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Abstract

Graphene, the two-dimensional material, has gained significant attention due to its excep-
tional properties and the huge potential for being integrated in various future applications.
In recent years, aberration-corrected scanning transmission electron microscopy (STEM)
has been employed not only for atomic resolution imaging but also for defect engineering
in graphene and other low-dimensional materials.

In this thesis, our focus lies on investigating point defects in graphene. We begin
by introducing vacancies into the graphene lattice, followed by the incorporation of Al
single-atom impurities into these created defects. The characterization and analysis
of these defects will be carried out using scanning transmission electron microscopy.
Moreover, we utilize the focused electron probe of STEM to modify the structure of the
graphene sample by manipulating and precisely repositioning embedded impurities.

This work addresses the physical and instrumental limitations that can hinder suc-
cessful automated single-atom manipulation in graphene, as well as generating insights
on the scalability and controllability of the automated manipulation process. The thesis
includes successful automated manipulation of both Si and Al single-atom impurities,
along with the observation of other dynamics occurring under the electron beam during
the manipulation process.
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Kurzfassung

Graphen ist ein zweidimensionale Material welches, aufgrund seiner außergewöhnlichen
Eigenschaften und seines großen Potenzials für die Integration in verschiedene künftige
Anwendungen, große Aufmerksamkeit erregt hat. In den letzten Jahren wurde die aber-
rationskorrigierte Rastertransmissionselektronenmikroskopie (STEM) nicht nur für die
Bildgebung mit atomarer Auflösung eingesetzt, sondern auch für die gezielte Erzeugung
und Manipulation von Defekten in Graphen und anderen niedrigdimensionalen Materialien
eingesetzt.

In dieser Arbeit liegt unser Schwerpunkt auf der Untersuchung von Punktdefekten in
Graphen. Leerstellen werden in das Graphengitter eingebracht welche anschließend mit
einzelnen Aluminium Atomen gefüllt werden. Damit erzeuget man kovalent gebundene Al
Heteroatome im Graphen Gitter. Die Charakterisierung und Analyse dieser Defekte wird
mit Hilfe der Rastertransmissionselektronenmikroskopie durchgeführt. Der fokussierten
Elektronenstrahl wird außerdem verwendet, um die Struktur der Probe zu verändern,
indem wir die eingebetteten Heteroatome manipuliert und präzise neu positioniert werden.

Diese Arbeit befasst sich mit den physikalischen und instrumentellen Beschränkungen,
die eine erfolgreiche automatisierte Manipulation einzelner Atome in Graphen behindern
können und liefert Erkenntnisse über die Skalierbarkeit und Kontrollierbarkeit des auto-
matisierten Manipulationsprozesses. Die Arbeit umfasst die erfolgreiche automatisierte
Manipulation von einzelnen kovalent gebundenen Si- und Al-atomen durch den Elektron-
enstrahl sowie die Beobachtung anderer dynamischer Prozesse während des Manipulation-
sprozesses.
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1 Introduction

1.1 Motivation

Since its discovery in 2004 by Novoselov and Geim [1], graphene has emerged as a central
point of research in the field of material science and nanostructured materials. Graphene,
a remarkable two-dimensional (2D) carbon-based material, exhibits exceptional properties
[2], including outstanding thermal and electrical conductivity [3], as well as remarkable
mechanical strength as the thinnest and strongest material ever made [4]. However, the
ability to tailor these properties according to specific needs is crucial for its integration
into practical applications. Heteroatom doping of graphene and the subsequent control
and manipulation of the incorporated dopants within the lattice offers the potential to
achieve this objective [5].

The manipulation of individual atoms using a scanning tunneling microscope (STM) was
first demonstrated in the late 1980s [6]. This was done by utilizing the STM tip to precisely
move molecules and even create patterns and draw letters. However, this remarkable
achievement comes with the drawback of the requirement for cryogenic conditions to
ensure stability and control during the manipulation process. Additionally, only weakly
bound surface atom can be manipulated and the STM tip has to be mechanically moved,
adding complexity to the procedure [7].

After significant advancements in scanning transmission electron microscopy (STEM),
particularly with the introduction of aberration correction, STEM has emerged not only
as a powerful imaging technique with sub-Ångstrom resolution, but also as an engineering
tool for material modifications at the atomic scale [8]. In 2D materials like graphene,
the focused STEM electron probe provides the capability to precisely direct electrons at
specific atoms, while its high energy enables the breaking and reformation of covalent
bonds of the irradiated material [7]. Notably, these manipulations can be carried out
at room temperature, giving STEM advantage over STM when it comes to single-atom
manipulation.

In 2014, an intriguing phenomenon was discovered during STEM imaging, where a
single Si heteroatom embedded in graphene was observed to jump through the lattice
under 60 keV electron irradiation. This observation triggered further research led by Prof.
Toma Susi and cooperators to investigate this interesting behavior and explore the ability
of manipulating single-atom impurities in graphene using the energetic electrons. While
34 lattice jumps of a Si dopant in graphene by manually parking the electron probe on
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1 Introduction

the target Si atom was recorded, practical applications demand automated manipulation
techniques, particularly for large-scale patterning. To address this issue, team members
Dr. Andreas Postl and Dr. Jacob Madsen developed a software that enables automated
single-atom manipulation using STEM.

While the majority of studies on single-atom manipulation have focused on Si atoms,
there have been only few reports on other impurities, including the manipulation of P [9],
and the dynamic of Al single atoms [10]. The main goal of this work was to investigate
automated single-atom manipulation of both Si and Al impurities and, if possible, to
draw a pattern composed of at least three impurity atoms. For this purpose, a graphene
sample with Al dopants was prepared via a two-step implantation process, while the
sample with Si impurities was available from prior work.

In this section the reader will be familiarized with the fundamental theoretical con-
cepts related to point defects in graphene, as well as the different processes of irradiation
effets that occur under the electron beam in a STEM that are relevant to single-atom
manipulation.

1.2 Graphene

Carbon is the sixth element in the periodic table with an electronic configuration of
1s22s22p2 in its ground state. Carbon can exhibit different forms of hybridization [11].
Graphite is formed when one 2s orbital combines with two 2p orbitals, leading to three
bonds with sp2 hybridisation. Graphene is a 2D material formed simply from one layer
of graphite. The three sp2 hybrid orbitals of carbon in graphene bond with other sp2

orbitals of the nearest carbon atoms. These σ bonds are strong covalent bonds and result
in the planar hexagonal crystal structure of graphene, with an angle of 120° between the
sp2 orbitals [12]. Graphene has therefore a honeycomb crystal lattice with lattice vectors
given by

a1⃗ =
a

2
(3,

√
3) a2⃗ =

a

2
(3,−

√
3), (1.1)

where a ≈ 1.42 Å is the distance between two nearest carbon neighbors and |a1⃗| ≈ 2.46 Å
is the lattice constant in graphene [13]. The unit cell comprises two atoms, A and B,
belonging to different sublattices, as illustrated in Figure 1.1.a with blue and red colors.
The reciprocal lattice vectors can be obtained using the relation between them and the
vectors in real space

bi
⃗ .aj⃗ = 2πδij , (1.2)

which gives

b1⃗ =
2π

3a
(1,

√
3) b2⃗ =

2π

3a
(1,−

√
3). (1.3)

The remaining valence electron in the 2pz orbitals forms the perpendicular π (bonding)
and the π∗ (anti-bonding) orbitals, which represent the valence and conduction bands in
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1.3 Point defects in graphene

Figure 1.1: (a) Honeycomb lattice of graphene illustrating the lattice vectors a1⃗,a2⃗ and
the two sublattices A and B, represented by blue and red colors, respectively.
(b) The first Brillouin zone in the reciprocal lattice of graphene, highlighting
its high-symmetry points.

graphene, respectively. These perpendicular π orbitals are responsible for the van der
Waals weak interactions between graphite layers. The reciprocal lattice of graphene is
hexagonal, and the first Brillouin zone, constructed from the Wigner-Seitz cell of the
reciprocal lattice, is depicted in Figure 1.1.b. The totally filled valence band π and
empty conduction band π∗ of pristine graphene cross at the six high-symmetry points K
and K

′ , where the Fermi level lies. For this reason, graphene is described as a gapless
semiconductor [14].

Graphene exhibits a linear dispersion at these K points in the electronic band structure.
However, the unique electronic properties of graphene do not solely originate from being
gapless or having a linear dispersion at the K points, but also from the distinctive chirality
of its electronic state (dispersion relations are not the same for K, K ′ points) and the
pronounced electron-hole symmetry [13, 14]. In fact, the absence of the band gap in
pristine graphene is generally not desired for most electronic applications [15]. On the
other hand, the deliberate introduction of defects in graphene and engineering them in a
controlled manner can be of a great advantage for various applications [16].

1.3 Point defects in graphene

Imperfections in a crystalline solid can be defined as deviations from the regular ar-
rangement of atoms, in which the local symmetry in the vicinity of the defect is broken.
The presence of imperfections in real crystals is inevitable and can significantly alter
the properties of materials, introducing a serious challenge for many applications [17].
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1 Introduction

However, having imperfections can also be advantageous and a necessity for tailoring
material properties for certain applications [15]. The types of defects that can be present
in graphene are limited due to its low dimensionality, thus confined to just line or point
defects [16]. Regarding atom manipulation using STEM, line defects such as dislocations
or grain boundaries are not relevant since we deliberately avoid them by selecting the
appropriate field of view (FOV) during the experiment. Our main focus will be point
defects, which will be discussed in the next section.

1.3.1 Vacancies

The presence of vacancies and multi-vacancy complexes in graphene not only can induces
magnetism [18, 19], but it can also drastically alter its mechanical, electrical, and chemical
properties [20].

The simplest point defect is the single vacancy (SV), which can be formed by removing
one carbon atom from its lattice site through a non-equilibrium process. This process
is most common during irradiation, where collisions with energetic particles lead to the
creation of SVs [20]. When a single vacancy is formed, three carbon atoms are left with a
dangling bond each at the vacant site. Subsequently, two of these three carbon atoms
weakly bond together, resulting in a local configuration that undergoes a spontaneous
Jahn-Teller distortion. This leads to the formation of a pentagon and one remaining
dangling bond at the vacant site, which is referred to as the (5-9) defect [20, 21]. The
formation energy of a SV is about 7.5 eV, and the switching between the three degenerate
asymmetric configurations can in the absence of strain be readily achieved by overcoming
an energy barrier of 0.1 eV [16, 21, 22].

When two SVs unite or two neighbouring carbon atoms are removed from the lattice,
a divacancy (DV) can be formed. This results in the formation of a pentagon-octagon-
pentagon structure (5-8-5), which replaces the four hexagons in the corresponding location
of the perfect lattice, as depicted in the Figure 1.2.b. The formation energy of the (5-8-5)
defect is almost the same as a SV, 8 eV, indicating a lower energy per missing atom
compared to a SV. This makes the formation of DVs energetically more favourable. By
rotating one of the octagon bonds in the (5-8-5) defect, it can transform into a three
pentagon and three heptagon (555-777) defect, as depicted in Figure 1.2.c. The (555-777)
defect has a lower formation energy of 7 eV, making it even more stable than the (5-8-5)
defect.

When more than two neighboring atoms are missing, this leads to a larger vacancy
complex. Vacancy configurations with no dangling bonds, which is the case with for an
even number of missing carbon atoms, are energetically more favored and stable [16].
Figure 1.2 shows images obtained from our experiment of a (5-9) SV defect, as well
as both a (5-8-5) and (555-777) DVs, along with their corresponding calculated atomic
structures [16].
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1.3 Point defects in graphene

All the aforementioned types of vacancies are intrinsic since the removed atoms are
carbon and no foreign heteroatoms are present [23]. For the purpose of atom manipula-
tion, the introduction of SVs and DVs in the sample was essential for incorporating single
heteroatoms into them. This was achieved by using plasma irradiation, which will be
described in detail in the experimental method section.

Figure 1.2: Different vacancy defect types in graphene. (a) MAADF image (top) acquired
during our experiment of a SV defect (5-9) accompanied with an image
(middle) of the same area with an overlay defining the atomic locations in the
lattice. In the bottom, the corresponding simulated reconstructed structure of
the same defect is shown. (b) A MAADF image (top) of a DV defect (5-8-5)
with its corresponding structure recognition image (middle). A simulation
of the same (5-8-5) defect: the arrow pointing to the bond indicates that
by rotating this bond the defect transform to the type (555-777). (c) A
raw image (top) of the (555-777) divacancy defect with its corresponding
Gaussian filtered image (middle). Simulated structure (bottom) of the (555-
777) defect. (Simulations adapted with permission from Ref. [16]. Copyright
2011 American Chemical Society.)
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1 Introduction

1.3.2 Stone-Wales defect

The Stone-Wales (SW) bond rotation in graphene transforms four proximal hexagons
into a pentagon-heptagon double pair denoted as SW(55-77) shown in Figure 1.3. This
topological defect favoured structure strain as in carbon nanotubes [24] and play an
essential rule in the plasticity of carbon nanotubes and it affects their electronic properties
through changing their chirality [25].

The formation energy of the SW defect ranges between 5 to 6.3 eV [25] and has to
overcome an energy barrier of 10 eV when formed via a 90° bond rotation of two carbon
atoms around their joint center [16]. Due to the high formation energy of SW defects,
they have very low equilibrium concentration at room temperature. The defects can be
generated when the graphene sheet is irradiated by energetic particles as in STEM and
the high reverse transformation energy of ca. 5 eV ensures their thermal stability at room
temperature [16, 24].

SW defects are intrinsic like vacancy defects [23], but unlike the formation of vacancies,
the number of atoms in SW defects is conserved. In our experiments, 60 keV energetic
electrons are used for imaging and for atom manipulations, thus the formation of SW
defects is readily achieved under the electron beam. (More about the competing dynamical
process under the electron beam in the following sections).

Figure 1.3: Stone-Wales defect in graphene. (a) A raw image of a SW(55-77) defect
observed during our atom manipulation experiment. (b) An overlay identifying
the atoms location using the structure recognition integrated into the Nion
Swift Atom Manipulator plug-in, where the SW defect can be clearly seen.
(c) A simulated SW(55-77) defect (adapted with permission from Ref. [16].
Copyright 2011 American Chemical Society.)
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1.3 Point defects in graphene

1.3.3 Substitutional impurities and carbon adatoms

A substitutional defect is formed in graphene when a foreign atom replaces an original
carbon atom in the graphene lattice and takes over its lattice site. Heteroatoms doping
in graphene can be of great advantage, not only for enhancing its electronic properties
by opening a band gap, but also for tailoring its mechanical and chemical properties [5].
Heteroatoms doping has been achieved using various methods ranging from chemical
doping [26] and the use of molecular precursors [27] to utilizing two-step deposition process
[28] and the ultralow-energy ion implantation method [29].

Due to their proximity to carbon in the periodic table, early work on incorporating
heteroatoms in graphene was mainly conducted on boron (B) and nitrogen (N) leading
to p-type and n-type doping respectively [30, 31]. Many transition metals (TMs) have
since been observed or deliberately introduced into a single layer of graphene: gold (Au)
with potential for graphene spintronics applications [32], iron (Fe) [33] and manganese
(Mn) [34] for investigating magnetic functionality, in addition to other TMs such as
platinum (Pt) [35] and chromium (Cr) [33]. When an impurity heavier than N is doped
into graphene, it buckles out of the plane when incorporated into a single vacancy. This
is because they have large covalent radii compared to carbon, thus they form longer
bonds with the three neighbouring carbon atoms compared with the bond length between
carbon atoms in graphene. When replacing two carbon atoms by occupying a larger DV
[16], most impurities lie in the graphene plane.

Many impurities show interesting dynamical behaviour under electron irradiation [9].
Some of the impurities have been predicted or observed to be manipulable under electron
irradiation including P [36], N, B, Fe, Si and Al [10].

Silicon (Si) impurities are of great relevance to this work since manipulating and testing
automated atom manipulation is easiest on Si impurities in graphene. Si impurities have
been reported to move in the graphene lattice in a controlled way by manually parking
the STEM electron beam on a carbon neighbour [7]. Si impurities are observed in almost
all graphene samples synthesised by chemical vapour deposition (CVD) or prepared by
thermal decomposition of SiC compounds. Si impurities bind with three carbon atoms
in a SV and buckle out of plane in a mostly sp2 hybridized form denoted as (Si-C3)
[23], while when bound with four carbon atoms in a DV they form in-plane sp2d like
hybridization [37] denoted as (Si-C4); in general this notation will be used for any dopant
atom as (X-C3) and (X-C4) respectively, where X is the chemical symbol of the dopant.
Figure 1.4 shows a Si impurity atom in graphene with 4-fold coordination.

The other part of this thesis was to deposit Al impurities into a single layer of graphene
and investigate their behaviour under the electron irradiation of STEM. The dynamics of
single Al impurities in graphene have been recently studied and it was predicted to be a
promising candidate for atom manipulation [10].
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Due to the high energy cost, interstitial atoms never exist in graphene. Therefore
any additional diffused carbon atoms will lay over the planer lattice structure, where
the bridge between two carbon atoms is the energetically favoured location for a carbon
adatom. The carbon adatom at this position have a different hybridization to that of the
two surface atoms it is attached to, which have sp2-sp3 hybridization [38]. The binding
energy in this bridge site is between 1.5 to 2 eV [16]. The presence of carbon adatoms on
graphene is not desirable for single atom manipulation, because they might replace the
impurity during the manipulation process [23].

Samples with Si impurities were already prepared by colleagues. For incorporating
Al impurities into graphene lattice, we had to use in-situ physical vapour deposition,
where an evaporator is in the same vacuum system connected to the Nion UltraSTEM 100.
I will give more details about the Al heteroatom deposition in graphene in the experimental
methods section.

Figure 1.4: Si heteroatom in graphene. a) A raw dark field image of a four-fold (Si-C4)
single silicon atom in graphene lattice with a field of view (FOV) of 2×2 nm2

recorded by a medium angle annular dark field (MAADF) detector using the
Nion UltraSTEM 100 at 60 keV with 1024×1024 px. b) A colored version
of the same image after being processed using a double-Gaussian filter. The
scale bar was added with ImageJ by using the scale in the meta data of the
raw image.
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1.4 Diffusion of defects

1.4 Diffusion of defects

The main driving force of diffusion in any solid system is to minimize Gibbs free energy
[39]. The temperature dependence of diffusivity D in solids obeys Arrhenius’s law [40]

D = D0 exp

(︃
− Q

kBT

)︃
, (1.4)

where D0 is a pre-exponential factor, Q is the activation enthalpy of diffusion (referred to
also as the migration energy), kB is Boltzmann constant and T is the absolute temperat-
ure. This temperature dependency applies for the diffusion of vacancies, substitutional
atoms and adatoms on graphene surface.

Different defect types diffuse in graphene following different mechanism. SW (55-77)
defects diffuse by iterated SW rotations [24]. A SV can migrate in graphene to a neigh-
boring atomic site if provided with the required migration energy calculated to be ca.
1.3 eV, much lower than the estimated experimental value of 3.1 eV in graphite [21].
Unlike single vacancies that can migrate slightly above room temperature, DVs have
much larger activation energy of ca. 7 eV, making them immobile up to very high
temperatures [16]. These immobile DVs act as nucleation sites for migrating SVs and can
form complex vacancy structures [20]. Diffusion of substitutional atoms usually occurs
by a vacancy mechanism, in which the impurity jumps to an adjacent vacant site when
supplied the required migration energy [39]. Substitutional impurities in graphene are
very stable due to the covalent bonds they form with the carbon, but their diffusivity can
be enhanced when under irradiation [41]. Actually many thermally prohibited dynamics
can be activated by energetic electron irradiation.

Regarding single atom manipulation, diffusion of adatoms on graphene surface is a
relevant competing process since they can replace the targeted impurity atom during the
manipulation under the electron beam. Adatoms diffusion can be induced by a gradient in
the chemical potential at high coverage of the diffused species or as a spontaneous jumps
of the particles in the absence of such a gradient (low coverage) [23]. Carbon adatoms
diffuse on graphene from site to site by overcoming an energy barrier Ediff each time.
When Ediff»kBT the carbon adatoms diffuse by hopping mechanism and the hopping
frequency ν can be obtained from the relation [42]

ν = ν0 exp

(︃
−Ediff

kBT

)︃
, (1.5)

where ν0 is oscillation of the carbon atom around it’s equilibrium position. The calculated
migration barrier for carbon adatoms on a flat graphene surface is about 0.4 eV, which is
why it is not possible to observe them using TEM or STEM even at room temperature
[16].
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1 Introduction

1.5 Irradiation effect of energetic electrons in graphene

In a transmission electron microscope, imaging is performed using highly accelerated
electrons that can interact with the material in various ways. Insulators for example can
be readily ionized and damaged by fast electrons due to bond breaking, while metals can
neutralize inelastic interactions due to their free conduction electrons. Graphene behaves
as a metal under irradiation due to its high charge carrier mobility and thus pristine
graphene is not susceptible to ionization damage [43]. When the electron beam hits the
graphene sample, one can distinguish between two type of interactions:

• Electron-electron inelastic scattering: can lead to various kind of excitations ranging
from phonon and plasmon up to core level excitations. This is useful for charac-
terizing the sample using spectroscopic measurements such as electron energy-loss
spectroscopy (EELS) and energy dispersive X-rays (EDX) spectroscopy. In this
work we used EELS for identifying single-atom impurities in the graphene lattice.

• Electron-nucleus elastic scattering: can lead to interesting topological and structural
changes in the local structure, which forms the basis for this work. The knock-on
process resulting from the electron-nucleus interaction will be discussed in more
detail in the next sections.

1.5.1 Knock-on damage of carbon atoms

Knock-on damage in the scope of this work is the elastic collision between a beam electron
and a carbon atom leading to its ejection out of the lattice [44]. In order for this process to
happen, a minimum amount of kinetic energy must be transferred to the carbon nucleus
target, referred to as the displacement threshold energy Ed. The threshold energy required
to remove one carbon atom in pristine graphene is about 21 eV. Despite the fact that
in a STEM we use electrons energies up to 100 keV, the energy transferred to a carbon
atom is only on the order of a few eV due to the small mass of the electrons compared
with the carbon nucleus (ca. 2200 times smaller) [45].

In the following I will give a brief mathematical description of the transferred energy
during the collision between the relativistic accelerated electrons and the nucleus followed
by a discussion of the temperature dependency of the displacement threshold energy.

1.5.1.1 Energy transfer in the static-nucleus approximation

The relativistic momentum of an electron is related to its kinetic energy Ee as pe =
1
c

√︁
Ee(Ee + 2E0), where c is the speed of light, Ee in a STEM is equal to Ee = eU

(U is the accelerating voltage) and E0 = m0c
2 is the electron rest energy. During an

elastic scattering of a relativistic electron from a nucleus, both the total momentum and
energy of the system are conserved. Applying these conservation relations and taking
into consideration that the energy transfer E

′
n is very small compared with the incoming
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1.5 Irradiation effect of energetic electrons in graphene

electron kinetic energy, the energy transferred to the nucleus is

E
′
n =

2

Mc2
Ee(Ee + 2E0) sin

2 (
θ

2
), (1.6)

where M is the mass of the nucleus and can be written as a function of the mass number
A of the target atom: M = Amu, and mu is the atomic mass unit (a detailed derivation
can be found in [46]). A maximum energy transfer Emax to the nucleus can be reached in
the case of head-on collision, in which the electron is backscattered (θ = π) and can be
written in the form [47]

Emax(eV) =
2148

A
Ee(Ee + 1.02), (1.7)

where Ee and E0 are in MeV. This equation shows us that that transferred energy depend
on the speed of the incoming electron and the mass of the target atom. more energy can
be transferred to lighter elements.

1.5.1.2 Energy transfer considering lattice vibration

An enhanced model for describing the transferred energy was suggested by Mayer,
Kotakoski and others, which takes lattice vibration into account. Despite the fact that
the vibration energy (on the order of meV) is very small compared to the energy of
the incoming electrons, the movement of the target atom can significantly increase the
transferred energy that it can receive [48]. When taking the movement of the nucleus
before collision into account, the conservation of momentum pe⃗ + pn⃗ = pe⃗

′
+ pn⃗

′
gives

us when taking the projection onto the horizontal axis:

pe + pn cosα = p
′
e cos θ + p

′
n cosφ, (1.8)

and the conservation of energy Ee + En = E
′
e + E

′
n gives:

E
′
e = Ee + En − E

′
n (1.9)

The maximum transferred energy can be obtained when the nucleus with velocity v is
moving parallel to the incoming electron (α = 0) and treating only the head-on collision
case (θ = π), which leads to a scattering angle of the nucleus of φ = 0, thus giving

p
′
n = pe + pn + p

′
e. (1.10)

Since the energy of the incoming electron is much higher than the energy of the nucleus
after or before collision (Ee >> En, E

′
n), one can approximate the relativistic momentum

of the scattered electron using E
′
e = Ee + En − E

′
n ≈ Ee as

p
′
e =

1

c

√︂
E′

e(E
′
e + 2E0) =

1

c

√︁
Ee(Ee + 2E0) ≈ pe. (1.11)

Thus equation (1.10) becomes
p
′
n = 2pe + pn. (1.12)
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Figure 1.5: Schematic illustration of elastic scattering of an energetic electron with mass
m with the nucleus of a target atom of mass M .

Using a non-relativistic expression for the momentum for the nucleus before the collision,
pn =

√
2MEn = Mv, and after the collision, p

′
n =

√︁
2ME′

n, we get an analytical
expression of the maximum transferred energy of the nucleus as

Emax = E
′
n =

1

2Mc2

(︂
Mvc+ 2

√︁
Ee(Ee + 2E0)

)︂2
. (1.13)

The statistical distribution of the atomic velocities perpendicular to the lattice plane can
be described by the temperature-dependent mean square velocity v2z(T ), which can be
calculated using the out-of-plane phonon density of states gz(w) [45]:

v2z(T ) =
h̄

2M

∫︂ wz

0
gz(w)

(︃
1

2
+

1

e
h̄w
kT − 1

)︃
wdw, (1.14)

where h̄ is the reduced Plank constant, k is Boltzmann constant, T is the temperature
in Kelvin and wz is the highest out-of-plane lattice vibration frequency. The calculated
temperature-dependent root mean square velocity vrms(T ) at room temperature is equal

to vrms(300 K) =

√︂
v2z(300 K) ≈ 560 ms−1 [23]. Subsequently we can see from rela-

tion (1.13) that when taking lattice vibration into account, the maximum transferred
energy is shifted upwards compared with the static nucleus approximation., which is
shown in figure 1.6 for the case of an initial velocity of the target atom of v = 3vrms(300 K).

The displacement threshold energy was further found to have a finite spread follow-
ing a symmetric distribution when investigated using a density-functional tight-binding
(DFTB)-based MD [49]. It was found that the full width at half maximum (FWHM)
increases with increasing the temperature until it reaches a constant value at room
temperature (T = 300 K). This spread in Ed values with changing temperature could not
be explained by the movement of the target C atom itself, but by the relative motion of
the target atom with respect to its three carbon neighbours. When the neighbour atoms
are moving in the opposite direction relative to the target atom, the energy required to
knock it out of the lattice decreases, while it’s more difficult to knock it out when the
neighbour atoms are moving in the same direction, and thus a higher transferred energy
is needed.
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1.6 Impurity atom manipulation in graphene

Figure 1.6: Maximum transferred energy Emax as a function of the electron energy in keV.
The plot shows that Emax is larger when considering the movement of the
nucleus before collision (blue dashed line) compared with the static nucleus
case (red dashed line). (Adapted with permission from Ref. [23].)

1.5.2 Knock-on displacement of impurity atoms

The presence of single impurity dopants in the graphene lattice is necessary for the
purposes of this work, thus understanding the effects dynamics of doped graphene under
the electron beam in a STEM must be considered. Si and Al dopants have lower
displacement threshold energies compared to carbon, but due to their larger mass, the
displacement cross section for these dopants is much smaller. Thus removing Si or Al
dopants leaving behind a vacant site in the graphene sheet is less likely to occur and was
rarely observed [23], which is good for the purpose of single atom manipulation since
we do not want to lose the atom we aim to manipulate (Removing the dopant atom
leaving behind a vacancy was however sometimes observed during my experiment on Al
manipulation). When the impurity atom is knocked out of the lattice a migrating carbon
adatom can take over the left behind vacant lattice site recovering a locally pristine
graphene structure when no other dopants are present.

1.6 Impurity atom manipulation in graphene

In recent years, single-atom manipulation using a STEM has emerged as a cutting-
edge research tool in the field of 2D nanostructured materials. The ability of precisely
positioning and arranging individual atom in a certain design opens the door to the
highest level of material engineering. The focused and energetic electron probe facilitates
the manipulation process, in which it is aimed at one of the carbon neighbours of the
impurity atom to induce a swapping of position between it and the targeted carbon atom.
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There are two mechanism by which this can occur: either by direct exchange (also known
as the X-C bond inversion [23, 8], where X refers to the impurity atom), or via a SW
bond rotation. In both of these processes the number of atoms is conserved. On the
other hand, the electron beam can also induce two undesired effects: knocking out the
impurity atom from the lattice, or knocking out the target carbon atom. In this section I
will briefly describe these competing effects.

1.6.1 Direct exchange

It was discovered in 2014 by Toma Susi and colleagues that single Si atoms in graphene
show an intriguing behaviour when under electron irradiation in a STEM, in which
they move through the lattice without any structural damage [8]. Using first-principles
molecular dynamics simulations it was shown that these jumps are due to a swapping of
positions between the Si atom and its carbon atom neighbour in a process called Si-C
bond inversion, later renamed as direct exchange.

In the direct exchange process, a single electron impacts one of the neighboring carbon
atoms of the impurity atom. When the energy transferred to the target carbon atom is in
a certain range below the knock-on damage threshold energy, this will lead to displacing
the carbon atom out of the graphene plane but not being removed totally, while in the
same time the impurity atom relaxes to the vacant site left by the displaced carbon atom,
after which the carbon, due to the interaction with the dopant atom, relaxes back to
the graphene lattice occupying the original lattice site of the dopant. The carbon atom
involved in this process is referred to as the primary knock-on atom (PKA). It should be
noted that this process is only valid for a three-fold impurity atom (X-C3) due to their
nonplanarity, while it is not possible to manipulate a four-fold impurity atom (X-C4),
largely because it lies in the same plane as the neighboring four carbon atoms.

Figure 1.7: An illustration of the direct exchange process by molecular dynamic simulation.
In this process, the three-fold Si atom (shown in yellow) relaxes to the vacant
site left by the displaced C neighbor. The C atom is attracted back to the
lattice to take the original site of the Si impurity resulting in a position
exchange between the two atoms (Adapted from Ref. [8].)
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1.6 Impurity atom manipulation in graphene

1.6.2 Stone-Wales rotation

A SW transformation (hexagonal to the metastable configuration 55-77) followed by
another SW rotation ( from the metastable 55-77 configuration back to the hexagonal one)
is equivalent to a direct exchange process between the impurity atom and a neighbouring
carbon atom [23] when both rotations occur in the same direction. Thus some of the
jumps the impurity atom performs under the electron beam in STEM may be ascribed
SW transitions, making them a desirable induced effect in the scope of single-atom
manipulation. Among the different induced processes under electron irradiation, the SW
transformation can have the largest cross section [9]. However, it is usually not observable
due to the very short timescale it happens on and the fact that the scanning by the
electron beam is not continuous [9].

1.6.3 Replacement of dopants by C adatoms

The process of removing the dopant under the electron beam or replacing it by a C
adatom, which was described in section 1.5.2. This induced effect is undesired during
single-atom manipulation.

1.6.4 Ejection of one of the neighboring C atoms

By removing the PKA from the lattice under electron irradiation, the three-fold impurity
atom (X-C3) turns into a four-fold one (X-C4). This can be described as a trap state
[9], since once it is reached, the impurity atom cannot be manipulated anymore as has
been observed by previous colleagues and predicted by theory. Turning the dopant into a
4-fold atom is considered a main limiting process for single atom manipulation.
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2 Methods

2.1 Scanning transmission electron microscopy

This section is based for the most part on the transmission electron microscopy book of
William and Carter [50]. Due to the fundamental physical limitation for imaging with
light represented by its wavelength known as Abbe’s diffraction limit, acquiring atomically
resolved images was only possible after the rise of electron microscopy. Abbe’s idea
shows that it’s not possible to resolve distances much smaller than the wavelength being
used. Electron microscopy arose as a beautiful manifestation of the electron particle-wave
duality suggested by de Broglie. Accelerated electrons with energies of several tens of
eV have a wavelength on the order of a few pm, which is small compared with atomic
distances, so achieving atomic resolution in electron microscopy is instrumentally limited
by the imperfections in the lens system rather than being physically limited the electron’s
wavelength itself.

In contrast to TEM where a coherent parallel beam is used for acquiring images and
diffraction patterns, STEM uses a convergent incoherent beam that is scanned over the
sample. An electron gun is used in STEM to produce an electron beam with a high
brightness. Most modern instruments have a field emission gun (FEG), in which there
are two anodes: first one for extracting the electrons from the cathode tip and the second
anode used to accelerate them. For this we need an ultra-high vacuum (UHV) conditions,
otherwise contamination will disrupt the tunneling process of the electrons out of the tip.

The combination of the positive anodes allows to form a cross-over of the electron
beam, which acts as an object for the first lens in the illumination system. The condenser
lenses in the illumination system form a sharp electron beam which is scanned over the
sample.

The electrons transmitted through the sample can be picked up by different detect-
ors after passing the last projector lens. For detecting the electrons the most common
detectors can be categorized in two kinds. The first one uses a scintillator that emits
visible light when hit by electrons and which is coupled to a photomultiplier tube (PMT).
The second way is using a semiconductor detector based on a Si pn-junction, in which
electrons are exited from the valence band to the conduction band forming electron-hole
pairs in the silicon when the detector is hit by the energetic electrons. Semiconductor
detectors are highly responsive to electrons and robust when it comes to radiation dam-
age, but they have a smaller bandwidth and higher noise level when compared to the
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2.1 Scanning transmission electron microscopy

scintillator detectors in the MHz range. In general, scintillator detectors are preferred in
electron-microscopic devices. Charge coupled device (CCD) detectors based on stored
charges when hit by electrons are also used in S(TEM) instruments, but regular CCD
detectors cannot handle the energetic electrons and are quite expensive. Most STEM
devices have EELS detector for elemental and chemical characterization of the sample for
which a magnetic prism is placed after the EELS entrance for dispersing the signal (more
about the EELS in the section).

2.1.1 STEM imaging system

Image formation in STEM is based on forming a very sharp probe that is scanned over the
sample in a raster using scanning coils such that the beam remains parallel to the optical
axis during the scanning. Thus both the resolution and the quality of the image are defined
by the electron probe. To obtain such a highly focused beam the first condenser lens (C1)
should strongly focus the beam, so much so that most of the electrons coming from the
electron gun are not focused on the second condenser lens (C2) and are simply lost. The
aberrations that can limit the image quality are basically related to the aberration in the
electron probe itself, and since the condenser lenses are used to form the sharp electron
probe in STEM, their aberrations are the main limiting factor of the image resolution.
For this reason, many modern STEM devices are provided with an additional condenser
lens (C3) with an aberration corrector system [50].

For single-atom manipulation having a very sharp electron beam that is precisely directed
on the target atom is very important. The spatial distribution of the electron beam
perpendicular to the probe axis is thus an important factor [23], especially for quantitative
analysis of the electrons hitting the sample. The shape of the electron beam can be
described by a combination of Gaussian line shapes [23].

2.1.2 Annular dark field detection

All images taken during this project were acquired using a medium angle annular dark
field (MAADF) detector. Unlike dark field (DF) images in TEM where the contrast
comes from a fraction of the coherently scattered electrons (Bragg), DF STEM images
are formed by collecting most of the incoherently scattered electrons on the ADF detector
(Rutherford) [50].

The signal detected by an ADF detector depends mainly on the atomic number Z
and thickness of the sample. Thus for graphene and similar 2D materials, the signal
depends only on Z, therefore it is called Z-contrast. Thus ADF imaging is very useful
for defining the local atomic structure [51] and identifying defects and heteroatoms in-
corporated into graphene by distinguishing between them and carbon atoms from their
brightness: the heavier the atom the brighter it looks in an ADF image.
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2.1.3 Nion UltraSTEM 100

The primary instrument used in this project was the Nion UltraSTEM 100 located at
the Sternwarte facility in Vienna. Figure 2.1 shows the Nion UltraSTEM 100 with a
diagram illustrating the main parts of the instrument. It was used to obtain atomically
resolved images of impurity atoms embedded in graphene, as well as to characterize these
single-atom impurities using EELS and eventually to manipulate them using a software
plugin developed by our colleague Andreas Postl, which was installed on the Nion Swift
software provided by the manufacturing company.

Nion UltraSTEM 100 [52] is provided with a cold field emission gun (CFEG) with an
accelerating voltage up to 100 kV with a beam current of ca. 50 pA. Our atom manip-
ulation experiments were always conducted at an accelerating energy of 60 keV. The
electron gun is placed at the bottom of the STEM to ensure mechanical stability and it
was kept under ultra-high vacuum conditions with pressure of about 10−11 Torr. The
small probe diameter of about 1.2 Å is an essential factor for the purposes of atom manip-
ulation. During the experiment, the MAADF detector was mainly used for both imaging

Figure 2.1: The Nion UltraSTEM 100 in Vienna with a schematic illustration of its
components. (Adapted from Ref. [51].)
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and manipulations. The average maximum intensity of the MAADF detector increases
with the atomic number of the imaged material as Z1.64 (Z-contrast) [23]. Nion UltraS-
TEM 100 is also provided with an EELS detector that helps with material characterization.

One of the key advantages of the Nion UltraSTEM 100, aside from its aberration
correction system, is that it is fully computer-controlled. The instrument is isolated in
a separate room and operated entirely remotely. There are two main software applica-
tions for operating the STEM: the Nion AS2 and the Nion Swift. For microscopy and
spectroscopic measurements, users exclusively work with the latter. Nion Swift is an
open-source application with an application programming interface (API) that allows
users to customize it according to their specific needs. This software feature is essential, as
it enabled the customization of Nion Swift by adding a plugin for automated manipulation
[23].

2.2 Electron energy-loss spectroscopy

High-energy electrons in a STEM can interact with the atoms of the target material
through Coulomb forces in various ways. As explained in the previous chapter, electrons
undergo elastic scattering when they interact with the atomic nuclei of the sample.
However, when fast electrons interact with the electrons of the sample through Coulomb
interactions, they undergo inelastic scattering. During this process, the primary beam
electrons lose a small part of their energy, resulting in scattering at small angles of a few
milliradians [53].

EELS is an analytical technique based on measuring the energy loss distribution of
these inelastically scattered electrons [54]. This is accomplished using a magnetic prism
spectrometer that bends and disperses the electrons based on their energy loss. The
radius of the circular path the electrons follow inside the magnet is directly dependent on
their energy loss and is given by

R =
(︂γm0

eB

)︂
v, (2.1)

where γ = (1− v2

c2
)−

1
2 and v represents the velocity of the inelastically scattered electrons

that enter the magnetic prism perpendicular to the applied magnetic field B. Subsequently,
the magnetic prism focuses the electron beam after it exits the magnet, allowing it to
be collected by the detector [53]. Equation 2.1 shows that electrons experiencing higher
energy loss have smaller velocities and are consequently bent more than electrons with
smaller energy losses.

The inelastic cross section of the electron-electron interaction depends on the kinetic
energy T of the beam electron. The lower the kinetic energy the larger the cross section
of the energy loss process. This is attributed to the fact that lower energy electrons
pass slower through the specimen, thus they have more time to interact with the atomic

19



2 Methods

electrons. Furthermore, the inelastic cross section depends on the energy-loss E of the
primary beam electrons. The higher the energy loss the closer the atomic electrons to
the nucleus and the lower the cross section of the process, since the inner shell electrons
occupy less space around the nucleus. This can be shown from the equation that gives
the double differential inelastic cross section [55]

dσ2
i

dΩdE
=

4a20R
2

T

1

E

df

dE
(θ2 + θ2E)

−1, (2.2)

where R is Rydberg constant, a0 is Bohr radius, θ is the scattering angle, θE = T
2E is the

characteristic scattering angle and df
dE is the optical oscillator strength.

The EEL spectrum is rich in information and is useful for elemental characterization,
probing the valence band, defining the band gap, and assessing sample thickness [50].
It can also provide detailed insights into the bonding between atoms in the specimen
[56]. The EEL spectrum can be divided into three distinct regions, each offering different
information about the sample:

• The zero-loss peak (ZLP) is the most prominent feature of the EEL spectrum.
It consists of electrons transmitted without any energy loss, elastically forward
scattered electrons, and electrons that caused phonon excitations that cannot be
resolved [53]. The full width at half maximum (FWHM) of the ZLP corresponds to
the energy resolution of the instrument [50].

• The low-loss region, ranges from approximately 5 to 50 eV and primarily includes
excitations of the outer-shell electrons. The plasmon peak is relatively intense and
forms the background of the high-loss region. The fine structure of the low-loss
region can provide valuable information about the valence band and the electronic
structure of the sample [53].

• The high-loss region within the EEL spectrum has lower intensity compared to the
previous ones due to the decrease in the inelastic cross section with increasing energy
loss. This region provides valuable information about the elemental composition
of the sample by probing the excitations of inner-shell electrons. The onset of
each core-loss peak in the high-loss region of the EEL spectrum is called the core
ionization edge, because they have a sharp edge at the ionization threshold [53].

In this thesis, we are mainly interested in the core-loss features, which we used for
identifying the single Al and Si impurities deposited in our graphene sample. The EEL
spectra were acquired using the EEL spectrometer (PEELS 666, Gatan Inc.) installed in
the Nion UltraSTEM 100 at Sternwarte. The spectrometer is connected to an electron-
multiplying CCD camera, namely the iXon Ultra897 by Andor. The L-edge of Al lies
at 73 eV. This consists of two overlapping features: the L2 which arises from the 2P1/2

and the L3 edge corresponding to 2P3/2. Occasionally we have also measured the EEL
spectrum of Si single atoms to distinguish them from the Al impurities, but this was not
necessary when using a graphene sample with only Si impurities. The L-edge onset of Si
lies at about 99 eV.

20



2.3 Low-energy ions for defect engineering

2.3 Low-energy ions for defect engineering

Incorporating defects in 2D materials has emerged as a powerful approach for tailoring
their properties, making defect engineering a main focus for many research groups. It has
been demonstrated that charged particles like electrons or ions can be of a great advantage
for modifying the structure and properties of 2D materials [57]. This is mainly achieved
through momentum or energy transfer from the charged particles to the nanostructure
system. Elastic interactions result in knock-on displacement, while inelastic interactions
lead to ionization damage (radiolysis) of the material [51].

To manipulate atoms in graphene, it was necessary to introduce single-atom impur-
ities into the lattice. Using low-energy ion irradiation is convenient for this purpose since
the defects induced in 2D materials are point-like defects [58], which can host single-atom
impurities. When an ion collides with a target atom, it scatters due to the screened
Coulomb potential. During the scattering process, the ion transfers kinetic energy to the
target through momentum transfer. The maximum transferred energy in the case of a
static target atom is given by [59]

ET,max =
4m1m2

(m1 +m2)2
Ek, (2.3)

where Ek is the ion kinetic energy. The differential cross-section that describes the
transferred energy ET during this elastic scattering (where energy is transferred into
kinetic energy and not into exciting the internal degrees of freedom of the system) can be
described by Thompson’s formula

σ(ET ) =
m1

m2

π(Z1Z2e
2)2

Ek,1E
2
T

, (2.4)

where Z1 and Z2 refer to the atomic number of the ion and the target atom, respectively.
From this relation, we can see that the probability of an ion with mass m1 to transfer
energy ET to a target atom with mass m2 increases with their mass ratio and decreases
with increasing the ion kinetic energy. Furthermore, it decreases even more rapidly for
higher transferred energies. The elastic scattering process is commonly known as nuclear
stopping since it takes place between the ion and an atom target of the material [58].
The energy deposited in the system in this case can be described by the energy loss per
unit length

Sn = −dEn

dx
. (2.5)

As it is shown from equation 2.4, in the case of high-energy ions, the nuclear stopping
become irrelevant. The ions in this case will interact mainly with the electronic system
of the material causing electronic excitation or even ionization damage to the material.
This is referred to as electronic stopping, but it is not relevant to this thesis.
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2.4 Sample preparation

2.4.1 TEM grids and graphene films

During this project, commercial monolayer (ML) graphene films (Graphenea)-easy transfer
synthesized using chemical vapor deposition (CVD) using poly(methyl methacrylate)
(PMMA) as a support were used [60]. These films were used for both samples: those with
Si dopants as well as those with Al dopants. The sample with Si impurities was already
prepared by colleagues and was loaded in the vacuum system connected to the STEM. It
was supported on a thin perforated silicon nitride grid SiN/Si (Silson Si3N4-TEM) with a
membrane thickness of 50 nm and one window that has evenly distributed holes of 2.5 µm
in diameter for TEM imaging. The membrane was supported on a thin Si substrate [23].

The graphene samples onto which Al impurities were deposited were prepared by myself
with the help of colleagues in the group. The graphene ML was transferred onto a thick
SiN/Si grid (Silson SiRN-TEM) with membrane thickness of 1000 nm with 3×3 windows
each of size of 0.09×0.09 mm2 and a frame thickness of 200 µm. The thick SiN/Si grid
had 9 windows, each containing 23 to 25 holes for imaging.

2.4.2 Graphene transfer and removing PMMA

To transfer the graphene ML onto the plasma-cleaned TEM grid, we initially cut a small
piece from the Graphenea film and placed it in deionized water, allowing it to float. Then
the grid was carefully positioned underneath the floating graphene ML using reverse
tweezers for capturing it and removing the assembly from the deionized water. Following
a drying process, we placed the sample on a hot plate at 150°C for one hour to enhance
the adhesion between the graphene ML and the grid substrate.

Afterward, we proceeded with vacuum annealing of the sample in a Mantis Hex de-
position system to soften the PMMA layer before dissolving it by solvent [60]. This was
done by placing the sample directly onto a tungsten boat, which was connected to the
sample stage. It was then inserted into the Mantis Hex chamber and heated to 550°C
for one hour, using a current of 11 A, under a vacuum condition of 10−6 mbar. The
temperature was read by attaching a thermocouple to the tungsten boat.

Following the vacuum annealing, the sample was treated with hot acetone solvent at 50°C
for one hour. To remove any residual solvent, the sample was subsequently immersed in
isopropanol alcohol for one hour. The grid then was transported to the laboratory in
Sternwarte in Vienna where the STEM is located and was inserted in the vacuum system
there.
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Figure 2.2: Optical microscope images with 5× magnification of the thick Silson SiRN-
TEM grid used for depositing Al impurities on graphene during different stages
of sample preparation. The inset in the top right corner of each image shows
images of a single window at 100× magnification. a) The plasma-cleaned grid
before transferring the graphene ML onto it. b) The grid after the transfer of
the graphene ML with the PMMA. c) The grid after removing the PMMA
layer using both annealing and hot acetone bath. The graphene ML is left on
the grid.

2.5 In situ sample processing

One of the key features of the STEM at Sternwarte in Vienna is its connection to a
UHV transfer system that spans over two floors and includes various devices for sample
processing. The UHV-assembly, including the Nion UltraSTEM 100, is called CANVAS
system as depicted in Figure 2.3, which is an acronym for Controlled Alteration of Nano-
materials in Vacuum at the Atomic Scale [61].

The CANVAS system has the capacity to store up to 72 samples, each mounted on
a sample holder called a puck and inserted into wheeled transfer vehicles called cars.
Each car has space for three pucks and can be transported inside the UHV system using
magnetic coupling.

For brevity I will mention only the devices needed for preparing the sample and conducting
the atom manipulation experiment (a detailed description of the set up can be found in
Ref. [61]). For forming vacancies in the graphene sample, we used a plasma source SPECS
MPS-ECR mounted in the so-called target chamber. The chamber is equipped also with a
6W 445 nm-wavelength diode laser that we used for both cleaning the sample and healing
nanopores and vacancies within it. To introduce Al impurities into the sample, we used a
vacuum thermal evaporation (VTE) source RIBER S40 for the physical vapor deposition
(PVD) process. The Nion UltraSTEM 100 is equipped with a column laser unit that
have been occasionally also used during our experiment. In the following sections I will
describe these techniques in more details.
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Figure 2.3: Schematic of the UHV system installed at Sternwarte in Vienna. Samples
are loaded onto pucks, which are transported through the system using cars
via magnetic coupling. Each car is capable of carrying three pucks. Sample
processing, including plasma irradiation, Al single-atom deposition, and sample
cleaning using a diode laser, was conducted on the top floor. Imaging and
atom manipulation experiments were performed on the ground floor, where
the STEM room and its control unit room are located. (Adapted from Ref.
[23] with permission.)

2.5.1 Microwave Ar+ plasma source for vacancy formation

When free electrons are subjected to a magnetic field B⃗, they rotate due to the Lorentz
force with a natural frequency given by the Larmor frequency

f =
eB

2πme
. (2.6)

Electron cyclotron resonance (ECR) microwave plasma can be produced by coupling these
electrons to a microwave radiation with a frequency matches their natural frequency of
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Figure 2.4: Schematic of the microwave ECR plasma source. Microwaves with 2.45 GHz
are generated by the microwave magnetron and guided to the plasma chamber
through a coaxial feed. The magnetic field causing the ECR phenomenon
is generated by a magnetic quadrupole. The energetic electrons then ionize
the gas in the plasma chamber and a large ion current is produced. During
the process a lot of heat is generated, therefore two water cooling cricuits are
integrated into the system. (Adapted from Ref. [62] with permission.)

rotation in the magnetic field. This will heat the electrons by resonance absorption of the
microwave energy. The heated electrons collide subsequently with the atomic gas and
ionize them producing a large ion current [63]. The ion current is usually in the order of
µA and is used for various applications such as low-energy ion implantation and defect
engineering in 2D materials.

Engineering defects in graphene using low-energy argon ion Ar+ irradiation was re-
ported in several studies [64, 65]. In this study we have used an electron cyclotron
resonance microwave plasma source SPECS MPS-ECR for generating the Ar+ ions.
The microwaves are produced using a magnetron with a frequency of 4.5 GHz, which
is then guided to the chamber through a coaxial feedthrough as shown in Figure 2.4.
A magnetic field of about 87 mT is generated using a quadrupole magnet [66]. Using
Equation 2.6 gives electrons rotating with the same frequency as the microwave frequency.
The ion current can be measured using a Faraday cup for evaluating the plasma source
performance. In our experiment before using plasma irradiation, first we cleaned the
sample using the diode laser with a power of 1.6 W for 40 minutes. Then after that we ran
the plasma source for one hour for degassing and stabilizing the source. The argon plasma
glow has a purple color and can be seen through a viewport at the top of the chamber
via a small mirror installed at the bottom of the chamber for this purpose. We used a
magnetron current at 16 mA and the pressure in the plasma chamber was 5× 10−6 mBar.
The sample was then inserted for 2 minutes in a perpendicular orientation with respect
to the plasma source current.
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2.5.2 Thermal evaporation of Al impurities onto graphene

Physical vapor deposition refers to the process of transporting and depositing atoms and
molecules of a vaporized material onto a substrate, which is typically utilized for surface
engineering and thin film processing [67]. While several PVD techniques exist, such as
sputtering and pulsed laser deposition [68], we will focus in this thesis on the thermal
evaporation PVD process, as it was the method used for depositing Al impurities. In
this method, the material is heated to a high temperature to produce a significant vapor
pressure causing atoms to leave the surface [69]. The atoms then travel in a vacuum
system to the substrate they are meant to be deposited on. A good vacuum condition is
essential during the PVD process to lengthen the mean free path for collision of the atoms
leaving the surface and to control and limit the gaseous contamination that may affect
the quality of the deposition. Moreover, at constant temperature the flux of the vaporized
material towards the target substrate increases with increasing pressure differential [67].

The deposition rate depends on the vaporization rate, which can be increased by heating
the vaporized material to higher temperature leading to increase in the vapor pres-
sure. The vapor pressure in pascals of metallic elements can be written as a function of
temperature and is given by [70]

log p = 5.006 +A+
B

T
+ C log T +

D

T 3
= φ(T ). (2.7)

This equation applies for both the solid and liquid phases of metals. The coefficients A,
B, C, D vary for different metals and also for different phases of the same metal. The
vapor pressure in mbar is then

p(mbar) = 0.01p(pa) = 10φ(t)−2 (2.8)

The free surface vaporization rate (flux) of the metal can be expressed by the Hertz–Knudsen
vaporization equation [67]

dN

dt
= C

p∗ − p√
2πmkBT

, (2.9)

where C is a constant, p∗ is the metal vapor pressure at temperature T , p is the pressure
above the surface of the metal (in the deposition chamber), m is the atomic mass of the
vaporized metal and kB is Boltzmann’s constant. The maximum evaporation rate can be
obtained when C=1 and p=0, which can be achieved under very good vacuum conditions
and negligible surface contamination.

For the thermal evaporation of Al impurities onto the graphene sample, we heated
an Aldrich aluminium -evaporation slug inside a crucible with 99.999 % trace metals basis
using a Knudsen cell. The base pressure inside the deposition chamber when we started
heating was 6.1×10−9 mbar at T = 26°C. The target temperature was set to 955°C with
a ramping rate of 20°C/min. When the target temperature was reached, we waited 10
minutes for the temperature to stabilize and then inserted the sample in the deposition
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2.6 Automated single-atom manipulation

Figure 2.5: Image showing the Al slug when it started to melt inside the crucible during
the thermal evaporation process.

chamber such that it faced the evaporation flux perpendicularly. The pressure when we
inserted the sample was 3.7×10−8 mbar. During the process the gate valve to the chamber
where the plasma irradiation is done was opened to pump out the surface absorbents and
other gaseous contaminations that arise due to heating during the evaporation process.
Figure 2.5 shows the Al slug inside the crucible during the process at slightly above its
melting temperature of 660°C.

2.6 Automated single-atom manipulation

The controlled manipulation of single-atom Si impurities embedded in graphene was
demonstrated for the first time by our group in 2017 using the Nion UltraSTEM 100 that
was also used during this project [71]. However, the controllability was limited due to the
lack of feedback. This was improved one year later by attaching a Keithley 2000 multimeter
to the MAADF detector achieving a precise manipulation of a Si atom. It was able to
perform 34 controlled jumps under the electron beam without any undesirable dynamics
[72]. Yet, the electron beam was parked manually on each consecutive neighboring C
atom, which is laborious and impractical, thus automating the manipulation is necessary
for practical use. To address this issue, Andreas Postl in cooperation with other members
in the group created the Nion Swift "Atom Manipulator" plugin [73] to automatically
direct the process of manipulating single-atom impurities and rearrange them in a specific
pattern set by the user. During this project, I was using the plugin for rearranging Si
and Al impurities in graphene. For brevity, I will describe in this section only the basic
functionalities of the plugin (a detailed description can be found in Ref. [23]) and the
procedure of acquiring data during the experimental measurements.
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2.6.1 Nion Swift Atom Manipulator plugin

The Atom Manipulator plugin is an open-source software designed to minimize the need
for user input. The plugin has a graphical user interface that is embedded in Nion Swift,
and it contains different modules that can perform various tasks. The main tasks of the
plugin are [23]:

• Structure recognition: The structure recognition module performs a spatial
calibration of the image and then uses a fully convolutional neural network (FCNNs)
to recognize the atomic structure and identify foreign atoms. The spatial calibration
can be operated in two modes either in real space using the NN or in reciprocal
space using Fourier scale calibration. In our experiment, the real space mode was
mainly used (occasionally when this mode failed I was switching to Fourier space).

• Bond detection: This task is implemented within the Structural pathfinding
module, which assigns a bond between two carbon atoms if the inter-atomic distance
between them is less than a specific threshold set by the user (in our experiment
the max bond length was set to 2.2 Å). It also defines a maximum for the number
of bonds a carbon atom can have, which is set to 4.

• Structural pathfinding: In this task the minimum total path length between
N impurities and M user-defined target sites is calculated using the Hungarian
algorithm [74, 75]. This algorithm considers the overall task and determines the
path that results in the lowest performance cost. The structure pathfinding module
is implemented in such a way that the path between an impurity atom and its user-
defined target site avoids passing through any other impurity, its nearest neighbours,
as well as the second-nearest carbon neighbours of any impurity as illustrated in
Figure 2.6.

• Detection of successful jumps and of drift: This is accomplished using the
Keithley multimeter, which is connected to the MAADF detector. The multimeter
reads the voltage changes and interprets them as a direct exchange event (jump)
between the impurity and the PKA or as a sample drift according to the user-defined
threshold in each case. The feedback from the MAADF detector is communicated
through the TractorBeam module in the plugin. During our automated manipulation
experiments, the Tractor time was set to 15 s, which means the electron beam was
parked on the PKA for 15 seconds. This is relatively a short Tractor time, but it
was chosen considering the drift of the sample. Then the TractorBeam provides
a feedback if there was a jump or a drift during this 15 s. After that the electron
beam was repositioned according to the path and the process was then repeated
again. The threshold for detecting jumps was set to 15% during our all atom
manipulation experiments, but the drift threshold was changed between two values:
4% for small drift and 6% for notable drift, depending on whether a large sample
drift was present or not.

All the previous tasks’ related commands are translated via the Nion Swift API to the
hardware control unit of the STEM.
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2.6 Automated single-atom manipulation

Figure 2.6: Images illustrating the functionality of the structural pathfinding model
integrated in the plugin. Left: Colored Gaussian-filtered images of graphene
with single-atom impurities embedded. (b, d) The corresponding raw images
with overlays for recognizing the lattice structure. The foreign atoms are
indicated with solid filled circles with orange color. The target sites are
highlited with non-filled orange circles and the calculated paths between the
impurities and their user-defined target sites are marked with solid orange
lines. (Adapted from Ref. [23] with permission.)

2.6.2 Experimental procedure and data acquisition

The experimental session begins with searching for a suitable hole in the support film
that meets specific criteria. Firstly, the hole must be free of any mobile contamination.
Secondly, the chosen hole should contain small, clean patches of graphene that form
the regions of interest (ROI) of the user. Ideally the ROI should have many 3-fold
single-atom impurities incorporated into them, which should be distant from each other.
An area of approximately 20 nm2 or larger should be sought after. Finally, the selec-
ted area for the manipulation experiment should not be excessively corrugated or defective.

Successful automated single-atom manipulation requires a reasonable compromise between
image time and the contrast of the image. The contrast in STEM images is represented
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by the signal to noise ratio (SNR):

SNR =
Ss

Sn
, (2.10)

where Ss is the average intensity of the signal, which comes from the atoms in the image,
and Sn is the intensity of the background, which is here simply the vacuum. While a
minimum level of contrast is necessary for the user to recognize atomic structures visually,
the neural network in the structure recognition module, which is integrated in the plugin,
can still recognize atomic structures to a certain degree even with a poor contrast [23].
In addition, the Nion Swift software has many filters for improving the contrast of the
images and decreasing the noise present in them (a Gaussian filter was always used for
this purpose). The SNR in STEM can be increased by increasing the current beam, by
using a better detector, or by increasing the dwell time (the time the probe spends on one
pixel) [76]. During our experiments we only increased the extraction voltage slightly when
needed. Increasing the dwell time during the manipulation comes with the drawback of
having greater sample drift in the recorded frame and reducing the time resolution, thus
this was avoided as well.

The time needed for recording one frame is given by the number of pixels in the frame
Nx ×Ny multiplied by the dwell time tp. Thus the dwell time and the number of pixels
in the frame were chosen such that good time resolution is obtained, but at the same
time retaining a reasonable SNR such that the contrast of the image was still sufficient
for structure recognition by the neural network. A frame of 512×512 pixels was used
most at the time. Dwell times of 4, 6 or 8 µs were used depending on the microscope
conditions and the field of view (FOV) size.

When choosing the FOV, it was noticed that using a large FOV (larger than 4×4 nm2) can
leads to more frequent structure recognition failure and often containing more contamina-
tion in the frame depending on the size of the clean graphene patch, while using arbitrary
small FOV comes with the drawback that the impurities we are manipulating or their
target sites come close to the frame edge after only few frames due to the stage or sample
drift and are not being recognized by the neural network anymore. For these reasons, the
FOV used during our experiment was 2×2 nm2 in most cases, though sometimes a FOV
of 4×4 nm2 was used when the microscope was in a good condition and the ROI was flat
with no defects or contamination, or when we wanted to include many impurities in the
manipulation process with the aim of drawing a simple pattern.

When using the graphene sample with Al impurities, the single-atom dopants were
identified using EELS. For this a dispersion of 0.16 eV/pixel was used. Acquiring a signal
coming from a single atom is challenging due to both the low SNR and the presence of
sample drift. For mitigating the drift, we sometimes positioned the electron beam slightly
ahead of the target impurity to compensate for it. In addition, many EEL spectra were
recorded for each impurity and the best were selected and used in this thesis. While a
longer acquisition time usually results in improving the SNR, the sample drift will result

30



2.6 Automated single-atom manipulation

in collecting signal from the target atom for only a portion of the time when the impurity
is still under the electron beam, and the rest of the signal will arise from the background
when the impurity has shifted away as a result of the drift. Thus the acquisition time
cannot be chosen very long, not more than a couple of seconds.

After the impurity atom is identified by EELS, the automated manipulation can be
started by creating a new data item using the plugin and then simply starting the pro-
cess using the option "Start automated manipulation". This will launch the structure
recognition module, which then identifies the impurity as a foreign atom. The target
site where the impurity is desired to be moved can be set by the user. After that the
Pathfinding module will calculate the optimal path to bring the impurity to the target site
as described in Section 2.6.1. Then the plugin will command the microscope to park the
electron probe on the target that is defined from the calculated path and start iteratively
manipulating the impurity atom.
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3 Results and discussion

In this chapter I will present the results I obtained during the experimental work and
discuss them in detail. First, I will present the results of each step of the sample
preparation process, including sample cleaning, plasma irradiation, and Al deposition.
Second, I will present and discuss the successful automated single-atom manipulation (by
successful, I mean a single jump of the atom in the desired direction and not necessary
that the manipulated atom reaches its defined target site at the end of the process), as
well as some interesting cases and events observed during the manipulation of both Si and
Al impurities. Finally, I will address the challenges and difficulties encountered during
this work.

3.1 Laser cleaning effect

After loading the graphene sample into the vacuum system and observing it with the
STEM, it looked quite dirty and almost fully covered with contamination as shown in
Figure 3.1.a. Any large patch of clean graphene was not found, but small clean areas up
to 40 nm2 in size were accessible. One of the good features of the thick silicon nitride
grid is its robustness and its ability to withstand high temperature. This facilitated
the cleaning of the sample and allowed us to use laser annealing as mentioned before.
Figure 3.1 shows the cleaning effect by comparing between two different regions before
and after using the laser. Clean graphene area of about 104 nm2 in size were readily
found as the patch in Figure 3.1.b.

The power of the diode laser used for cleaning was chosen carefully and reasonably
small to avoid any damage to the sample. There were only three freestanding areas
(windows) cleaned and in two of them most of the fixed contamination was removed after
cleaning, but the thicker contamination was still present (Figure 3.1.b). This remaining
contamination can form a wall-like barrier that helps block mobile hydrocarbon con-
tamination from diffusing over the surface of the graphene sample. In the third cleaned
window most of the thicker contamination was removed as well, but we did not observe
any mobile contamination.

Using a radiative cleaning method can lead severe to thermal drift in the sample [51], but
luckily this was not observed at the power we used. The temperature the sample surface
reaches during laser cleaning can be estimated after reaching a thermal equilibrium state
using Stefan–Boltzmann law. Graphene is a highly conductive material and this should
be taken into consideration when trying to estimate the deposited heat [51].
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Figure 3.1: STEM images showing the cleaning effect of the laser on the graphene sample.
(a) and (b) show colored MAADF images (FOV = 128 nm) of graphene lattice
before and after cleaning the sample. In (a) the surface was covered with
contamination and only small areas of clean lattice were found, while after
cleaning a whole patch of clean graphene lattice (dark contrast) with an area
of about 10000 nm2 was found. However, the vacuum laser annealing could
not remove the thicker contamination (bright contrast) shown in (b).

3.2 Vacancies and nanopores after plasma irradiation

Low-energy ion irradiation using noble gas ions has been shown to be an efficient method
for creating single and double vacancies in the graphene lattice [58], which made it the
obvious choice for our defect engineering experiment for later incorporation of Al single
atoms into these defects. Having SV and DV defects was predicted since the energy of the
Ar+ ion beam was higher than the minimum kinetic energy required for displacing one
carbon atom, which can be calculated from Equation 2.3. In the case of Ar ions, the min-
imum energy was calculated by using a displacement threshold energy of Ed = 22.2± 0.2
eV giving Emin = 32.74±0.15 eV [77]. At a pressure of 5×10−6 mbar, the majority of the
Ar+ ions have energies of about 102 eV and 148 eV. These two values were obtained from
ion current measurements using the Faraday cup done by colleagues in our research group.
This can be inferred from the increase in the negative current at these two energies,
where positive ions with these energies are decelerated and cannot reach the Faraday
cup leading to the abrupt increase in the measured negative current as shown in Figure 3.2.

The ion beam diameter at the source is 1.3 cm [78] and the distance between the source and
the sample in our experimental set up was 4.7 cm. Using this, we can calculate the beam
diameter (spot size) at the sample using the relation [62] dsample = dsource+2×4.7×tan (15),
which gives a spot area at the sample of A = πr2 = 11.5 cm2. The calculated ion dose is
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Figure 3.2: Measurement of the Ar+ ion beam current using a Faraday cup (represented
by the blue dots) as a function of the positive bias at a pressure of about
5× 10−6 mbar. The negative current measured increases drastically at the
two bias values of 102 and 148 V, due to the decrease of the ion beam current
at these tow values. This suggests that the majority of the ions have one of
these energies. Thus, Gaussian curves were used to represent the ion beam,
in which their peaks are positioned at these two energies. Fitting of the data
was done by integrating over the two Gaussian curves and a linear function
representing the increase in the negative current. (The parameters of the
two Gaussian curves were obtained from fitting the data and provided from
colleagues Manuel Längle and Vinzent Hana. The data of the current plot
and its fitting were extracted using the WebPlotDigitizer app and used in
this figure, while the two Gaussian curves were plotted using the parameters
provided.)

n = It
eA = 0.4× 1013 ions/cm2 , where t is the time the sample was inserted in the plasma

chamber and I is the ion beam current calculated by integrating over the two Gaussian
curves.

After the Ar+ bombardment, the lattice looked heavily damaged in two of the three
windows that underwent laser cleaning. The third window was relatively unaffected
by the irradiation and remained structurally intact. In the two windows that looked
affected by the plasma irradiation, a wide variety of defects were observed ranging from
single vacancies to larger defect complexes and nanopores as depicted in Figure 3.3. The
presence of defect complexes and nanopores is not expected to result from Ar+ ions
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bombardment and suggests that additional factors such as chemical etching may have led
to their formation.

The acquired images after performing the plasma irradiation were analyzed to estimate
the size and area of the large defects. This was done using a Python script that performed
image segmentation using the thresholding method. In this method, the background
(defects) was assigned as an object. Subsequently, the smaller defects were filtered out,
and the size (Ferret’s diameter) of the large defects (contours) as well as their areas were
calculated and saved.

The diameter of the large defects in the images we had ranged from 0.4 nm to 1.4 nm
with an average of about 0.7 nm and the average area was 0.2 nm2. This suggests the
presence of oxygen in the plasma chamber during the irradiation process, as the resulting
pores resemble those obtained via oxygen plasma etching, which is used for tailoring pores
in graphene-based materials [79].

Figure 3.3: Defective graphene lattice after being subjected to Ar+ plasma irradiation.
(a) Colored MAADF image filtered using a Gaussian blur (FOV = 8 nm)
shows a heavily defective area of graphene lattice with many different types
of defects recognized as SV(5-9), SW(55-77) and DV(5-8-5). The Al impur-
ities incorporated later in the lattice take a 3-fold configuration when being
incorporated in SVs, while having a 4-fold configuration when filling DVs. (b)
Gaussian-filtered MAADF image (FOV = 16 nm) shows a defective graphene
lattice structure with a nanopore defects, with the indicated one (in blue
circle) measured to have a Feret’s diameter of about 1.1 nm and an area of
about 0.55 nm2.
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Figure 3.4: Gaussian-filtered MAADF images of graphene after Ar+ plasma irradiation
and laser annealing that show a variety of defect types in the lattice. (a)
DV(555-777) defect configuration that results usually from a bond rotation of
the DV(5-8-5) [16]. (b) DV(555-6-777) defect that result from a further bond
rotation from the DV(555-777). (c) A nice graphene area with many SVs,
which is optimal for incorporating 3-fold single-atom Al impurities into them.
(d) An interesting defect configuration (555-9) that consists of four vacancies.

A highly defective graphene lattice is not optimal for single-atom manipulation, therefore
the sample was treated with the laser to heal the defects using a laser power of 0.72 W
for 10 minutes. Vacuum annealing at high temperature has been suggested as an efficient
method for defect healing [80], where hydrocarbon contamination and carbon adatoms
are provided with sufficient energy to migrate and diffuse across the graphene lattice and
recombine with the defective sites [81]. The first laser treatment appeared to provide a
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Figure 3.5: Sequential STEM bright-field snapshots that show the accumulation and
growth of pinned mobile contamination under the electron beam. The time of
the whole image series was 27 s, where in the last snapshot almost the whole
area was covered.

slight improvement. Consequently, the process was repeated with a higher laser power of
1.2 W for 20 minutes, resulting in a less defective graphene lattice as observed using the
STEM. However, as a result of the plasma irradiation and subsequent laser treatment,
numerous structural defects were identified, as shown in Figure 3.4. The observed known
defects include single vacancies (SV), SV(9-5), double vacancies (DV) such as DV(5-8-5),
DV(555-777), DV(555-6-777) and SW(55-77) in addition to an intriguing 4-vacancy defect
with the configuration (555-9).

One of the major obstacles that hinders experimental measurements is the presence of
diffusing mobile contamination on the graphene surface. This is because they become
pinned by the electron beam to the surface and thus accumulate until eventually covering
the ROI as shown in Figure 3.5. To mitigate this issue, we tried two different methods.

The first method is to use the column laser integrated into the STEM by illumin-
ating the ROI for about 5 to 10 s with a laser power up to 40 mW (laser pulses were
not useful in this respect). This helped sometimes for a short time (15 to 30 minutes
inconsistently) and then the contamination starts to diffuse again over the surface.

The second method employed the so-called beam showering, whereby the entire area was
exposed to the electron beam for approximately 15 to 30 minutes. While this method
occasionally provided some help, similar to the case of the laser illumination, mobile
contamination starts to reappear again after a short period of time. The mechanism
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behind the removing of mobile contamination in both methods is not clearly understood,
and many times neither method was effective in removing them. For this reason, during
our experiment, whenever we encountered mobile contamination, we would switch to a
different region and investigate another area.

Figure 3.6: MAADF images of graphene after depositing Al. (a) Graphene lattice (dark
contrast) covered with nanocluster islands of Al (bright contrast). (b) EELS of
the Al L2,3 edge at about 73 eV of one of the clusters that confirms successful
deposition. (c) Gaussian-filtered image (FOV = 16 nm) that shows the high
heteroatom coverage, however not all the single-atom impurities are Al but
a significant portion are indeed Si. (d) Closer view of the graphene lattice
(FOV = 8 nm) that shows many 3-fold single-atom impurities (marked with
yellow dashed circles) incorporated into the graphene lattice.
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3.3 Incorporation of Al into the graphene lattice

After forming vacant sites for single-atom impurities in the graphene lattice using plasma
irradiation and subsequent laser annealing, Al impurities were successfully deposited on
the sample by thermally evaporating an Al slug as mentioned in the previous section. The
sample was covered with Al nanoclusters as shown in Figure 3.6.a. This was confirmed
by EELS and verified from the presence of the Al L2,3 core-loss edge at about 73 eV
as shown in Figure 3.6.b. Single heteroatom coverage after the deposition process was
relatively high in one of the three windows that were previously successfully cleaned with
the laser. One window had mobile contamination making it not suitable even for imaging.
The other window that was not affected by the plasma treatment had a very low density
of substitutional impurities, which is due to the absence of defects that can hosts the
deposited Al atoms or migrating on the graphene surface.

The density of the deposited Al atoms on the graphene sample can be calculated theor-
etically by obtaining the flux rate of the evaporated material using Equation 2.9. For
that we need to calculate the vapor pressure of the melted Al slug at 955°C, which can
be obtained from Equation 2.7 knowing that the coefficients for the case of melted Al are
[70] A = 5.911, B = -16211, C = 0 and D = 0, resulting in

φ(T ) = 10.917− 16211

T
, (3.1)

which gives a vapor pressure of 5.26×10−5 mbar when substituted in Equation 2.8. The
residual pressure in the deposition chamber when we inserted the sample can be neglected
compared with the Al vapor pressure. Based on that the maximum flux rate during the
Al deposition process was about 762× 1015 atom s−1 m−2. The sample was inserted only
for 5 s in the deposition chamber, which yields a density of 3.8 atom nm−2. By analysing
the images we obtained after the deposition we got a heteroatom density in the graphene
lattice of about 0.14 atom nm−2. This difference can be explained by the nucleation of
most of the evaporated Al impurities Al nanoclusters.

3.3.1 Distinguishing between Al and Si atoms

Having many Si impurities in the graphene sample we deposited Al onto required us to
verify that what we are manipulating is indeed Al and not Si. For this we acquired EEL
spectra of the dopants. Since the signal is being collected from a single atom, the features
indicating the chemical nature of the dopant in the spectrum are not very pronounced.
Figure 3.7 shows a comparison between high-signal EEL spectra of Al and Si impurities.
While the Al L2,3 core energy-loss edge onset is at about 73 eV, the Si L2,3 core-loss edge
onset is at about 100 eV. It is worth noting that both the Al and Si atoms were at defective
lattice sites. For further verification, the intensity of the dopant under investigation was
compared with the other dopants present in the image by integration over a circular area
of the same size around them using ImageJ. Based on the Z-contrast of the MAADF
detector in our STEM instrument, the ratio between the measured intensities of Al and Si
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Figure 3.7: EEL core-loss edge spectra of Al and Si for comparison. (a) EEL spectrum
of the dopant shown in the inset MAADF image, which shows a feature
corresponds to the Al L2,3 core-loss edge with an onset at about 73 eV. (b)
EEL spectrum of the impurity shown in the inset MAADF image showing a
feature corresponds to the Si L2,3 core-loss edge at about 100 eV. The rising
background around 105 eV was due to a reflection in our spectrometer.

atoms should be about IAl
ISi

= 0.89. The intensity ratio of the Al and Si impurities shown
in Figure 3.7 is about 0.91, which is in a reasonable agreement with the theoretical value.
Thus, combining both the EELS measurement and the measured Z-contrast ratios using
the integrated intensities should be sufficient evidence of the identities of the impurity
atoms.

3.4 Automated single-atom manipulation

This project was initiated with the objective of conducting controlled automated manipu-
lation of both Al and Si single-atom dopants in graphene using the focused electron probe
of STEM with the primary aim to explore the feasibility and limitations of this process.
The ultimate goal was to achieve the precise arrangement of at least three single atoms
to form a pattern. In this section I will discuss the various competing events during the
automated-manipulation process to give more insight about its efficiency.

In the presented results, both Gaussian-filtered and raw images with overlays gen-
erated by the atom manipulator plugin will be provided. In addition to the overlays for
recognizing the atomic structure, the detected foreign atoms, the defined target sites
and the calculated path will be marked as well. A beam current of about 19.4± 0.6 pA
at the accelerating voltage of 60 kV used during the experiments was obtained using
beam current measurements done by colleagues in the group [82]. Based on that, a dose
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Table 3.1: Summary of automated single-atom manipulation results for both Si and Al
impurities. XCEx denotes a successful controlled manipulation event where
the impurity jumps to the defined target site (X stands for the impurity, thus
in the case of Si impurity, this will be SiCEx). XCKO represents knock-on
damage of a neighboring carbon atom, transforming the impurity from a 3-fold
to a 4-fold configuration. XRepC refers to the replacement of the impurity
with a diffusing carbon atom. XKO stands for the ejection of the impurity,
leaving behind a single vacancy. XDJ corresponds to a double-jump, where the
impurity appears to move over two lattice sites. XUid refers to any unintended
single jump of the impurity to a lattice site different from the defined one by
the Pathfinding module.

XCEx XCKO XRepC XKO XDJ XUid

Si 67 4 3 0 10 14

Al 12 2 0 2 0 4

rate of (1.20 ± 0.04) × 108 e− s−1 was estimated. The probe shape is a combination of
Gaussian curves with a FWHM of 1.1-1.4 Å [23], which means not all the electron dose is
impinging on the targeted C atom. It was estimated that only 26% of the dose is hitting
the target C atom for a Gaussian probe shape with FWHM of about 1.4 Å [72, 83]. Thus
in our experiment and taking the drift into account, an estimation of only 20% of the
dose impinging on the targeted C atom seems reasonable.

3.4.1 Efficiency of manipulation in the presence of competing processes

As explained in Section 1.6.1, single-atom manipulation of a dopant atom in graphene
using STEM occurs due to targeting a C neighbor with the electron beam leading to
a direct exchange process between the dopant and the targeted C atom. Nevertheless,
many other competing undesired process and configurational changes in the structure can
arise under the electron beam. Thus having a successful single-atom manipulation can be
limited by these competing processes.

For consistency, I will be using the same acronyms and terminology as Dr. Andreas Postl
in his PhD thesis for describing these processes. For both a bond inversion process and
two Stone-Wales rotation events that lead to the equivalent result of positional exchange
between the X dopant atom and the targeted C atom resulting in moving the impurity
to the desired target site, the acronym XCEx will be used indicating a controlled direct
exchange process between the C atom and the X dopant. Thus the cross section of a
successful manipulation event can be described as σXCEx. Knock-on damage of a neigh-
boring carbon atom, which causes the transformation of the impurity from 3-fold to 4-fold
configuration, will be referred to as XCKO, and the cross section of this process σXCKO.
The acronym XRepC represents the replacement of the impurity atom with a carbon
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3 Results and discussion

atom. The cross section for this process is denoted σXRepC. During our experiments, this
process was observed when manipulating Si atoms but not for Al atoms, as were observed
to leave a single vacancy behind being knocked out of the graphene lattice by the electron
beam. This process will be referred to as XKO, and its cross section is denoted as σXKO.
This was never observed for Si impurities during our experiments. In addition to these
processes, it was sometimes observed that the dopant jumped in a direction different from
the defined one. These uncontrolled jumps can be classified as an undesired processes and
will be denoted XUid (unintended jump of the X dopant), with a cross section referred to
as σXUid. Finally, double jumps were frequently observed and since they occur in most
cases not according to the defined path calculated by the Pathfinding module, they are
considered as another undesired process and will be denoted XDJ with a cross section σXDJ.

Based on the above, the degree of controllability, which reflects the efficiency and success
of automated manipulation can be described by the probability that parking the electron
beam on the C neighbor of the dopant will result in a direct exchange process between
them that move the impurity to the defined target site. Experimentally, this can be
obtained from the ratio between the number of observed controlled successful manipulation
event to the total number of observed various competing processes induced by the electron
beam when a reasonably large set of experimental data are available.

η =

Ω∑︂
α

NXCEx,α∑︁n
i=1Ni,α

, (3.2)

where n is the total number of the competing processes under the electron beam during
automated manipulation. Ω is the total number of automated single-atom manipulation
experiments conducted and Ni,α gives us how many times the process i was observed
during experiment α. For large Ω, this can approximate the ratio between the cross section
of the direct exchange process to the sum of the cross sections of all competing processes
during automated-manipulation, if the double jump process would lead to moving of the
impurity according to the calculated path and thus considered as a desired outcome.
The outcomes of our automated-manipulation experiments is summarized in Table 3.4.1.
While we recorded 67 successful controlled manipulations of Si atoms, we managed only
12 times to successfully manipulate Al dopants. Based on the data we obtained and using
Equation 3.2, the automated-manipulation efficiency for Si single-atoms was about 67%
and about 60% for Al.

3.4.2 Six successful controlled jumps of a Si dopant

One of the first successful automated manipulations of a Si impurity was performed in
August 2022 and includes 5 successive controlled jumps as shown in Figure 3.8: from
frame 3 to 13 it followed the path calculated by the plugin approaching the user-defined
target site. After performing the 5th jump, it committed an undesired double jump
(frame 13 to 16). After this it did another controlled jump back to the original lattice site
it was supposed to end at in frame 13. Then it performed another undesired jump and
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3.4 Automated single-atom manipulation

Figure 3.8: MAADF image sequence of the automated manipulation of a single Si atom
(total of 28 frames, only ones that include new events are depicted and the
frame number indicated). Colored Gaussian-filtered images on the top, and
the plugin-generated raw images with overlays on the bottom. The impurity
is marked with an orange square and the defined target site with an orange
circle. The calculated path is shown as thin orange lines and the electron-beam
position as a red cross. The Si performed six successful jumps, one double
jump and one jump to a different lattice site than intended. At the end, the
Si turned into 4-fold configuration after knock-on displacement of one of its C
neighbors.
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moved back to the lattice site it was at before committing the double jump. Finally, one
of its carbon neighbor atoms was knocked out and it transformed from 3-fold to 4-fold,
which cannot be manipulated and the process therefore was terminated.

The drift during the manipulation process was modest at about 0.1 Å per frame, as
calculated using a reference lattice site in the first frame and tracking its movement to the
last frame and measuring the distance it passed during the process. Although that the
drift happens in a random direction but there was an overall direction, this was consistent
across the frames.

The double jump can be thought of here as one controlled jump to the site at which
the electron beam is positioned (indicated with the red x) followed by an unintended
jump. But since we are blind to events occurring while the electron beam is parked
and during the following frame scan time, and since the second jump (assuming the
double jump is indeed two separate jumps) was not to the next lattice site defined and
calculated using the Structural Pathfinding module, the double jump is not treated as
two successful controlled jumps. Instead it is considered as undesired dynamics during
automated manipulation.

Figure 3.9: MAADF image series during a manipulation trial of a single Si atom in the
presence of large drift. The Si atom was not manipulatable and got lost from
the lattice being replaced by a carbon atom. The small yellow circle shows
changing the defined target site due to drift. The vector overlaid on frame 16
indicate the total drift during the whole manipulation process from the first
frame (not shown) to the frame number 16. The Si atom in frame 14 was
laying near a defect as highlighted, while the lattice structure in the same
area after the replacement with C atom looks pristine as highlighted in frame
16.
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3.4 Automated single-atom manipulation

3.4.3 Replacement of Si by C

One of the limitations of single-atom manipulation is having the impurity we want
to manipulate disappear under the electron beam. Figure 3.9 shows a single Si atom
during automated manipulation, which was not manipulatable despite having a 3-fold
configuration. After 15 unsuccessful frames, the Si, probably due to the nearby defect,
was lost from the lattice and replaced by a C atom. The drift during the process was
considerable, with a total drift of 0.7 nm for the 16 recorded frames, which corresponds
to about 0.4 Å per frame. Since the target site is defined by its pixel coordinates in the
image and not a physical atomic site, we can see how drift between frames 14 and 15
caused a change in the defined lattice site.

3.4.4 Ejection of C neighbor to Al

Automated manipulation of a single-atom impurity is achieved by parking the electron
beam on a C neighbor to induce a bond inversion between them, having the impurity
move through the lattice as explained before. Nevertheless, sometimes this leads to
knock-on damage of the C atom under the electron beam and as a result the dopant
transforms from 3-fold to 4-fold configuration. Figure 3.11 shows a 3-fold Al atom during
automated manipulation turned into 4-fold as a result of this AlCKO process. After that
two additional C atoms were lost forming a defect at which the Al atom was moved.
The EEL spectrum of the Al atom is depicted in Figure 3.10, which shows the Al L2,3

core-loss edge at 73 eV.

Figure 3.10: EEL spectrum of the single-atom dopant (shown in the MAADF image in
the inset of the figure) with a small feature starting at about 73 eV, which
corresponds to the Al L2,3 energy-loss edge.
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Figure 3.11: MAADF image series during a manipulation trial of single Al atom. During
the process, the 3-fold Al dopant transformed into 4-fold (between frame
2 and 3) due to the knock-on damage of one of its C neighbors. The
continuation of the manipulation trial led then to knock-on damage of two
additional C atoms and creating a defect with the Al impurity. After that
the structure recognition failed and the manipulation process was terminated
as shown in frame 9.

3.4.5 Successful automated manipulation of Al dopant

It was not until six months of work in this project that we were able to successfully
manipulate a single-atom Al impurity. The manipulation process is depicted in Figure 3.12,
in which the Al atom first performed a single jump (between frames 4 and 5), then sample
drift caused a change in the relative position between the target site and the Al atom
(between frames 5, 10 and 11). After that it committed an uncontrolled jump to a
different lattice site than the one defined by the calculated path (between frames 17 and
18). Then it performed two successive controlled jumps to reach its defined target site
(between frames 18 and 22). The EEL spectrum of the single atom depicted in Figure 3.13
shows that the single dopant was an Al atom.

3.4.6 Ejection of Al

During our manipulation experiments of Si, it was noticed that whenever the Si atom
was lost from the lattice, it had been replaced by carbon. This was not the case for the
Al impurities, which leave behind vacant lattice sites presumably after being ejected by
the electron beam from the graphene lattice. This was first noticed when acquiring EEL
spectrum of an Al atom, where it was removed from the lattice during the irradiation as
shown in Figure 3.14.b. Notably, this is reminiscent of the first EELS confirmation of an
incidental Al dopant reported by Su [9]. The spectrum recorded (shown in Figure 3.14.a
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3.4 Automated single-atom manipulation

Figure 3.12: MAADF image sequence showing automated manipulation of an Al atom.
The Al exchanged its position successfully with the target C atom (between
frames 4 and 5), then it moved to an undesired lattice site. After that it
made two successful jumps (between frames 18 and 22) to eventually reach
its defined target site .

was one of the best Al single-atom spectrum I could obtain during the whole project,
but the atom was gone and no manipulation trial could be performed. Thus later when I
was finding single atoms that I suspected are Al from their contrast, I was in most cases
starting with the manipulation experiment before recording their EEL spectrum. Figure
3.15 shows an AlKO event during automated single-atom manipulation, in which after the
3-fold dopant was removed from the lattice in frame 5 leaving behind a SV. The created
vacancy was not immediately healed by a migrating carbon atom afterwards, which
allowed us to image the area with a larger FOV afterwards as shown in Figure 3.15.b.
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Figure 3.13: EEL spectrum of the Al atom (shown in the inset MAADF image) that
successfully performed three controlled jumps under the electron beam, with
an energy-loss edge at around 73 eV. The signal is very weak, but apart from
the spectrometer reflection, there is no indication of the Si edge.

Figure 3.14: A single Al impurity was knocked out during recording its spectrum. (a)
EEL spectrum of an Al atom showing the core-loss edge at 73 eV (with
the atom depicted in the inset colored MAADF image). (b) An image of
the vacant site left after the Al atom was removed from the lattice during
spectrum acquisition.
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3.4 Automated single-atom manipulation

Figure 3.15: MAADF image series of automated Al manipulation showing an AlKO event,
in which the Al dopant was ejected from the lattice. (a) and (b) are two
images of the area where the Al atom (marked by yellow circle) was knocked
out before and after the attempted manipulation (FOV = 8 nm).
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3.5 Challenges and limitations

Since the beginning of this master project, it was emphasized to me that having a sample
with the desired impurity species and in conditions suitable for automated single-atom
manipulation is one of the major challenges to be overcome. It was not until November
2022, five months after the beginning of this work, that we succeeded in depositing Al
impurities on the graphene samples.

Another major obstacle that limits the success of single-atom automated manipula-
tion is related to the software and how it is integrated with the instrument. As an
example, during one of the experiments, after the Si atom reached its defined target site,
the plugin switched to the next recognized impurity to manipulate it to its user-defined
target site as well. But after a few frames due to the drift, the target site of the first
successfully manipulated Si atom was shifted with respect to it and the manipulator
switched back to attempt to manipulate it again. Thus compensation of the sample drift
should be integrated into the software, or a sample stage with an even higher degree of
mechanical stability would be essential for successful automated single-atom manipulation.

The last major limitation I will be listing here is perhaps the most important one:
the physical limitation represented by the undesired competing processes that can occur
during automated manipulation and terminate the process, such as the carbon replacement
process or the knock-on damage of a C neighbor that leaves behind a 4-fold impurity that
is not manipulatable.

Since the replacement process involves a C adatom, it could potentially be suppressed by
lowering the sample temperature. Knock-on damage can never be completely avoided,
but drift compensation could allow a lower primary beam energy to be practically used,
which has been shown for Si to increase the number of successful jumps.

50



4 Conclusion

In this thesis, the automated manipulation of both Si and Al single-atom impurities within
the graphene lattice was demonstrated. This was achieved via direct positional exchange
between the impurity and one of its carbon neighbor utilizing the focused electron probe
of a scanning transmission electron microscope. While the hope of forming patterns out
of the manipulated atoms could not be reached, 67 successful automated manipulations
of Si single-atoms were recorded by the end of this project. Regarding the manipulation
of Al impurities, only 12 successful manipulation events could be recorded, which were
characterized via recording their EEL spectra and their Z-contrast.

Graphene sample with single Al impurities was prepared during this work via a two-step
process. This was achieved by first forming single vacancy defects in the graphene lattice
using Ar+ plasma irradiation that serve as recipients for 3-fold single-atom dopants,
followed by thermal evaporation for depositing Al onto the sample. Vacuum annealing
using a diode laser was used for both defect healing and for cleaning the sample from
contamination, while the STEM column laser was occasionally used for getting rid of
mobile contamination.

Although the dream of patterning using automated single-atom manipulation was even-
tually not achieved, being active in this project and being able to practice engineering
on the atomic level gave great pleasure and excitement. I believe that overcoming the
limitations and difficulties mentioned before we would be able to achieve this goal one
day. Having a solution to compensate for the drift, being able to fabricate samples with
the desired defect density and types in addition to improving software-related issues, and
perhaps using an instrument dedicated for the purpose of single-atom manipulation with
a high mechanical stability of the sample stage and cryogenic cooling, could together
make automated single-atom manipulation a practical tool for research and beyond.
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