2.5 eV (red) trajectories
for 40 keV Xe*0+ as projectile shown in a horizontal cut through the target chamber.
Applied voltages are stated in the text.

Unfortunately, quantitative results cannot be made employing these simulations as the obtained
collection efficiency depends crucially on various unknown parameters such as the energy and
the emergence angle of emitted electrons, respectively. It is yet possible to observe a trend
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of decreasing collection efficiency with the emission point of the electrons moving further away
from the centre of the sample and hence closer to the edge of the target holder.
This is especially important if measurements with various (low) kinetic energies are executed
without tuning the setup for each energy (to maintain the same parameters for all measurements).
In this case, deflection of the incident ion beam due to applied voltages on the grids and frame
leads to small shifts in the position of the sample interacting with the HCI and emitted electrons.
Thus, stronger deflection in case of lower energies may also result in a lower electron collection
efficiency.
ion
energy
(keV)
@ 30
@ 40
60
°% @ /0
o)
@ 150
350

144

142

y (mm)

140

| . L e
236 238 240 236 238 240
X (Mmm) X (mm)

Figure 2.7: lon impact position for Xe*0t with various energies. The black circle portrays the
hole in our target holder hosting the 2D samples. The left part of the figure shows
100 simulated impacts 2 mm before the target whereas the right part represents the
mean impact position for each energy.

This effect can be seen in figure 2.7. The left part of the graph shows the impact positions of
100 ions each for six energies (colour coded as denoted in the right part of the figure) whereas
the right part shows only the mean impact positions. A tendency of the ions to be deflected
downwards as well as to the right is observable.

Charge state analysis

When ions interact with a material, they scatter at target atoms leading to a change in momentum
and often a change in direction. Additionally, HCls capture (and stabilise) various electrons while
interacting with the sample.

In case of very thin samples (e.g. two-dimensional materials) and ions with sufficiently high
energies, ions can still be detected after transmission through the sample. Our setup to analyse
both, the scattering angle as well as the exit charge state of the projectiles is presented below.
The used target holder (cf. figure 2.4) has cones with an opening angle of 60° not suppress-
ing scattered particles. To be able to analyse the exit charge state of the projectile after in-
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2 Experimental methods

teraction with the sample, we use a horizontal slit to cut out one plane of scattered particles.
Those are then entering a pair of deflection plates (length a = 39.6 mm, distance of the plates
d = 21.15mm), where ions with different charge states got, get stronger deflected than ions
with charge states gout, for Qout, > Qout, -

lons then continue on to a microchannel plate detector (MCP) with a delay line anode provided
by RoentDek (DLD40, active area > 40 mm) in a distance of b = 210mm. serving as a position
sensitive detector. The measured deflection in relation to a neutral beam going through the
deflection plates Ay in dependence of the ion charge state can be calculated according to
equation (2.3) which is also sketched in figure 2.8.

_1U-qouta (a
Ay=5 gy ( +b) (2.3)

Xednt  |Y=+ 12mm
deflection plates T
B Y y
XeJout* d Xe%* y=-12mm
+ . A4 — .
< a #E: b > MCP

Figure 2.8: Schematic drawing of the charge state analysis setup at NIELS: lons having a charge
state of g+ after interaction with a sample enter a pair of deflection plates and get
stronger deflected corresponding to their charge states. The charge state spectrum
measured at a position sensitive MCP then ranges from neutral particles to particles
with a primary charge state of Xedin™,

The MCP position together with the deflection pair voltage is usually adjusted so that a neutral
beam impinges at y = —12mm whereas the primary beam with an incident charge state of g;,
hits the detector at y = +12mm, leading to a maximum deflection of y = 24 mm. Thus, the
conversion from y to charge state can be performed with equation (2.4).

Qout = (v + 12mm) - 10 2.4)

The x-coordinate in recorded MCP spectra corresponds to the scattering angle of the detected
ions. Additionally, the time of flight chamber is rotatable as a whole within Ag = +8° making it
possible to record scattering patterns in this angle area. The conversion of x position on the MCP
with a chamber rotated to ¢ (as labelled on the spectrometer, given in degree °) to scattering
angle ¢ can be done as follows in equation (2.5).
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180°

o= (aten (o5 —) +£00181¢) 2.5)

The factor 0.0181 arises from the scaling factor referring to the scale mounted at the back of
the spectrometer. The distance between the target and the MCP measures 1106 mm, whereas
the distance from the target to the scale is 1381 mm. 1° on the scale corresponds to ~ 25 mm.

1° on scale 25mm
= ————— | =0.0181
atan <distanoe target — soale> atan (1381 mm) 0.018

The data acquisition is performed with RoentDek’s COBOLD PC software [81]. A demo spec-
trum showing the exit charge state spectrum of 146 keV Xe30+ transmitted through a single
layer graphene is given in figure 2.9. The conversion from x and y (lower and left axis) to scatter-
ing angle and exit charge state is noted at the upper and right axis, respectively. The right part
of the graph shows the projection of counts on the y axis (or exit charge state axis) which will
also often be used for analysis (rotated 90° as to counts vs. exit charge state) in the following

chapter.
scattering angle (°)
405 0 05 0
TR S
Xe%+
1P e - .- -0
6 | —
£ of E = g
> {10 2
-6} =
XeO+ ®
12— — e — — — T T — e — — — — — — — 0
-18 [ ] ] ] ] ] ] (TPFTHY UV RPNV I B B T

18 -12 -6 0 6 12 18 102 10° 10* 10° 10°
X (mm) abundance (arb. u.)

Figure 2.9: 2D map showing the exit charge state analysis as measured at the MCP detector.
Conversion from x to scattering angle and y to exit charge state according to equa-
tions (2.5) and (2.4), respectively, is given on the upper and right axis. The right graph
shows the projection of recorded counts on the y and exit charge state axis.

Time of flight measurements and filtering

Impinging particles on the MCP also provide a timing signal which together with the electron
emission statistics pulse can be used for the determination of the time of flight (TOF) of ions
transmitted through a sample.
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2 Experimental methods
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Figure 2.10: (&) Time of flight spectrum of 146keV Xe39t  transmitted through

SLG. The red coloured peak represents ions transmitted through SLG

whereas the blue distribution arises from

ions transmitted through QF.

(b) and (c) 2D maps showing only counts with TOFs in the red or blue distri-
bution in (a), respectively (cf. figure 2.9). (d) Exit charge state projection of spectra

(b) and (c).
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Figure 2.10 (a) shows a typical TOF spectrum for 146 keV Xe30+ transmitted through a single
layer graphene sample composed as shown in figure 2.3. A distinct TOF peak belongs to ions
transmitted through graphene, whereas a broad distribution represents ions transmitted through
the support material (e.g. Quantifoil + 50 nm Au). The corresponding 2D spectrum can be seen
in figure 2.9.

Given the way of measuring time of flight via emitted electrons as one trigger signal, ions trans-
mitted through holes should not produce TOF events. This is however not the case as primary
ions are detected at any time due to random coincidence producing TOFs at all values.

It is now possible to filter 2D spectra to show only counts with corresponding TOFs in a specific
window. In figure 2.10 (b) and (c) there are spectra showing only counts with TOFs in the SLG
and the QF region, respectively. It is notable that ions transmitted through support material have
lower (close to or even neutral) exit charge states than ions transmitted through a single layer of
graphene, which is in agreement with a thicker sample and hence a longer interaction time for
the ion to capture and stabilise electrons. Projections of both 2D maps on the exit charge state
axis are compared in figure 2.10. Due to the above mentioned accidental coincidental counts,

primary ions are seen even in TOF filtered spectra.

2.3 Beam energy distribution

For some experiments it is crucial to know the energy distribution of the extracted beam from
the ion source. We defined the energy distribution of our setup in two ways which are described
below. Experiments therefore were also performed using argon as working gas besides xenon.

Method 1: retarding field analysis at the start of the beamline

First, we measured the beam current on a plate right at the entrance to the target chamber.
Applying a retarding field to this slit leads to a decrease in current if the retarding field equals the
energy of the beam. Since the beam energy distribution follows a Gaussian profile, the current

decrease can be described as an error function

f(E) = a-erf(b(x-xo)) +¢). (2.6)

The full width at half maximum (FWHM) of the derivative Gauss function then describes the
energy distribution of the ion beam (cf. figure 2.11).

Nevertheless, for various Uy, the resulting data of Xe11* needs to be fitted by the superposition
of two error functions as in equation (2.6) leading to the conclusion that there are two energy
distributions extracted from the ion source. Experimental data and fits are shown in figure 2.12
(a) and (b).
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Figure 2.11: Retarding field analysis of beam energy distribution measured at a plate at the be-
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ginning of the target chamber right after the beam is extracted from the ion source.
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Figure 2.12: Retarding field analysis of the beam energy distribution:; (a) instead of one error
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function, a superposition of two needs to be fitted to experimental data suggesting
that there are two energy distributions extracted from the ion source. Measure-
ments were done using Xe'1*, Uy = 4500V and U, = 300 V. (b) differentiating the
fitted error function yields the FWHM of the energy distributions.
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The origin of this feature is yet unclear. It may be that ions are created at different places in the
ion source and hence extracted with slightly different energies. Otherwise, it is also possible that
there is a geometric effect involved leading to minor differences in deceleration behaviour.

The final beam width derives from a combination of effects such as different origins inside the
source. The Wien filter also has an energy window of 15V which leads to an energy dis-
persion. Slits inside the chamber allow to reduce the energy spread of the ion beam measured
after exiting the ion source. The second method focuses on the determination of the energy
distribution at the end of the chamber after the ions have passed various slits.

Method 2: beam deflection in deflection plates at the end of beamline

To measure the beam energy distribution at the end of the chamber we recorded various MCP
spectra for constant beam settings and diversely biased deflection plates to study the broaden-
ing of the beam due to the presence of various ion energies and hence different deflection.

FWHMSs 10eV Ar?*

6 eV T

increasing beam

deflection
7 eV

normalised current (arb. u.)

-10 -5 0 5 10
relative beam energy (eV)

Figure 2.13: Beam energy distribution - analysis via deflection plates.
Since the width of the beam on the MCP is a convolution of the energy distribution originating

from the source f and the slits used to cut the window g, fx* g, transformation of the convolution
theorem

F(fxg)=F(f)-F(9) (2.7)

is possible to derive f after measuring f * g and g (width of the beam without applied bias). By
means of our measurement, we first derive the Gaussian form of f in dependence of y

f(y) = ea0+b)*, 2.8)
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2 Experimental methods

which we can then transform into a dependence of E via equation (2.3) to

2

16 ) L —e?(¥+0) . . k=3l (34h). 29
Final results for 10eV Ar?t are presented in figure 2.13 showing a beam energy distribution of
approximately 10 eV.
Still, the energy width depends on the charge states of the ions and is in general higher for
less charged ions, because of different extraction possibilities within the ion source. The origin
position of highly charged ions is better defined due to enhanced trapping at higher q. Based on
the retarding field method the energy width is determined to be below 15 eV for highly charged

ions.
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3 Discussion and results

The following chapter summarises results produced during the work for this thesis. In the be-
ginning, two technical sections present changes in our measurements after heating either with
a heating wire or with laser annealing. Afterwards, results from cleaned SLG samples are com-
pared to previous data whereas data for trilayer graphene is added for comparison. The cleanest
state achievable with our technical possibilities is further on denoted as clean even though | am
aware that it is possible that the reached cleanliness might still be improved via other techniques.

3.1 Heat treatment

As described in section 2.2, the sample holder containing up to three TEM grids can be heated
using a TNcl15 heating wire. Heating up the target holder however takes some time, because of
an increase in the target chamber pressure. Figure 3.1 shows the time dependent temperature
(measured with a PT1000 temperature element) and target chamber pressure during the first
heat up. Without concern of a momentary large pressure increase (~ 5 - 10" mbar) up to
380°C can be achieved within a day.
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Figure 3.1: Temperature (blue) measured via a PT1000 heating element and target chamber
pressure (red) during the first heat up. An increase in the target pressure can be
seen with every increase in temperature.
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3 Discussion and results

For every current, an equilibrium temperature exists which is reached at the target holder after
a certain time of heating. Table 3.1 as well as figure 3.2 (a) show this relation of heater current
and equilibrium temperature, which can be used to adjust the setup to a desired temperature.

Table 3.1: Equilibrium temperature T for various heater currents /.
IA) | T(C IA) | T(C)

0.4 30 2.1 180
0.6 50 22 | 190
0.8 70 24 | 205
1.0 80 26 | 220

1.2 | 100 3.0 | 245
1.4 | 117 3.2 | 257
1.5 | 135 3.4 | 270
1.8 | 1580 3.6 | 284
1.9 | 165 5.0 | 350
20 | 175 5.2 | 360

4001
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) L
2 800 0
S OoO
5 200 o
= | &
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2 0®
D B O
o
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5

heater current (A)

Figure 3.2: (a) Equilibrium temperature for various heater currents. (b) After roughly 250°C, the
heating wire starts to visibly glow which might be the reason for more background
noise and thus less efficient time of flight measurements.

This heating method allows to simultaneously measure and to study the development of our
spectra. Nevertheless, either the pressure increase or background signals due to emitted ra-
diation and light (see figure 3.2 (b)) makes evaluation of TOF as well as 2D spectra difficult.
Hence, | could only observe changes for T < 250°C and again the whole temperature range
while cooling. | reach ~ 380°C as maximum temperature.

Figure 3.3 shows results from the transmission of 146 keV Xe30+ through single layer graphene.
From the beginning of the first heat treatment, a slight increase in the exit charge state and a
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decrease in the time of flight is noticeable. There is a jump in both observables between 250°C
and 350°C (in this region we could not perform measurements due to too much noise on the
PIPS detector).
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Figure 3.3: Time of flight (above) and exit charge state (below) versus temperature for 146 keV

Xe30+ transmitted through SLG. Initial annealing (blue) shows minor decrease (in-
crease) in time of flight (exit charge state) for T ~ 150°C and a rapid change between
250°C and 350°C. A second annealing process (red) already reaches the final values
from the first annealing for both measurands at T ~ 180°C. The line added to one
exit charge state data point describes a possible systematic error applicable to all
data points in the same way.

Because of our target chamber pressure of ~ 1 - 1078 mbar our samples get measurably con-
taminated again within the duration of one night. This is shown in figure 3.3: comparing the blue
data point (first annealing) at 350°C and the red data point (second annealing) at 30°C shows
a decrease in the exit charge state of 146 keV Xe30t transmitted through SLG by 8 captured
electrons. Similar behaviour can be observed in the time of flight spectrum. However, when
heating the sample again only ~ 180°C are necessary to reach the previous highest possible
exit charge state again. This manner does not even change when samples are exposed to air

and remounted inside the chamber.

| explain this as follows: in the beginning, contaminations on the sample are made up of PMMA
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3 Discussion and results

or other residuals from production and transfer on the TEM grids in addition to always present
hydrocarbons (cf. section 1.2). Latter ones seem to desorb at lower temperatures seen in the
slight change in the beginning of the heat up. PMMA is cleaned only at higher temperatures (con-
sistent with [57]) leading to the sudden change at temperatures between 250°C and 350°C in
both spectra. Afterwards, at room temperature only hydrocarbons are adsorbed on the sample
again, resulting in a lower temperature needed to clean the sample again.

STEM was then employed to gather information on the level of contamination of our samples.
Figure 3.4 shows one spot on one heated SLG sample.

Figure 3.4: STEM images of annealed SLG. (a) - (c) show various spot sizes. Scale bars are de-
noted in the lower right corner. Labels in (c) are explained in the text. (d) is a coloured
version of (a) presenting the equivalent sample thickness in number of graphene lay-
ers (colour scale in upper right corner).

Whereas pictures (a)-(c) show different spot sizes (as denoted in scale bars in the lower right
corner), figure (d) is a coloured version of (a). There, the colour scale in the upper right corner
presents an equivalent thickness in number of graphene layers enabling the characterisation of
spots labelled in picture (c):
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A clean spots of single layer graphene

B regions with hydrocarbon adsorbates surrounding clean areas (equivalent thickness 4-5
monolayers)

C hydrocarbon adsorbates (equivalent thickness < 10 monolayers)
D heavy/thick residuals (equivalent thickness 20-70 monolayers) in the form of clusters

To characterise the heavy/thick residuals marked as D in figure 3.4, energy-dispersive x-ray
spectroscopy (EDX) was performed. The two measured samples with similar STEM results show
a high amount of gold. Since only one of the samples has a Au coated (50 nm) Quantifoil and
analysed spots were not close to the Au TEM grid, the origin of this Au amount is yet unclear.
This could possibly stem from background of the TEM grid or diffusion of Au atoms. So, EDX
did not yield a satisfying characterisation of detected contamination.

Altogether, heating the target holder with the heating wire was used for single layer and trilayer
graphene (TLG) samples (cf. figure 3.5).
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Figure 3.5: Annealing of SLG (a)-(b) and TLG (c)-(d): exit charge state (a,c) and TOF (b,d) spectra
are given before (blue) and after (red) annealing at T = 360°C. The added line in the
time of flight spectra represent the width of the TOF peak indicating its narrowing
during heating.

Either of them show substantial shifts both in the exit charge state (to higher values) as well as
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3 Discussion and results

in time of flight (to shorter times).

3.2 Laser treatment

To try another way of cleaning the sample, a Lasertack 6 W 445 nm laser diode [78] was installed
at our setup. The laser can be controlled via a modulation voltage U,y between 0 and 5V,
which changes its output power. The smallest spotsize achievable is 4x1 mm. In our setup we
used a 5x3 mm spot and not full laser power. However, future plans involve revision of this setup
and exact determination of the laser power and power density.

Before the laser can be used for systematic cleaning procedures, it is crucial to understand
its functioning in regard to necessary modulation voltage and needed duration of operation for
cleaning. Measurements performed to clarify these question are described in the following.
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Figure 3.6: Laser annealing of SLG (170 keV Xe381): (a) Qout SPectra before (red), 30 min after
beginning (orange) and after one hour (blue) of laser operation with Uy,,4=3.5V. (b)
Qout (red) and target holder temperature (blue) vs. time. The laser was operated at
Umog=5V. A clean sample is reached after approximately one hour. (c) The shift in
Gout IN () is again accompanied by a decrease in TOF. (d) Additional heating using the
heating wire described in section 3.1 while irradiating the sample with our maximum
laser power does not further change qgoyt-
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First, | increased the modulation voltage in steps of 0.5 V (approximately 30-60 minutes operation
time between steps) and monitored the exit charge state of 170 keV Xe38+ transmitted through
a single layer of graphene. We observed small changes in g, and TOF rather quickly, although
major changes occurred at 70% of our maximum laser power (cf. figure 3.6 (a) and (c)).

Figure 3.6 (c) shows the corresponding time of flight spectra to the exit charge distributions
shown in graph (a). Similar to (a), the values change continuously within approximately one
hour.

Furthermore | investigated the amount of time needed to clean the sample while using the laser
at its maximum power. In order to do so, the sample was left to be contaminated in our vacuum
chamber for one night. Figure 3.6 (b) depicts g+ @and T in dependence of time, t = 0 marks the
start of laser operation at full power. A cleaned sample was observed after ~ 1 hour. The PT1000
was placed approximately 15 mm next to the spot the laser was focused to. Since a similar
behaviour as with the heating wire was detected, we conclude that the cleaning processes are
also thermally driven.

On top of the laser at full power, | used the heating wire to check whether g+ and TOF shift
further at higher temperatures. No further change can be observed neither during nor after
heating the sample holder to ~ 400°C. Measured g+ until a heater current of 2.5 A are depicted
in figure 3.6 (d).

Further cleaning procedures of other samples showed that the laser was not perfectly focused
onto the sample position before. With a focused laser beam | am now able to clean our samples
within seconds rather than over hours. The correctly aligned setup was used for all described

measurements using the laser later on.

Single layer graphene

Cleaning a virgin SLG sample (provided by Graphenea [51]) brought information on the amount
of contamination on the sample before cleaning.

Before laser treatment only one TOF peak was visible (shown in blue in figure 3.7). After turn-
ing on the laser two peaks emerged (red): ions transmitted through SLG (left peak, shorter
TOFs) and ions transmitted through Quantifoil (right distribution, longer TOFs). Fitting the QF
distribution with TRIM [82] (170keV Xe through 10nm carbon) enables coarse estimation of
contamination thickness. Using TRIM results and assuming a linear energy decrease with mate-
rial/contamination thickness yields the contamination thickness scale on top of figure 3.7. This
suggests that there are ~ 2nm contamination on virgin samples (taking carbon as main com-
ponent). A Moyal distribution was used to fit simulated data:

(3.1)
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3 Discussion and results
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Figure 3.7: TOF spectra for virgin (blue) and cleaned (red) SLG. Fitting (orange line) the QF TOF
distribution via TRIM calculations results in a contamination thickness of ~ 2 -3 nm.

170keV Xe38+ was used as projectile.
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Figure 3.8: (a) Separation of the SLG TOF peak into ions transmitted through SLG and QF
(170keV Xe381). (b) and (d) show TOF filtered 2D spectra for graphene and Quan-
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tifoil, whereas (c) shows the corresponding exit charge state projections.
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TOF filtering for graphene and Quantifoil at the clean sample shows neutralised Xe after transmis-
sion through QF and an exit charge state distribution around q,; = 25.6 for ions transmitted
through a single layer of graphene. The TOF spectrum and filtered 2D maps as well as exit
charge state distributions are presented in figure 3.8. All spectra are colour coded with regard
to the coloured TOF spectrum in graph (a).

Bilayer graphene
As shown for single layer graphene in the previous part, the time of flight spectrum of 170 keV
Xe38+ also separates into ions transmitted through bilayer graphene (BLG) and Quantifoil, re-
spectively. Again, TOF spectrum, TOF filtered 2D maps and exit charge state distributions are
shown in figure 3.9.

100
bilayer graphene
[}
- <
© 60 -
< I Quantifoil
a | e
(U .
: K .,".f' -e
0 M, il i s el i
2000 2050 2100 2150 -05 0 0.5
@ time of flight (ns) (b)  scattering angle (%)
S [ RSNy c T
150F | | SRR
8 [ | < I’«
c [ Qoui=21.5 PSRN '
3 100 F out B TR N T
e b : Saa et
B O: '.“ I . .'1 |.<-0'-.
© 5 :- I Xeot » '
0 10 20 30 40 05 0 05
© exit charge state (d)  scattering angle (°)

Figure 3.9: (a) Separation of the BLG TOF peak into ions transmitted through BLG and QF, re-
spectively. (b) and (d) show the TOF filtered 2D spectra for bilayer graphene and
Quantifoil, whereas (c) shows the corresponding exit charge state distributions. In
graph (c), a second charge state distribution can be seen (orange), probably be-
longing to areas either still covered with contamination or hosting a third layer of
graphene. 170keV Xe38+ was used as projectile.

In figure 3.9 (c) a second distribution (orange) can observed for cleaned bilayer graphene, which
possibly arises from either areas on the sample covered with a third graphene layer or ones that
are still contaminated.
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3 Discussion and results

The next step was to see how fast our samples get contaminated again after having been
cleaned. So hourly measurements were recorded after turning the laser off. In figure 3.10 it
can be seen that both exit charge state and TOF keep close to its optimum value for approxi-
mately 7-8 hours before rapidly dropping/increasing before evening out after ~ 15 hours.

This is unexpected and can be partially explained by the fact that the sample first needs to
cool down before contaminations can be adsorbed again. Previous measurements conclude
that cooling takes approximately 2 hours which therefore does not fully explain the reported

behaviour.
24
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Figure 3.10: (a) Within one night without cleaning the samples are being contaminated again.
After staying clean for a few hours the exit charge state drops rapidly which is first
observable in the measurement at t = 10h. A continuous increase in TOF starts
earlier. (b) and (c) After the measurement series depicted in (a) qoyt () and TOF ()
were measured for five minutes before (blue) and after (red) the laser was turned on
again. 170keV Xe38+ was used as projectile.

Since in figure 3.10 (b) and (c) the measurement after turning on the laser (red) shows an im-

mediately cleaned sample compared to the contaminated sample (blue), we conclude that a
correctly aligned laser cleans the sample within seconds. The poor statistics stems from a five

38


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

minute measurement time, which was used to emphasise the rapid cleaning.

Figure 3.11 shows exit charge state spectra of measurements number 8-14 from figure 3.10.
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Figure 3.11: Measurements 8-11 (a) and 12-14 (b) of the measurement series plotted in figure
3.10. After the shift of the bilayer distribution to lower exit charge states, a second
exit charge state distribution (merging with the BLG peak at lower values several
hours later) emerges which can be associated with the single layer graphene frac-
tions on the BLG sample. Measurements were recorded using 170keV Xe38+ as
projectile.

Within those hours the majority of change occurred. Closer examination of these measurements
shows that after the BLG exit charge state distribution shifted to its lower value, a small distri-
bution remains (measurement at t = 11 h, green line in plot (a)): its gt corresponds to the
exit charge state measured for single layer graphene using the same projectile with a smaller
abundance than the one arising from bilayer graphene. Filtering the TOF spectrum with this exit
charge state distribution shows a small TOF peak with a time of flight associated with single
layer graphene (cf. figure 3.12). From this we deduce that our sample also contains SLG spots
which is not uncommon in multilayer graphene samples.

This SLG distribution vanishes within the following 3 hours. Since this happens after BLG gets
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3 Discussion and results

contaminated it appears that the single layer fraction contaminates slower than the bilayer one.
This is not explicable until now and further measurements will have to be made to reproduce

and understand this effect.
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Figure 3.12: Filtered TOF spectrum using the supposedly SLG exit charge state distribution from
figure 3.11. The resulting TOF peak matches the TOF peak measured with 170 keV
Xe38+ transmitted through SLG emphasising this SLG character.

In figure 3.13 (a) a TOF distribution of particles arriving 24 ns before primary ions transmitted
through single layer (and bilayer) graphene can be observed. A possible explanation could be
forward sputtered C from our sample. The maximum energy transferred from Xe to (forward)

sputtered C can be computed as follows:

Ec=v Exe (3.2)
_ Lsz — 0.307 (3.3)
(my +my)

Albeit, calculating the time of flight shows that sputted C would have a TOF of ~1000ns less
than Xe which eliminates the possibility of attributing this fast TOF peak to C. Other possible
contaminants such as O (~ 970 ns faster than Xe), Si (~ 870 ns faster than Xe) or Cu (~ 750 ns
slower than Xe) are also ruled out. Those particles are deflected by the deflection plates in the
same way as XeYout (cf. figure 3.13 (b)), sputtered particles are usually neutral.

Because of our setup to measure time of flight (see section 2.2) a difference in TOF might also
stem from different flight times of emitted electrons. Those are attracted by grids and after that
accelerated by ~ 30 keV onto a PIPS detector. The flight time until reaching the grids may vary
depending on energy and emittance angle of the electrons.

The two distinct TOF peaks shown in figure 3.13 (a) would however need two clear "regimes” of
emitted electrons either varying in much longer trajectories or in higher energy. Additionally, it is
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Figure 3.13: (a) TOF spectrum of 170 keV Xe38+ transmitted through bilayer graphene. A smaller
second TOF peaks can be seen 24 ns before the TOF peak of ions transmitted
through bilayer graphene, which has an even shorter TOF than the single layer
fraction of the BLG sample (see figure 3.12). (b) The exit charge state distribution
Suits gour Measured with bilayer graphene.

not clear why this feature does not appear in any other spectra measured and presented before
in this thesis. Even though, this would be an interesting point considering different neutralisation
mechanisms (predicting also a variation in electron energy regimes) further measurements need
to be conducted to confirm and study this behaviour. Also, the electron collection efficiency by
the grids would need to be improved since simulations (cf. section 2.2) show a strong drop
in collection efficiency for electrons with higher energies making measurements and especially
comparison to electrons with lower energies increasingly difficult.

3.3 Comparison of single, bi- and trilayer graphene

Measurements using samples cleaned either by heating the sample holder via the heating wire
or with the laser were performed using single, bi- and trilayer graphene samples all provided
by Graphenea [51]. Results regarding the exit charge state, scattering of transmitted ions and
neutralisation time of the projectile are discussed in this section.
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3 Discussion and results

Comparison to Gruber et al. [61]

Measured data for single layer graphene is compared to data published by Gruber et al. [61]
in figure 3.14 where the mean number of captured electrons is given in dependence of 1/v.
Because annealed SLG was in general only used for higher velocities v, a direct comparison is
only possible for one data point for Xe30t with 1/v ~ 2 (nm/fs)~1: There, | find that the mean
number of captured electrons differs by ~ 6.5 electrons, i.e. in clean SLG less electrons are
stabilised (ca. 67%) than in the experiment of [61].

Adding this data point also to figure 3.15 (Xe391) indicates that Gruber et al. used samples
comparable to cleaned bilayer graphene thus approximately one layer of contamination.

New data points for higher velocities also lie below fits through data by Gruber et al. which is
further discussed in the part "Neutralisation time” later on in this chapter.
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Figure 3.14: Data for SLG transmitted by various charge states and projectile energies given in
dependence of 1/v. Comparison between data published by Gruber et al. [61] and
data from annealed samples is only possible for Xe30+ with 1/v ~ 2 (nm/fs)~" and
shows a difference of ~ 6 electrons.

Charge exchange

All three samples were investigated with various charge states and also different ion energies.
Figure 3.15 presents data points in dependence of the number of graphene layers for four inci-
dent charge states and up to three different energies.

To fit the data, additional points were considered for no captured electrons in case of no graphene
layer Ne(x = 0) = 0 and g, captured electrons for x = 30 graphene layers Ne(x = 30) = qjp.
The latter one can be assumed since projectiles transmitted through Quantifoil (~10nm ~ 30
graphene layers) are completely neutralised.
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Figure 3.15: Number of captured electrons by XeYn with various energies for single, bi- and
trilayer graphene in dependence of the number of graphene layers. Data points
are fitted with an exponential behaviour (see text). Subfigures correspond to
9in=127,29,30,32}. One data point from Gruber et al. [61] was added to the Xe30+
graph.

Then, the data can be fitted well using an exponential behaviour with only a single fitting param-
eter a:

Ne(x) =qjp - (1-673) 3.4)

The fitting parameter a describes a neutralisation length given in numbers of graphene layers
and shows a linear dependence of the projectile energy in the examined energy region (cf. fig-
ure 3.15).
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3 Discussion and results
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Figure 3.16: The fit parameter a from equation (3.4) describes the neutralisation length of xenon
ions transmitted through SLG. A linear dependence with the projectile energy can
be noticed.

Scattering measurements

In figure 3.17 scattering measurements for single, bi- and trilayer graphene are presented. Single
layer graphene (a)-(b) and trilayer graphene (e)-(f) were measured with 166 keV Xe34+ whereas
170keV Xe38+ was scattered at bilayer graphene (c)-(d).

For single layer graphene, projectiles can only collide with one target atom (assuming a contam-
ination free sample and thus a thickness of only one atomic layer). Since the projectile mass m4
is larger than the mass of target atoms mo, there exists a maximum scattering angle ¢max:

(Pmax = arcsin (2?) = 5.24° (3.5)

For BLG and TLG multiple scattering becomes possible which can lead to a broader scattering
distribution.

Since our MCP only detects particles scattered within an angle of +0.5%, rotating the TOF
chamber and stitching together measurements is necessary to cover this angular sector. Be-
cause of instabilities of the ion source over the measurement durations of one hour per angle,
stitching does not always work completely fine: for instance, regarding the TLG scattering 2D
map (figure 3.17) shows cleary a higher intensity at positive angles. The projections of different
measurements in graph (f) were scaled to match at the boundaries.

To compare those scattering distributions more easily, they are plotted one above the other
in figure 3.18. While SLG shows a smaller peak width, there is no clear difference between
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BLG and TLG. Still, 10 nm thick Quantifoil leads to higher scattering angles as can be seen in
figure 3.17 (c) where the QF ”stripe” on the MCP is still intense at angles where there are only

few particles scattered by BLG left.
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Figure 3.17: Scattering measurements of single (a)-(b), bi- (c)-(d) and trilayer (e)-(f) graphene.
Spectra with single and trilayer graphene (cleaned via heating the target holder)
were recorded with 166 keV Xe34t, whereas the bilayer sample was laser cleaned
and transmitted by 170 keV Xe38+.
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3 Discussion and results
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Figure 3.18: Comparison of scattering angles of ions transmitted through SLG, BLG and TLG.
Whereas single layer scatters ions within a smaller angle area, there is no obvious
difference in bilayer and trilayer spectra.

Neutralisation time

In section 1.3 figure 1.9 shows the number of captured electrons of Xe ions with various energies
and incident charge states transmitted through single layer graphene. Adding data points from
cleaned SLG samples primarily at high ion energies (thus short interaction times) however has
great impact on this graph (cf. figure 3.19): a fit through the origin (zero captured and stabilised
electrons at only zero interaction time) is no longer applicable. Instead, a second fit parameter
needs to be used to introduce a finite velocity at which no charge exchange can occur. This
may be explained by the picture that at some point, ions are too fast so that electrons cannot
follow and thus no charge exchange appears any more.

For calculation of the interaction time, an effective target thickness consisting of the critical dis-
tance of the COB model modified by TDDFT calculations (equation (1.5)) is used. For BLG and
TLG a third fit parameter adapting the effective interaction length (equation (1.5)) needs to be
introduced:

deff = deffSLG :
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Figure 3.19: Mean number of captured electrons in dependence of the interaction time of Xedin™
ions of various energies (cf. figure 1.9) complemented by additional data points for
cleaned SLG, BLG and TLG samples. SLG data is fitted by the solid lines, BLG
and TLG data is added via adjusting the interaction time with a relative effective
thickness factor.

The best agreement was achieved using K = 1.16 for BLG and K = 1.67 for TLG. In case of
TLG this would mean an increase by ~ 6 A, so two times the interlayer spacing of graphite which
would correspond well to the trilayer nature of the sample. For BLG, K = 1.16 describes an
increase in thickness by ~ 1.5 A which cannot be interpreted as easily as for TLG.
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4 Conclusion and outlook

Measurements presented in the previous chapter 3 have proven that samples show important
changes after applying cleaning treatments. Annealing the samples via heating the target holder
with a heating wire has thereby led to equivalent results as cleaning the sample with a 445 nm
6W laser. However, laser cleaning has the advantage of not increasing the target chamber
pressure which makes it easier to continue cleaning while recording spectra. Combination of
both did not further change measured quantities such as the exit charge state distribution and
time of flight of projectiles. This leads me to the conclusion that | already have achieved the
cleanest state possible with our methods.

Laser cleaning does not (negatively) effect the target chamber pressure which also helps in regard
to long-term measurements or irradiations. Measurements have shown that even at a base
pressure of 4-10~9 mbar (which seems to be the current optimum) the samples get contaminated
again within less than ten hours without heat treatment.

Either treatment will be definitely used for future measurements to clean investigated samples.
First spectra with cleaned samples were already recorded with single, bi- and trilayer graphene
and used for comparison: the number of captured electrons shows an exponential behaviour
regarding the dependence of the number of graphene layers. Scattering measurements indi-
cate the scattering to higher angles of projectiles transmitting BLG and TLG compared to SLG
samples. This is consistent with the fact that multiple scattering events (which become possible
only starting with bilayer graphene) can lead to larger scattering angles than a single scattering
process.

Additionally, analysing the number of captured electrons in dependence of the interaction time
(as it was done in [19]) indicates the existence of a finite interaction time below which no charge
exchange can take place.

However, there are also several open questions after having performed these measurements.
The origin and nature of clustered residuals formed on graphene samples (maybe consisting of
Au) is not understood to date. Also, the occurrence of a second time of flight peak in mea-
surements with bilayer samples (cf. section 3.2) is inexplicable until now. Whether this peak
consists of (sputtered) particles fitting to the measured time of flight or whether it comes from a
high energy regime of emitted electrons needs to be investigated further to give more detailed
information. If possible, heating the sample to even higher temperatures might also provide
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4 Conclusion and outlook

insight whether we are already working with clean or only less contaminated samples.

For future studies concerning suspended 2D materials | strongly suggest using cleaned samples.
Measurements using single layer graphene as a sample haven shown that cleaning is necessary
to measure the properties of the true two-dimensional material itself and avoid artifacts from
contaminations. The tools for this were installed and demonstrated in this thesis.
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