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Abstract

Two-dimensional (2D) materials, and especially their two prominent members graphene and
monolayer hexagonal boron nitride (hBN), have generated significant research interest over the
better part of the last two decades. Graphene is an extraordinary electrical conductor while it is
also extremely strong, impermeable to gases and, as a monolayer, it can be used as a substrate
for cluster growth or single implanted atoms, while, as a multilayer, it can be used to encapsulate
different trapped atoms or molecules. hBN on the other hand is a wide gap insulator which is
often used as a dielectric. However, point defects in hBN were discovered to be very promising

quantum emitters.

Here, graphene and hBN are exposed to low-energy single-charged ion irradiation in order to
create defects and trap the impinging ions. The irradiation effects are studied using atomic reso-
lution scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy
(EELS). It is found that the irradiation leads to the creation of point defects in hBN. Similarly cre-
ated and characterized defects in graphene were used as anchoring points for individual atoms
and clusters of iron, which was introduced via physical vapour deposition. For multi-layered
samples ion irradiation was used for introducing noble gas atoms between the layers resulting in
room-temperature stable 2D van der Waals crystals. The trapped atoms arrange as expected from
non-directional van der Waals bonding for small clusters. We observe movement and structural

changes in the clusters as well as phase transitions during imaging.

Studying defect creation in hBN and correlating these with emission spectra opens the path to-
wards tailoring hBN for quantum applications. The ability to anchor individual atoms covalently
in the graphene membrane provides the possibility to create single atom catalysts. The so far
unexplored frontier of encapsulated two-dimensional van der Waals solids is opened up by the
possibility of noble gas trapping. This makes it now, decades after van der Waals atomic solids of
noble gases on cold metal surfaces were the first experimental examples of 2D systems, possible

to study the atomic arrangement of this simple condensed matter system.

Overall, it was shown that 2D materials can be tailored at the atomic scale which brings us one
step closer to 2D material quantum emitters and single atom catalysts. At the same time the
2D van der Waals noble gas crystals provide a simple condensed matter system for fundamental

studies of statistical physics.



Zusammenfassung

Zweidimensionale (2D) Materialien, insbesondere Graphen und einlagiges hexagonales Bornitrid
(hBN), wurden in den letzten zwei Jahrzehnten intensiv untersucht. Graphen ist ein hervorra-
gender elektrischer Leiter und undurchléssig fiir Gase. Als Monolage kann es als Substrat fiir das
Wachstum von Clustern oder einzelnen implantierten Atomen verwendet werden, wahrend es
mit mehreren Lagen zum Einfangen verschiedener Atome oder Molekiile dienen kann. hBN ist
ein Isolator mit grofler Bandliicke, der héaufig als Dielektrikum verwendet wird. Punktdefekte in

hBN sind jedoch auch vielversprechende Quantenemitter.

In dieser Arbeit werden Graphen und hBN niederenergetischer Bestrahlung aus einfach gelade-
nen Jonen ausgesetzt, um Defekte zu erzeugen und die Ionen einzufangen. Die Auswirkun-
gen der Bestrahlung werden mit Hilfe von atomar auflosender Rastertransmissionselektronen-
mikroskopie und Elektronenenergieverlustspektroskopie untersucht. In hBN fiihrt die Bestrahlung
zur Bildung von Punktdefekten. Ahnlich erzeugte und charakterisierte Defekte in Graphen wer-
den verwendet, um extra aufgebrachtes Eisen entweder als einzelne Atome oder als Cluster zu
verankern. Bei mehrschichtigen Proben werden durch Ionenbestrahlung Edelgasatome zwis-
chen die Schichten eingebracht, was zu stabilen zweidimensionalen van der Waals Kristallen bei
Raumtemperatur fithrt. Die eingefangenen Atome ordnen sich so an, wie man es aufgrund der
ungerichteten van der Waals Bindung erwarten wiirde. Die Cluster dndern ihre Struktur, bewe-

gen sich und Phaseniibergange sind wahrend der Messungen sichtbar.

Die Untersuchung der Entstehung von Defekten in hBN und deren Korrelation mit Emissions-
spektren 6ffnet den Weg zur gezielten Manipulation von hBN fiir Quantenanwendungen. Die
Féahigkeit, einzelne Atome kovalent in der Graphenmembran zu verankern, bietet die Moglichkeit,
Einzelatomkatalysatoren zu schaffen. Die Méglichkeit Edelgase einzufangen, eroffnet das bisher
unerforschte Gebiet der eingeschlossenen zweidimensionalen van der Waals Festkorper. Die er-
sten experimentellen Beispiele fiir 2D-Systeme waren van der Waals Festkorper aus Edelgasen auf
kalten Metalloberflichen. Jahrzehnte spater ist es nun moglich, die atomare Anordnung dieses

einfachen Systems direkt zu untersuchen.

Insgesamt konnte gezeigt werden, dass 2D-Materialien atomar manipuliert werden kénnen, was
uns einen Schritt ndher an Quantenemitter und Einzelatomkatalysatoren in 2D-Materialien bringt.
Zugleich bieten die zweidimensionalen van der Waals Feskorper bestehend aus Edelgas Atomen

ein einfaches System fiir grundlegende Untersuchungen der statistischen Physik.
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Chapter 1

Introduction

Our lives and societies are influenced by the materials we use to a degree that whole eras are
named after them. Even though the field of two-dimensional (2D) materials is still quite young
(it was triggered with the discovery of the electric field effect in graphene in 2004 [4]) it already
shows promise for new technological applications [5, 6]. Due to their reduced dimensionality, 2D
materials exhibit fundamentally different properties than their bulk counterparts giving rise to
interesting new physical phenomena. In our research group we focus on altering the properties
of known 2D materials as well as on creating and characterizing completely new ones. In this
work ion irradiation is used to change the structure of graphene and hBN as well as to create

trapped 2D van der Waals (vdW) noble gas structures.

Ion beams are an efficient tool to change the morphology of a material in a controllable manner.
They can be used to modify electronic, mechanical, magnetic and optical properties to specific
applications [7, 8]. Ion irradiation is a versatile technique as there are many controllable param-
eters, such as the species, the mass, the charge state, the energy (kinetic and potential) of the
ion as well as its incident angle. This is especially true for conventional three-dimensional (3D)
materials, where it is a powerful and well established technique. The most prominent example
for the technical applicability of ion irradiation is probably the semiconductor industry, where
the electronic properties of materials can be engineered to a degree that nm-sized transistors and

light emitting diodes or quantum well lasers are made possible [9].

However, the effect of ion irradiation on 2D materials differs from the bulk case: In 3D the sur-
faces can be neglected, but 2D materials are in contrast nothing but surface. There are three key

changes for 2D materials. Firstly the energy needs to be much lower, something that most existing
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ion irradiation set-ups were not built for. Secondly, atomically clean and high quality suspended
samples are necessary, something where existing production and cleaning protocols still need to
be improved. And thirdly, experiments should be carried out under ultra-high vacuum (UHV) so
that methods for defect creation and detection are combined within the same set-up to prevent
recontamination of the sample surface [7]. For this purpose, the system for controlled alteration
of nanomaterials in vacuum down to the atomic scale (CANVAS) [10], an interconnected UHV
system, was developed by our group. It connects various methods for sample manipulation, such
as low-energy ion irradiation using a plasma source, physical vapour deposition (PVD) devices
and different lasers with the Nion UltraSTEM 100 microscope, an instrument used for aberra-
tion corrected scanning transmission electron microscopy (STEM) as well as electron energy loss

spectroscopy (EELS), which are the main methods employed in this work.

The two main materials used in this work are graphene, a highly conductive material [4], and
monolayer hBN, a material with a wide band gap [11], which are the two thinnest known materi-
als. Defect creation in graphene through low-energy ion irradiation has previously been studied
by our group [12]. We have shown that the created vacancies can be filled with different elements
employing a two-step process [13, 14]. In this thesis we use Fe atoms, introduced onto the sample
via PVD which highlights the general applicability of this method for different elements [3] The
density of embedded atoms or clusters can be controlled through irradiation dose, and the size
of the clusters through evaporation time. This is interesting as individual atoms embedded in 2D
materials have been used in various fundamental studies ranging from single-defect vibrational
spectroscopy [15] to mapping of electric and magnetic fields [16]. Within our group (and oth-
ers), also atom manipulation using the Angstréom-sized electron beam in STEM [17, 18, 19, 20]
has been a major undertaking. We believe this method for creating small clusters and individual
atoms can also be used for catalysis. However, not only ions can be used for creating defects.
Employing an altered version of an automatic image acquisition algorithm [21], also high-energy
electrons can be used to create defect patterns, similar to Refs. [22, 23]. The feasibility of this

idea is illustrated using electron-beam-induced deposition (EBID).

Defect creation in hBN, in contrast to graphene, is an open but interesting topic. Defects in
hBN have recently received increasing attention as a solid state host for quantum emitters [24]
and other applications [25]. Lasers [26], ions [27], neutrons [28] and electrons [29, 30] have
been used to create quantum emitters in hBN, however so far only in the case of electrons [31]
the direct correlation between irradiation and the exact atomic structure has been established.

Analytical potential molecular dynamics simulations [32, 33] have suggested that low-energy
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noble gas ions should lead to the formation of point defects and that there should be similar
probabilities for creating single boron and nitrogen vacancies. However, this prediction is not
in line with our experimental results where we expose hBN to low-energy Ar* ions and use
automated imaging [21] in combination with machine learning to quantify irradiation results [2],

as will be discussed.

Instead of irradiating monolayers and introducing defects into graphene and hBN also few lay-
ers can be irradiated. Due to the impermeability of these materials to gases [34], Ar, Kr or Xe
ions can be trapped using an energy high enough to penetrate the first layer, but low enough
not to pass through the second. They neutralize and form room temperature stable vdW sys-
tem of condensed noble gases. Neutral physical systems, such as inert atoms or graphene layers,
behave according to the vdW interaction. Although they do not form covalent or ionic bonds,
the temporal fluctuations in the distribution of their charge turns them into fluctuating dipoles,
which leads to attraction between them. The energy of the resulting bond is usually in the order
of 0.1 eV/atom [35, 36], which is normally too low for the bond to be stable at room tempera-
ture. Thus what drives the formation of crystallites is the encapsulation, resulting in one of the
simplest conceivable solids, a 2D vdW atomic crystal. Similar structures formed by noble gas
atoms on surfaces at cryogenic temperatures [37] have been experimentally studied since the
1960’s and were probably the first 2D systems ever studied. However, encapsulation of similar
structures within graphene covered surfaces has also made it possible to image Xe clusters at
room temperature using scanning tunneling microscopy (STM) [38, 39]. The graphene encapsu-
lation, however, complicates imaging the atomic structure of the crystallites with this method,
which even lead to misidentification of such structures in the past [40, 41]. In contrast, here we
have trapped Ar, Kr and Xe between two free-standing layers of graphene allowing the direct

observation of the atomic structure using STEM.
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Chapter 2

Materials

2.1 Graphene and hBN

Graphene and monolayer hBN are materials with similar structural, mechanical and thermal
properties, but show great differences from an electronic point of view. In 2004, a monolayer
of graphene was isolated and electronically characterized for the first time [4]. It is a material
with outstanding properties [42], which started the entire field of 2D materials [43, 44]. Mono-
layer hBN, so-called "white graphene", another important member of the 2D family, was also
exfoliated by the same group one year after graphene [45] and has attracted a lot of attention in
recent years due to its possible application as a host for quantum emitters [25]. Both materials are

thermally and mechanically robust, chemically stable and host interesting physical phenomena.

2.1.1 Structure

Graphene consists of C atoms, with the atomic number Z = 6, hBN consists of B and N atoms,
the neighbours of C in the periodic table with atomic numbers Z = 5 and Z = 7, respectively. In
covalently bound materials, such as graphene and also to a degree hBN, the hybridisation of the
valence orbitals determines their structure. The electronic ground state configuration of B, C and
N is given by 1s22s22p* with x = 1,2, 3, respectively. The 2s and 2p orbitals can hybridize into
sp™ plus p orbitals forming covalent bonds. sp® carbon bonds result in the diamond structure,
whereas boron and nitrogen form cubic BN [48]. sp? bonds form layered hexagonal structures
such as graphite for C and and bulk hBN for B and N. The atomically thin sheets are held together

by vdW forces, making it feasible to exfoliate them. Separated individual layers of these bulk

14



Q

O
O
L.

Figure 2.1: Honeycomb lattice structure and its corresponding first Brillouin zone with
high symmetry points marked. (a) In-plane lattice structure of graphene and monolayer hBN.
a; and a, are the lattice vectors and the unit cell is highlighted in yellow. The lattice constant
a = |d;| = |d;| is 2.46 A for graphene and 2.5 A for hBN . The bond lengths d are 1.42 A and
1.44 A, respectively. (b) Corresponding first Brillouin zone with the high symmetry points T, K,
K’ and M and reciprocal lattice vectors l;l and I;Z. Values taken from Ref. [46]. Figure reproduced

from [47].

materials are called graphene and monolayer hBN. Where for graphene the bonding is almost
purely covalent hBN has significant ionic contributions. Fig. 2.1 shows the 2D structure resulting
from sp? hybridization. Every atom has three nearest neighbours with equal spacing between
them, forming a honeycomb structure. The real space lattice vectors can be defined as
V3 V3
= \/3_’d( 2 ) d = \fd( ) (2.1)

1 1
2 2

which results in the reciprocal lattice vectors

- 21 - 2 1
b1 = Q(\/g)’ bz = g(_\/g) (22)

The lattice vectors are the same for hBN and graphene, however, for graphene both atoms in the

base are C whereas in hBN they are B and N. The interatomic distance differs, it is
dgraphene =142A

for graphene and

dpgy = 1.44 A

for hBN [46]. The first Brillouin zone, the Wigner-Seitz cell of the reciprocal lattice [35], is a

hexagon with the four symmetry points I', K, K’ and M shown in Fig. 2.1 b. In graphene, K and
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K’ are called Dirac points and play an important role in the electronic structure. Their coordinates

), K = i—Z(_L) (2.3)

Graphene and monolayer hBN are the thinnest possible crystals, both being only one atom thick.

in reciprocal space are given by

As in hBN the binding is slightly ionic, this results in a difference in stacking for multi layer
structures. While few-layer graphene (FLG) exfoliated from graphite is usually AB stacked, in
hBN boron and nitrogen atoms are stacked on top of each other resulting in AA’ stacking [46].

The vdW interaction governs the distance between the sheets.

2.1.2 Properties
Mechanical properties

The strong in-plane sp? bonds in graphene and hBN result in the robust lattice structure re-
sponsible for the mechanical properties of graphene and hBN. The Young’s modulus, a material
property describing its stiffness, of graphene was measured to be 1.0 + 0.1 TPa using nanoinden-
tation [49] and 2.4 + 0.4 TPa using Raman spectroscopy [50], which are both high values making
graphene the strongest material ever measured. Monolayer hBN has a comparable, but lower,

Young’s modulus of 0.865 + 0.073 TPa [51].

Measuring the adhesion of hBN/hBN and Gr/Gr [52] showed that the cohesion energy and the
intrinsic cleavage strength of graphene and hBN are practically the same with the normal force
being marginally higher for graphene and the shear force marginally higher for hBN. The normal
incidence adhesion energy was 0.328 + 0.028 Jm™2 for graphene and 0.326 + 0.026 Jm ™2 for hBN.

Thermal properties

Also their other properties, namely their remarkable chemical and thermal stability as well as
their thermal conductivity are very similar. Graphene has a thermal conductivity in the range of
4.84 + 0.44 X 10% to 5.30 + 0.48 x 10> W/mK for suspended graphene flakes [53]. The thermal
conductivity of monolayer hBN is 7-8 times lower, k = 751 Wm™'K™!, however it is still the
second largest k per unit weight among all semiconductors and insulators, and decreases with

increasing number of layers [54].
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High quality hBN nano sheets (1-4 layers) show stronger oxidation resistance than graphene. It
starts oxidizing at 700 °C, compared to graphene, for which it starts at 250 °C. The maximum
temperature that hBN can sustain in air was shown to be 850 °C, using atomic force microscopy
(AFM) and Raman spectroscopy [55]. For graphene in a protective Ar atmosphere defects are
induced at 1000 °C [56].

Impermeability of the layers

For this work one of the most important properties of graphene is its impermeability to gases [34,
57] and the fact that macroscopic amounts of gas can be trapped within graphene encapsula-
tion [58]. It was shown that it exerts a pressure of 1.2+0.3 GPa on trapped molecules between the
layers [59]. For Li atoms and fullerenes trapped between two layers very dense stacking [60, 61]

and in the case of Li also ultra fast diffusion of the trapped atoms [62] was observed.

As monolayer hBN has a comparable strength and adhesion as graphene, it is to be expected that
also hBN can be used to trap different gases and molecules. In Ref. [63], it was used to protect
metal clusters from corrosion and it was shown that, due to its electrical insulation, it does not
form a galvanic cell with them preventing galvanic corrosion. Thus its protective properties are

even higher than for graphene.

2.1.3 Stability under (electron) irradiation

Graphene is very stable under energetic electron irradiation. The displacement cross section for
an atom ranges from 10~ barn for electrons with an energy of 80 keV to ca. 0.2 barn for 100 keV
electrons [64, 65]. This makes it practically impossible to introduce defects when imaging the
sample with 60 keV electrons, which is the standard energy used for microscopy in this thesis.
Encapsulating different materials with graphene can also protect them from irradiation damage.
It has thus been used as a sample support for microscopy in the past [61, 66, 67, 68]. As we have

shown earlier [69], it can also be used for imaging small noble gas clusters.

One key difference when conducting microscopy experiments with these two materials is that
hBN does get damaged significantly under electron irradiation already at 60 kV [31] with dis-
placement cross sections around 0.01 barn for both B and N. The simulated displacement knock-

on energy thresholds (the minimum energy that needs to be transferred to an atom for it to be
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ejected) are given by

TP =19.36 eV

for B and
T =23.06 eV

for N in pristine hBN whereas for graphene the energy threshold is given by
T¢ = 22.03 €V.

These values were obtained from first principles simulations [70]. As these are fairly close for
graphene and hBN, valence ionization resulting from inelastic scattering of probe electrons re-
lating to the insulating properties of hBN is expected to cause the difference in the damaging

process [31].

Low-energy ion irradiation effects

While defects in graphene can have various shapes [12], in hBN formation of pentagons and
heptagons would involve B-B and N-N bonds, which are unfavourable due to the ionic nature
of the material. Thus where in graphene the number of dangling bonds can be reduced by re-
arranging the atoms in other formations this is not the case for hBN. Therefore, the possible
defects should be individual as well as multiple missing atoms. In Section 4.4 defects formed by

ion irradiation in hBN will be presented confirming this assumption.

2.1.4 Electronic properties

Similarities with regards to structure, thickness, strength and partly also bonding turn into polar

opposites when looking at their electronic properties.

Graphene

The electronic structure of graphene is dominated by the p, orbitals, which are unaffected from
the hybridisation of the orbitals forming the o bands. They are orthogonal to the structure and
form a delocalized 7-band, which is half filled since each carbon atom has one electron left after
hybridization. The result of this is the extraordinary electronic structure of graphene [71]. The

most prominent feature is the linear dispersion of the band structure around the K and K’ (Dirac)
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points in the Brillouin zone. There the bottom of the conduction and the top of the valence band
touch at the Fermi level with the density of states being zero. Suspended graphene has a charge
carrier mobility of 200,000 cm?V~!s™! [72], resulting in an immense electronic conductivity. The
dispersion relation is layer dependent. For a monolayer it is linear at the Dirac points and the
charge carriers imitate massless Dirac fermions, however in a bilayer a small band gap opens, and
the bands follow a parabolic dispersion, resulting in the mass of the carriers to be non-zero [73].
As aresult of its unique electronic structure the adsorbance of graphene is 2.3 % of incident white

light despite it being only one atom thick [74].

Monolayer hBN

Where graphene is a material with no band gap, monolayer hBN has a wide gap of ca. 6 eV [11, 75].
hBN is often used as a dielectric substrates in graphene electronic devices. The energy bands
and optical properties of hBN in 2D and 3D have been calculated theoretically using the tight-
binding model in a semi-empirical approach at the K point in the Brillouin zone already in the
1960s [76]. Point defects in 2D hBN have attreacted especially much attention recently [25].
What makes hBN particularly interesting is its good temperature stability of quantum emitters
over a wide temperature range [77], their bright emission into the zero-phonon line [78], wide
spectral range [79, 80, 81], and the possibility for lifetime-limited emission at room tempera-
ture [82, 83]. This makes hBN attractive for a number of different advanced applications [84].
However, although it is well known that quantum emitters are associated with point defects in
the material [79, 80, 30, 85, 86], no direct correlation between the defect structures and quantum
emission properties has been established. Therefore, being able to selectively create specific types

of point defects into hBN would be desirable.

2.2 Sample preparation

For observing the effect of ion or electron irradiation on 2D materials free-standing membranes

are necessary. The three relevant parameters for these samples are:

« the material (graphene or hBN), described above,
« how it was produced (chemical vapour deposition (CVD) or exfoliation) and
« the sample support or grid (flexible amorphous carbon, rigid SiN, or a combination).
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For most of the experiments combinations of different properties are beneficial. Having amor-
phous areas for tuning the microscope, multiple thicknesses of the sample and different cleanness

levels on one sample is ideal for learning the most from one irradiation experiment.

2.2.1 Production method

For the experiments in this work mono- and few-layer hBN and graphene were used. FLG was
fabricated using both mechanical exfoliation as well as stacking single-layer graphene grown
via CVD (EasyTransfer graphene produced by Graphenea) on top of each other. For hBN only
CVD-grown samples grown on Cu foil were used (Graphene Supermarket). These were mostly

monolayer, which also contained few-layer regions as a by-product of the growth.

Exfoliation of few-layer graphene

Micromechanical cleavage, also known as "Scotch tape" method (named after the sticky tape
producer), was used for exfoliation [4, 73]. Here a crystal of highly-ordered pyrolytic graphite
(HOPG), is put on adhesive tape and thinned down by repeatedly applying the tape to the crys-
tallites (usually 8-12 times). For the final exfoliation step the tape, covered with small crystallites,
is attached to a piece of a SiO;-coated Si wafer. The tape is pulled off and a statistical distribu-
tion of graphite/graphene flakes of different thicknesses is left on the wafer. The wafer can be
plasma irradiated before and heated after adhesion for a higher yield of larger thin flakes [87].
Using a visible light microscope, the wafer is checked for transferable flakes. The contrast of
the flakes in the optical microscope depends on the thickness of the SiO; coating. The optical
contrast can go up to 12 % for a monolayer when green light is used and the coating has a thick-
ness of 90 nm + 5 % [88]. Usually flakes have a size of several pm. The advantage of mechanical
exfoliation compared to stacked monolayers is the possibility to create flakes of varying, known
thicknesses of 1-10 layers at one sample position. This way irradiation effects and implantation
efficiency as a function of thickness can be investigated easily. Fig. 2.2 a shows how a flake on a

wafer looks like in a light microscope.

CVD-grown graphene double layers

Commercially available monolayers produced by Graphenea were used in this work. They were

either bought already transferred onto transmission electron microscopy (TEM) grids or as Easy-
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Transfer samples which are CVD-grown graphene on a sacrificial polymethylmethacrylat (PMMA)
layer. Cu is mostly used as a substrate to grow graphene monolayers due to its self-limiting
growth effect [89]. These grown monolayers are not directly suitable for trapping noble gas
atoms between multiple layers, thus for these experiments they were stacked to create artifi-
cial double layer or multi layer samples. Where exfoliated samples are AB stacked (referred to
as bilayers), stacking CVD-grown monolayers results in random orientations. As CVD-grown
graphene is mostly poly crystalline with grain boundaries separating different orientations [89]
this results in multiple differing stackings on one sample. Individual CVD-grown flakes are usu-
ally smaller than exfoliated flakes, however, they merge and thus can cover areas of several mm.

The key differences between exfoliated and stacked samples are summarized in table 2.1.

Table 2.1: Exfoliated vs. CVD-grown samples

Exfoliated CVD grown
varying controlled thickness mostly single layers, some few layers, stackable
oriented stacking random stacking
cheap, labour-intensive commercially available
small sample area at specific location grid entirely covered
holey Quantifoil membrane both flexible and rigid membrane possible

CVD-grown hBN

Commercial CVD-grown monolayer hBN (Graphene Supermarket) was available on their Cu

growth substrate. The growth mechanism is described in Ref. [90].

2.2.2 Transfer to TEM grids

Sample support grids play an essential role for microscopy. For example amorphous areas are
needed for tuning the electron beam, as will be described later. The grid also governs which

treatment the sample can be exposed to.
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Standard grids

Most samples used in this study are obtained on a substrate, be it PMMA, a Si wafer or a Cu foil.
Thus they need to be transferred onto a TEM grid for having free standing area. Here gold grids
with a flexible amorphous carbon membrane (Quantifoil) and SiN grids with a rigid membrane
of different thicknesses (TedPella and Silson) were used. Both grids have thin membranes with
holes, the diameters being between 0.5 and 2.5 pm, in a regular pattern on which the samples are
free standing. For the transfer the "flat-membrane" side of the grid is put on top of the "sample-
covered" side of the substrate. We only conducted transfers where at least one of the two, grid or
substrate, is flexible and can adhere to the other. This adhesion is usually enabled using liquids.
A drop of isopropyl alcohol (IPA) is put on the substrate-grid-sandwich, the liquid evaporates
and the surface tension pulls the flexible membrane towards the rigid one where it sticks. For a
successful transfer, uniform adhesion between substrate and TEM grid is beneficial. The process

is observed using visible light microscopy.

After adhesion the substrate (Cu foils for CVD grown hBN, SiO for exfoliated graphene or PMMA
for EasyTransfer graphene) is etched or dissolved away. This is done with different chemicals,
FeCls for Cu, KOH for SiO and hot acetone for PMMA. The process for hBN is described in
detail in Refs. [31] and [91]. The sample transfer for exfoliated graphene is described in Ref. [92].
EasyTransfer graphene was transferred according to the manufacturer’s instructions. After the
transfer onto the grids samples were washed in deionised water and IPA. The exact parameters

for each sample are given in the results section.

Fig. 2.2 a-c show how a FLG flake with various thicknesses looks like on the substrate in Fig. 2.2 a,
the grid on top of the substrate before adhesion in Fig. 2.2 b and the bottom side of the grid in
Fig. 2.2 c successfully transferred. Fig. 2.2 d-f show the creation of a double layer graphene sample
on a Silson SiN grid where in Fig. 2.2 d one layer of graphene with PMMA (coloured in transparent
red) is visible. In Fig. 2.2 e the PMMA from the first layer has been removed using hot acetone
(marking still shown) and a second layer of graphene on PMMA has been applied (coloured in
transparent green). Fig. 2.2 f shows the grid after removal of the second PMMA layer with the
markings for where the two layers are. The control in this process is rather limited but there is

always a good chance of creating both monolayer and double layer regions on the same grid.
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Figure 2.2: Different kinds of used samples. (a) Exfoliated graphene sample on a Si-SiO, wafer
imaged using a visible light microscope. The flake has various thicknesses between one and > 8
layers, based on optical contrast [88]. (b) TEM Quantifoil grid placed on top of the flake with the
flake being close to the central marker of the grid. (c) Bottom-view of TEM grid after succesful
transfer of the flake onto it. (d) Nine-window SiN grid from Pelco with one layer of EasyTransfer
(marked in red). (e) Same grid with another layer of EasyTransfer (marked in green) after removal
of the first PMMA sacrificial layer using hot acetone followed by IPA cleaning. (f) Same grid with
both layers of PMMA removed, the area where the graphene was placed is marked. g Quantifoil
grid after attaching EasyTransfer graphene on PMMA to both sides of the grid. (h) Close up of
the same grid. (i) Bottom view of graphene applied to both sides of a Quantifoil grid after PMMA
removal. (j) Quantifoil grid attached to SiN grid during evaporation of IPA. (k) Amourphous
carbon membrane sticks to the SiN grid after separation of the grids. (1) Overlap of Quantifoil

holes (1 ym diameter, 2 ym spacing) and SiN holes (2.5 ym diameter, 5 ym spacing.)

Special grids

For Quantifoil grids two layers of EasyTransfer can be transferred at the same time. Fig. 2.2 g-i

shows a double sided EasyTransfer graphene transfer. Here it is fished with both sides of the grid.
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This results in the flat side of the grid being covered entirely with graphene and PMMA while on
the other side the sample breaks at the gold grid shown in Fig. 2.2 g and Fig. 2.2 h. This results
in a combination of monolayer and double layer regions in most of the grid. If relatively clean
surfaces are brought into contact, the contamination between the layers is squeezed into pockets
due to the pressure between the layers. The second graphene layer is visible in Fig. 2.2 i in some

of the areas with slightly brighter contrast.

SiN grids can be beneficial as they are less fragile when exposed to laser irradiation used for
cleaning, however, they are also rigid. If a sample on a rigid substrate (Si wafer on Cu foil) is to
be transferred onto such a rigid TEM grid, the procedure used in this work is to transfer it onto a
flexible substrate, such as Quantifoil, and then transfer the Quantifoil membrane, together with
the sample, onto a SiN grid. Fig. 2.2 j-1 shows the transfer of hBN on Quantifoil onto a SiN grid. In
Fig. 2.2 j the two grids are brought into contact using IPA and subsequent heating (150 °C, 30 min)
for stronger adherence. In Fig. 2.2 k the amorphous carbon membrane was mechanically delami-
nated from the Au grid with a tweezer. Most of the flexible membrane sticks to the Pelco SiN grid.
However, the success rate of this method is about one third to half. Fig. 2.2 1 shows a high mag-
nification image of the two membranes that are now stuck together. The suspended sample used
for the experiments can be found where the holes of the Quantifoil and the SiN overlap. These
grids are called hybrid grids in the following. They have the benefit of being very stable while
also having amorphous areas which are important for tuning the electron beam for microscopy.

However, the amount of free-standing sample is massively reduced.

2.3 Noble gases

Noble gases are members of the main group 8, the last column of the periodic table. The group
includes the elements helium, neon, argon, krypton, xenon and radon. As their electron shells
are full, they are in the energetically most favourable state and do not form chemical bonds un-
less special efforts are undergone, thus they are also called inert gases [93]. Due to their lack of
chemical bonds their behaviour is governed by the vdW interaction. The atoms show dipolar be-
haviour at low temperatures that becomes stronger with growing nuclear charge as the electrons
furthest away interact with a more strongly screened nucleus. Thus heavier atoms also crystal-
lize at higher temperatures, see table 2.2. All inert gases remain gaseous at room temperatures

[35, 36].

24



Table 2.2: Summarized properties of noble gases. The table lists the melting and boiling

points of inert gases at atmospheric pressure

‘ ‘ melting point [°C] [93] ‘ boiling point [°C] [93] ‘ crystal structure [94] ‘ lattice constant [A] [94] ‘ conditions for lattice constant [94] ‘

He -272.2* -268.9 hep 3.531

Ne -248.6 -245.9 fec 4.43 42K
Ar -189.3 -185.8 fec 5.25 42K
Kr -157 -152.9 fec 5.72 58 K
Xe -112 -107.1 fec 6.2 58 K
Ra -71 -61.8

* Melting point of He at a pressure of 2.6 MPa. Helium can only condensate when pressurized.

** He* 1.15 K 66 bar, He® 3.3 K 183 bar

When pressurized, noble gases can also be forced to crystallize at room temperature. The melting
curves [95] indicate that a pressure slightly above 1.5 GPa should solidify Ar, a pressure slightly
below 1 GPa should solidify Kr and a pressure around 0.5 GPa should be enough to solidify Xe.

2.3.1 Two-dimensional noble gases

Krypton at cryogenic temperatures on graphite surfaces was one of the first ever studied two-
dimensional systems. Phase transitions in this system were studied already in the 1970s and 1980s
[96, 97, 98, 99, 100]. Heat capacity measurements revealed that a monolayer of Kr on graphite
shows different behaviour than bulk [101]. Three layers of Kr appear to be the crossover region
where the two-dimensionality of the system is lost [102]. As the van der Waals interaction is
isotropic, it only depends on the inter-atomic distance. Thus 2D noble gas crystals assume a
close-packed hexagonal structure as was confirmed through ultralow-energy electron diffraction
experiments already as early as 1975 [103]. The first real space images of 2D noble gas crystals

were recorded via STM in 1998 on a graphite surface [104].

These studies of 2D noble gases were conducted at cryogenic temperatures. The discovery of the
impermeability of graphene [34] made it possible to create similar structures at elevated temper-
atures by trapping noble gases within the van der Waals gap between graphene or hBN and a

substrate. This can be done either directly or indirectly.

In Refs. [40, 41] graphene on Ir(111) was irradiated with 100 eV - 5000 eV He, Ne, Ar and Xe. After
subsequent annealing, STM topographs showed protrusions that were first misinterpreted as C

atoms forming carbon nanoplatelets below the encapsulating layer, and later confirmed as noble
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gas aggregates at the interface between Ir and graphene. The implantation process is studied in
Ref. [105]. Few hundred to thousand eV ions easily penetrate through the graphene layer and
then lose energy in the bulk. At high temperatures the gases leave the bulk and diffuse to the
surface where they form pressurized blisters in the vdW gap between the materials. This is most
efficient at normal incidence [106]. Using STM, the atomic configuration of 2D Xe clusters trapped
between graphene and Ir(111) similarly were even imaged revealing a close packed structure [39].
Crystalline Xe trapped at the interface of hBN and Ir(111) was also imaged at room temperature.
The superstructure produced by monolayers and bilayers was imaged to reveal their crystallinity.
The blister height was found to be around 2 A and the average periodicity of the cluster was
4.2 £ 0.1 A [38]. Interestingly, after annealing to higher temperatures (1500 K) the structures
grew larger, which led to substantially lower pressure, thus the Xe superstructure produced by
the atoms was not visible anymore. The much clearer visibility of the structure below hBN is

appointed to the higher adherence of it on Ir with respect to graphene on Ir.

While these trapping experiments were somewhat indirect, also direct implantation into the vdW
gap was done. Individual Ar atoms were trapped below hBN on top of Rh(111) where the no-
ble gases were immobilized at room temperature by the encapsulation which can be difficult to
achieve. The implantation energy was 60 eV [107]. Kr* at 30 — 120 eV was implanted below the
first layer of graphite at room temperature [108]. Using STM, it was found that thermal diffusion
of intercalated Kr was frustrated, similar as for Ar in the aforementioned study. The observed
multi-atom nanostructures were explained by already intercalated atoms colliding with incoming
Kr. Thermal diffusion was shown to become effective at 873 K, which leads to growth of the Kr
nano-structures building up strain in the encapsulating layer, which eventually leads to craters

of varying depth after bursting.

In 2021, small noble gas nanobubbles with a radius in the order of 1 nm were studied using
STM [109]. Ultralow-energy (25 eV) perpendicular incidence irradiation of He, Ne and Ar was
used for implantation into the gap between graphene and Pt(111). The universal scaling for
bubbles of trapped materials below 2D membranes found before [110] was shown to break down
for the monolayer regime. The pressures inside the bubbles were estimated to reach tens of GPa
for radii around 1 nm for He or 1.6 nm for Ar. Bubble formation was only observed for graphene
on Pt(111) and not for graphene on Cu(111), explained by lower adhesion between the surface

and the encapsulating layer.
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2.4 Contamination

Figure 2.3: Schematic illustration and images of different kinds of contamination (a) Il-
lustrative side view of hBN (atoms in pink and dark blue) with static (grey) and mobile (orange)
hydrocarbon contamination. An electron beam (shown as a turquoise triangle) is focused onto
one part of the hBN while another part is irradiated with different ions (shown as blue and green
spheres). (b) STEM-HAADF image of a clean multilayer graphene (dark contrast) with implanted
Xe atoms (marked by red triangles) and contamination (bright contrast). (c) STEM-HAADF image
of the same position after extended exposure to electron irradiation and subsequent dehydrogena-
tion of diffusing surface molecules leading to pin-down of mobile contamination. The triangles

mark the Xe clusters and atom that are still visible through the contamination.

One of the key obstacles when working with 2D materials is surface contamination. Fig. 2.3 a
illustrates the side view of hBN (atoms shown in pink and dark blue) with surface contamination
(shown in grey), different ions approaching the surface (spheres shown in blue and green) as well
as a convergent electron beam (the turquoise triangle) interacting with mobile contamination

(shown in orange). It is evident that for observation of thin crystals made of light atoms such as
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graphene or hBN an undisturbed line of sight is necessary in STEM. Thus areas that are atomically

clean, without amorphous impurities on their surface, are imperative for experiments.

One key goal of this work is to understand the interaction between ions and the material. Con-
tamination is a problem for two reasons. Firstly, the effect of ion irradiation will be changed if
they interact also with the contamination. This is an issue as ions with energies that are practi-
cal for material manipulation also interact strongly with contamination resulting in a significant
impact of ad-atoms and contaminants [7]. Second the effects of irradiation might not be observ-
able as defects and the associated dangling bonds are more reactive than the otherwise inert 2D
materials attracting contamination. Additionally, due to their low nuclear charge, Z, C, B and N

have a weak scattering potential which leads to low contrast, as will be discussed in the methods.

Thick contamination (more than a few tens of nm) makes samples practically unusable and has
to be avoided by optimizing sample production, using well defined protocols and pure chemicals.
For the remaining contamination, two classes will be distinguished: Static and mobile contamina-
tion. Both probably consist of similar hydrocarbons, however, their interaction with the imaging
electron beam differs. While static contamination is present on the sample independent of imag-
ing (exposure to highly energetic electrons), mobile contamination increases with the exposure
to the electron irradiation. The longer the area is exposed, the "dirtier" the sample gets within the
field of view (FOV), see Fig. 2.3. We believe this to be caused by diffusing hydrocarbon molecules
where the electron beam removes hydrogen atoms and breaks bonds. This results in cross linking

different molecules and making them stick where they are.

The contamination on the sample was shown to mostly consist of hydrocarbons adsorbed from
air [111] as well as PMMA residue, carboxyl and methoxyl [112]. A recent STM study identifies
the airborne hydrocarbons to be alkanes with lengths of 20-26 carbon atoms [113]. These are
common molecules in the environment and exhibit self-organizing behaviour. They form friction
domains that were measured on hBN, graphene and MoS,. Also silicon is always present on 2D
materials [114, 115, 116]. This could be a result of Si or SiO, being used in different steps of
wet chemistry or CVD, however it is also an element that is very abundant on the earth crust.
Occasionally, also Cu [117] or other metals are found on the sample. They could be remnants of
the CVD process, especially Cu as our samples are often grown on it. Fe, which can be found often
on hBN samples is used for the removal of the Cu foil within FeCl; acid. These metal clusters
typically do not cover the surface on a large scale, and thus play a minor role when creation of a

clean surface in the range of some tens to hundreds of nm is desired.
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Chapter 3

Methods

3.1 STEM and EELS

Aberration corrected STEM and EELS are the main methods used in this thesis. Here a brief

introduction will be given, for deeper insight into the topic Ref. [118] is recommended.

The fundamental properties that make electrons useful for imaging are their short wavelength at
high acceleration voltages (~ 4.8 pm at 60 kV), the fact that they interact strongly with matter,
and that they are charged particles and thus interact with electromagnetic fields through the
Lorentz force

F= q(ﬁ+ 7 x B), (3.1)
which makes it possible to alter their trajectories using electromagnetic and electrostatic lenses.
F denotes the force, q the charge E and B the electric and magnetic field and 7 the velocity of the

particle.

3.1.1 Electron scattering

An electron interacts with the sample via elastic or inelastic scattering processes. A process
is called elastic when the total kinetic energy of the system is conserved. Here the primary
electron interacts with the attractive potential created by the protons in the nuclei screened by
the surrounding electron cloud. The interaction changes the trajectories of electrons providing

information about the positions of the nuclei in the specimen.
In inelastic scattering the energy of the probing electron is changed due to interactions between
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BSE

inelastic

elastic 5
transmission

Figure 3.1: Illustration of possible interactions of a primary electron with an atom. n
refers to the nucleus of the atom, K, and M indicate the electron shells. The primary electron
travels from top to bottom. In elastic scattering, the trajectory is altered from its normal course
which can even result in back scattered electrons (BSE). In the shown example for inelastic scat-
tering, the primary electron ejects an electron from the L shell resulting in a significant amount of
energy loss. The ejected electron is called SE. The hole is filled by an electron from the Fermi level
with the energy difference between the two states being released as an x-ray photon y which is
characteristic for different elements. Reproduced from [119] with kind permission of the author.

Copyright ©2020, Bernhard Fickl

the primary electron and bound electrons or quasiparticles like phonons, plasmons, etc. in the
material. Information about the properties of the material, can be collected by measuring the
energy loss of the primary electron, the energy of emitted characteristic x-rays with energy dis-

persive x-ray spectroscopy (EDX) or from the emitted secondary electrons.
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3.1.2 Set-up of a STEM

In STEM, a focused electron beam is scanned over the sample. Here annular dark field (ADF)
detectors are used to collect elastically scattered electrons to from an image. Inelastically scat-
tered electrons are used in EELS to acquire spectroscopic information about the sample. The
magnification is set using scanning coils. The resolution is limited by the size and shape of the
probe which is determined by aberrations. The possibility to acquire ADF and EELS signal, and
with other microscopes even EDX or SE signal, at the same time, makes this a really powerful

technique.

Fig. 3.2 shows a schematic drawing and a photograph of the Nion Ultra STEM 100 in Vienna. Elec-
trons are emitted from a cold field emission gun (CFEG). The emitted electrons are accelerated,
travel through the condenser lens system after which they enter the aberration corrector. The
corrected beam is then focused using the objective lens creating the atomically sharp probe that is
scanned over the sample. It interacts elastically and inelastically with the specimen as described
above. Projector lenses are used to spread the beam leaving the specimen and the electrons are
collected using detectors. The medium-angle annular dark field (MAADF) and high-angle an-
nular dark field (HAADF) are the detectors used for imaging in this work. A charge-coupled

device (CCD) bright field (BF) detector can be used for sample navigation and tuning.

3.1.3 Aberrations and their correction

Already in 1936, Scherzer found that electron lenses have spherical aberration [120]. After the
first aberration corrector had been suggested in 1947 [121], it took 50 years for the first working
quadrupole/octupole probe corrector to be developed for STEM [122, 123], which made sub-A
resolution imaging possible [124]. For a more in-depth discussion of the history of aberration

correction I recommend Ref. [118] or the resources on the website of the Nion company [125]

Tuning (aberration correction) of the beam is done using the Ronchigram method. A Ronchi-
gram is a convergent beam diffraction pattern of a known object (in case of electrons amorphous
materials are often used) where the features are comparable to the diffracting wavelength. The
aberrations are measured by collecting Ronchigrams with well-defined beam shifts on an amor-
phous spot of the specimen. A Ronchigram camera (a fluorescent film with a CCD camera) is used
for this. From those, the local magnifications and with that the aberration function is calculated.

The calculated corrections are then applied and again measured in an iterative process [126]. The
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Figure 3.2: Scanning Transmission Electron Microscope Left: Schematic set-up of a scanning
transmission electron microscope with the electron beam going from bottom to top. Reproduced
from [47] with kind permission of the author. Copyright ©2020, Mukesh Tripathi. Right: Photo-
graph of the NION Ultra STEM 100 in Vienna. The red triangle marks the valve connecting it to
the CANVAS system.

same camera is also used for taking overview images and for sample navigation.

Annular dark field (ADF) detectors

In ADF imaging [127, 128] a focused electron beam is raster scanned over the sample and electrons
scattered to angular ranges 6p,;, < 0 < 0,4, are detected using a ring-like detector. Electronics
correlate the recorded position of the beam with the number of electrons hitting the detectors.
The more electrons are scattered to the angular range, the brighter that pixel is. Thus, atoms
with a high nuclear charge Z and thicker areas appear brighter in the images. The minimum
angle, 0,,in, is chosen such that Bragg reflections are suppressed and thus diffraction contrast
is eliminated. This leads to Rutherford scattering of single scattering centres. The intensities
detected by ADF detectors are thus integrated scattered intensities by each atom, resulting in the

so called Z-contrast (contrast being dependent on the atomic number Z) [129] as Z¢ with ¢ in
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the range of 1.5 — 1.8, depending on the signal collection geometry and the atomic number of
the studied elements [130]. This leads to a straightforward qualitative interpretation of atomic
resolution ADF images by providing an easily interpretable contrast between atoms with differing
atomic number Z, allowing to probe the local atomic structure and to directly identify defects and

heteroatoms.

HAADF imaging is well-suited for resolving structures made of heavy atoms. MAADF provides
better contrast for light elements such as boron, carbon and nitrogen, but the accurate Z-contrast
is lost as some Bragg scattering is included making the images a bit less straightforward to inter-

pret [118].

3.1.4 Electron energy loss spectroscopy (EELS)

Focused electron beam EELS allows to determine the chemical composition and the nature of
chemical bonding at the atomic scale. A magnetic field is applied perpendicular to the direction

of motion of the electrons. The relation

3

-0

R= ,
q-B

(3.2)

is gained by combining the Lorentz and the centripetal force. The resulting radius R after travel-
ling through the magnetic field depends on the velocity, v, of the electron which depends on its
energy. The charge, g, the magnetic field, B, as well as the mass, m, are the same for all electrons.
Electrons that lost (or gained) energy interacting with the sample thus hit the detector at differ-
ent positions yielding a spectrum. The EELS atlas [131] is usually used as a first reference when
analysing spectra. In this work mostly core-loss EELS is used to confirm atomic species. Com-
positional maps of the specimen can be created by collecting spectra for each pixel of an image.
The spatial resolution of STEM EELS is influenced by the probe size and the specific energy loss.

The lower the energy loss, the larger is the localisation diameter of the excitation [132].

3.1.5 Technical data

Most samples were imaged at the University of Vienna with the Nion UltraSTEM 100 dedicated
STEM instrument at 60 kV with a beam current of 19.4 + 0.6 pA [133] using either the MAADF
or HAADF detector with annular ranges of 60 — 200 mrad and 80 — 300 mrad, respectively. The

convergence semi-angle was 30 mrad. Electron energy loss spectroscopy was carried out with
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the same instrument using a Gatan PEELS 666 spectrometer retrofitted with an Andor iXon 897
electron-multiplying CCD camera using a collection semi-angle of ca. 35 mrad. The energy reso-
lution of the EELS set-up is around 0.5 eV which is partly due to the electron gun with an energy
spread of around 0.25 eV and partly due to the optics and detector. A customized objective and
sample stage connects the instrument to an UHV system [134]. In the photograph in Fig. 3.2
(right) the microscope is the vertical metal column in the back, whereas everything that is at-
tached in the front, starting from the valve marked by the red arrow, is the custom built UHV
system. The electron source is a 100 kV high-brightness CFEG. The microscope is equipped with
a 3" generation C3/C5 aberration corrector with a minimum probe size of 1 — 1.3 A at 60 — 100
kV [135]. The base pressure at the sample is in the order of 1071° mbar, which is around three
orders of magnitude lower than that of most commercially available (S)TEMs. The Z-contrast of

the instrument in MAADF mode is given by { = 1.64 [136].

3.1.6 Automated imaging algorithm

Automated image acquisition provides means to acquire large amounts of data much faster than
with manual acquisition. This is made possible by separating the focusing and sample-tracking
from the actual recording of the data. The automated imaging algorithm that is used in this work

was developed for low-dose imaging by Andreas Mittelberger [21].

Within the algorithm the user defines an area of interest where images should be acquired in
a regular pattern at atomic resolution. Four focus references are set manually which form the
corners of a quadrangle within which the imaging will be done (illustrated in Fig. 3.3 b by the
black crosses). The largest-possible rectangle that is aligned with the natural stage coordinates
(shown as large black arrows at the bottom left) is inscribed into them. There the area is filled
with an evenly spaced grid of coordinates (illustrated by black squares), based on the image size
and the chosen offset between the images. The focus is calculated using a bilinear interpolation
function for each stage position. In a serpentine path (illustrated by the green arrow) the stage
drives towards each stage position, acquires an image and saves it on the hard disk. Only one
drive is used at a time for stability reasons, it is favourable to avoid large stage movements.
This is only possible due to the exceptional stage of the instrument where movement in x and y
direction do not lead to detectable random changes in sample height (z). With this method up to
to 1000 images per hour at atomic resolution from micron-sized areas of a sample can be acquired

while controlling the electron dose the sample is exposed to, as every image is taken of an almost
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unexposed part of the sample. EBID was used to show the serpentine path in Fig. 3.3 a.

Figure 3.3: Illustration of Automated Imaging algorithm. (a) Part of an overview STEM
MAADF image (lookup table fire) acquired after an aborted ScanMap (roughly 35 images). The
regular pattern of bright dots at the bottom are areas with pinned down mobile contamination
with sizes of roughly 5-10 nm in diameter. The parameters used for the ScanMap were FOV 5
nm, 2048 X 2048 pixels, 2.5 ps, offset: 3, sleeptime: 2 s. Image was recorded by Wael Joudi. (b)
[lustration of how ScanMap works. The focus is set at four points (black crosses). Within this
Four points a rectangle aligned with the natural axis of the microscope (bottom left black arrows)
is calculated. Within the rectangle images are recorded in a regular pattern in a serpentine path
(green arrow). The images are usually a bit closer at the beginning of a line than at the end due
to the hysteresis of the stage. The grey filled rectangles at the top illustrate how patterns can be

written by exposing some pixels to electron irradiation while blanking the beam for other pixels.

The parameters that are set in the algorithm are the number of pixels and the dwell time, re-
sulting in the electron dose, the FOV, the sleep time and the offset. The sleep time defines the
time between stage movement and image acquisition and is necessary to avoid stage drift while
recording an image. It is typically 2 s. The offset is chosen so that the same area isn’t imaged
twice. Also it is the most practical parameter for determining the number of images that are taken
for a given rectangle, FOV and dose necessary for imaging. The e-beam can be blanked during
movement and sleep time to increase the control over the dose in the area of interest. The algo-
rithm is supposed to work best when the focus references and all further focus corrections are

only set by changing the acceleration voltage, in our case by changing the acceleration voltage,
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without adjustment of the mechanical height (z-drive).

3.1.7 Defect pattern writing

Daniel Imrich changed the automatic image acquisition code in a way that chosen frames could
be skipped. This gives the possibility to image a specified pattern, which is the same as exposing
only this pattern to energetic electron irradiation. This is illustrated by filled grey rectangles
in Fig. 3.3 b. As damage can be introduced into graphene and hBN via high energy electron
irradiations (described in Section 2.4) this adapted algorithm can be used to create defects within
certain areas and thus "write" patterns using high acceleration voltages. These written defects can
be filled with atoms similar to Ref. [13] to not only write defects but also trap atoms in them. The
electron beam can also be used to pin down mobile contamination to write patterns employing

EBID as was done in this work.

3.1.8 Image analysis

This is an adapted version from Ref. [1].

Image filtering can be done by applying a double Gaussian [130] and a Fourier filter. The appli-
cation of a double Gaussian filter is illustrated in Fig. 3.4. The fast Fourier transformation (FFT)
of an image is multiplied with a filter before back transformation. The filter consists of a broad
positive Gaussian that cuts out high spatial frequencies and a narrow negative Gaussian that en-
hances intermediate spatial frequencies at the expense of low frequencies. In the analysis in this
work the filter was set automatically such that the parameters of the two Gaussians were depen-
dent on automatically detected FFT spots. Detection of the spots and image calibration was done

using the auto scaling algorithm [137] based on the lattice spacing of graphene or hBN.

For the noble gas analysis the radius of the inner Gaussian was set as 0.15 times the distance from
the centre to the first set of graphene spots in the FFT and the radius of the outer Gaussian was
set as 1.3 times the respective distance to the outer set of FFT spots (or where they should be
if resolution is not good enough). The positions of the noble gas atoms were detected with the
automatic blob detector [138]. For Fourier filtering, the spots corresponding to graphene were

deleted thus removing the lattice after back-transformation.
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Figure 3.4: Schematic illustration of a double Gaussian filter. (a) Zoom in of an FFT of Xe
implanted bilayer graphene with poor resolution. The first order FFT spots are marked with white
circles. (b) FFT of Xe implanted graphene. (c) Double Gaussian filter that is will be applied to the
FFT shown in b. The radii of the two Gaussians can be dependent on the detected FFT spots. (d)
Resulting FFT that is obtained by multiplying (b) wit (c). (e) Original image of Xe trapped within
a bilayer of graphene. (f) Same image as in e, but double Gaussian filtered. It is obtained by back

transforming d.

3.2 Cleaning methods

Even if measures for preventing contamination such as fresh gloves, clean tweezers and high
purity chemicals are used, a certain amount of contamination is unavoidable, be it by coming
from the air or the chemicals themselves as discussed above. Additional cleaning (removal of
surface contamination) steps have to be taken in order to create large clean areas. Especially the
regions of interest, such as vacancies or substitutional impurities, attract more contamination due
to their greater reactivity. Thus it is especially important to have clean samples for irradiation

experiments.
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We believe cleaning to be possible via two different processes. In the first, contamination is
completely removed or evaporated from the surface. In the second, it is changed such that it gets
thicker in some regions, clumping together and piling up, and in the process other regions are

left atomically clean.

All samples used in this thesis were baked in vacuum at 150 °C for a minimum of 10 h at insertion
into CANVAS. This removes residual water, but is not enough to remove thin hydrocarbon con-
tamination from a surface, which are typically removed only at 500600 °C [139]. Indeed, simply
heating graphene in vacuum and under different atmospheres leads to cleaning [140]. In agree-
ment with these studies it was found that while 400 °C is enough to remove PMMA, a contaminant
that is often introduced during the transfer that is a typical constituent of contamination, hydro-
carbons require a temperature of 500 °C. Washing samples in acetone and then heating them to
500 °C should result in clean samples [112]. Another study suggests baking in activated carbon or
different catalytically active materials at moderate temperatures in air to reduce contamination.

Active carbon baking at 200 °C for 30 min was found yield 95 % clean samples [141].

Not only chemical and thermal methods can be used to remove contaminants. Scanning graphene
in contact mode AFM removes contaminants from the surface [142] which can even be done in

situ in an electron microscopy where a gold tip is used to wipe a graphene layer clean [143].

However, in situ (in the microscopy column) [12, 14] and quasi in situ (in the vacuum transfer sys-
tem) [144, 116] laser cleaning have proved the most practical, reliable and reproducible methods

currently available for cleaning

3.2.1 Laser cleaning

There are two parameters we deem relevant for cleaning, the power and the deposited energy.
The power at the sample is given by

Psample o Plgser - (1 - L) ’ Sin(e), (33)

where Py, is the set laser power, L are the losses until the laser reaches the specimen and 0 is
the angle at which the laser hits the sample. The exact influence of the angle is unknown but

approximated to be sin(6) based on simple geometrical assumptions.
The energy deposited at the sample is given by
Eqps Psample T, (3'4)
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where 7 is the time and « is the adsorption coefficient of the substrate and sample. As the ad-
sorption of both hBN and graphene is negligible the substrate is the most important parameter.
The optical losses have to be taken into account and additionally the adsorption is reduced by
the incident angle of the laser beam. The last relevant parameter is the heat capacity of the grid

which is proportional to its mass.

Here we use two laser systems. One laser is integrated on the column of the Nion UltraSTEM 100
which allows localized in situ annealing of 2D materials with negligible thermal drift [12, 14] and
the second is at the target chamber within the CANVAS that allows quasi in situ cleaning [144,
116].

As most of these parameters have not been properly quantified for both of the lasers, the approach
for laser cleaning is rather qualitative. The main challenge with laser treatment is, that the grids
get damaged in the process. Where the amorphous carbon membrane of Quantifoil grids thins
down and becomes unstable, SiN grids can crack, with the thickness of the membrane being the

most relevant factor.

3.3 Ion irradiation

Ion irradiation is a very well established method for bulk materials that is widely used in industry
to manufacture devices that are used by most of us every day [7, 8]. The strength of ion irradiation
is its versatility. The parameters that can be changed are the species and mass of the projectile,
the charge state, the kinetic energy, the fluence, the irradiation angle, the temperature and, in
the case of thin materials, the substrate. Usually a few different regimes of ion irradiation are
distinguished. Swift heavy ions have a "large"” mass and a high kinetic energy, whereas for highly

charged ions their potential energy is the most important property.

Single charged "slow" ions are the simplest case, because they carry neither much potential nor
kinetic energy, but can still alter the properties of 2D materials. Here, low-energy ion irradiation
is limited to below 1 keV. Typical irradiation fluences for 2D materials modification are in the

range of 10!% to 10'® cm™2 [8].
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3.3.1 Nuclear and electronic stopping

Similar to electron irradiation, in ion irradiation the impinging particles can interact elastically
and inelastically with the sample. Elastic scattering contributions are summarized under the term
nuclear stopping, where the impinging ions mostly scatter with the nuclei of the target. Inelastic
scattering contributions are summarized as electronic stopping, as the ions interact mostly with
the electrons of the target. Nuclear stopping is dominant at low energy, thus only these processes

need to be considered in the experiments presented here.

The (screened) Coulomb potential describing the interaction between the colliding atoms is given

by
| AVATL
V(r) = —2122¢
477.'6()

-9 (r), (3.5)

where r denotes the distance between the colliding atoms, Z; and Z;, are the respective atomic
numbers of the projectile and target, e is the elementary charge, €, the dielectric constant and
¢(r) a screening function that accounts for the electron cloud [145]. Kinetic energy is transferred
from the projectile to the target via momentum transfer which can lead to the displacement of
one or more target atoms via a ballistic knock-on process. The process is elastic as the kinetic
energy of the projectile is transformed into kinetic energy of recoiling collision partners. The
maximum transferred energy from a projectile with mass m; and velocity v; to an atom at rest

(v2 = 0) and mass m; is
4mimy mlvf
(mi+my)? 2

ETmax = (3.6)

The term stopping originates from implantation where certain implantation depths are the goal

and thus stopping powers (energy lost per unit distance) are the relevant factors.

The differential cross section for the energy Er to be transferred in a scattering event is given by

Thomson’ formula
271'(212262)2 1

o(Er) = —

my0] ET

(3.7)

The probability to transfer a given energy from projectile to target decreases with the velocity
squared. Thus by increasing the energy the defect creation efficiency goes down due to a decrease
in the nuclear stopping efficiency, however at the energies considered here this does not play a
role. Processes, such as collision cascades occurring in thicker samples [146] , also do not play a

role in 2D materials.
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3.3.2 Ion implantation

Low energy ion implantation has the potential to offer an accurate, controllable and scalable way
of introducing dopants into pristine structures without contamination from wet chemistry [7, 8].
While the energy for creating defects with ions just needs to be large enough for the energy trans-
ferred to the target to be higher than the knock on energy threshold (discussed in the materials
section) [70], for implantation into 2D materials the energy window is quite narrow. Whether
the atoms are implanted into the lattice of a monolayer or between two layers, the atom needs to
lose enough energy in the impact to be stopped, while it also needs to transfer enough energy to

displace an atom to make space for itself.

Into the lattice

Low-energy ion irradiation was predicted to be able to insert impurity atoms directly into graphene
[147], which has been demonstrated experimentally for boron and nitrogen [148], phospho-
rus [149], germanium [150] and manganese [151], which have all been confirmed through atomic-

resolution imaging and spectroscopy.

For projectiles with a large mass difference to the target, insufficient stopping becomes an issue.
For example, in an elastic collision where momentum is conserved and C is at rest, an Au atom
will retain over 88 % of its initial velocity after the impact [13] creating a very narrow (or even
non-existent) window for heavy elements to kick out a C atom and be trapped. Ions need to have
sufficient energy such that enough of it is transferred for a C atom to be ejected (22 eV [65]), but
their energy needs to be reduced enough in the process such that they also bind to the vacancy.
Assuming the ion remains bound to graphene when the energy after the collision is < 5 eV
would limit direct implantation to elements with an atomic mass between 5 and 30 u [3]. Heavier
elements than that have experimentally been implanted [149, 150] as in reality the ion impacts are
not limited to head-on collisions with carbon atoms. Still, efficient direct implantation is limited

to elements that are light enough to be stopped by the one-atom-thick membrane after carbon

displacement while they also need to be heavy enough to displace a C atom in the first place.

Implantation experiments are difficult to perform in situ with set-ups allowing atomic-scale imag-
ing and spectroscopy, thus contamination is a severe issue in many experiments [148, 149, 150].
As a work around for this introducing impurity atoms via evaporating materials onto graphene

and directing their incorporation into the lattice with an energetic electron beam has been demon-
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strated at least for chromium, nickel, titanium and iron into monolayer [22] and double layer
graphene [23]. A somewhat similar two-step process has been developed within our group where
lattice vacancies are created via an knock-on process at higher energy (200 eV) and then the ma-
terial is deposited on the surface at low energies (25 eV) [13, 14]. This leads to covalently bound
substitutional atoms through thermal diffusion and binding with vacancies. This process is also
used in this work, where defects are created with energetic noble gas ions produced by a plasma
source within CANVAS at well defined energies. The substitutional atoms are then filled by ma-

terials introduced subsequently via PVD [3].

Into the vdW gap

Direct implantation into the vdW gap between graphene and a substrate has been discussed
already in the materials section. He*, Ne* and Ar* were successfully implanted into Gr on Pt(111)
using 25 eV [109]. 60 eV Ar" has been directly implanted into hBN on Rh(111) [107] and 30—120 eV
Kr* was implanted below the first layer of graphite [108]. Table 3.1 shows the experimental
energy thresholds for implantation and defect creation of all noble gases below the first layer of
graphite [152]. These energy thresholds are expected to change for free-standing 2D materials.
The irradiation energies that were found to result in noble gas trapping for 2D materials in this

thesis are listed in the results section.

Table 3.1: The experimental energy thresholds for implantation of noble gases below the

first layer of graphite. From Ref. [152]

‘ Rare gas ‘ atomic radius [A] ‘ penetration threshold [eV] ‘ displacement threshold [eV] ‘ mass transfer factor [eV] ‘ displacement energies [eV] ‘

He 1.40 22525 40.0 0.75 300x1
Ne 1.54 325%25 37.0 0.94 347x1
Ar 1.88 43.5%1.5 47.3 0.71 33.6x1
Kr 2.02 475+ 2.5 80.8 0.44 353%1

3.4 CANVAS system

Both graphene and monolayer hBN are chemically inert, which changes through irradiation-
induced defects and the associated dangling bonds. Thus a crucial part for most of the experi-
ments in this thesis is not only to create clean samples and the means to produce defects in a

reliable and reproducible way, but also to keep surfaces atomically clean. For this purpose the
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CANVAS was developed over the last decade [10]. It is a UHV system that connects various de-
vices used for material alteration with different microscopes. A schematic illustration as well as
photographs of the parts are shown in Fig. 3.5. The samples are introduced into the system after
they have been transferred onto TEM grids. They are mounted in sample holders, referred to as
"pucks"” (Fig. 3.5 b), which are transported in sample transportation devices, referred to as "cars"
(Fig. 3.5 c) outside (top) and inside (bottom) the vacuum system. Up to three pucks, and thus
samples, can be inserted into a car at the loadlock of the CANVAS system (Fig. 3.5 d) where they
are baked in vacuum at ca. 170°C for at least 10 h to remove water on the surface and contamina-
tion. The pucks (Fig. 3.5 b) are made from titanium to be non-magnetic and are custom designed
by our group to work with a unique double-entry stage of the Nion UltraSTEM100 [134, 136].
Cars are moved by hand moving magnets outside the stainless steel vacuum pipes. Within the
system, pucks can be loaded and unloaded using linear transfer arms. The base pressure in most
areas including the storage units called "garages" (Fig. 3.5 e) of the system is between low 1078

and high 1071° mbar.

While STEM is here crucial for sample characterization, for most experiments the combination
of it with other material alteration capabilities is also necessary. This is possible due to the, in
principle, arbitrary length of the UHV transfer system that allows direct connection of different
devices, even located on different floors of the laboratory. This allows adding and removing
devices easily [10]. The stations within the system that are used for the experiments presented
here are the laser at the microscope column (Fig. 3.5 f), the target chamber where the plasma
source and Faraday cup, a laser and e-beam evaporators are located (Fig. 3.5 h). Other stations
that are included but not used in the work presented here, and thus not shown, are the an argon

glove box and an AFM. Details about the specific instruments installed are listed in Ref. [10].

3.4.1 Laser at the microscope column

This laser (Cobolt Blues™ 25, Cobolt AB) (Fig. 3.5 g), is a continuous wave solid state laser with
a wavelength of 473 nm with a tunable power from 5 — 80 mW. It is equipped with a shutter
capable of pulses down to 50 ps and focusing optics coupling it inside the Nion Ultra STEM 100
such that the spot can be aligned concentrically with the electron beam on the sample and can
be used during operation. This is done by shooting the light through a CF65 port that was fitted
with a Kodial glass window with ca. 93 % transmittance at 473 nm wavelength that corresponds

to the emission line of the solid state laser used here. The losses in the optical system including
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Figure 3.5: Schematic illustration of CANVAS with photographs of the equipment. (a) A
schematic illustration of CANVAS. (b) Photograph of two pucks that are used as sample holders.
(c) Photographs of a car outside and inside of the UHV system. (d) Photograph of the loadlock.
The entry port is marked by an arrow. (e) Photograph of one garage. At the bottom of the steel
pipes are magnets that are used for moving the cars. (f) Photograph of the laser set-up that
is installed at the column of the microscope. (g) Photographs ot the targetchamber from top
and side. The plasma source, e-beam evaporator, leak valve, gas can, Faraday cup and laser are

marked.

the Kodial glass window are assumed to be 66 %. The laser intensity profile is a 2D Gaussian, and
the laser energy is therefore unevenly distributed on the sample. Nevertheless, we know that ca.
68% of the intensity (and hence, absorbed power) by definition lies within the area enclosed by
the FWHM ellipse. Due to an incidence angle of 25°, the laser spot has the shape of an ellipse
with a main axis of 28.7 + 0.7 pum and a minor axis of 35.1 + 0.7 um. It provides a very precise tool
for removing contaminants in a localized area as the incident angle, laser spot size and position

where the sample hits are highly reproducible and the energy and time can be set precisely. The
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power density within the full width half maximum (FWHM) (ca. 3000 pm?) of the beam at 35 mW,

taking the losses (66 %) and the incidence angle (25 °) into account, is (1.08 + 0.04) - 10° Wm™2.

3.4.2 Target chamber

Material alteration is done in the target chamber and the connected volume. A rotatable linear
drive is used to pick up pucks from cars and handle them during the various possible experiments.

There are three fundamental and two additional capabilities. The fundamental ones are:

« samples can be heated via laser illumination,

« atoms can be deposited via PVD using either a vacuum thermal evaporation (VTE) source

or one of four e-beam evaporators and

« samples can be irradiated with ions using a plasma source.

Additionally a bias can be applied to

« a Faraday cup to measure the current at different biases, or to

+ a deceleration set-up to reduce the energy of ions impinging the sample

The sample can be positioned via a linear drive such that it can be illuminated by laser, ion
irradiated and exposed to PVD one after another. For some treatments, in particular laser and

plasma, they can be used even at the same time.

Target chamber laser

The target chamber laser is a 6 W 445 nm wavelength continuous wave diode laser (LASERTACK)
with tuneable power and a spot size of ca. 0.3 X 1.5 mm?. The power is set by changing the duty
cycle. The illumination time is usually in the order of seconds to minutes and can be set via
the controller or manually by moving the sample into and out of the beam. The laser is difficult
to focus and the angle of incidence can not be set precisely, however, it is roughly 30 ° when
the puck is held straight by the linear drive. Laser cleaning results will be discussed in the next

chapter.
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The power density at a 30 % duty cycle, taking losses (ca. 20 % based on beam divergence and
transparency of the of the glass window) and homogenous energy distribution within the area
into account, results in a power density of (1.1 + 0.4) - 10° Wm™2 for a puck held in a horizontal

position.

PVD capabilities

There is a single and a triple e-beam evaporator as well as a Knudsen cell VTE installed [10].

E-beam evaporator as well as PVD will be introduced later.

Plasma source

The device used here is a microwave plasma source (MPS) using electron cyclotron resonance
(ECR) with a reaction chamber built for oxygen and oxidizing gases operated in hybrid mode. The
source is described in detail below. It is used in combination with a Faraday cup, an illustration

of this is shown in Fig. 3.6.

Faraday cup

The ion beam produced by the plasma source can be analysed using a Faraday cup. It is designed
to accurately measure the primary positive ion beam current from an ion source. For calculations
in Section 4.4 it is assumed that everything that enters the aperture (placed 25 mm from the
source) also is measured by the Faraday cup. The diameter of the aperture is 6.35 mm. A magnet
at the entry is used to filter out electrons which could otherwise enter the cup. This is necessary
as the plasma source produces a beam of electrons, ions and neutral atoms. The current can be
measured at different biases using a remote-controlled power supply. This enables systematic

analysis of the energy and fluence of the ions shown in Section 4.2.3.

As the Faraday cup is placed at a 25 mm distance and the sample is at 20 mm, the beam divergence
leads to a difference in the measured current and the current at the sample. We estimated that
this leads to the expected current at the sample being a factor of 1.4 higher than the measured

current.
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Deceleration set up

As the ions leaving the plasma source usually have energies above 100 eV additional measures
have to be taken for conducting ion irradiation at lower energies. A holder was specifically
developed for biasing samples the same way as the Faraday cup. It will be referred to as the
deceleration set-up. It consists of a ceramic puck holder that was built such that our samples
are electrically isolated from the rest of the system and can thus be biased separately. The same

remote controlled power source as for biasing the Faraday cup is used here.

3.5 Plasma creation

Plasma is generated by supplying energy to a neutral gas causing molecules and atoms within
the feed gas to be ionized. Here this is done via electron-impact, however, other sources of en-
ergy could be photo-ionization, heat or adiabatic compression. At pressures below 1072 mbar

microwave-excited and magnetic-field-supported ECR are very effective [153].

Within every volume of neutral gas there are always a few electrons and ions as the result of
cosmic rays or radioactive radiation. When an electric field is applied there, free charge carriers
are accelerated and collisions create more charged particles. An avalanche of charged particles is
created that results in a steady-state plasma, balanced by the charge carriers leaving the plasma

reaction chamber [153].

The electric field thus couples its energy into the plasma via collisions with other particles. In
elastic collisions with atoms and molecules electrons retain most of their energy due to their
small mass. Energy is transferred primarily via inelastic collisions, ionizing atoms and molecules

along the way.

The power absorption (P,ps) per volume (V) is given by

2 2
Paps 1 e 4 2

ne— ——=kE;, 3.8
Vv 2 “mev? + w? ° (38)

where n, denotes the electron density, e the electron charge, m, the electron mass, v the electron-
neutral collision frequency and w the angular frequency of the electromagnetic field with ampli-

tude E,.

For low pressures additional magnetic field can be used. The Lorentz force causes a circular
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motion of electrons and ions in an magnetic field B with the cyclotron frequency (w.) is given by

Weeli = B (3.9

where subscript e and i stand for the electrons and ions, respectively. This is illustrated in Fig. 3.6.

3.5.1 The MPS-ECR-OH source

The MPS uses ECR to create a stable plasma. Microwaves with a frequency of 2.45 GHz, A =
12.24 cm are generated by a magnetron and then coupled into the plasma reaction chamber. The
radiation accelerates electrons which ionize atoms along the way. Due to the low pressure in the
chamber the power absorption is low due to low collision frequency v and n, (equation 3.8). A
magnetic field B of 86 mT is used to trap the electrons in an electron cyclotron motion with a
frequency w that is (almost) in resonance with the microwaves of 2.45 GHz. This enhances the
plasma density as electrons undergo ECR motion which enhances the electron path length and
thus the probability of collision with other molecules and subsequent ionisation is increased. ECR
plasma sources work in the pressure range 10~ to 10~ mbar[153]. Typical values for electron
and ion energies hitting the target should be 5 eV and between 10 eV and 25 eV, respectively. The
plasmas are usually very clean (few unwanted particles and sharp energy distributions) due to

the low collision rates.

3.5.2 Operation of the source

Fig. 3.6 shows the irradiation set-up in the target chamber (left) as well as a schematic drawing
of the reaction chamber of the plasma (right). The plasma source produces ions and electrons
as well as neutral atoms and molecules that flow towards the sample. The Faraday cup and the
sample can be biased and moved into and out of the beam. In the reaction chamber microwave
radiation is induced from the top. The gas is let in from the side and is ionized. At the exit there
are three apertures, an insulating one, the anode and the extractor. Depending on the apertures

that are chosen one can operate the source in atom, ion and hybrid mode.

In atom mode only the insulating plate is used. When using divalent molecules such as N, O, or
H; this results in a low kinetic energy beam of reactive atoms. For an aperture with a large hole,

as in our set-up, also some plasma will flow out.

In ion mode the two conductive apertures, extractor and anode, are used to extract and accelerate
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Figure 3.6: Illustration of the plasma source in the target chamber. The left side shows an

illustration of the side-view of the target chamber. Ions leave the plasma source and travel down-
wards where either a Faraday cup can be moved into the beam to collect them or the sample can
be moved into the beam for irradiation. A voltage can be applied to both enabling biased current
measurements and deceleration. An enlargement of the reaction chamber of the plasma source
(modified version from Ref. [153]) is shown on the right side. It shows the antenna introducing
the microwave radiation, the magnet which induces cyclotron electron movement. Gas is let in
from the side. While ions and electrons exhibit cyclotron motion neutral gas just flows out of the

reaction chamber. Three apertures are used, an insulating aperture, the anode and the extractor.

the beam. Ions drifting past the anode are accelerated the potential difference between positive
anode behind them and the lower potential of the chamber before them. By applying a negative

bias at the extraction grid more ions can be extracted resulting in a higher beam current.

The hybrid mode combines the two modes. A pair of conductive grids allows ions to be added and
accelerated while the confinement through the insulating aperture makes it possible to operate
the source at lower pressures than in pure ion mode. As this source is operated in hybrid mode

the resulting beam mostly consists of low energy neutrals and high energy ions.

The operating pressure in the target chamber typically ranges from < 1077 to 10> mbar. This
pressure is significantly lower than the one in the reaction chamber which is required to stay
within a certain range, typically around 10~ mbar in order for the plasma to be sustained. The

gas flow rate can be adjusted as can the magnetron power.
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An Al,O5 crucible with a 1 X 1 Al,O3 aperture and NiCr grids as anode and extractor are used.

The distance from the source to the sample X; is about 20 mm. The spot diameter is given by
d = 2X tan(9) + 25 mm (3.10)

with & being 60° for low energy ions resulting in a beam diameter of d = 80 mm which corre-

sponds to an area of roughly 50.6 - 10!* nm.

The flow of gases is controlled via a leak valve attached to the plasma source (Fig. 3.5 g). The
standard operation settings are anode voltage of 0 V and extractor voltage of -60 V with a mag-
netron current of 16 mA. This should result in a beam consisting of thermalized (energy below 1
eV) atoms and, with the used extraction bias, ions with controllable energy of 50 — 1500 eV. It is

recommended to work slightly above the minimum working pressure.

3.6 KIIA - implantation set-up in Helsinki

This is an adapted version from Ref. [13].

Some samples were irradiated at the University of Helsinki using the 500 kV ion implanter KIIA,
a linear accelerator produced by High Voltage Engineering. For details on ion sources and ac-
celerators Ref. [154] is recommended to the reader. To reduce sample contamination during the
implantation process, all samples were baked in air for 1 h at 300°C and inserted warm into the
irradiation set-up. Some samples were heated during the implantation using radiative heating

with halogen lamps.

In the accelerator, the ions are extracted from the plasma at 20 kV and 10 mA. A double-focusing
90° analysing magnet is used for mass filtering resulting in an isotopically pure beam of positive
ions which can be accelerated over the main high voltage potential (0-470 kV) in the accelerating
tube. It is focused by electrostatic quadrupole triplet lenses, and a switching magnet is used
to steer it through the implantation beam line. Neutral particles are filtered via a neutral trap
consisting of horizontal deflection plates connected to a DC voltage bending the beamline a few
degrees. While charged particles will follow the bend in the beamline neutral particles continue
in straight line and do not reach the target chamber. Here the final deceleration takes place in a
multielectrode deceleration lens. The lens consists of three cylindrical elements and is connected
to the samples creating a decelerating electric field for the charged ions. It was designed to allow

implantation at ultra-low energies with the highest decelerations being 20 kV at the time. The
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exact energy of the beam was set by biasing a grid in front of a Faraday cup and measuring
the current reaching the cup. When the current was 0 all ions were stopped/deflected and thus
we knew the exact energy of the beam. The energy distribution at the very low energy range
is centered at the chosen energy with a tail extending to higher energies. Therefore ions with
slightly higher energy than the intended one also hit the sample. The beam is swept over the area
of 1 cm? ensuring irradiation of the entire sample surface. This allows monitoring the fluence by

scanning over four off-axis Faraday cups located outside of the target area.

3.7 Physical vapour deposition (PVD)

In PVD a target material gets sublimed or evaporated and transported to the specimen in gaseous
phase and condensates there. It is an umbrella term for different vacuum deposition methods
such as thermal evaporation, e-beam evaporation, arc evaporation, pulsed laser deposition and
sputtering. After transportation the evaporated atoms, ions or clusters can stick to the sample.
While in CVD the precursors are gases that react on the specimen surface, often with catalysts

involved. In PVD the process consists of evaporation and sticking.

Here e-beam evaporation is used. A tungsten filament is resistively heated and emits an electron
current in the mA range. These electrons are accelerated towards the target material, a rod in our
case, that can be moved into and out of the loop-shaped filament. A bias voltage of up to 1 kV
can be applied between the filament and the target, which leads to energy being transferred from
the electrons to the rod. This is particularly useful for materials with a high melting temperature
as locally a very high temperature is reached that leads to evaporation. The evaporates particles

form a beam that exits the evaporator through a nozzle.

For evaporation the sample is moved into the line-of-sight of the evaporant with a rotatable linear
drive. The evaporation rate is estimated using a flux monitor which measures ions coming from
the evaporant, and is determined experimentally using STEM. Particles that come in touch with
the sample are either reflected or adsorbed. Adsorbed particles can either stick directly, diffuse
and stick later or be desorbed after some time. The adsorption can be either physisorption, where
molecules loose enough energy on impact and are unable to overcome the desorption threshold,
or chemisorption where the it binds to the target. The average lifetime of an adsorbed atom, 7,

depends on the temperature of the surface, Ts (usually room temperature) as

T = goeldes/ksTs (3.11)
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where E g, is the desorption activation energy per atom and kg is the Boltzmann constant. During
evaporation the vapour is supersaturated at the sample, meaning the vapour pressure exceeds the
equilibrium vapour pressure which leads to condensation on the surface. This is, however, only

true when evaporant and specimen are the same material, otherwise it is less straightforward.

3.8 Molecular Dynamics simulations

This is an adapted version from Ref. [1]. The Simulations were carried out by my colleague Harriet

Ahlgren, the parameters are shown for completeness.

The molecular dynamics (MD) simulations were conducted using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS). The periodic system consisted of two 10 X 10 nm* AB-
stacked graphene layers (7872 C atoms) with the interlayer distance of 3.39 A relaxed to a local

energy minimum with the Polak-Ribiere modified conjugate gradient algorithm [155].

The defected graphene sheets with an interlayer bond and a defect with negative curvature were
created by introducing the defect to the relaxed AB-stacked graphene and re-relaxing the system.
After the initial relaxations, the noble gas atoms were introduced between the graphene layers

in the 2D form as observed in the experiments and the system was relaxed again.

Optimised 3D clusters were obtained from these 2D forms by annealing the cluster without
graphene at 80 K over 40 ps followed by cooling down to 1 K during 800 ps followed by re-
laxation. The rapid annealing and slow cooling was introduced to escape possible local energy

minima.

For observing the cluster transformation into 2D, two optimised 3D clusters (Krg and Kr;,) were

individually placed between the relaxed graphene sheets and then relaxed again.

The room temperature dynamics of a single atom, a three-atom cluster and a seven-atom cluster
were simulated by first ramping the temperature from 0 K to 300 K over 0.2 ns, after which the
simulation was run at 300 K for another 1 ns. The output was printed every 500 steps with a time

step of 0.2 fs.

The pressure of the Kr and Xe clusters were calculated from a 4 X 5 atom semiperiodic cell. The
bond lengths were scaled to the selected value and the forces (F,) between atoms taken from the

initial structure along the nonperiodic direction when conjugent gradient energy minimisation
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was started. Pressure was calculated with P, = F; /A, where A is the 2D area given by the distance
between two neighboring atoms and the height of the van der Waals gap containing the cluster

(3.4 A for Kr, 3.3 A for Xe).

Kr and Xe interactions were described via the Lennard-Jones potential, with the Kr-Kr and Xe-
Xe parameters ex; = 30.7 meV, ox, = 3.6233 A and ex. = 44.1 meV, ox. = 3.9460 A) [156] and
the Kr-C and Xe-C with parameters (ex;—c = 10.7 meV, ox,—c = 3.5116 A and exe_c = 12.8 €V,
oxe—c = 3.673 A) calculated using the Lorenz-Berthelot mixing rules [157, 158]. Carbon-carbon

interaction was described by AIREBO potential [159], including the van der Waals interaction.
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Chapter 4

Results and Discussion

4.1 Laser cleaning

Laser annealing was used to clean samples. The laser at the microscope column [12, 14] as well
as the one at the target chamber [144, 116] were used for this. As mentioned in Section 2.2.2,
the sample grids play here an important role. The energy power and time for creating hundreds
of nm? of free-standing clean monolayer sample can range from 7 mW, 7 ms pulses (hBN on
standard TEM Quantiofoil grids) to 80 mW, 6 min illuminations (monolayer graphene on ym
thick SiN sample grids used for correlated AFM STEM measurements). The deposited energy is
proportional to the adsorption of the grid while the thermal mass and heat conductivity govern
the temperature. A qualitative description of the results of laser treatments of different samples
is given here as the temperature can not be measured directly. Also the adsorption, thermal mass

and heat conductivity of the grids were not measured.

Conducting laser cleaning in the microscope column is advantageous as the small spot size of the
beam makes it possible to carry out multiple cleaning experiments on one sample. Also the effect
of laser irradiation can be observed in situ. Fig. 4.1 shows how the contamination on a graphene
monolayer changes over seven 40 mW, 10 ms laser pulses. In general the dark area, corresponding
to monolayer graphene, grows, however the contamination sometimes locally also grows after

some laser pulses.

Very clean sample areas, such as in figure 4.1, are not necessarily beneficial. If medium-sized
clean areas are created with dirt still separating them, similar to the overview image in Fig. 4.4 a,

the sample is still clean enough for most experiments, however the contamination serves as a

54



Figure 4.1: The effect of laser cleaning on free-standing monolayer graphene. STEM-
MAADF images with a nominal FOV of (1024 x 1024) nm?. The sample is a CVD-grown mono-
layer of graphene on a Silson SiN grid imaged before laser pulses. The laser beam was aligned
concentrically with the imaging electron beam. The number at the top right corner tells how
often the area was hit with a 40 mW, 10 ms laser pulse. Qualitatively there are four different
contrasts on the graphene membrane. A very bright cluster on the first image on the bottom
left. Thick (bright) contamination stripes that can not be removed with the laser. Thin (darker)
contamination areas that change between the laser pulses. The dark contrast corresponds to

monolayer regions, growing with the amount of energy deposited.

diffusion barrier for mobile contamination.

4.1.1 Electron irradiation effects

When referring to removal of contamination by laser in electron microscopes, it is important
to make a distinction between sample areas that have been and those that have not been irra-
diated with electrons. The reason is that during TEM observation hydrocarbons, that form the
contamination are bombarded by electrons and thus undergo dehydrogenation. The remaining
carbon forms C-C bonds and graphite-like structures with stability similar to that of graphene,
making the removal of such contamination a challenge. This tendency is visualized in Fig. 4.2
where before the laser pulse an area was imaged with the electron beam. The figure shows a

zoom series of the sample after laser annealing. Where the sample was exposed to a high dose of
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high energy electrons cleaning does not work as efficiently. This sample was also Ar" irradiated.

The triangles on the image point at the implanted bubbles.

Figure 4.2: Exposure of contamination to energetic e-beam changes the composition and
properties STEM-MAADF zoom series of Ar* irradiated double layer graphene. A nominally
(60 X 60) nm? area was imaged before laser cleaning which changes the composition of contam-
ination that is is harder to remove. 25 mW, 1 s laser illumination was used to clean the sample

before imaging. Implanted Ar bubbles are visible and marked with black triangles.

4.1.2 Substrate fragility

If higher powers result in higher temperatures and thus in cleaner samples the question arises
why the maximum power is not always used. This brings us to the biggest issue with laser clean-
ing: Samples and especially grids are destroyed by exposure to intense laser radiation. Thus there
is a balance between cleaning the specimen and breaking the grid. Damage could be cracking for
SiN membranes whereas holey carbon membranes get thinned down until eventually they are

too unstable for imaging.

Fig. 4.3 a shows the effect of 15 mW 1.7 ms laser irradiation on a Graphenea Quantifoil grid.
The spectra show the low-loss EELS signal on of the membrane before and after laser treatment.
For estimating the damage introduced to an amorphous carbon Quantifoil membrane first the
thickness (¢) which is proportional to of the ratio of the intensity of the zero-loss peak (ZLP)

(IzLp) and the intensity of the plasmon peak (Ipjasmon) is calculated as

Iplasmon

(4.1)
Iz1p

The ratios of the thickness before (fpefore) and the thickness after (t4s.,) the laser irradiation
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corresponds to the thinning (T) is

tp
T = 2% _ 354 4 39,
tafter

assuming the same mean free path for electrons before and after the laser treatment in the ma-
terial. The areas between the dotted line were integrated to estimate the elastically scattered
electrons within the ZLP and the plasmon. The error is estimated by changing the integration
boundaries a few eV into each direction. This corresponds to the laser treated sample having its

thickness reduced by roughly two thirds.

Figure 4.3 b shows the effect of a 9 mW 5 min laser illumination on a SiN QF hybrid sample. The
SiN membrane cracked, which is typical for intense laser irradiation. Here, however, the crack is
held together by the amorphous carbon membrane attached to the grid. Also signs of degradation

and melting of SiN at the edge of the damaged area is visible.

| —— before laser irradiation
after laser irradiation

’}

L A 103 4

T T T
0 20 40 60
Energy loss (eV)

Figure 4.3: Brightfield TEM images of grids damaged through laser irradiation. (a)
Thinned down amorphous carbon membrane of a Graphenea Quantifoil membrane after a 15 mW
1.7 ms pulse. (b) Cracked SiN grid after 9 mW 5 min illumination. The sample was a hybrid sam-
ple so the crack was concealed by the transferred amorphous carbon membrane holding the SiN

together.
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4.1.3 Recommended parameters

It is hard to provide a simple recipe for cleaning samples of different kinds, however Table 4.1
and 4.2 show parameters for the most common samples that we are using. Low power and long
illumination times seem to be the most preferable conditions, considering that high powers usu-
ally lead to more damage in TEM grids. We believe this to be caused by the higher temperature
gradient within the grid. For the target chamber laser samples can be illuminated indirectly
("upside-down") to reduce damage. This is done by rotating the linear transfer arm holding the
puck by 180°. This way the membrane is not directly exposed to the laser but is still heated in

the process.

Table 4.1: Cleaning parameters via the laser at the microscope column. Unless explicitly

stated otherwise the samples are CVD grown.

Grid Material Power Duration Comment

Quantifoil exfoliated graphene 15mW  0.05 ms

Quantifoil hBN 5-7mW 4 -30ms

Quantifoil graphene 8-18 mW 1-30 ms

Graphenea graphene 26 mW 10 ms

Pelco SiN hBN 8-11mW 2-20ms  cracks start at 9 mW, 10 ms
Pelco SiN graphene 23mW  2ms cracks start at 9 mW, 10 ms
Silson SiN (SW) graphene 35 mW 10 ms

Silson SiN (9W) graphene 80 mW 6 min

SW = single window; 9W = nine windows

Table 4.2: Cleaning parameters for the laser at the target chamber for different samples.

Unless explicitly stated otherwise the samples are CVD graphene.

Grid Material Power Duration Comment
Quantifoil ML graphene 1% 180 s some areas are too destroyed
Quantifoil ML graphene 3 % 30 s some areas are too destroyed

Silson SiN (9W) ML graphene 27 % 40 min

ML = monolayer; DL = double layer; SW = single window; 9W = nine windows
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4.2 Developing methods for defect-engineering of 2D Ma-

terials

As discussed in Section 3.3.2 direct implantation is not an effective method for implanting heavy
heteroatoms into graphene. In Refs. [13] and [14] we show that a two-step process utilizing
defects to trap adatoms is a reliable method. Defect-creation was attempted using two methods in
this work, energetic electrons and low energy ions. One key difference between the two methods
is, that while ions create defects everywhere, energetic electrons can be introduced at specific

locations.

4.2.1 E-beam induced defects

Figure 4.4: Effect of prior e-beam exposure on cluster growth via PVD. The area in (a)
was exposed to 100 keV electron irradiation for about one hour. Fe was evaporated onto the
sample after the irradiation which is shown in (b). In (c) the same hole is shown after laser irra-
diation/annealing. (d) shows an overview image of the sample where the hole shown in (a)-(c) is
marked with a pink rectangle. (e) and (f) show different holes which were not electron irradiated
before the Fe evaporation and laser annealing which results in significantly less clusters. All im-

ages shown are STEM MAADF images.
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Fig. 4.4 shows the influence of e-beam exposure on cluster growth. The clean graphene shown in
Fig. 4.4 a was exposed to 100 kV electron irradiation for ca. one hour. Assuming a beam current of
50 +5 pA (a slightly lower beam current was measured for 90 and 95 kV for our instrument [133])
using the displacement cross section [65] and assuming the area to be a circle with a radius of ca.

100 nm that would result in ca. 1300 defects in the area or a defect density of about 0.11 +0.03 %.

Fig. 4.4 b shows the area after evaporating Fe with an e-beam evaporator (flux 0.69 nA, exposure
time 20 s). Within the white rectangle (100 x 100) nm? 58 Fe clusters were counted based on the
contrast. The sample was exposed to laser irradiation multiple times to test their thermal stability.
The number of clusters stabilized at 41 and did not change after the first few pulses (shown in
figure 4.4 c). Sample areas that have not been exposed to electron irradiation show between three

and five clusters in an equally large area (Fig. 4.4 e and f) after otherwise the same treatment.

4.2.2 Electron-beam-induced deposition (EBID) patterning

The possibility of trapping atoms at well defined anchoring sites (defects) raises the question of
what kind of structures can be drawn. Before introducing defects in a specific pattern and filling
them we wanted to visualized whether the patterning algorithm can actually be used as described
in Section 3.1.7. Due to the low cross section for introducing defects into graphene with 100 keV
irradiation and the fact that observing few defects spread out over a large area is challenging the
experiments for testing this method directly would take quite a long time. Thus EBID has been
used to draw nanometer sized patterns on graphene, which has been done already more than ten
years ago by moving the electron beam over the sample [92]. In our group crude patterning was
also combined with PVD to draw Au structures [160]. Here the stage is moved to defined the

pattern that is drawn with the electron beam.

As discussed, build-up of mobile contamination is triggered by the electron beam and propor-
tional to the exposed dose. The degree of this varies greatly with the grid and sample clean-
ness. Fig. 4.5 shows different patterns that were drawn using a sample where mobile contam-
ination was pinned down under 60 keV electron irradiation. Whether a pixel is written or not
depends not only on the dose but also its microscopic surrounding because the build-up can be
enhanced or suppressed depending on the distance from static contamination. The written pixel

size (5 — 10) nm using contamination is much larger than the scanned FOV (1 nm).

A side note about the three different patterns shown in Fig. 4.5 can be made about the strength of
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Figure 4.5: EBID patterns written with the stage movement method. The first column
shows STEM-MAADF images of each respective area before defect patterning. The second col-
umn shows the respective areas after defect patterning. The third column shows the pattern that
was supposed to be written. Note that the black squares are each 8.5 times the size of the region
that was actually irradiated with the electron beam, represented by the white square inside the
black square. The fourth column shows the patterns overlaid on the after image (second column).
Good overlap is achieved when the pattern is rotated -70° and scaled down to 60%. The FOV in
the patterning algorithm was 1 nm, the offset was 12. The imaging parameters were (512 X 512)

pixels with a dwell time of 2 ps. All scale bars correspond to 50 nm.

the beam blanker. It was very weak, so for every pattern drawn there appears a "shadow" slightly
below it to the right, indicated with the semi-transparent rectangles. This is particularly visible
for the first pattern where there are thicker lines than the actual pattern, which corresponds to

the "negative" of the pattern that was drawn.
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4.2.3 Low-energy ion irradiation using the plasma (deceleration) set-up

The second method for creating defects that was investigated during this work is plasma irra-
diation within CANVAS. Here the entire sample is exposed to low-energy ions and defects are
created everywhere at the same time. In combination with the deceleration set-up this technique

can also be used for trapping noble gases between multiple layers.

Measuring the energy distribution

Gas:Kr pressure: 9.3e-07-9.68e-07 mbar Gas:Ar pressure: 3.51e-06-3.56e-06 mbar
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Figure 4.6: Current-bias plots with fits for determining the beam energy and spread. Two
data sets for current-bias measurements at constant pressure are shown. The experimental data
(blue) is fitted with a combination of a second order polynomial and one to three Error functions
(orange). The derivative of the error function, a Gaussian distribution, is plotted in black with a

separate axis. It corresponds to the beam energy and spread.

For quantifying defect creation and implanting noble gases knowing the exact energy distribution
of the ions emitted from the source is necessary. Fig. 4.6 shows two measurements with the fit
that was used for estimating the beam energy. First the pressure is stabilized for the duration of
the measurement (about 15 min). Then the current at the Faraday cup is measured while the cup
is biased from 5 to a few hundred V in steps of 5 or 10 V. At each bias the pressure is measured
once and the current is measured five times. The data is collected automatically using a Raspberry

Pi that also controls the power supply.

The current as a function of bias decreases with increasing bias (blue dots in Fig. 4.6) due to two
effects. The source emits electrons and ions. The positive bias accelerates electrons that would be
deflected through the magnet at the aperture such that they are collected, while it also deceler-

ates and repels ions. The difference between the average current at two consequent bias voltages
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corresponds to the change of the beam at this energy interval. Thus, the j—{, curve of the current
measurement corresponds to the beam profile. In a similar argument the measured current repre-
sents the integral of all ions and electrons that reach the Faraday cup at a certain bias. Assuming
a Gaussian shape of the beam energy an error function is fitted for the ionic contributions. As
the steep declines of current are attributed to the ionic contribution for each of them one error
function is added to the fit. The background from the electrons is fitted with a second order poly-
nomial. We believe the background to result from the resistance of the measurement system as

well as electrons that are attracted by the positive potential of the Faraday cup.

Results for analysis

Fig. 4.7 shows the results of the ion energy measurements similar to the ones shown in Fig. 4.6.
It is found that the parameter that determines the fluence and energy of the ion beam is the pres-
sure in the reaction chamber, proportional to the measured pressure in the target chamber. The
energy of the ions is usually between 50 and 200 eV. For many pressures and noble gases there
exist multiple ion energies within the beam. The energy spread of the plasma is surprisingly nar-
row in many cases (about 10 — 20 eV). Most measurements were carried out using Ar where we
can see, especially for the lower pressure regimes, that the beam energies are very reproducible.
At pressures where high changes in current follow minor changes in pressure the energy distri-
bution of beams is in general wider, thus these pressure regions should be avoided for irradiation

experiments. We expect all ions to be singly charged due to the low collision rates in the plasma.

Regarding the pressure values the measurement efficiencies for the different elements should still
be mentioned. As hot cathode pressure gauges (used here) are calibrated for N the gauge pressure
should be divided by the gas correction factors for the different gases. They are 0.3 for Ne, 1.29
for Ar, 1.94 for Kr and 2.87 for Xe.

This method for analysing the ion beam was developed by us. A rather practical but, but very
important component for this project was how to record, store and evaluate data sets. While
first we did not have a proper metadata format throughout the project it became clear that all
metadata needs to be stored with the data itself in order to be able to do analysis in a reasonable
way. Thus a significant part of this project was coding. Both, the automatic data recording as

well as the semi-automatic data analysis was done using self-developed Python code.

The resulting ion energies show quite significant disagreement to the expectations from the man-
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Figure 4.7: Measured beam energies, spreads and currents as a function of pressure for
Ne, Ar, Kr & Xe. For all measurements shown the magnetron current was 16 mA the anode
bias was 0 kV and extractor bias was —0.06 kV. The top of the plots always shows the result of
beam shape measurements at different pressures with the uncertainty in the energy being the
standard deviation from the Gaussian distribution. The uncertainty in the pressure represents
the standard deviation of the pressure recorded during the biasing measurement. The bottom

plot shows different current measurements as a function of (non corrected) pressure.

ual of the instrument. It is not obvious why the ions have such a high energy even though they
are not accelerated by an anode voltage. One possibility is that as electrons are much lighter, they

leave the reaction chamber faster leaving more ions behind which repel each other electrostati-

cally.
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4.3 Heteroatom implantation

The first time vacancy assisted implantation was used within our group was using plasma irra-
diation within the CANVAS to trap Si adatoms existing on samples [116]. The method was later
used [13] to implant Au in a two-step process in Helsinki using an ion implanter. Au ions at
200 eV were used to create vacancies. Subsequently Au ions were deposited onto the sample at
25 eV. Within CANVAS the plasma source was used together with PVD for aluminium trapping
around the same time [14]. My contributions to the studies [13, 14] can be summarized as helping
with the characterization of the ion implanter and the plasma source. The general applicability
of this approach was later demonstrated [3] where I conducted experiments and characterisation

for the element Fe.

The following text is an adapted version of reference [3] where we report the creation of atomi-
cally clean graphene using laser cleaning with uniformly distributed and covalently bound Al, Ti,
Fe, Ag and Au single atoms or nanoclusters. Vacancies introduced into atomically clean graphene
via low-energy ion irradiation were used as anchoring sites for single atoms and clusters were

introduced via PVD for different elements.
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Figure 4.8: Individual Fe atom implanted in graphene. STEM-MAADF image of single im-
planted Fe atom, as well as EELS data confirming the atomic species. From [3] used with permis-

sion.

Fig. 4.8 shows an experimental STEM-MAADF images and an EEL spectrum. The EELS data
was recorded for the impurity atom shown in the image embedded in graphene. The signal of
graphene recorded nearby (adjusted to coincide with the spectrum before the impurity peak) was

used as background. The image shows how the atom occupies a divacancy in graphene and the
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spectrum clearly identifies the atom as Fe.

The samples used were CVD-grown monolayer graphene transferred to Quantifoil grids. The
samples were cleaned using laser illumination with typical parameters described above. Af-
ter cleaning, vacancies were introduced into graphene via low-energy Ar* irradiation as de-
scribed above (less than 200 eV, which should mostly produce single and double vacancies in
graphene [12]). Subsequently, the vacancies were filled with Fe atoms introduced via e-beam
evaporation (flux of ca. 0.5 nA for about 180 s). Fig. 4.9 a-c shows an area after defect engineer-
ing and Fig. 4.9 d-f after subsequent Fe evaporation. The images show how in an area with defects
after Fe evaporation many defects are filled with individual Fe atoms and small clusters. This also

agrees with the results previously presented.

With this method the number of heteroatoms sites is controlled via the number of vacancies and
thus the dose of the ion irradiation and the size of the clusters with the amount of evaporated
material. Many impurity atoms, however, are not the desired element but silicon, a typical impu-
rity in graphene [114, 161] that is known to occupy vacancies [116]. Some heteroatoms will also

be filled with C [116] or might be replaced during imaging [13, 19, 150].
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Figure 4.9: Iron single-atom implantation. (a-c) STEM-MAADF zoom sequence after defect-
engineering. The blue colored squares show the location of the following image. (d-f) STEM-
MAADF zoom sequence of the same area after Fe evaporation. The blue colored squares show the
location of the following image, whereas the large white square in (d) shows the location where
the image shown in panel (a) was recorded before the evaporation. The images were recorded
from the smallest to the largest field of view. As can be seen comparing panel (f) to panel (e) and
panel (e) to panel (d), mobile contamination has been pinned down to the single-atom impurity
sites during imaging. Most locations with small light gray features correspond to locations of
single-atom impurities. Iron was evaporated with an ebeam evaporator onto defect-engineered
graphene (ca. 3 min, flux of ca. 0.55 nA). Small white squares highlight impurity atoms and yellow
ones vacancies (Areas inside the squares are not marked). Instead, markings for those areas are
shown always in the smaller field of view image. The scale bars are 15 nm. From [3] used with

permission.
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4.4 Defects in hBN

This text is an adapted version of [2] which is currently still in preparation.

Due to the interesting properties of point defects in hBN as quantum emitters discussed in Sec-
tion 2.1.4 the creation of such defects under low energy ion irradiation was studied here. A
suspended monolayer hBN sample on a hybrid Quantifoil SiN grids was produced as described in
the materials section. The sample is shown in Fig. 4.10 a. Suspended hBN can be found where the
holes of the Quantifoil and the SiN overlap, shown in 4.10 b. This hybrid grid allows a polymer-
free transfer of hBN onto the final grid, which is mechanically robust and allows sample cleaning

with a laser in vacuum.

a b

SiN

100 nm

Figure 4.10: Overview of the sample. (a) Light microscopy image of the sample after transfer.
The blue area corresponds to the Si grid, the light blue squares to Quantifoil. The yellow square
is the perforated SiN window where the suspended sample can be found when holes in SiN and
the Quantifoil overlap. (b) STEM-MAADF image of a suspended sample area. The dark contrast
is clean suspended hBN with the brighter areas correspond to fewlayer hBN (continuous areas
on the left-hand side) There are also small contaminated areas throughout the sample. The white

area on the left corresponds to Quantifoil and the white area on the right to SiN.

After insertion into the CANVAS as described in the methods the sample is surveyed via STEM
MAADF imaging to find a location with good coverage and reasonable surface cleanliness. A
9 mW 2 ms laser pulse is used to remove most of the remaining contamination (see Sections 3.2.1

and 3.4.1). An example large scale STEM-MAADF image of a cleaned sample is shown in Fig. 4.10 b.
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Automated atomic-resolution STEM-MAADF imaging as described in Section 3.1.6 is carried out
at 60 kV to estimate the intrinsic defect concentration and distribution. During the automatic
image acquisition minor adjustments of the electron energy and the correction of astigmatism
and coma were done manually. The images were recorded with a (calibrated [137]) field of view

of 4.2 X 4.2 nm?, a pixel dwell time of 16 us and 512 X 512 pixels, the chosen offset was 1.

In total, 16500 nm? of hBN were imaged in the area shown in Fig. 4.10, out of which ca. 68% were
contamination-free and were imaged with a resolution that allows atomic structural analysis. The
images are analysed automatically with a convolutional neural network using a pipeline similar
to those described in Refs. [162, 12]. In short, the neural network first separates image areas to
either contamination or lattice. Next, each lattice site is assigned an intensity value at different
values of Gaussian blurring. These values are provided to a classifier that determines whether
the site contains an atom or a vacancy. The process is illustrated in Fig. 4.11. In total, 335 defects

were identified in this data set leading to a defect concentration of ca. 0.03 nm™2 with ca. 55%

boron and ca. 8% nitrogen single vacancies.

Defect detection
and classification

Lattice sites and
contamination

Input image stack

Local geometry
Figure 4.11: Automated analysis pipeline. The analysis pipeline operates on a stack of images.
Each image is analyzed with a convolutional neural network to find the (possible) contamination
and each of the hBN lattice sites. For each lattice site, local intensity features are extracted, which
are used to classify whether the site contains an atom or a vacancy. In addition, the geometric
relationship between the lattice sites is used for finding neighboring lattice sites and separating
the boron and nitrogen sublattices. Finally, the defect size and type is determined by counting

connected vacancies.
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It is worth pointing out, that electron irradiation during imaging is known to introduce defects
into hBN [163, 164, 70] even under ultra-high vacuum [31]. Taking the imaging parameters, the
flyback time at the end of each scan line (120 us) and half of the time to move the stage from one
position to the next (0.5 2 s), the electron dose per frame is (3.6 +0.14) X 10° electrons A~? using
a current of 19.4 + 0.6 pA [133]. Since the density of hBN is ca. 36.8 atoms nm™2, based on the
displacement cross section [31], we estimate that ca. 0.046 + 0.005 defects are created per image
(or 0.00264 + 0.0003 per nm?, of which 0.0016 + 0.0003 are boron and 0.0011 + 0.0005 nitrogen).
Therefore, ca. 29.7 + 2.8 (out of 335) defects have been created during imaging. Hence, ca. 90% of
the defects must be intrinsic to the sample and arise from growth or sample fabrication, leading

to an intrinsic defect concentration of ca. 0.027 nm™2.

Next, the sample was transported in vacuum to a chamber containing a plasma generator where
low-energy Ar* (< 200 eV) ion irradiation is used to create defects [12]. The pressure of the
chamber was kept approximately constant at ca. 3.5x 10~® mbar, but variations (+0.3 X 10° mbar)
from this could not be entirely avoided. The irradiation time was ca. 150 s. The irradiation is
carried out at room temperature, similar to all other experiments except for sample cleaning in
this study. This yields an ion beam consisting of two peaks at 89 + 10 eV and 228 + 11 eV with
the lower-energy peak contributing ca. 2/3 of the ions. We have no satisfying explanation for
how these two peaks arise. One possibility would be singly and doubly charged ions, however
the energies do not match up so we can not be sure. The total current was calculated by summing
up the ions contributing to each of these distributions. From the ion current and the irradiation

time, we estimate the total dose at the sample to be 0.10 + 0.04 ions per nm?.

After ion irradiation, the sample was again automatically imaged to estimate the post-irradiation
defect density and distribution at another sample position. A comparison between the intrinsic
and irradiation-induced defect distributions is shown in Fig. 4.12 a and b. Now, a total area of ca.
14,500 nm? was imaged with ca. 50% of the imaged area that could be used for the analysis (clean
and sufficient resolution). In total, 2169 defects were identified leading to a defect concentration
of ca. 0.30 nm™?, i.e., close to ten times higher than before the irradiation. Similar to before
19.1+ 1.9 (out of 2169) defects can be attributed to the electron beam. The amount of irradiation-
induced defects is thus ca. 0.27 nm™2. It is worth noting that the defect density is also higher
than the estimated total irradiation dose (by a factor of nearly three). This most likely reveals the
inherent uncertainty in accurately estimating the current of the plasma source by measurements

carried out separately from the irradiation experiment.
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The defect density is low enough so that the vast majority of the ions have impinged on pristine
defect-free hBN. After the irradiation, ca. 55.7 % of defects are boron and 11.5 % nitrogen single
vacancies. Further 14.4 % are double vacancies and the rest (18.4 %) more complex vacancy defects.
The spatial distributions for Vg and Vi as well as all other defects are shown in Fig. 4.12 c¢. The grid-
like pattern of the defect locations arises from the images recorded in discrete non-overlapping
parts of the sample and the larger defect-free areas have been obscured by surface contamination.
Overall, the spatial distribution shows that the defects have been created on a random pattern
uniformly on the sample. Example STEM-MAADF images of the most typical defects are shown
in Fig. 4.13.

The results are in clear contradiction with the theoretical studies based on analytical-potential
molecular dynamics simulations, where it was found, depending on which potential was used,
either that low-energy Ar irradiation should lead to about 17 % single vacancies of B and N [32]
per impinging ion or that the probability would be between 3—6 % for B and 9—10 % for N [33] for
energies similar to the ones we determined experimentally. On the experimental side, since we
don’t have an accurate measurement of the ion current during the irradiation, we don’t precisely

know what the probability for creating each type of single vacancy is.

However, since we observe about three times as many defects as we estimate ions to have irra-
diated the sample, it seems a safe assumption that the probability must be closer to one than the
simulations suggest. As already mentioned for the Fe implantation, carbon atoms from the ubig-
uitous contamination are known to migrate on the surface of 2D materials and fill vacancies [116],
especially at elevated temperatures [165]. Due to the similar atomic number (and therefore con-
trast [130]) of C as that of B and N, it is possible that our characterization has missed some
vacancies that have been subsequently filled with carbon. Also vacancies filled with Si, discussed
in the previous chapter, are ignored in the analysis. However, here the same argument applies as
above: since the defect concentration is higher than expected based on the estimated ion current,
it seems unlikely that such a large number of N vacancies would have been filled with carbon
atoms that the experimental results would agree with the simulation prediction. Instead, the most
likely explanation seems to be that analytical molecular dynamics is not a sufficiently accurate
method to describe low-energy ion irradiation of hBN, which could be related to the partially

ionic bonding.

Overall, this discrepancy highlights that more experimental and computational work is required

to obtain a comprehensive understanding of the capabilities of this method for defect-specific
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Figure 4.12: Defect concentration and distribution. (a) Intrinsic defect concentration as a
function of the defect size (number of missing atoms). (b) Post-irradation defect concentration as
a function of the defect size (number of missing atoms). The inset shows a magnified view of the
defect concentration for defects with at least two missing atoms. (c) Spatial distribution of boron

and nitrogen single vacancies (Vg and Vy, respectively) and all other defects.

Figure 4.13: Example STEM-MAADF images of the most typical defects. Pink circles mark
the positions of missing B and blue circles missing N atoms. From left to right: Vg, V, double
vacancy, triple vacancy with one missing N and two missing N, and triple vacancy with one

missing B and two missing N. All images have a field of view of 2 nm.

engineering of hBN. A control experiment still needs to be carried out for this study as only one
image stack at one position before and after the irradiation were recorded for one sample so, in

principle, all measured effects could be due to inhomogeneity of the sample quality.
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4.5 Trapping noble gases in the graphene and hBN sand-

wich

Figure 4.14: STEM-MAADF zoom series of Xe implanted Gr. The effect of ultra-low energy
Xe™ irradiation on mono and double layer regions is shown. While in double layer regions clusters
and small bubbles form, in monolayer region only defects are created. The images were taken

from smallest to largest FOV.

Different irradiation experiments on double and multi-layer graphene samples were carried out.
The energy for an implantation using the plasma source and deceleration set-up within CANVAS
is set by choosing a pressure, stabilizing the beam and then either taking an old reference mea-
surement for the energy or measuring the beam shape directly. The puck is then biased to deceler-
ate the ions and reduce their energy as desired. The remaining energy is the difference between
the energy within the primary beam and the sample bias. Singly charged Ar, Kr and Xe ions
were implanted into the vdW gap of graphene within CANVAS. Single charged Kr and Xe was

additionally implanted within KIIA at Helsinki University.

In this work mostly Kr and Xe are shown as, due to their significantly higher atomic number
Z, their scattering contrast is much higher and thus they show bright contrast in ADF STEM
images [130]. Ar was found only in bubbles, similar as shown in Fig. 4.2. The energies at which
successful irradiations were carried out are noted in Table 4.3. No systematic study on the im-

plantation efficiency was conducted.

Comparing the results for successful implantations with the values for bulk graphite 3.1 in ta-
ble 3.1 it is notable, that implantation was achieved at lower energies for 2D materials. Our results
are in agreement with 25 eV for He, Ne and Ar [109], however, they are somewhat lower than
the results for hBN on Rh(111) (60 €V) [107] and another study where Kr* was implanted below
the first layer of graphite (30 — 120 eV) [108]. The experimental results are also considerably

lower than the simulated lower bound for Xe implantation into bilayer graphene of 70 eV [166].
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Table 4.3: Confirmed successful implantations into graphene. 60 eV for Kr as well as 55
and 65 eV for Xe were recorded with the ion implanter KIIA in Helsinki. The rest of the energy

ranges were recorded with the deceleration set-up within CANVAS.

Element | Energy [eV]

Ar 20 — 30
Kr 25 - 60
Xe 15— 65

However, a part of this difference could be attributed to the uncertainties for the ion energies
as implantation within CANVAS is not an extremely well defined process (small changes in the

hard-to-control pressure already causing significant changes in ion energies).

Implantation into hBN multi- and double layers works similar for graphene. Fig. 4.15 shows Kr-
implanted few-layer hBN. The imaged area was multi-layered hBN. The irradiation was con-
ducted with a beam consisting of 25 eV and 100 eV Kr*. After the irradiation there were bubbles

as can be seen in Fig. 4.15.

Figure 4.15: STEM-MAADF images of Kr trapped in multi-layered hBN. (a) and (b) show
a multi-layer hBN sample before (a) and after (b) irradiation. A beam with an ion energy of with
25 €V and 100 eV Kr* was used. Small bubbles are distributed all over the multi-layer region. (c)

and (d) show small implanted Kr clusters. The cluster in (d) probably consists of seven Kr atoms.

Kr clusters within a hBN double layer are shown in Fig. 4.15 ¢ and d. The atomic positions are

74



more difficult to make out than in their counterparts trapped between graphene.

4.6 2D noble gas clusters

In this chapter the structure and properties of the created 2D few-atom noble gas clusters between
two layers of graphene as reported in Ref. [1] will be explained. The text in this chapter is an adapted

version of this publication.
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Figure 4.16: STEM-MAADF overview image of an area containing several Kr clusters
(some of which are highlighted by numbered rectangles with magnified versions shown
at the bottom) and spectral map. The EELS map was recorded over a cluster with approxi-
mately 50 — 70 atoms, shown on the right side of Fig. 4.28. The contrast here corresponds to the
integrated spectrum for each pixel. The signal from the Kr Mys core loss peak arises from the
area spatially located at the cluster, as can be seen from the spectrum obtained by subtracting
the graphene signal (from within the area marked by the white rectangle) from the signal corre-
sponding to the area marked by the black rectangle (the spectra were normalised to the values
before the peak onset at 89 V). From [1] used with permission. Copyright ©2024, The Author(s),

under exclusive licence to Springer Nature Limited.
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Figure 4.17: STEM-MAADF overview image of an area containing several Xe clusters
(some of which are highlighted by numbered rectangles with magnified versions shown
at the bottom) and spectral map. The EELS map was recorded over a Xe4 cluster (same cluster
as Xeg in Fig. 4.18). The contrast here corresponds to the integrated spectrum for each pixel.
The Xe My and Ms core loss peaks arise from the area spatially located at the cluster, as can
be seen from the spectrum obtained by subtracting the graphene signal (from within the area
marked with a white rectangle) from the signal corresponding to the area marked by the black
rectangle (the spectra were normalized to the values before the peak onset at 672 eV). Two very
bright pixels, possibly caused by cosmic rays hitting the detector, were replaced by their average
surrounding. From [1] used with permission. Copyright ©2024, The Author(s), under exclusive

licence to Springer Nature Limited.

Here, we create 2D few-atom noble gas clusters by implanting Kr and Xe between suspended
graphene sheets using ultralow-energy ion irradiation, and image them at room temperature
using atomic-resolution STEM, complemented by EELS for confirming the chemical identity of
the atoms. Kr and Xe implantation for the images shown here was done in Helsinki using the
KIIA implanter, unless noted otherwise. Successful implantation between two graphene layers
was achieved at 60 eV for Kr, and 55 eV and 65 eV for Xe. To reduce sample contamination during
the implantation process, some of the samples were baked in air for 1 h at 300°C and inserted
warm into the irradiation setup. One additional sample was implanted using 30-eV Xe ions at
the University of Vienna using a plasma source within the vacuum system [10]. The samples
were additionally cleaned before imaging with a laser (20 mW, 50 ps pulse). The experiments

were conducted with both, exfoliated bilayer graphene and FLG (all shown Xe data) as well as
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stacked CVD-graphene (all shown Kr data). Larger scale images of implanted samples with many
clearly visible clusters are shown in Fig. 4.16 for Kr and Fig. 4.17 for Xe along with the recorded

spectroscopic signatures confirming the elemental identification as Kr and Xe, respectively.

4.6.1 Shape of clusters

Figure 4.18: Structure of small clusters. (a) Filtered STEM-ADF images (see Methods) of Kr
(top row) and Xe (bottom row) clusters with N € [2,12], including all cases where the experi-
mentally observed structure corresponds to that with the lowest energy according to simulations.
The corresponding simulated structures after energy optimization are shown in the middle row
for Xe (Kr has the same structure, see Fig. 4.20 for all simulated structures). Carbon atoms are
shown with small gray dots, and Xe atoms with large dots connected with lines. (b) Example
filtered STEM-ADF images of nine-atom Kr and Xe clusters along with the simulated lowest-
energy configuration for Kr. (c) Example filtered STEM-ADF image of a eleven-atom Kr cluster
along with the simulated lowest-energy configuration for Kr. (d) Example filtered STEM-ADF
image of a thirteen-atom Xe cluster and the corresponding lowest-energy structure for Xe. All
images have a size of 2 X 2 nm?. From [1] used with permission. Copyright ©2024, The Author(s),

under exclusive licence to Springer Nature Limited.

Clusters with Nk, € [2,12] and Nxe € [2,13] atoms are shown in Fig. 4.18 a-d along with the
simulated energy-optimized structures'. All clusters appear flat, and assume a hexagonal close-

packed structure. The same cluster shapes are found both for Xe as well as Kr, and in samples

ISimulations were carried out by Harriet Ahlgren.
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using both exfoliated graphene and graphene grown via CVD. Therefore, there is no plausible
way that the clusters could contain any other element that remains invisible in our microscopy

images.

The hexagonal close-packed structure minimizes the number of lower-coordinated atoms while at
the same time maximizing the number of nearest neighbors within the cluster (see also Fig. 4.19).
Up to N < 9, all clusters in the experiment are found also in the optimal structure as predicted
by the simulations, although in some cases also other structures with the same N are observed
(see Fig. 4.20). Most notably, the Kry cluster also appears in a shape where the atoms are ar-
ranged along two lines. In this unexpected Krg structure the number of van der Waals bonds
with approximately the nearest neighbor distance (d,,) is only 14 (in one case even 13), whereas
in the ideal structure it is 17. In addition to this specific case of Kry, the atoms in the outer rim
of clusters with N > 9 appear to have less defined positions (also seen in Fig. 4.18 b & c). These
deviations from the ideal structure may arise from factors other than the interaction between the
noble gas atoms (for example from deformations in the encapsulating graphene structure, as will
be discussed below). We also point out that one Kryy configuration, as well as Kry; 1, all show the
same cluster with occasional detachment and attachment of one or two atoms (the image series
is shown in Fig. 4.21). In many cases, we also observe shape changes both in the simulations
(Fig. 4.22), as well as in the experimental images (Fig. 4.20). Although we did not find Krg, Xeq;
or Kry3 within our images of small crystals, there is no reason to assume that they would be less

stable than the clusters shown in Fig. 4.18.
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— 6 2
Figure 4.19: Schematic presentation of the observed atomic structures. The numbers in-
dicate the size of the cluster (positions marked with i < N constitute the cluster with N atoms).
For each added atom, the bonds with the same color as the circle are new compared to the cluster
with one less atom. The position shown with gray outline and black number 6 corresponds to the
position of the sixth atom in Xeq in the observed cluster, whereas the colored circle with white
6 is the position of the sixth atom in all clusters with N > 6. In contrast, the colored circle with
white 13 corresponds to the observed structure of Xe;s, whereas the gray circle with black 13
would lead to a more symmetric structure but with the same number of nearest neighbor inter-

actions. From [1] used with permission. Copyright ©2024, The Author(s), under exclusive licence

to Springer Nature Limited.
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Figure 4.20: Filtered STEM-ADF images (see Section 3.1.8) of small Kr and Xe clusters
displaying all additionally observed shapes in our experiments. All images have an area
of 2 x 2 nm?. Left are Kr and right are Xe clusters. The overlaid values for n show the number of
nearest-neighbor pairs for each configuration. From [1] used with permission. Copyright ©2024,

The Author(s), under exclusive licence to Springer Nature Limited.
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Figure 4.21: Filtered STEM-HAADF images (see Section 3.1.8) of a Kr cluster changing
size over time. The labels correspond to the frame numbers within the image sequence and the
corresponding time. The second images series was recorded 8 min 32 s after the first frame of the
first sequence. From [1] used with permission. Copyright ©2024, The Author(s), under exclusive

licence to Springer Nature Limited.

0 ps 0.3 ps 0.7 ps 1.2 ps 1.7 ps 2.2 ps

2.7 ps 3.2ps 13.1 ps 13.6 ps 14.3 ps 15.2 ps

Figure 4.22: Shapes of a simulated cluster. Snapshots of a room temperature molecular dy-
namics simulation showing configuration changes for a Kr; cluster. C atoms are shown in grey.
Kr atoms are shown in green. From [1] used with permission. Copyright ©2024, The Author(s),

under exclusive licence to Springer Nature Limited.
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4.6.2 Quantitative measurements, pressure, forces and simulations
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Figure 4.23: Interatomic distances and 3D to 2D transformation. (a) Measured interatomic
distances d,, (full circles) in the experimentally observed Kr (green) and Xe (blue) clusters as a
function of the cluster size. Each data point is averaged over all images where the structure was
clearly visible, taking always the mean value per image. The errorbars show the standard devia-
tion of the data. Open symbols correspond to the simulation results. (b) Relationship between the
pressure (plotted on logarithmic scale) exerted on the simulated 2D noble gas structure and the
interatomic separation. The lines are guides for the eye. (c) Sequence of images showing selected
steps from structural optimization starting with the twelve-atomic 3D Kr cluster in a graphene
sandwich, which turns into a 2D structure. The change in energy from left to right between
the configurations is —5.564, —0.565 and —0.033 eV, respectively. From [1] used with permission.

Copyright ©2024, The Author(s), under exclusive licence to Springer Nature Limited.

To get a more quantitative view the data was analyzed using self-written Python code described
in the Section 3.1.8. Nearest neighbor distances for the clusters are shown in Fig. 4.23a. These are
the in-plane projections, as only those can be observed, however, we assume the clusters to be

flat, also due to the MD results. Both experimental and simulated results show clearly the same
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trend, where the smallest clusters have the shortest interatomic distances, with the strongest
effect seen in the experimental data for the Xe clusters. In all cases, the values are fairly constant
with a slowly increasing trend for cluster sizes of N > 10, however, the spread within data sets
was immense (the standard deviation was between 3 and 12 % of the measured value for Kr and

Xe).

Comparing d,, to the corresponding pressures estimated via simulations (Fig. 4.23b) shows that
the smallest clusters are under a pressure of up to 1 GPa, whereas for the larger clusters this drops
to around 0.3 GPa. These values are in the same range, but somewhat smaller than 1 GPa that has
been estimated for 10 nm-sized clusters experimentally [59], and significantly lower than 30 GPa
estimated for smaller He and Ar clusters computationally [109]. However, in neither of those

cases were the clusters encapsulated between two graphene sheets.

The increasing pressure when the cluster size decreases is likely due to the higher necessary local
curvature for graphene required for accommodating the smaller clusters. Additionally, the pres-
sure for the smallest experimental clusters appears to increase even faster than what is predicted
by the simulations. This can be related to the size of the point defect trapping the clusters, as will
be discussed below. Also pressure is a relatively ill-defined term in two dimensions and it must

be highly anisotropic in the sandwich.

To understand the influence of the graphene sandwich on the shape of the crystals, further struc-
ture optimization for cluster sizes up to 18 atoms (Fig. 4.24) were carried out by my colleague
Harreit Ahlgren. These show, that in all cases, the optimum shape for the cluster (even at zero
temperature) is three-dimensional for clusters larger than three atoms. As a plane is defined by
three points a three atom cluster can only be two-dimensional. However, when larger clusters
are placed inside the graphene sandwich, they relax into two-dimensional structures. All clusters
retain the 2D shape between the graphene sheets, even up to 61 atoms, which was the maximum
simulated cluster size. The change between the 3D and 2D structures is associated with an en-
ergy cost of ca. 60 meV/atom for the Xe;s cluster. This energy is compensated by the interface
energy between the cluster and graphene, and the lower deformation energy for the graphene
sandwich in the flatter configuration. An upper estimate for the interface energy (per atom) can
be obtained by calculating the energy associated with an individual noble gas atom placed within
two graphene sheets (total energy minus the energy of the similarly deformed graphene sheets
without the additional atom). This is ca. 149 meV for Kr and ca. 66 meV for Xe, which shows

that the interface energy has a similar order of magnitude as the energy difference of the 3D
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Figure 4.24: Lowest-energy configurations of simulated cluster shapes in 2D and 3D. Blue
and green dots represent Xe and Kr atoms, respectively, the connecting lines for the 3D shapes
represent the bonds. The four top rows show relaxed configurations of Xe and Kr between two
layers of graphene. When graphene is removed the clusters do not take a 2D but a 3D shape. From
[1] used with permission. Copyright ©2024, The Author(s), under exclusive licence to Springer

Nature Limited.

and 2D clusters. Indeed, when graphene is removed from around the simulated 2D clusters, they

transform to the 3D shape during further relaxation.
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4.6.3 Dynamics

It is rather surprising, that the small clusters remain stationary at room temperature for long
enough to allow their imaging in the microscope. In fact, one could even expect that all noble gas
atoms would escape through edges from between the two graphene layers before they are able to
form solid structures. While loosing all atoms is unlikely due to the large size of the samples (up
to tens of um for exfoliated samples and up to even mm for the CVD-grown ones) compared to
atomic length scales, the motion of noble gases in the graphene sandwich warrants a discussion.
To study this, we turn to room temperature molecular dynamics simulations. Simulations carried
out by Harriet Ahlgren of individual Kr and Xe atoms show that they are both highly mobile in

a graphene sandwich with estimated speeds of ca. 316 m/s and 233 m/s, respectively.

For three-atom clusters this changes to ca. 334 m/s and 231 m/s and for the Kr; cluster to ca.
369 m/s at 300 K. (The corresponding speeds in gas under normal conditions, according to ideal
gas law, would be 180 m/s and 130 m/s, respectively, for two dimensions). Therefore, the migra-
tion barriers for both individual noble gas atoms as well as for few-atom clusters are clearly too
low to prevent their migration at room temperature. Correspondingly, it should not be possible
to image them given the experimental time resolution of ca. 1 s per image. The simulations fur-
ther reveal that despite the weakness of the interaction between the noble gas atoms, already at
N = 3, all atoms within the clusters move together rather than separating (also seen for Kr7 in
Fig. 4.27). This is in good agreement with our experimental results, where we only rarely observe

detachment of individual atoms from the clusters.

Obviously, regardless of the fast expected migration, the clusters remain static for long enough for
us to be able to image them. This suggests that the experimentally observed clusters are pinned to
their positions either by corrugations associated with the surface contamination (many clusters
appear at the edges of contamination) or by defects [167, 12], some of which are expected to lead
to out-of-plane distortion of graphene [168]. To test this hypothesis, we created two different
defects in the graphene sandwich, and simulated the migration of a Xes cluster in both cases.
We point out that these serve simply as examples of defects that would lead to either negative
or positive Gaussian curvature in the graphene structure, and other defects may in reality be
more likely to result from the low energy ion irradiation. In the first case, we introduce an inter-
layer covalent bond, which locally brings the two graphene sheets together (Fig. 4.25 a, c). This
leads to the cluster avoiding the defect position and instead migrating everywhere else. In the

second case, we introduced an inverse Stone-(Thrower)-Wales defect [169] that leads to negative
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Figure 4.25: Cluster migration. (a) Trajectory of a Xes cluster in a graphene sandwich with
an interlayer bond-defect, simulated for ca. 1 ns via room temperature molecular dynamics. (b)
Trajectory of a Xes cluster in a graphene sandwich where one of the layers contains an inverse
Stone-(Thrower)-Wales defect, simulated for ca. 1 ns. For both simulations, the positions for the
cluster atoms are shown for every 0.1 ps, and the defect location is marked with an open circle. (c)
Side view of graphene with the interlayer bond, where covalent bonds between the carbon atoms
are shown with thin lines. (d) Side view of graphene with the inverse Stone-(Thrower)-Wales
defect, and the Xe; cluster (shown with small balls). (e) Experimentally measured trajectory of
an eight-atomic Xe cluster overlaid on a STEM-ADF image recorded at the end of the image
sequence. The position of the cluster at the beginning of the sequence is marked with a white
arrow, and the final position at the top of the image is visible due to the higher contrast of the Xe
atoms. Positions for each of the images in the sequence are shown with semitransparent white
circles, and the jumps between the images are marked with semitransparent white lines. The five
distinct locations are highlighted with the rectangles. From [1] used with permission. Copyright

©2024, The Author(s), under exclusive licence to Springer Nature Limited.

curvature in graphene. Here, the Xes cluster is clearly attracted to the defect, and once trapped in
its vicinity, it remains there (Fig. 4.25 b, d). Although it can not be directly seen from the images,
in both cases all atoms moved together throughout the whole simulation. We assume that similar
to these simulations, also in our experiments the observed clusters are attracted to defect sites.
Indeed, the ultralow-energy irradiation which is used to introduce the noble gas atoms into the

graphene sandwich also by necessity creates defects into it. Some of them in turn are associated
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with a negative curvature of the graphene sheet, which provides a favorable pocket for a small

noble gas cluster.

bilayer

Figure 4.26: Filtered STEM-MAADF images (see Section 3.1.8) showing (a) a step edge
between a double layer and a single layer and (b) Xe clusters with N ~ 100 implanted
in a double layer. In panel (a) white rectangles mark some positions where Si heteroatoms
have been trapped at defects in both areas, whereas black rectangles show locations of noble gas
clusters, that are exclusively in the double layer area. In panel (b), black rectangles show solid Xe
clusters and the white ones mark clusters that have a liquid-like structure. The larger solid cluster
has N = 93 atoms, whereas the smallest liquid-like structure has only a few atoms more. Both
images have been recorded on the same sample prepared from CVD-graphene, which—in contrast
to all other samples—was implanted with Xe clusters with a plasma source at the University of
Vienna, as described in Section 3.1.8. Both scale bars are 5 nm. From [1] used with permission.

Copyright ©2024, The Author(s), under exclusive licence to Springer Nature Limited.

Point defects are indirectly visible both in single and double layer parts of the sample in Fig. 4.26 a
(by covalently bound heavier impurity atoms [116]), which additionally shows that noble gas
clusters are only trapped in the double layer, highlighting that they can only be captured within
the van der Waals gap between two graphene layers. The size of the defect-related deforma-
tion may be a cause for the apparent unexpectedly high pressure for the smallest Xe clusters;
the smallest clusters may fit into the deformation without further bending graphene by being

squeezed tighter together leading to less bending in graphene but tighter pressed Xe atoms.
Interestingly, we also see occasionally that the clusters in the experiments jump between differ-
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ent sites in the graphene sandwich, even in areas void of visible contamination. As an example,
Fig. 4.25 e shows the trajectory of a Xeg cluster that was observed jumping between five dif-
ferent locations. Another example of a jumping cluster is shown in Fig. 4.27, where the cluster

eventually merges with a stationary one.

The 60 keV electrons of the beam used for imaging here can transfer (at maximum) ca. 11.6 eV
to a stationary carbon atom (and ca. 1.7 eV to a Kr and 1.1 eV to a Xe atom), which is enough
to overcome the barrier associated with a local potential energy minimum within the graphene
van der Waals gap, or to locally change the atomic structure of a defect site in graphene [170]
that serves as the pinning site. These pinning sites cannot arise from the moiré superstructure
of the two graphene layers, because we observe similar behavior for samples regardless of the
relative orientation of the graphene sheets (and even for mechanically exfoliated graphene with
AB stacking). Our interpretation is also in line with Ref. [171], where individual W atoms were
observed to similarly jump between discrete positions in graphene, assumed to be associated with
point defects. The main difference is that the W atoms migrate on top of graphene, whereas the
noble gas clusters are confined within the van der Waals gap, which presumably has a significant

influence on the associated energy barriers.

Figure 4.27: Filtered STEM-MAADF images (see Section 3.1.8) of a Xes cluster jumping
between different positions, and finally merging with another cluster. The labels corre-
spond to the frame numbers within the image sequence and the corresponding time. The black
squares on frames 0 and 11 show the area shown in frames 4 — 9. From [1] used with permission.

Copyright ©2024, The Author(s), under exclusive licence to Springer Nature Limited.
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4.6.4 Big clusters

One interesting question regarding the pressure-induced stability of 2D van der Waals atomic
structures is under which conditions they remain solid. The solid-fluid phase transitions carry
information of the size-dependent interaction strength within the noble gas clusters, being of
high relevance for future studies. This is also interesting, since from a purely energetic point of
view, one would expect smaller clusters to have a lower melting point and therefore to display
liquid-like characteristics before the larger ones. However, in the case of our clusters sandwiched
between two graphene sheets, this is counterbalanced by the increasing pressure for the decreas-
ing cluster sizes, as discussed above. Nevertheless, it is natural to expect that there is a pressure-
and temperature-dependant size limit, beyond which the energy cost of the undercoordinated
atoms at the rim (corresponding to the surface energy of a 3D structure) becomes too large, and
the structure undergoes a transformation into a three-dimensional shape. Phase diagrams suggest
a solid-to-liquid transformation at room temperature for pressures slightly above 1 GPa for Kr
and around 0.5 GPa for Xe [95]. Therefore, one would expect larger Kr clusters to loose their solid
shape, which we indeed observe (Fig. 4.28). Although according to simulations, both Xes; and
Kre; clusters should retain the 2D shape, experimental images (Fig. 4.28) show a brighter area
within the Kr structure, which may indicate that the structure is not strictly two-dimensional.

STM measurements on similar systems suggest that bilayers are formed [38, 39].

Indeed, Kr structures larger than N ~ 16 already start to show less defined atomic positions (at
the rim already discussed earlier, see Fig. 4.18 a), and shapes that resemble liquid more than small
crystallites. However, Xe clusters remain two-dimensional and exhibit characteristics of solid
crystallite structures (clearly discernible atomic positions with long-range order) up to much
larger sizes, although the estimated pressure is only 0.3 GPa. In fact, as shown in Fig. 4.26 b, the

Xe clusters start to loose their solid characteristics only at the size of N ~ 100 atoms.

As evident in all the images of clearly liquid-like structures (Fig. 4.28 and Fig. 4.26), the solid-to-
fluid transition is also associated with loosing the strict two-dimensionality. Although the energy
per atom decreases faster for 3D clusters than for 2D ones (Fig 4.29), this energy gain is countered
with a cost for deformation in graphene, which is larger for Xe than for Kr due to its larger size.
This may provide a partial explanation for why Xe remains solid for much larger structures than
Kr. Finally, we point out that as evident in Fig. 4.28, the larger clusters rotate during imaging,

ruling out epitaxy with the graphene lattice.
Creation of small solid state noble gas clusters in a graphene sandwich, as was demonstrated here,
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Figure 4.28: Structure of larger clusters. (Top) Filtered STEM-MAADF images of a Xes; cluster
within AB-stacked bilayer graphene that remains crystalline throughout the entire experiment
(over 8 min). The numbers on the images indicate the frame number within the image sequence
and the corresponding time. The small images next to them show a fast Fourier transform of
each image with overlaid hexagons highlighting the spots corresponding to graphene and to the
noble gas cluster and the misorientation angle between them. These angles for each image frame
are shown in the plot in the lower right corner. (Bottom) Filtered STEM-HAADF images of a Kr
cluster of a similar size. The provided example of a fast Fourier transform shows the orientation
of the two graphene sheets in the double layer sandwich (misorientation of 25°). Due to the lack
of crystallinity, the Kr cluster does not show characteristic spots. From [1] used with permission.

Copyright ©2024, The Author(s), under exclusive licence to Springer Nature Limited.
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opens the so-far unexplored frontier of encapsulated 2D van der Waals atomic solids. Simulations
show that the small clusters would assume a 3D shape without the graphene encapsulation, even
at zero temperature, and that noble gas clusters are extremely mobile in the graphene sandwich,
unless pinned to a position due to a deformation in at least one of the encapsulating graphene
layers. Although small clusters remain solid for both Kr and Xe, larger Kr clusters (N > 16)
start loosing their solid structure whereas Xe clusters remain solid up to N ~ 100. Larger solid
structures may be achieved by providing more structural rigidity for example through increasing
the number of the encapsulating layers, which can be expected to increase the pressure. Com-
bined with in situ techniques for example allowing experimentation from cryogenic to elevated
temperatures, encapsulated 2D noble gas structures provide exciting possibilities for studies in
fundamental condensed matter physics ranging from research on the growth and atomic-scale

dynamics in solids to phase transitions and topological defects.
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Figure 4.29: Energy difference between 2D and 3D clusters. The lowest-energy 3D structures
were obtained by removing the graphene encapsulation and relaxing the clusters again after
annealing. From [1] used with permission. Copyright ©2024, The Author(s), under exclusive

licence to Springer Nature Limited.
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Chapter 5

Conclusions

In this work we have shown that material manipulation using laser illumination, low-energy ion
irradiation and energetic electron irradiation is promising for various use cases. Defect creation
in graphene and hBN can be done using low-energy ion irradiation. A systematic experimental
study on defect creation at the atomic level in hBN, a promising platform for quantum emitters,
is done here for the first time. The defects in graphene have been filled with various desired
heteroatoms, which should in principle also be possible using hBN. Energetic electrons were
used to introduce defects for heteroatom incorporation and cluster growth while they were also
used to draw nanometer-sized patterns using EBID. While direct proof for the combination of
these two results is missing it offers a promising platform for patterned covalent implantation of
desired species which enables material design at the atomic level. Lastly ultralow-energy noble
gas ion irradiation was used to trap the impinging ions between individual sheets of graphene

an hBN where they form 2D noble gas structures which have been thoroughly investigated.

Aberration-corrected STEM is the method enabling all of these experiments. Through CANVAS
we are able to design and alter materials at the atomic level and gain fundamental understanding

of their behaviour.

Developing implantation methods

The plasma source is a surprisingly powerful tool. When we started working with it it was a black
box that people used while not even knowing what the beam leaving the source constitutes of.
In the last few years we have learned that it delivers reproducible results better than anticipated.

The energy spread is narrower than expected and the additional capability of decelerating ions
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enables us to study physical effects at very low energies, such as trapping noble gases in bilayers.

Method development is always a lot of trial and error but the learning effect when taking in-
struments apart is extremely valuable. The amount of knowledge that can be extracted from
a device using simple, home-built tools is very satisfying. What would still be desirable is an

understanding of the (ion) energy-pressure relation.

Patterning defect structures

Here we show that the microscope stage is indeed reliable enough to write structures with EBID
as intended. While the structures drawn with the electron beam do not show a one-to-one corre-
spondence to the intended patterns the similarity is promising. The original goal of this project
was to write patterns with covalently bound heteroatoms. Due to time constraints and other rea-
sons here we can only show this motivation as a proof-of-concept. We are confident, however,
that it will work as there is no obvious reason why it should not. Writing with contamination
should be less reliable than introducing defects using high-energy electrons as there the cross sec-
tion does not depend on the microscopic surrounding. The precision of stage movement might
be an issue, as in fact there are deviations of the desired and actually reached stage positions,
however, these stage movements were estimated to be small and it is yet to see whether they will
pose a significant hindrance. Regarding the patterning of larger structures EBID might even be
more practical due to the much higher interaction cross section and thus lower necessary expo-
sure time. Evaporated adatoms can be used in both cases as they stick to contamination and to

defects.

Implantation of covalently bound heteroatoms

A technique to introduce impurity atoms or nanoclusters reliably into graphene was demon-
strated here. Atomically clean graphene produced with laser annealing in vacuum, and sub-
sequent defect-engineering using low-energy ion irradiation in combination with PVD of the
desired impurity species can be used to incorporate heteroatoms into graphene. This is demon-
strated in this work for Fe. The density of the impurity configurations is controlled with the
dose, whereas the sizes of the introduced structures are controlled with the amount of evapo-
rated material, starting from individual impurity atoms. The created structures are expected to

have applications in catalysis as well as single-atom microscopy and spectroscopy or even atom
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manipulation.

Defect-engineering hBN

Here we demonstrated that low-energy Ar* irradiation is a suitable method for defect-engineering
hBN with a high selectivity for boron single vacancies. The intrinsic defect concentration in the
as-prepared and cleaned samples was found to be ca. 0.027 nm~2 (with 55.5 % boron and 8.1 % ni-
trogen vacancies). Additional ca. 0.003 defects per nm? was estimated to have been created during
the automated imaging of the sample pre-irradiation. The ion irradiation dose was chosen high
enough to separate the irradiation-induced defects from the intrinsic ones, but sufficiently low to
avoid ions impinging on already defective sites. Most (55.7 %) of the irradiation-induced defects
were boron single vacancies, followed by nitrogen single vacancies (11.5 %), double vacancies
(14.4 %) and more complicated vacancy structures. These results are in contrast to earlier compu-
tational work predicting either similar probabilities for B and N single vacancies or a prevalence
of N vacancies as a result of Ar* irradiation at similar energies. A potential error source for these
measurements is that the data used for this study was obtained from only one sample at one
position and thus is not confirmed for different samples and positions. This shows that more
research is needed both experimentally and computationally to understand the possibilities for
defect-engineering hBN with low-energy ions. The results show that defect-selectively indeed
can be achieved with low energy noble gas irradiation. Future work should explore whether mod-
ifying irradiation parameters (ion species, kinetic energy, charge state, irradiation angle) changes
the distribution either from boron to nitrogen single vacancies or towards more complicated de-

fect structures.

Creating 2D noble gases

Trapping of noble gases between two layers of graphene and hBN was shown here. This opens
the so-far unexplored frontier of encapsulated 2D van der Waals atomic solids. Simulations show
that the small clusters would assume a 3D shape without the graphene encapsulation, even at
zero temperature, and that noble gas clusters are extremely mobile in the graphene sandwich,
unless pinned to a position due to a deformation in at least one of the encapsulating graphene
layers. Although small clusters remain solid for both Kr and Xe, larger Kr clusters (N > 16) start
loosing their solid structure whereas Xe clusters remain solid at least up to N ~ 100. Larger solid

structures may be achieved by providing more structural rigidity for example through increasing
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the number of the encapsulating layers. Combined with in situ techniques for example allowing
experimentation from cryogenic to elevated temperatures, encapsulated 2D noble gas structures
provide exciting possibilities for studies in fundamental condensed matter physics ranging from
research on the growth and atomic-scale dynamics in solids to phase transitions and topological
defects. They may also lead to well-defined quantum systems for example for quantum informa-

tion research.
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Not presented publications

1. Georg Zagler, Maximilian Stecher, Alberto Trentino, Fabian Kraft, Cong Su, Andreas Postl,
Manuel Langle, Christian Pesenhofer, Clemens Mangler, E. Harriet Ahlgren, Alexander
Markevich, Alex Zettl, Jani Kotakoski, Toma Susi, and Kimmo Mustonen
Beam-driven dynamics of aluminium dopants in graphene, 2D Materials 9 (3) (2022)

035009. [14]

Contributed by characterizing the plasma source.

2. Alberto Trentino, Kenichiro Mizohata, Georg Zagler, Manuel Lingle, Kimmo Mustonen,
Toma Susi, Jani Kotakoski and E Harriet Ahlgren
Two-step implantation of gold into graphene, 2D Materials 9 (2) (2022) 025011. [13]

Contributed by performing ion irradiation experiments.

3. Manuel Lingle, Kenichiro Mizohata, E. Harriet Ahlgren, Alberto Trentino, Kimmo Mus-
tonen and Jani Kotakoski
2D Noble Gas Crystals Encapsulated in Few-layer Graphene, Microscopy and Micro-
analysis 26 (S2) (2020) 1086-1089. [69]

Contributed by designing the experiments, preparing the samples, carrying out ion irra-
diation, carrying out microscopy, analysing the data, plotting the figures and writing the

first draft of the manuscript.
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Attended conferences

Table 5.1: Conference and workshop participations

Date, Location Name Contribution
August 2020, Online Microscopy & Microanalysis 2020 Virtual talk
Meeting
August 2021, Online ICPS 2021 talk
Sept. 2021, Online EUROMAT talk
April 2022, Linz, Austria ASEM Workshop 2022 poster
July 2022, Aachen, Germany Graphene 2022 poster
Sept. 2022, Brno, Czech Republic 16mem poster
March 2023, Kirchberg in Triol, IWEPNM poster
Austria
April 2023, Vienna, Austria ASEM Workshop 2023 poster
May 2023, Bad Honnef, Germany Defects in Two-dimensional Materials talk

Sept. 2023, Busan, South Korea

IMC20

talk and poster

Secondments

Table 5.2: Secondments in other groups.

Year, Location = Duration Group Task

2020, Helsinki six weeks Helsinki Accelerator Labora- ion irradiation experiments
tory, University of Helsinki

2022, Berlin one week Koch group, Humboldt- electron microscopy

Universitat zu Berlin

2023, Berlin seven weeks

Koch group, Humboldt-

Universitit zu Berlin

electron microscopy
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Teaching

Table 5.3: Teaching experience.

Semester Course Role

Winter 2020  The societal responsibility of higher education lecturer and organizer

institutions
Winter 2021  Programming for Physicists exercise class teacher
Winter 2022  Programming for Physicists exercise class teacher

Summer 2022 Telling your story - science communication of lecturer and co-organizer

research projects

Winter 2023  Programming for Physicists exercise class teacher

Student mentoring

Table 5.4: Research Guidance mentoring,.

Name Role Topic

Daniel Imrich M. Sc. student  defect patterning
Nika Pesenhofer M. Sc. student  plasma source
Barbara Maria Mayer B. Sc. student  defects in hBN

Luis Alfredo Ixquiac Méndez summer intern defects in hBN

Vinzent Hana B. Sc. Student  plasma source
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