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Abstract

Low-dimensional materials including graphene, single-layer transition metal
dichalcogenides and carbon nanotubes have attracted significant attention due
to their unique intrinsic properties. To fully exploit their potential for novel
applications, these properties need to be tailored. Defect engineering via elec-
tron and ion irradiation is one way to achieve this in a controlled way. While
aberration-corrected scanning transmission electron microscopy (STEM) can
be used to image such modified structures, it has also proven capable of ma-
nipulating individual impurity atoms in covalently bound materials using its
Å-sized focused beam.

First, we demonstrated the incorporation of so far the heaviest reported im-
purity, Ge, into single-layer graphene via low-energy ion implantation. Atomic
resolution STEM imaging revealed that despite its size, Ge can directly substi-
tute single carbon atoms. Since sample contamination is a challenge in stud-
ies like this, we developed vacuum annealing methods to mitigate it. Next,
we induced nanopores in both molybdenum and tungsten disulfide via highly
charged Xe ion irradiation. By varying the ion parameters, the size of the pores
could be controlled. We further showed that nanopores are also intrinsically
present along grain boundaries of chemically grown single-layer molybdenum
disulfide, with a size distribution dependent on the grain misorientation angle.

Finally, we used aberration-corrected STEM to both observe and con-
trol the electron-beam driven dynamics of various heteroatoms in graphene
and single-walled carbon nanotubes. Atomic resolution imaging revealed
both atom-conserving and non-conserving dynamics under electron irradia-
tion, which has implications for the fabrication of nanostructures. We fur-
ther explored electron-beam manipulation of silicon and phosphorus impuri-
ties within single-layer graphene. Individual silicon atoms could be precisely
moved over hundreds of lattice sites, whereas phosphorus atoms are more chal-
lenging to move. Manipulation of silicon was also achieved in single-walled
carbon nanotubes.

Even with manual operation, the rate of electron-beam manipulation is
already comparable to the state-of-the-art in any atomically precise technique
including scanning probe microscopy, demonstrating the great potential of
STEM for atomic engineering of low-dimensional materials.





Zusammenfassung

Niedrigdimensionale Materialien, wie Graphen, Übergangsmetall-
dichalkogenid-Monoschichten und Kohlenstoffnanoröhren sind aufgrund ihrer
einzigartigen Eigenschaften Gegenstand aktueller Forschung. Damit diese Ma-
terialien ihr gesamtes Potential entfalten können, müssen ihre Eigenschaften
für die Verwendung in modernen Anwendungen zugeschnitten werden. Eine
Möglichkeit dies gezielt durchzuführen ist die Bestrahlung mit Elektronen
oder Ionen. Einerseits kann aberrationskorrigierte Rastertransmissions-
elektronenmikroskopie (STEM) dazu verwendet werden solche veränderten
Strukturen abzubilden, andererseits hat sich gezeigt, dass man mithilfe
dieser auch in der Lage ist einzelne Fremdatome innerhalb eines kovalent
gebundenen Materials gezielt zu verschieben.

Zuerst wurde gezeigt, dass es möglich ist durch Beschuss mit niedrigen-
ergetischen Ionen Germanium als Fremdatom in Graphen zu implantieren.
Atomar aufgelöste STEM Bilder zeigen, dass Germaniumatome trotz ihrer
Gröe einzelne Kohlenstoffatome substituieren können. Da die Verunreini-
gung der Proben durch die Bestrahlung eine der gröten Herausforderungen bei
der skizzierten Vorgangsweise ist, wurde ein Vakuumglühverfahren entwickelt,
um den Verunreinigungsprozess abzuschwächen. Auerdem wurden Nanoporen
in Molybdän- und Wolframdisulfid mittels hochionisierter Xe-Atome erzeugt.
Durch verändern der Bestrahlungsparameter konnte die Gröe der Poren kon-
trolliert werden. Weiters wurde gezeigt, dass Nanoporen auch intrinsisch an
Korngrenzen von Molybdändisulfid vorkommen und deren Gröenverteilung
vom Missorientierungswinkel zwischen den Körnern abhängt.

Zuletzt wurde ein STEM verwendet, um elektronenstrahlinduzierte Dy-
namiken verschiedener Heteroatome in Graphen und einwandigen Kohlen-
stoffnanoröhren, sowohl zu beobachten als auch mit atomarer Präzision zu
kontrollieren. Atomar aufgelöste Bilder zeigen Prozesse, bei denen sich die
Anzahl der Atome ändert, als auch solche bei denen diese konstant bleibt.
Dies hat Auswirkungen auf die Herstellung von Nanostrukturen. Der Elek-
tronenstrahl wurde verwendet, um Silizium- und Phosphor-Fremdatome in
Graphen gezielt zu verschieben. Einzelne Silizium-Fremdatome konnten kon-
trolliert hunderte Gitterstellen weit verschoben werden. Dies wurde auch in
einwandigen Kohlenstoffnanoröhren gezeigt.

Auch mit manueller Steuerung ist die elektronenstrahlinduzierte Sprun-
grate der Fremdatome auf einer Ebene mit anderen hochmodernen atomar
auflösenden Methoden, wie Rastersondenmikroskopie. Dies zeigt das enorme
Potential von STEM für die Nanotechnik.
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Chapter 1

Introduction

Low-dimensional materials including graphene, transition metal dichalco-
genides (TMDs) and single-walled carbon nanotubes (SWCNTs) can be used
for many novel applications due to their unique intrinsic properties. However,
these often need to be modified, and defect engineering via ion and electron
irradiation is one way to accomplish this. To control structural modification
on the atomic scale by individual impacts, it is necessary to understand defect
creation in detail, which still remains a challenge. In this thesis, I will ex-
plore low-energy ion implantation and highly charged ion irradiation as means
to modify low-dimensional materials. Further, I will use aberration-corrected
scanning transmission electron microscopy (STEM) to image atomic struc-
tures, reveal their dynamics and to manipulate individual impurity atoms.

1.1 Materials

1.1.1 Graphene

Graphite is a three-dimensional (3D) allotrope of carbon that is abundant in
nature and has been studied since the sixteenth century. Two-dimensional
(2D), one-dimensional (1D) or zero-dimensional (0D) materials change their
electronic structure compared to bulk 3D crystals. 2D materials were pre-
sumed not to exist in free state and believed to be thermodynamically unsta-
ble due to thermal fluctuations in the low-dimensional crystal lattice [1, 2].
Although the existence of the one-atom-thick 2D crystal graphene was stud-
ied theoretically [3], experimentally it was not shown until Andre Geim and
Kostya Novoselov isolated a single layer of graphite using adhesive tape in
2004 at the University of Manchester [4]. Graphene is the first observed 2D
material and has attracted significant attraction since its discovery due to its
unique physical properties. Conceptually, a graphene sheet can be wrapped
into 0D fullerenes, rolled into 1D nanotubes, and stacked into 3D graphite
with weak interlayer coupling.

1 1



Chapter 1. Introduction

a1

a2

a

d

x

y

a b

kx

ky

b2

b1
N

K

K'

MΓ

Figure 1.1: Honeycomb lattice structure of graphene and its first Bril-
louin zone with corresponding symmetry points. (a) Lattice structure
of graphene, made of two interpenetrating triangular lattices; ~a1 and
~a2 are the unit vectors. The unit cell is highlighted in yellow. The
lattice constant a is 2.46 Å. The interatomic distance d is 1.42 Å. (b)
Corresponding first Brillouin zone.

Graphene is a one-atom thin plane of sp2 hybridized carbon atoms arranged
in a honeycomb lattice. This lattice is not a Bravais lattice because the two
neighbouring sites are not equivalent, but consists of two sublattices marked
with red and black circles in Figure 1.1a. The sp2 hybridization between
one s orbital and two p orbitals make a trigonal planar structure with the
formation of σ bonds between the three neighbouring carbon atoms. These
bonds are aligned at 120◦ angles in a single plane, and the fourth valence
electron arranges in the unaffected p orbital perpendicular to it [5], leading
to the formation of π bonding forming the valence and conduction bands in
graphene.

The real-space unit vectors can be written as

~a1 =
d

2

(
3,
√

3
)
, ~a2 =

d

2

(
3,−
√

3
)
, (1.1)

where d = 1.42 Å is the carbon-carbon distance. The corresponding recip-
rocal lattice vectors ~b1 and ~b2 are rotated by 30◦ with respect to the lattice
orientations as shown in Figure 1.1b and are written as

~b1 =
2π

3d

(
1,
√

3
)
, ~b2 =

2π

3d

(
1,−
√

3
)
. (1.2)
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1.1 Materials

The first Brillouin zone of graphene is a hexagon, with its center Γ and the
two inequivalent points (K and K′) of a triangular lattice in the reciprocal
space. The high-symmetry K and K′ points in the corners of the Brillouin zone
are also called Dirac points. These play an important role in the electronic
transport of graphene. The positions of the Dirac points in momentum space
are

~K ′ =

(
2π

3d
,

2π

3
√

3d

)
, ~K =

(
2π

3d
,− 2π

3
√

3d

)
. (1.3)

The electronic properties of graphene vary significantly with the number
of layers (monolayer to few-layer graphene and bulk graphite) [6]. Electrons
in monolayer graphene are massless relativistic fermions that exhibit a linear
dispersion near the Dirac point, whereas in bilayer graphene, they are non-zero
effective mass Dirac fermions with a parabolic dispersion [7].

Its unique intrinsic properties [4, 8–10] make graphene attractive for many
potential applications. In combination with large-scale fabrication of high-
quality single-crystal graphene films [11] they make it also the ideal material
for many practical applications ranging from optoelectronics [12] to sample
supports for electron microscopy [13]. Due to high transmittance (97.7 %)
of incident white light in the visible spectrum and its electronic structure,
graphene can be used in flexible displays and touch screen applications [14].

1.1.2 Carbon nanotubes

Carbon nanotubes (CNTs) are composed of carbon, bonded in a hexagonal
structure, with each atom covalently sp2 bonded to three other carbon atoms.
They are categorized as single-walled nanotubes (SWCNTs) and multi-walled
nanotubes (MWCNTs) [15, 16]. A SWCNT is a sheet of graphene rolled into
a cylinder with a high aspect ratio. A MWCNT is multiple layers of rolled
graphene sheets like tubes within tubes. CNTs are considered as 1D as their
length-to-diameter ratio is very high.

Depending on the orientation of graphene upon rolling into a cylinder,
there are three different symmetries of SWCNT: armchair (n,n), zigzag (n,0)
and chiral (n,m), as shown in Figure 1.2. The structure of a nanotube can
be specified by the chiral vector Ch = na1 + ma2 (a1 and a2 are the unit
cell vectors of graphene in real space) in terms of the integers (n,m), which
define how the graphene sheet is rolled up [17]. SWCNTs can be synthesized
using arc-discharge, laser ablation or chemical vapor deposition methods and
tubes can be semiconducting or metallic depending on the the chiral angle and
radius of the tube.

3
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Figure 1.2: Schematic illustration of the construction of SWCNTs by
rolling a graphene sheet along lattice vectors a1 and a2, which leads to
armchair, zigzag, and chiral tube symmetry.

1.1.3 Transition metal dichalcogenides

Beyond graphene, other 2D materials such as transition metal dichalcogenides
(TMDs) are significant because of their complementary properties. TMDs are
MX2 type compounds where M is a transition metal (Mo, W) and X is a
chalcogen atom (S, Te). The transition metal atoms are sandwiched between
two chalcogen atomic layers. TMDs can be semiconducting, metallic and even
superconducting. TMDs have strong in-plane bonds and weak van der Waals
bonds between the layers, leading to anisotropic properties.

MoS2 has been one of the most studied members of the TMD family and
used in the bulk form as dry lubricant since the late 1960s. A single layer of
MoS2 forms a hexagonal crystal structure consisting of two sulfur (S) atomic
layers and one atomic layer of molybdenum (Mo) in between in a trigonal
prismatic arrangement as shown in Figure 1.3. The in-plane lattice constant
is 3.18 Å, and the lengths for Mo-S and Mo-Mo bonds are 2.4 Å and 3.16 Å,
respectively. The distance between the upper and lower sulfur atoms is 3.1 Å.

Bulk MoS2 is semiconducting with an indirect bandgap of 1.2 eV, whereas
single-layer MoS2 has a direct bandgap of 1.8 eV [18, 19]. The most com-
mon crystal phase configurations for MoS2 are hexagonal (2H), octahedral
(1T) and rhombohedral (3R). The metastable 1T form shows metallic behav-
ior, while both 2H and 3R forms exhibit semiconducting behavior. Because
graphene lacks an electronic band gap, MoS2 has attracted significant atten-
tion for its fascinating semiconducting properties and potential applications
in biosensors [20], and nanoelectronics and optoelectronics [21].

4
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M
X
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a b

Figure 1.3: The atomic structure of monolayer trigonal prismatic (2H)
transition metal dichalcogenides (TMDs). (a) Side view. (b) Top view.
M is a transition metal (Mo, W) and X is a chalcogen atom (S, Se, Te).
Image is reused with permission from Ref. [24] (CC-BY).

Tungsten disulfide (WS2) also belongs to the TMD family and is similar
to MoS2 in structure. Monolayer WS2 is formed by two S layers and one
atomic layer of tungsten (W) in a trigonal prismatic arrangement. The lat-
tice constant is 3.18 Å. The W-W bond length is 3.15 Å. Depending on the
arrangements of W and S atoms and stacking between layers, WS2 also has
2H, 1T and 3R phases. Similar to MoS2, the electronic structure of WS2 is
sensitive to the number of layers, exhibiting an indirect-to-direct band gap
transition from the bulk form to a single layer [22]. Monolayer WS2 has at-
tracted significant interest for use in optical devices due to its direct bandgap
and high photoluminescence intensity [23].

Similar to graphene, the isolation of few-layer and even single-layer 2D
crystals was shown by the micromechanical cleavage technique using adhesive
tape [25], as layers are stacked together with weak van der Waals interactions.
In addition to mechanical exfoliation, several other synthesis methods such as
liquid phase exfoliation and chemical vapor deposition (CVD) have been used
for the large-scale production of single-layer MoS2 and WS2 sheets even on
arbitary substrates [26, 27].

5
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1.2 Defects in 2D materials

“Crystals are like people, it is the defects in them which tend to make them
interesting”- Colin Humphreys.

Defects are discontinuities in the crystal lattice that break the lattice symme-
try, caused often by missing or additional atoms or ions. It is well known that
structural defects exist in practically all materials and can significantly alter
their properties. However, defects are not always detrimental but can also be
beneficial for tailoring the properties of materials to enhance their function-
alities. Similar to bulk crystals, also low-dimensional materials are not free
from atomic-scale defects [1, 2, 28]. Therefore, it is important to understand
these structural defects and their influence on fundamental electronic, optical,
thermal, magnetic and mechanical properties of the materials [28].

Defects can also be deliberately introduced into 2D materials using tech-
niques such as chemical methods and electron or ion irradiation to modify
them and to achieve desirable properties. I will discuss the techniques used
for defect engineering for this thesis in detail in Section 2.5.

Different structural defects observed in 2D materials can be mainly classi-
fied as point or line defects. Point defects can be further categorized in bond
rotations such as the Stone-Wales defect, single, double and multiple vacancies,
foreign adatoms and substitutional impurities. Point defects can be created
with energetic particles such as electron or ion irradiation in graphene [29, 30]
and in other 2D materials such as TMDs [31]. Due to electron irradiation of
TMDs, single S vacancies may agglomerate and form line defects [31].

1.2.1 Point defects

The graphene lattice can be locally reorganized into nonhexagonal rings by a
90◦ rotation of two carbon atoms with respect to the midpoint of their bond,
resulting in the transformation of four hexagons into two heptagons and two
pentagons. This is called a Stone-Wales transformation [29, 32]. Stone-Wales
defects are the most elementary topological disorder in graphene and do not
involve any removal or addition of carbon atoms or dangling bonds. In contrast
to graphene, Stone-Wales defects are not commonly observed in other 2D
materials, for example TMDs, but similar defects can be formed by sequential
rotations of metal-chalcogen bonds in the trigonal prismatic lattice [33].

Single vacancies are one of the simplest defects in any material, defined
by one missing lattice atom. For example in graphene, upon removal of a
single atom from lattice, either the distorted bonds remain as dangling bonds
or the structure undergoes a bond reconstruction through a Jahn-Teller rear-
rangement, forming a five-membered and a nine-membered ring [28]. However,
single vacancies are not very common and have seldom been observed due to
their diffusion [34] and reactivity.

6
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Figure 1.4: Defects in MoS2 (a) and in graphene (b,c) as observed in
scanning transmission electron microscopy images. Images in the bottom
row have been processed using double Gaussian filtering [35]. Point
defects in MoS2 have been highlighted with white circles on the filtered
image of panel a. Panel b shows a divacancy and panel c a more complex
defect structure.

Double vacancies are created by merging two single vacancies or by re-
moving two neighboring carbon atoms from the lattice. After structural re-
arrangement, four hexagons are replaced by two pentagons and one octagon
with no dangling bonds. The defect can further transform into more complex
reconstructions such as a combination of three pentagons and three heptagons
or of three pentagons, one hexagon and three octagons [36]. As an example,
Figure 1.4b shows a divacancy in graphene. Double vacancies are more ener-
getically favorable than single vacancies and can migrate in graphene [28, 36].
In the case of TMDs, the most abundant defects are chalcogen single or double
vacancies and metal atom vacancies in combination with three or all six of its
neighboring chalcogen missing atoms [37, 38]. As an example, single sulfur
vacancies (marked with white circles) in MoS2 are presented in Figure 1.4a.

Heteroatoms are present in real-life samples due to their growth and the
subsequent transfer process, probably because of the use of various chemicals
or glassware for example in chemical vapor deposition of graphene. Impuri-
ties can also be introduced deliberately by substituting one or few atoms in
the lattice either using chemical routes or ion irradiation. Intentional doping
with heteroatoms can modify the electronic structure, leading to a band gap

7
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Figure 1.5: Heteroatoms in graphene. Scanning transmission electron
microscopy raw and filtered images showing a nitrogen atom in a vacancy
site (a) and a substituted silicon impurity in graphene (b). Heteroatoms
have different contrast as highlighted by a circle in panels a & b, which
will be explained in Chapter 2.

opening in graphene. Boron (B) and nitrogen (N) are the obvious choice for
carbon atom substitution in graphene since they are its nearest neighbors in
the periodic table, and their atomic size is close to carbon. After B and N
dopant incorporation in CNTs [39], their atomic sites and the chemical na-
ture of individual B and N dopants in graphitic configuration were directly
observed in graphene [40, 41]. In addition to graphitic substitution, different
atomic bonding configurations of nitrogen dopant atoms, known as pyridinic
and pyrrolic, have been observed [42]. Much larger and heavier dopants in
comparison to carbon, for example aluminum (Al) [43], silicon (Si) [44, 45],
phosphorous (P) [46] and germanium (Ge) [47] can also substitute carbon
atoms in graphene and form a stable configuration due to strong covalent

8
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Figure 1.6: Scanning transmission electron microscopy raw and filtered
images show a chain of vacancies in graphene (a,b), a grain boundary
(c,d) and nanopores (e,f) in MoS2. Fast Fourier transform (FFT) image
in the inset of panel d shows a 15.80◦ misorientation angle between the
two grains in MoS2.

bonding. These heavier atoms reside in an out-of-plane configuration. Fig-
ure 1.5 shows N in pyridinic configuration and a silicon substitution. Dynamics
of heteroatoms in graphene will be explored in detail in Chapter 3. Beyond
graphene, dopants can also be incorporated in other 2D materials such as
hexagonal boron nitride or TMDs [48].

In addition to a substitution, heteroatoms can also be adsorbed onto the
surface of 2D materials as adatoms. In the case of graphene, they can form
a covalent bond with the nearest carbon atoms if the interaction between the
impurity and carbon is strong. Adatoms can form various configurations such
as on top of an atom, on top of a center of a hexagon or the bridge position
between two atoms, but they are rarely stable and tend to migrate and can
fill vacant lattice sites [49].

1.2.2 Line defects and nanopores

In graphene, line defects may consist of a line of pairs of pentagons separated
by octagons or heptagons, and can be formed by aligning divacancies along
the zigzag or armchair lattice direction of graphene [50]. For TMDs, as dis-
cussed above, chalcogen vacancies are the most common defects. They tend

9



Chapter 1. Introduction

to agglomerate into lines as a chain of reconstructed point defects [38].
Grain boundaries are a topological disorder in the lattice that separate

the domains of a material with different crystallographic orientations. Grain
boundaries are formed when grains with different atomic orientations merge
together during growth [51]. Grain boundaries can be viewed as periodic
arrays of dislocation cores with pentagon-heptagon pairs with no dangling
bonds forming a tilt boundary. In graphene, the migration of grain boundaries
has been reported under electron irradiation [52]. In addition to chalcogen line
defects, grain boundaries with various complex dislocation core structures such
as a pentagon-heptagon, tetragon-tetragon, tetragon-hexagon and hexagon-
octagon membered rings are often observed in TMDs, along with tilt and
mirror twin boundaries [53–56]. Grain boundaries influence the properties
and typically weaken the mechanical strength of the materials [57].

Nanopores are holes, either already present along grain boundaries due to a
mismatch between different grains in the materials [55] or can be intentionally
fabricated in suspended or free-standing 2D sheets using controlled electron or
ion irradiation [58]. Despite the extreme thinness of the 2D sheets, nanopores
are structurally robust and can find applications in DNA translocation and
sequencing, chemical separation and water desalination [59]. Figure 1.6 shows
a chain of vacancies in graphene (a,b), a grain boundary (c,d) and nanopores
(e,f) in MoS2.
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1.3 Outline

In this thesis, I will first compare various heat treatments used to clean low-
dimensional materials such graphene or SWCNTs. In particular, I will intro-
duce a new pre-situ cleaning method. This technique uses radiative heating
via a tungsten wire or laser in the same vacuum system as the electron mi-
croscope. To prove the effectiveness of these methods, I will show atomically
resolved STEM images of clean graphene. I will then move to nanopores in-
trinsically present along the grain boundaries in single-layer MoS2, showing
how the pore areas linearly decrease until 15◦ misorientation angle and then
increase again for higher angles.

The next part of my thesis is devoted to ion irradiation of two-dimensional
materials, namely graphene and TMDs. Using highly charged Xe ions, the
properties of freestanding monolayer MoS2 and WS2 can be tailored via the
formation of roundish pores in MoS2 and triangular pores with sharp edges in
WS2. I will further show how the radius of these pores can be controlled by the
ion charge state and how the pore creation efficiency from each ion depends
on the ion potential energy. Then, I will move to low-energy ion irradiation
of graphene. I will present the implantation of germanium impurities, and
show that despite being significantly larger in size than carbon atoms, they
can directly substitute single C atoms.

Finally, aberration-corrected STEM is used for two different purposes: to
reveal beam-induced dynamics on the atomic scale, and to manipulate indi-
vidual impurity atoms with its focused electron beam. I will show greatly
improved electron-beam manipulation of Si in graphene, explore the possibil-
ity of manipulating P, and for the first time show that Si can be manipulated
also in SWCNTs. The results included in this thesis show that aberration-
corrected STEM is an invaluable tool not only for the study of heteroatom
dynamics but in some cases also for their manipulation with atomic precision.
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Chapter 2

Experimental methods

In this Chapter, I will introduce the experimental methods that were used for
the research presented in this thesis. First, I will describe transmission elec-
tron microscopy (TEM) and related spectroscopy techniques, concentrating on
scanning TEM. Second, I will introduce sample synthesis, the preparation of
freestanding samples, and the cleaning methods that were developed. Finally,
I will describe defect engineering using charged particle irradiation, including
both low-energy and highly charged ions as well as relativistic electrons.

2.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is used to form images from thin
samples by passing a parallel beam of electrons through the specimen in high
vacuum. The formed image is magnified and focused onto an imaging sys-
tem. The operating principle of a TEM is analogous to the light microscope.
However, TEM has greater resolving power because it uses high-energy elec-
trons, which have a much shorter wavelength (∼10−12 m) than visible light
(∼0.4–0.7×10−6 m). A schematic illustration of electron trajectories inside a
conventional TEM is shown in Figure 2.1.

It is convenient to discuss the fundamental components of a TEM in parts:
an electron source, sample illumination (condenser lens), imaging system (ob-
jective lens), magnification and projection (intermediate and projector lenses)
and detector. An electron gun emits electrons from a filament tip by either
thermionic or field emission and then accelerates them by an electrostatic po-
tential typically to an energy in the range of 30–300 kV. The electron beam
then passes through the condenser system, where a set of electromagnetic
lenses are used to control and direct the beam. At the sample, due to the
scattering of an incident electron beam by the specimen, an image is formed
when it passes through the objective lens. The objective lens in combination
with the sample stage system is the heart of a TEM as they are responsible
for image formation. Finally, the image is magnified using intermediate and
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electron gun
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Figure 2.1: Simplified electron path ray diagram in a conventional trans-
mission electron microscope, with a photograph of the Philips CM200
microscope.

projection lenses and viewed using a charged coupled device (CCD) camera
or a fluorescent devices.

TEM can be operated in two principal modes; parallel and convergent
beam. Parallel beam is mainly used for TEM imaging and selected-area diffrac-
tion (SAED) whereas convergent beam is used for scanning (STEM) imaging,
X-ray and electron spectroscopy (EDX & EELS), and convergent-beam elec-
tron diffraction (CBED). In parallel beam imaging mode, intermediate and
projector lenses magnify and project the image plane of the objective lens to
the camera. In diffraction mode, intermediate and projector lenses magnify
and project the back focal plane of the objective lens to the camera.

2.1.1 Energy-dispersive X-ray spectroscopy

Peaks in an energy-dispersive X-ray (EDX) spectrum are characteristic of the
sample elemental composition, arising from atoms which have gone through
core shell ionization after an interaction with the electron beam and transi-
tioned from the ground state to a higher energy excited state leaving a hole
behind. In the de-excitation process, electrons relax back to the ground state,
releasing excess energy which corresponds to the difference between the energy
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2.1 Transmission electron microscopy

a b

200 nm 50 nm

Figure 2.2: An example of bright-field imaging of suspended graphene at
80 kV acceleration voltage. Dark features in panel b show contamination
covering the sample.

levels, and subsequently emit energetic photons that are called X-rays. The X-
rays are detected by an EDX spectrometer. In terms of instrumentals, charge
pulses generated by the detector are converted to a voltage proportional to
the X-ray energy. These pulses translate the X-ray energy into a signal in
a specific channel using a processor. The counts in the energy channels are
then displayed as a spectrum and show peaks corresponding to the elemental
composition [60]. Detectors are cooled with liquid N2 to avoid noise from the
electronics and to minimize electron-hole pair generation activated by thermal
energy.

The TEM imaging, diffraction and EDX results contained in this the-
sis were obtained with a bench-top transmission electron microscope or
”mini TEM”(Delong instruments LVEM5) and a conventional TEM (Philips
CM200). The mini TEM was operated at 5 kV acceleration voltage. The
CM200 contains a 80–200 kV electron gun, a sample stage (Compustage go-
niometer), an EDX spectrometer and heating holders for in-situ experiments.
Figure 2.2a & b shows a bright-field (BF) image of a suspended graphene sheet
at 80 kV.
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2.2 Scanning transmission electron microscopy

STEM provides a greater control over the positioning of the beam and in
the detection of useful signals in comparison to conventional TEM. In TEM,
the electron beam is spread over the whole area of interest and the image
is formed by an objective lens after the electrons are transmitted through
the sample. In STEM, the electron probe is focused by probe-forming lens
before the sample and then raster-scanned across it. Multiple detectors can
be used simultaneously to collect the transmitted electrons from the sample
at each point and to form the image. Spatial resolution in (S)TEM is limited
due to lens aberrations. The development of spherical aberration correction
in dedicated STEMs [61] provides advantages over TEM such as making it
possible to achieve a focused electron probe around 1 Å in diameter to position
on individual atoms.

Currently, dedicated aberration-corrected STEM provides the most ana-
lytical sensitivity at the highest spatial resolution [62, 63]. (Quasi-) elastically
scattered electrons resulting from interactions with atomic nuclei are used for
annular dark field (ADF) imaging (also called Z-contrast imaging) and de-
tected by high angle annular dark field (HAADF) and medium angle annular
dark field (MAADF) detectors. Inelastically scattered electrons mainly due to
electron-electron interactions are mainly exploited for elemental analysis and
phonon measurements using techniques such as EELS. Bright-field images can
also be formed in STEM using transmitted electrons similar to TEM.

2.2.1 Annular dark field imaging

ADF imaging was introduced by Crewe [64] and refers to an image formed by
an annular detector that collects electrons scattered to a specific angular range.
The central region is a hole and the electrons passing through it can be used
to form either a BF image or an electron energy loss spectrum. The scattering
intensity of individual atoms is approximately proportional to Zn, where Z is
the atomic number and the exponent n is close to 1.6–1.8 [35]. For ”true” Z-
contrast, the imaging process needs to be incoherent and intensities detected
by ADF detector to be integrated scattered intensities by each atom [65].
However, if the probe images more than one atom, image contrast increases
leading to dependency on the atomic potential and sample thickness [66].
Images acquired with ADF detectors are much more strongly dependent on
Z than phase-contrast images in TEM, which use a smaller scattering angle.
The incoherent image formation process where only intensities are involved and
interference between scattering from different regions does not influence the
image contrast leads to a straightforward qualitative interpretation of atomic
resolution ADF images. Therefore, ADF imaging in STEM is an extremely
useful technique to probe the local atomic structure and defects, and for the
direct identification of heteroatoms.
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Figure 2.3: The Vienna Nion UltraSTEM100 before additional modi-
fications and a simplified schematic of its important components with
paths of electron rays through the instrument.

Residual aberrations can cause an extended tail in the electron beam shape.
This spreading is in the probe tail can contribute peak intensities to the
nearest-neighbor sites. In order to measure and compare atomic intensities,
probe tail contribution can be removed using a double Gaussian filter [35].
It consist of one positive Gaussian which smooths the pixel-by pixel intensity
variation by cutting off the spatial frequencies beyond those actually trans-
ferred by the microscope, and a negative Gaussian which adds a negative skirt
to the image of each atom to null the extended probe tail at the location of
the nearest neighbors [35].

2.2.2 Electron energy loss spectroscopy

EELS is a technique to measure the change in the kinetic energy of electrons as
a result of inelastic scattering between the incident beam and sample, mainly
due to electron-electron interactions. An EEL spectrum can be acquired when
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the inelastically scattered intensities are dispersed as a function of kinetic
energy by a magnetic prism spectrometer and focused on a scintillator that
converts the electrons into visible light recorded by a CCD detector. EELS
is commonly used to reveal chemical composition and electronic properties,
sample thickness, bonding/valence state, free electron density and dielectric
response [67].

An EEL spectrum is often divided into zero-loss, low-loss and high-loss
regions. The zero-loss peak is the most intense feature in a spectrum and
represents unscattered electrons. The full-width at half-maximum (FWHM)
of the zero loss peak is used to measure the spectral resolution, which is
limited by the energy spread of the source. With a CFEG source, the energy
resolution is ∼0.3 eV. However, with electron monochromators, sub-10 meV
energy resolution in EELS-STEM has been achieved [68].

The region after the zero-loss peak until about 50 eV is called the low-loss
region. Plasmons, its most intense feature, are collective excitations of the
weakly bound outer-shell electrons of the atoms. The plasmon peak position
is sensitive to valence electron density and can be used to measure the thickness
of the sample. Low-loss may also exhibit inter-band transitions between the
valence and conduction bands.

The high (core) loss region in an EEL spectrum appears after 50 eV. Its
characteristic features are called ionization edges and show a drastic rise fol-
lowed by gradual decrease in signal with increasing energy. These edges are
labeled in standard spectroscopic notation (e.g., K, L, M ) and correspond to
those electrons that have lost energy by excitation of the specimen’s core shell
electrons to states above the Fermi level. Thus the edge shape depends on the
sample electronic structure. The ionization edges can be used for composition
analysis for all elements except hydrogen [69]. In addition to chemical iden-
tification, ionization edges have intensity fluctuations above their edge onset,
called the fine structure, which are sensitive to the local environment of the
ionized atoms and can be used to probe their local bonding.

2.2.3 Nion UltraSTEM100

Figure 2.3 shows an image of a dedicated STEM and a simplified schematic
illustration of the instrument. The microscope shown in this figure is a Nion
UltraSTEM100 installed in Vienna that was used for most of the results pre-
sented in this thesis. As principal design elements, it uses a 100 kV high-
brightness cold field emission electron gun (CFEG) and is equipped with a
3rd generation C3/C5 aberration corrector. It has a minimum probe size of
1–1.3 Å at 60–100 kV acceleration voltages. The instrument is operated under
ultra-high vacuum (UHV) conditions. The base pressure at the gun and sam-
ple is typically in the ∼10−11 mbar and 10−10 mbar range respectively, which
is about two orders of magnitude lower than other commercially available
(S)TEMs. It is equipped with two ADF detectors with semiangular ranges of
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a b

0.5 nm 0.5 nm

Figure 2.4: MoS2 lattice. (a) shows a raw image of MoS2 captured with
a HAADF detector at 60 kV acceleration voltage. Since Mo atoms are
heavier in comparison to S atoms, they appear brighter owing to their
Z-contrast. (b) is obtained after post-processing the image by applying
a double Gaussian filter. To highlight each atom, the image is colored
using the ImageJ look–up table ”fire”.

60–200 mrad for MAADF and 80–300 mrad for HAADF, and a Gatan EEL
spectrometer combined with an Andor iXon Ultra 897 electron-multiplying
charge-coupled device (EMCCD) camera. For tuning and fine adjustment of
the electron beam, a BF CCD camera is installed. A full description of the
Nion UltraSTEM100 microscope can be found in Ref. [61]. The objective
and sample stage have been customized by connecting an UHV line into the
instrument. A high power laser or a tungsten wire has been fixed in this con-
nected vacuum line for removing contamination from samples, which will be
discussed later in this Chapter. As an example, an atomically resolved ADF
image acquired with this microscope is presented in Figure 2.4.
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2.3 Sample preparation

For this thesis, monolayer graphene samples grown via chemical vapor depo-
sition (CVD) were used for most experiments. The samples were either grown
by collaborators or commercially purchased graphene on QuantifoilR© from
Graphenea Inc. [70]. A small number of additional samples were produced by
mechanical exfoliation.

2.3.1 Mechanical exfoliation

In mechanical exfoliation, graphene sheets are separated from a bulk graphite
crystal. The mechanical exfoliation method was introduced by Geim and
Novoselov in 2004 using highly oriented pyrolytic graphite and Scotch tape [4].
In this method, adhesive tape is repeatedly applied to a bulk crystal and peeled
back (Figure 2.5a). Due to weak van der Walls attractions between the layers,
they can easily detached from the graphite crystal. After peeling, the tape
with thin crystals is placed on top of a SiO2/Si substrate and gently pressed,
resulting in the mechanical exfoliation of a monolyer or few-layer graphene
flakes as shown in Figure 2.5b & c.

After exfoliation, an optical microscope can be used to search and identify
the number of graphene layers (Figure 2.5d). The oxide thickness is selected
to visualize the layers. In this thesis, wafers with 90 nm thick oxide were used.
In our case, the optical contrast for monolayer graphene is ∼7%. It increases
linearly with the number of layers (up to 5–7 layers) [71]. However, contrast
may vary with different camera set ups and certain oxide thicknesses.

The quality of graphene flakes obtained by mechanical exfoliation is high
in comparison to CVD-grown graphene. However, the layers vary significantly
in thickness and size, ranging from nanometers to several tens of micrometers
for monolyer graphene.

2.3.2 Chemical vapor deposition

During the CVD process, a carrier gas which is often a mixture of Ar and H2

is fed into a quartz tube connected to a vacuum pump and gas inlet system
and passes through a hot zone in a furnace, where hydrocarbon precursors
such as methane (CH4) decompose to carbon radicals at metal substrates
(i.e. nickel or copper films) and subsequently form monolayer and few-layers
graphene. CVD is the most widely used technique to synthesize graphene and
significant advances have been made in optimizing growth parameters such
as temperature, pressure, growth time, choice of precursor gas and substrate,
preparation of the catalyst, flow rate and cooling rate [72, 73].

Monolyer MoS2 films of high quality and large area were synthesized in a
CVD microreactor setup in Dublin [26]. It utilizes a close-proximity precursor
supply of liquid-phase exfoliated MoO3 nanosheets dispersed in IPA solution
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a b

c d

Figure 2.5: Mechanical exfoliation. (a) Layers are detached from a
graphite cystal by opening and folding the adhesive tape. (b-c) De-
position of exfoliated flakes on top of a SiO2/Si substrate. (d) Optical
microscope image of exfoliated graphene on top of SiO2/Si.

and drop-casted onto a substrate as precursor. A silicon substrate coated by
290 nm thick SiO2 acts as a growth substrate in the quartz tube furnace. The
samples sit in the hot zone of the furnace and sulfur powder as a reactant is
heated up to vaporize it and passed to the samples using Ar as a carrier gas.
Due to the reaction between MoO3 and S in the vapor phase, nucleation of
MoS2 layers occurs directly on the substrate.

To synthesize single-walled carbon nanotubes, ethanol was used as the
carbon source in a customized floating catalyst CVD reactor. As the catalyst
precursor and growth promoter, ferrocene and thiophene were first dissolved
in ethanol to form a liquid feedstock and then injected with a syringe pump.
The solution was evaporated in a heating line and N2 and H2 were used as
carrier gases. More detailed information on the growth process is given in
Ref. [74].
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2.3.3 Preparing freestanding samples

For this thesis, mechanically exfoliated graphene and MoS2 films grown on
SiO2/Si substrates were transferred without polymer directly onto golden
TEM grids coated with perforated amorphous carbon foil (QuantifoilR©). Fig-
ure 2.6 shows a schematic illustration of the transfer process. Flakes are iden-
tified first in the optical microscope and a TEM grid is then placed directly on
the target region of the substrate and a drop of IPA is evaporated on the TEM
grid to enhance the adhesion between graphene and the carbon support of the
grid. In the next step, to detach the flakes from the substrate, a few drops of
potassium hydroxide (KOH) solution are released directly on top of the grid.
After a few minutes, the KOH solution etches the SiO2 layer and the TEM
grid with the transferred flake detaches. As the last step, the grid is washed
in de-ionized water to remove residuals and subsequently in IPA solution to
dry.

To check whether the flakes were transferred successfully onto TEM grids,
the samples were characterized using a bench-top electron microscope. Fig-
ures 2.7 & 2.8 show low-magnifiaction images of a suspended exfoliated
graphene layer and suspended large MoS2 single crystal films.

IPA KOH

TEM Grid

Si/SiO2

MoS2/Graphene

Carbon support film

DI water IPA

Figure 2.6: Schematic illustration of the direct transfer process.
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a b

c d

20 µm 20 µm

5 µm 1 µm

Suspended graphene

Figure 2.7: Exfoliated graphene transfer. (a) Optical micrograph of
exfoliated graphene flakes. (b) A TEM grid placed directly on top of
the flake. (c) Low-magnification TEM overview image of the suspended
flakes on the QuantifoilR© grids after transfer. (d) Magnified view of the
same flake. Inset in (d) shows a diffraction pattern of the transferred
flake.
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Figure 2.8: MoS2 transfer. (a) Optical micrograph of CVD-grown MoS2

flakes. (b) TEM grid placed directly on the flakes. (c) Low-magnification
scanning electron microscope image shows the suspended flakes on the
TEM grid after transfer. (d) Zoomed-in view of the same region. (e)
Low-magnification TEM image after successful transfer. (f) Magnified
view of same flake. Inset in (f) shows the diffraction pattern of the
transferred flake.
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2.4 Ex-situ and pre-situ annealing

Hydrocarbon impurities and contamination often seriously diminish the prop-
erties of graphene. Additionally, clean samples are an essential requirement
for most experiments. However, contamination is especially problematic for
the low-dimensional materials presented in this thesis. Common sources for
hydrocarbon contamination are polymeric residues from sample preparation,
the transfer process, and adsorbates from air. Their chemical nature is still
not precisely known, but most of the literature points to (-CH2-) and (-CH3-)
groups [75]; carboxyl, methoxy, and sp3-hybridized carbon [76]; and CO func-
tional groups [77]. Although various methods have been reported to remove
the contaminants, annealing the samples in air or in vacuum is the most used
method. These can be divided into ex-situ, in-situ and ”pre-situ”methods. In
ex-situ annealing, samples are treated in air or vacuum. After the treatment,
the samples are transferred through the ambient to be characterized using an-
other setup. In in-situ and ”pre-situ” methods, annealing and characterization
is done in a same vacuum system without changing the sample environment,
with ”pre-situ” denoting a separate vacuum chamber connected to the instru-
ment. For this thesis, two ex-situ and two pre-situ annealing techniques were
used to clean graphene samples.

Ex-situ annealing in air was done by heating the samples on a hot plate
between 300–500 ◦C for times ranging from 15 min to 1 h. Vacuum annealing
was carried out in MANTIS HEX deposition system from Korvus Technology,
with resistive heating achieved by passing a current through a filament in
vacuum. The amount of heating depends on the current through the filament.
Graphene samples were placed in a ceramic boat inside the vacuum chamber
and a thermocouple attached to the boat to measure the temperature. The
base pressure of the chamber was ∼10−6 mbar. After the treatment, samples
can be taken out for characterization by venting the vacuum chamber into N2

atmosphere.
To implement pre-situ annealing, modification of the characterization set-

up is required. In our case, a custom-built vacuum system is connected to
the Nion UltraSTEM100, which allows us to implement various methods for
sample treatment without exposing it to air. For pre-situ annealing, we devel-
oped laser cleaning and radiative heating via a tungsten wire in these vacuum
chambers. For laser annealing, a high power laser diode (tunable up to 6 W,
445 nm wavelength) from Lasertack GmbH was aimed through a viewport at
the sample held in the parked pneumatic transfer arm from an angle of about
45◦. The vacuum level was about ∼10−8 Torr and the laser spot diameter
was about ∼1 mm2 in size. Distance between the laser source and the sample
was approximately 40 cm. Figure 2.9a & b show the sample cleaning laser in
operation. Recently, laser re-alignment was done so that it hits the sample
sitting in the microscope objective, allowing sample treatment In-situ. Laser
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a b

c

Figure 2.9: Pre-situ cleaning of graphene via laser irradiation in (a-b),
and resistive heating with a glowing tungsten wire (c). The bright spot
in the center of the image in panel (a-b) is the location of the sample in
the holder, and the reflections of the laser light from the sample holder
are also visible on the camera.

pulses can be used iteratively with increasing power until cleaning is observed
for all types of samples in standard holders. However, due to continuous heat-
ing, thermal drift is induced in the sample stage of the microscope. Also, the
power must be carefully controlled since at higher power the laser will destroy
the sample, as discussed in Section 3.1.2.

The second approach to clean samples in vacuum was by radiative heating
with a tungsten wire that can be resistively heated to high temperatures,
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mounted in a vacuum chamber attached to the microscope. Figure 2.9c shows
a glowing W wire in operation. Distance between the wire and sample was
about to 2–3 mm and the vacuum level about ∼10−8 Torr. In similar way
to laser cleaning, the heating power and treatment time can be varied to get
the cleanest samples. The wire starts to glow at about 1000 K. As the wire
temperature increases, its color varies through the spectrum up to orange and
yellow until fully white. The wire current and corresponding thermal power
should be chosen carefully in order to not destroy the sample.

All ex-situ samples were characterized using a bench-top low acceleration
voltage (5 kV) transmission electron microscope (LVEM5). Selected ex-situ
and all pre-situ cleaned samples were characterized at high resolution using the
aberration-corrected Nion UltraSTEM100 operated at 60 kV (with a standard
12 hr pre-baking at 130 ◦C before inserting into the microscope).

2.5 Defect engineering using charged particles

Defects significantly alter the properties of 2D materials. These effects are not
always detrimental and can even be beneficial for specific properties. Thus,
defect engineering is one way to modify 2D materials and control their phys-
ical, electronic, chemical and optical properties. In order to implement the
desired functionalities, many methods of particle irradiation (bombardment
with electron or ion beams) have been employed [78].

While the response of 2D materials to energetic charged particles can be
characterized using atomic resolution imaging or spectroscopic methods, one
needs to be careful because structural transformations can occur in the mate-
rials when they are analyzed. For example, highly energetic electrons are used
in TEM, although modern aberration-corrected TEMs are typically operated
at low primary beam energies between 30–100 kV. In order to understand
structural modification on the atomic scale by individual electron impacts, it
is necessary to precisely understand the radiation damage mechanism, which
still remains a challenge.

When a highly energetic particle such as an electron or ion hits the sample,
energy or momentum can be transferred either to the electronic system or to
the nuclei, leading to radiation damage. Thus, radiation damage limits the
ability of microscopy to resolve samples at high resolution. The two most fun-
damental radiation damage mechanism are knock-on displacement and bond
breaking via ionization (radiolysis), depending on the charge state and kinetic
energy of the projectile and the electronic properties of the sample. Several
other mechanism such as chemical etching, specimen heating and electrostatic
charging can also cause damage in the materials. However, such phenomena
are not relevant to the studies presented here.
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2.5.1 Defect engineering using ions

The slowing down of an ion passing through a materials can be described
by electronic (inelastic) and nuclear (elastic) stopping [79]. The electronic
stopping is due to charge exchange between the moving ion and electrons
in the target and ionization or electronic excitation of the target. Energy
deposition S can be defined as energy dE per unit length dx,

Sn = −dEn

dx
, Se = −dEe

dx
, (2.1)

where n denotes nuclear and e electronic stopping. Generally, nuclear stopping
dominates for slow and heavy ions while electronic stopping is dominant for
ions with high kinetic energies [78, 80]. However, in the case of highly charged
ions (HCIs), the kinetic energy is in the nuclear stopping regime whereas due
to their high potential energy (sum of the ionization energies of the missing
electrons), electronic excitation of the target occurs at the same time [78].

The interaction between the ion and a target atom can be described by
the screened Coulomb potential

V (r) =
1

4πε0

Z1Z2e
2

r
· φ (r) , (2.2)

where Z is atomic number of the moving ion (Z1) and the target atom (Z2), e
the elementary charge, φ (r) a screening function and ε0 the dielectric constant.
When the target atoms acquire enough kinetic energy from the ions they are
displaced from their original lattice sites. The maximum elastic energy transfer
can be calculated from momentum conservation as

Emax =
4m1m2

(m1 +m2)2
m1v

2
1

2
, (2.3)

where v1 and m1 are the velocity and mass of the projectile, and m2 of the
atom. The cross section for this energy transfer [78, 81] can be calculated as

σ(Emax) =
2π(Z1Z2e

2)2

m2v21

1

E2
max

. (2.4)

2.5.1.1 Low-energy ion implantation

Ion implantation is an established and efficient post-synthesis technique to
modify the structure of materials. It does not require any additional chemistry
that may introduce residual contaminants, and offers great flexibility such
as different ion species, a range of implantation energies, and control over
the dopant concentration through the ion fluence. It is widely used by the
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modern semiconductor industry to introduce controlled concentrations of p
and n-type dopants at precise depths below crystal surfaces. Although it is a
mature industrial technology for bulk materials, in recent years the application
of this method has been extended to 2D materials in research laboratories.

As the ions impinge on materials, they undergo a series of collisions with
the host atoms losing energy due to Coulomb interactions with nuclei (elastic
collisions) and electrons (inelastic collisions) in the target. In nuclear stopping,
energy lost by the incoming ion is transferred to the target atom that can be
recoiled away from its lattice site creating a defect. In contrast, energy loss
by incident ions in electronic stopping generates excitations of the electrons
in the target. Electronic stopping is proportional to the ion velocity and the
momentum transferred from electrons to the ion is too small to cause deviation
in direction, but nuclear stopping causes a significant deviation in the path of
ions. The sum of nuclear and electronic stopping power corresponds to the
total energy loss per distance traveled.

The interaction of ions with the material depends on implantation param-
eters such as incident ion energy, mass, sample temperature and dose rate.
If energy transferred from the ion to a target atom is comparable to the dis-
placement threshold energies (Td) of the material, the ion can replace lattice
atoms or create other defects within a few atomic layers. However, at higher
energies the ion will penetrate deeper and can sputter atoms. Ion fluence
(dose) corresponds to the total number of ions incident per unit area of the
target material and is another crucial parameter to control the concentration
of dopants. Heating during implantation might be necessary to prevent hy-
drocarbon contamination on the surface of the material. At the same time it
can also reduce lattice damage via defect annealing.

The response of 2D materials to ion irradiation can be different from bulk
materials since relatively little energy is required to remove one or more atoms
from the lattice, yet for successful implantation the ions must be retained
within the atomically thin structure [82]. Therefore, transferable kinetic ener-
gies from the incident ions to carbon atoms during collisions should be on the
order of Td and the remaining kinetic energy of the ion after collision should
be low enough to allow it to stay in the lattice.

Boron and nitrogen are the most obvious elements to implant into graphene
as their atomic radii are similar to carbon and they have one electron less and
more, respectively. After the theoretical prediction of direct doping of N and
B atoms into graphene via ion implantation, the first direct observation was
made via atomic resolution imaging in combination with spectroscopy [40, 82].
Although silicon is the most common impurity found in the graphene lattice,
it has not been implanted so far even after theoretical predictions [83]. Very
recently, efforts have been done to implant graphene with heavier elements
such as phosphorous [46]. Apart from graphene, low-energy ion implantation
has already been applied for example in MoS2 and hBN [84].
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Figure 2.10: Schematic illustration of an ion implanter.

For ion implantation, ions are created by volatilizing the source (solid or
gas) and extracted by a high electric field. A magnetic field mass analyzer
selects and separates the appropriate ion by its mass-to-charge ratio. Ions
are electrostatically accelerated to desired kinetic energies and deflected to
eliminate neutral ions, and finally decelerated toward the target, with a bias
voltage setting the ion energies. Figure 2.10 shows a simplified schematic
illustration of a typical ion implanter set-up.

In the work presented here, we used a mass-selected, twofold electro-
static raster-scanned ion implantation system (Danfysik A/S, Denmark, Model
1050), providing ion energies down to 100 eV at the Helmholtz Zentrum Dres-
den Rossendorf Ion Beam Center in Germany. In order to substitute carbon
atoms in graphene, we implanted a variety of ions (Ge, P, Al, B) using very
low ion energies in the range of 15–60 eV to avoid irradiation-induced defects
in the lattice. To reduce energies down to 15 eV, a bias voltage was set to the
sample holder by an adjustable anode potential. The samples were irradiated
in 9×10−7 mbar vacuum at room temperature with a fluence of 1×1014 cm−2

(estimated with multiple Faraday cups).
Typically, ion-irradiated graphene samples were afterwards almost fully

covered with amorphous carbon contamination, likely due to ion-beam induced
deposition of mobile hydrocarbons that are present on the sample surface and
in the vacuum system, despite using a sample heating laser during irradiation.
Figure 2.11 shows a direct comparison of the sample before and after ion
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a b
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Figure 2.11: Sample comparison before and after implantation. (a)
Except for chain-like contamination, the laser-cleaned sample appears
clean. (b) Uniform layers of contamination covering the sample after
implantation. The images show two different holes.

implantation. The initially clean sample has become severely contaminated
during irradiation. Unfortunately, in the case of Al and B dopants, despite
exhaustive searching, we could not find a single impurity atom in the lattice.

2.5.1.2 Highly charged ion irradiation

Highly charged ion (HCI) irradiation is a unique method to modify the atomic
structure of materials. HCIs are produced by stripping electrons from neutral
atoms by energetic collisions. In the case of HCIs, due to ionization they
store a very high potential energy, which is a sum of all binding energies of
the missing electrons. Thus the potential energy is dependent on the charge
state, i.e., higher the charge state, the greater the potential energy. Upon each
ion impact on a target, ions release their stored energy leading to electronic
excitations. Ion-induced electron emission has been studied for structural
modification in solid bulk materials [85]. HCI irradiation of 2D materials is a
relatively new technique and its mechanism is not very well understood [78].

As an incoming HCI impacts on a solid surface, it attracts electrons from
the surface leading to its neutralization and the deposition of the potential en-
ergy in a strongly localized volume of the surface in a very short (femtosecond)
time-scale. Due to electronic exchange interactions, release and deposition of
the potential energy of ions is different from that of their kinetic energy, but
may also lead to a modification of the structure by atom removal [86]. A
helium ion beam [87] or an electron beam [31] have been used to drill pores
in MoS2, but these methods are not suitable for mass-production.
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Theoretical studies point to mainly mono- and divacancies in MoS2 from
single ion impacts at few keV kinetic energies [88]. The first HCI irradiation
experiments were performed for MoS2 samples supported on KBr substrate
using Xe ions [89]. Atomic force microscopy (AFM) images showed defects
in the sample as pits or hillocks, induced by single ion impacts. The same
group further irradiated mono- and few-layer graphene on SiO2 substrates
using highly charged Xe ions at different potential energies [90]. No defects
were observed in conventional contact-mode AFM images. However, round-
shaped pores were detected in friction-force mode. Freestanding ultra-thin
carbon membranes were also irradiated via HCIs [91] and TEM images showed
the formation of pores. Further analysis showed that the pore diameter can
be increased with increase in potential energy, but pore formation at higher
charge states also depends on the kinetic energy of the impacting ions.

Surprisingly, atomic resolution STEM images showed no pores or defects in
free-standing monolayer graphene even after irradiating it with Xe40+ ions [92].
Since graphene has very high electron mobility, it may be able to provide tens
of electrons to neutralize the charge of a slow HCI within a few femtoseconds.
Defects in graphene can also be healed quickly [93] or covered with hydrocar-
bon contamination. Recent experiments on hexagonal boron nitride supported
on different substrates showed no defects in surface topography after irradia-
tion with Xe40+ ions, while in the friction-force mode defects appear, similar
to supported graphene experiments [90, 94].

HCIs can be produced by powerful ion sources for almost all elements and
charge states. Currently available sources are electron cyclotron resonance
ion sources, electron beam ion traps (EBITs) and electron beam ion sources
(EBIS). For this thesis, an EBIT/EBIS was used to produce highly charged
xenon (Xe) ions at the University of Duisberg-Essen, Germany. Figure 2.12
show a schematic illustration of the set-up. First, an electron beam is gener-
ated by the emitting source (hot cathode) and focused by means of a strong
magnetic field. HCIs are produced by successive electron impact ionizations
(removal of bound electrons by collisions of high energy electrons with the
atom) inside the electron beam and are trapped radially due to the negative
space charge of the electron beam. Ions are confined axially in the beam direc-
tion by applying electrostatic potentials to the drift tubes. Thereby a strong
electric field creates an electrostatic ion trap due to the greater potentials on
the outer drift tubes. Thus, by changing the axial trap potential, the ioniza-
tion time can be controlled. After leaving the drift tube and strong magnetic
field, the beam broadens again and then is finally dumped at the electron
collector where electrons are separated from the extracted ions.

For this thesis, free-standing MoS2 and WS2 samples were irradiated with
highly charged Xe ions of different charge states (q = 20–40). Round-shaped
pores in MoS2 and triangular-shaped sharp-edged pores were directly observed
in atomically resolved STEM images.
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Figure 2.12: Schematic illustration of an electron beam ion source set-
up for the formation of highly charged ions. Instrument image reprinted
with permission from [95]. Copyright c© (2008) Elsevier B.V.

2.5.2 Defect engineering using electrons

Electronic excitations can be caused by inelastic (electron-electron) scattering
involving an interaction with the electron cloud of an atom [96]. When conduc-
tion band electrons are excited above the Fermi level, this leaves a hole in the
valence band. In metallic systems, these holes are filled rapidly (in femtosec-
onds) due to high density of conduction electrons, which reduces the effect
of ionization damage [97]. In contrast, ionization damage caused by inelastic
scattering dominates in insulators and semiconductors, where the lifetime of
the excited electrons is long enough that the structure can be modified [98],
hBN [39] and MoS2 [99]. Ionization damage is difficult to avoid, but efforts
such as cooling with liquid nitrogen or helium, or protecting the samples with
well-conducting (e.g. graphene) layers have been used to mitigate damage in
2D materials [100].

Knock-on damage is dominant in the case of metal samples [101] includ-
ing CNTs [102] or graphene [103], and is caused by elastic (electron-nucleus)
scattering of energetic electrons or ions from the nuclei of target atoms. This
can result in an atomic displacement within a sample due to momentum and
energy transfer. Knock-on damage can be avoided by lowering the primary
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beam energy, unlike ionization damage which is stronger at lower energies.
With the development of aberration correction, modern microscopes can be
operated at very low acceleration voltages even down to 30 kV.

The minimum energy required to displace an atom from its lattice position
is called the displacement threshold energy and denoted by Td. Coulomb scat-
tering of a relativistic fast electron from a nucleus was described by Mott [104]
and further approximated by McKinley and Feshbach [105].

The maximum energy transferred from an electron with energy Ee to a
target element with atomic mass M at rest (out-of-plane velocity vz=0, where
z is the direction parallel to the electron beam) can be calculated as

Emax (vz = 0, Ee) = 2Ee(Ee + 2mec
2)/Mc2, (2.5)

where me is the mass of electron and c is the speed of light. For a realistic
estimation of the cross section, out-of-plane lattice vibrations of the atoms
should be considered. Taking the velocity of the target atoms into account,
the maximum transferred kinetic energy is higher than it is at rest. With the
approximation

Ee + En − E ≈ Ee, (2.6)

where En is the energy of nucleus before collision and E after collision, the
maximum transferred energy from an electron to an atom with velocity vz
becomes

Emax(vz, Ee) =
(

2
√
Ee(Ee + 2mc2) +Mvzc

)2
/Mc2. (2.7)

Calculating cross sections using this equation and comparing with experi-
mental STEM measurements for graphene at different primary beam energies
between 80–100 kV shows a good agreement [106, 107]. Cross sections σ can
be estimated using

σ(T,Ee) =

∫
(Emax(vz ,Ee)>Td)

P (vz, T )σ (Emax (vz, Ee)) dv, (2.8)

where P(vz,T ) is the velocity distribution of the atoms parallel to the electron
beam. Td for graphene is 21.14 eV [107].

2.5.2.1 Electron-beam manipulation

Since almost 30 years, scanning probe microscopy (SPM) has been used to
manipulate individual atoms on surfaces and to fabricate nanostructures at
the atomic scale [108, 109]. Although the use of STM for atom manipulation
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continues to provide technological advancements such as atomic memory ar-
rays [110], its application is limited to surface atoms. In order to move an
atom from its location, the energy acquired from the tool Etool (∼1 eV for
STM) should be higher than the energy barrier Ebarrier for moving an atom,

kBT << Ebarrier < Etool, (2.9)

but also higher than the thermal energy kBT , where kB is the Boltzmann
constant and T the absolute temperature. To stabilize and manipulate sur-
face adatoms with STM tips, ultra-low temperature is required. By contrast,
covalently bound impurity atoms in the lattice of low-dimensional materials
are stable at room temperature due to very high migration barriers [111].
However, the focused Å-sized electron probe of aberration-corrected scanning
transmission electron microscopy [62] can provide enough energy to overcome
the barrier and induce dynamics of individual atoms in the lattice.

Due to momentum conservation, the mass of heavier impurity atoms plays
an important role. As an example, a 60 kV electron beam can transfer much
less energy to a nucleus of heavier impurities such as Ge than their displace-
ment threshold energy (11.75 eV [112]). It also cannot provide enough energy
to displace C atoms from pristine graphene. However, carbon atoms next to
heteroatoms are less strongly bound in the lattice and can be affected [113].
Figure 2.13a shows a STEM/MAADF image of a three-coordinated Si atom
(Si-C3), which is bonded with three C atoms in a buckled out-of-plane con-
figuration either above or below the graphene plane with respect to the beam
direction [44, 114]. At low primary electron energies, the beam cannot eject C
atoms from the lattice, but it can impart enough of a kick to the C to displace
it from its lattice position. However, due to a attractive force between Si and
C atoms, the C atom is pulled back. In the meantime, the Si atom relaxes
into the vacancy left by the C atom, which ends up on the opposite site [44].
Figure 2.13b & c shows the same area of graphene where the Si has jumped by
one lattice site. Following this, the atoms can be manipulated in a controlled
way by iteratively placing a focused electron probe on the top of the desired C
atom next to the dopant. For this thesis, the manipulation of Si and P atoms
in graphene and Si atoms in SWCNTs have been demonstrated.
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Figure 2.13: STEM/MAADF images show a three-coordinated Si
(bright) atom in graphene (a). A zoomed-in view of the local struc-
ture at its initial position at time t0. (b) The same area, where Si has
jumped by one lattice site after time t1 upon electron beam irradia-
tion at 60 kV primary energy. (d) represent a structural model with
the trajectories of the ejected C atom (black) and the Si atom (yellow)
overlaid by semi-transparent balls and dashed lines. Image reused with
permission from Ref. [115] (CC-BY).
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Results

This Chapter is dedicated to the results that were achieved during the course
of this thesis, and it is divided into five parts. Section 3.1 is devoted to sample
cleaning, especially using pre-situ annealing. Section 3.2 presents nanopores in
single-layer transition metal dichalcogenides, induced either by highly charged
ion irradiation or intrinsically present along its grain boundaries. Section 3.3 is
dedicated to low-energy ion irradiation, particularly germanium implantation
into graphene. Section 3.4 focuses on the electron-beam driven dynamics of dif-
ferent heteroatoms in graphene and single-walled carbon nanotubes. Finally,
Section 3.5 presents the electron-beam manipulation of impurities, primarily
silicon, in graphene and single-walled carbon nanotubes.

3.1 Sample cleaning

This Section is dedicated to the pre-situ cleaning method developed to clean
graphene in vacuum during the course of my PhD. The content is based on
entry 1 and the mechanical exfoliated graphene results on entry 4 of the list of
publications.

Here, we analyze and compare the effectiveness of heat treatments in air and
in vacuum to clean graphene. We investigate its relative cleanliness after ex-
situ annealing in air on a hot plate or in a vacuum chamber. We further
demonstrate a new, effective and reliable cleaning approach using radiative
heating via a tungsten wire or a high power laser in vacuum, as explained in
Section 2.4 in the previous Chapter. Samples were characterized using low
acceleration voltage TEM and atomic resolution aberration-corrected STEM.

3.1.1 Untreated samples

Figure 3.1 shows STEM/MAADF images of an untreated commercially avail-
able CVD-grown single-layer graphene sample, transferred onto QuantifoilR©
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Figure 3.1: STEM/MAADF images of a typical graphene sample with-
out treatment.

TEM grids. In dark-field STEM images, darker contrast is an indication of
the amount of contamination overlying the atomically thin graphene sheets,
as can be seen in Figure 3.1: the sample looks fully covered with the dark
patches of contamination.

3.1.2 Ex-situ cleaning

3.1.2.1 Air annealing

Air annealing was done by heating the samples on a hot plate. The experi-
mental details are described in Section 2.4. Figure 3.2 shows TEM images of
suspended monolayer graphene after annealing in air at temperatures between
400–500◦C (treatment at lower temperatures does not yield larger clean areas,
even if contamination layers are thinner). After air treatment at 400◦C for
1 h, structural damage of graphene starts to emerge, but residues have not
been much affected as shown in Figure 3.2a & b. By increasing the temper-
ature to 450◦C for 30 min, tearing of graphene sheets becomes frequent and
the concentration of impurities is reduced as illustrated in Figure 3.2c & d.
However, significant contamination still remains. At 500◦C for 15 min, crack
formation is evident almost everywhere on the sample, as shown in Figure 3.2e
& f. At the same time, some regions of the contamination appear to be thicker
after the treatment. Thus, air annealing at high temperatures does help in
removing residues, but severe damage occurs [116] in the suspended graphene
regions, presumably assisted by the etching of grain boundaries.

38



3.1 Sample cleaning

a

b

c

d

e

f

2 µm 2 µm 5 µm

200 nm 200 nm 200 nm

crack

fu
lly

 d
am

ag
ed

fully intact pa
rt

ly
 d

am
ag

ed

Figure 3.2: TEM images of CVD-grown monolayer graphene after heat
treatment in air. (a) Overview and (b) magnified view after annealing
at 400◦C for 1 h. (c) Overview and (d) magnified view after 450◦C for
30 min. (e) Overview and (f) magnified view after 500◦C for 15 min.

3.1.2.2 Vacuum annealing

In vacuum, graphene can withstand significantly higher temperatures [116,
117], but cleaning is also expected to be slower without a reactive atmo-
sphere. Samples were annealed in a vacuum chamber (see Section 2.4) and
characterized using TEM and further STEM. Figure 3.3 shows TEM and
STEM/MAADF images of graphene annealed between 600–750◦C (heated at
a rate of 10◦C/min and cooled to room temperature in N2). Figure 3.3a shows
TEM images of a sample that was heated to 600◦C. However, contaminants
cover the surface, with small clean spots no larger than a few tens of nm2.
After thermal treatment at 650◦C for 15 min, surface contamination was re-
duced (Figure 3.3b). However, long treatments at high temperature start to
cause crack formation even in vacuum. We further increased the annealing
temperature to 750◦C but reduced the time to only 3 min, and observed that
many contaminants had been removed (Figure 3.3c). We also found apparently
almost fully clean areas (Figure 3.3c), apart from some remaining chains of
thicker impurities including heavier particles (probably due to greater binding
of impurities at wrinkles, local strain variation, or grain boundaries). How-
ever, even this short treatment resulted in severe tearing of the suspended
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Figure 3.3: TEM (a–c) and STEM/MAADF (d–e) images of CVD-grown
monolayer graphene after vacuum annealing at (a) 600◦C for 30 min,
(b) 650◦C for 15 min, (c) 750◦C for 3 min. After annealing at 750◦C,
this sample was transferred via ambient to the Nion UltraSTEM100.
(d) Low-magnification STEM image and (e) magnified view of a clean-
looking area, revealing that a layer of contamination still covers the
surface (noisy contrast), and more rapidly accumulates under the beam
(bright squares).

graphene. While chemical etching should be suppressed in vacuum, the mis-
match in the coefficients of thermal expansion of graphene [118] and the gold
substrate [119] causes a mechanical stress of 1.7 % (as the support expands
by 1.46 % and graphene contracts by -0.2 %) at this temperature.

To verify the cleaning, we imaged the 750◦C sample at higher resolution.
The STEM/MAADF image in Figure 3.3d includes both large clean-looking
areas and chain-like impurity patterns. Since ADF contrast is directly pro-
portional not only to the number of atoms in the beam path but also their
atomic number [35], the bright spots possibly contain heavier elements such as
gold from the support grid that have become mobile at high temperatures. At
higher magnifications, we observed that a thin layer of contamination is still
covering the regions that appear clean at lower resolution. The square bright
contrast in Figure 3.3e was caused by mobile contamination pinned onto the
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Figure 3.4: Cleaning effect of heat treatments in air and in vacuum. The
left axis shows the normalized integrated intensity as a function of an-
nealing temperature (for untreated samples, a typical value was ∼0.61).
As the temperature increases, the integrated intensity approaches that
of vacuum, corresponding to the removal of contamination. The right
axis shows the thermal energy per mole multiplied by the treatment
time (Eq. 3.1), suggesting that higher temperature treatments are more
effective [121].

surface by the electron beam. These findings may be explained by the highly
lipophilic nature of graphene: a thin layer of contamination quickly adsorbs
on the surface when graphene is exposed to the ambient [120].

To quantify the effect of cleaning, in Figure 3.4 we plot the integrated
intensity which is sum of pixel intensities within a TEM image, measured
over several hundred nm2 of graphene (divided by the intensity measured over
vacuum to normalize for differences in beam focusing) for air and vacuum an-
nealing at different temperatures [121]. For both treatments, the integrated
intensity approaches a value close to unity with increasing temperature, in-
dicating a decrease of impurity concentration as contaminants on the surface
diffuse away. Since we used different treatment times at different tempera-
tures, to compare the treatments we also calculate the time integral of the
thermal energy per mole defined as

Sth = NAkBTt, (3.1)
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where NA is the Avogadro constant, kB the Boltzmann constant, T the tem-
perature in Kelvin, and t the treatment time. The normalized intensity plot in
Figure 3.4 shows that relatively shorter treatments are required at higher tem-
perature for the same or even better cleaning effect. This finding corroborates
the effectiveness of rapid-thermal annealing.

3.1.3 Pre-situ cleaning

To clean graphene using pre-situ annealing in a custom-built vacuum chamber
attached to the STEM column, we made use of both radiative energy transfer
from a resistively heated W wire and from a laser aimed at the sample.

c

100 nm

a b

d
200 nm 10 nm

5 nm

Figure 3.5: STEM/MAADF images show the effect of laser cleaning
of CVD-grown monolayer graphene on QuantifoilR© grids. (a & c)
Overviews of almost fully cleaned holes covered with graphene. (b &
d) Magnified views from the clean regions from the respective overview
images. Insets in panels (b & d) show the graphene lattice.
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Figure 3.6: STEM/MAADF images showing the effect of laser cleaning
on CVD-grown graphene transferred onto SiN grids. Panels (a–d) show
overview images without treatment. Graphene holes are fully covered
with contamination. After the treatment (iteratively using 55 % power
for 1 min) the holes are almost fully cleaned as shown in panels (e–h).
The field of view for all panels is 200 nm2.

The STEM/MAADF overview images in Figure 3.5a & b show two different
QuantifoilR© holes covered with graphene after laser cleaning. Laser annealing
cleaned most of the fixed contaminations from the surface except the thicker
ones linked in a chain. Samples were again iteratively treated with increasing
laser power until cleaning was observed, leading to good results with 600 mW
(10% duty cycle) for 2 min. Several hundred nm2 clean lattice regions could
be achieved as shown in Figure 3.5c & d. Insets show the perfect hexagonal
lattice of graphene from the respective regions.

Laser cleaning is thus a very efficient technique to remove the contamina-
tion, but irradiating the sample using high laser power (thus at higher temper-
atures) introduces thermal drift. The evaporation of contamination from the
surface and thinning down of the QuantifoilR© may also introduce mechan-
ical instability. Silicon nitride (Si3N4) microchips with electron-transparent
windows provide robust supports for electron microscopy and can withstand
very high temperatures. The upper row in Figure 3.6 shows the untreated
graphene samples covered completely with contamination. However, laser an-
nealing at 55% power repeatedly for 1 min removed the contamination and
retained almost fully intact graphene.

In the case of laser annealing, it is difficult to precisely estimate the heating
caused by the laser. Both graphene and the gold support grid have very high
thermal conductivity. By assuming that only about 20% (100–200 mW) of the
laser power flux is deposited on the sample (due to the geometry, a significant
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part missed the sample or was reflected), that the coupling to the sample
holder is relatively poor because of the little contact pressure between the grid
and the sample holder, and that the system reaches a thermal equilibrium of
absorption and emission within a fraction of a second once the laser is switched
on, we can roughly estimate a resulting temperature of around 1100–1300 ◦C
from the radiant emittance. At higher power the laser destroyed the sample;
since the melting point of the gold support is 1100◦C, it appears that our
optimum is close to this limit. However, realignment of the laser so that
it hits the sample while sitting in the microscope objective, as explained in
Section 2.6, may have later changed laser power deposition due to change in
the geometry.

In addition to the intrinsic (fixed) contamination as explained earlier, hy-
drocarbon impurities tend to be mobile and diffuse over the surface of the
sample. Such mobile contamination can quickly form a thick layer of car-
bonaceous film by the cross-linking of adsorbed organic molecules [122] and
decomposition by the focused electron beam. STEM/MAADF images in Fig-
ure 3.7a & b show the continuously growing mobile contamination as brighter
square regions. This process is called as electron-beam induced deposition
(EBID). Although EBID of contaminants is unwanted, especially for electron
microscopy as it degrades the quality of samples, it can also be used for creating
arbitrary patterns with a nanometer-scale resolution in a TEM [123]. Inter-
estingly, while we observed mobile contamination pinning under the beam in
these samples, in most cases this occurred only when the field of view contained
pre-existing contamination or other defects.

a b

200 nm 50 nm
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ed

 

cleaned

pinned

Figure 3.7: STEM/MAADF images show growing mobile contamination
deposited under the electron beam. The brighter square in panels (a–b)
is due to the pinning down of mobile contamination under the beam.
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Figure 3.8: Laser-cleaned mechanically exfoliated few-layer graphene.
(a) shows the varying graphene layer number by the direct contrast
difference.

Figure 3.8 shows the laser annealing effect on mechanically exfoliated few-
layer graphene. Irradiating with 10% laser power for 10 s (in a different laser
geometry, with the laser spot directly hitting and covering the whole sample)
removed most of the contamination from the sample. The effect of contam-
ination on graphene to its core level binding energies was also measured by
combining synchrotron-based scanning photoelectron microscopy with STEM
and Raman spectroscopy [124].
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Figure 3.9: CVD-grown monolayer graphene cleaned with W wire ra-
diative heating.
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Table 3.1: Quantification of broken or damage QuantifoilR© holes after
treatment.

Condition
Air (◦C) Vacuum (◦C) Pre-situ

RT 400 450 500 600 650 750 Laser W wire

damaged (%) 31 53 44 58 50 38 75 44 55

broken (%) 15 44 37 43 29 13 48 39 39

total 203 59 71 67 70 63 63 46 49

STEM/MAADF images in Figure 3.9 show the cleaned graphene after
resistive heating via a tungsten wire mounted in a vacuum chamber attached
to the microscope (as explained in Section 2.6). The treatment time was
15 min. The wire power was iteratively increased until cleaning was observed,
yielding good results for a current of 7 A, corresponding to a thermal power
of 64 W and a wire temperature of 1750 K. Intermediate-resolution images
confirm the clean graphene lattice regions.

To estimate the amount of damage after treatments, we counted the num-
ber of partially and fully broken suspended graphene areas (some are damaged
also in untreated samples), as shown in Table 3.1. These were increased by
more than two-fold for all of our cleaning methods, pre-situ ones having the
smallest increase (presumably due to the best vacuum conditions). Nonethe-
less, especially in the pre-situ samples, it was easy to find clean and fully
intact areas. The cleaning effect was similar for both pre-situ treatments,
although radiative heating causes slightly more structural damage than the
laser treatment.

In conclusion, we have compared heat treatments to clean graphene in air
and vacuum. We show that air annealing is not a good method: contamination
remains on the surface, and severe damage occurs at higher temperatures
where the treatment is more effective. Annealing at even higher temperatures
in vacuum is more effective in removing surface contaminants, but some seem
to re-adsorb upon exposure to an air ambient. This issue can be overcome
with pre-situ annealing via radiative or laser-induced heating in the same
vacuum system as the electron microscope. While some structural damage
seems unavoidable, these methods appear to be reliable and controllable for
cleaning graphene and potentially other 2D crystals. However, caution must be
taken in selecting the treatment time and the laser or thermal power to avoid
destroying the sample. With optimal parameters, large areas of atomically
clean graphene can be easily obtained.
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3.2 Nanopores in transition metal dichalcogenides

3.2.1 MoS2 and WS2 nanopores by highly charged ions

This Section is dedicated to highly charged ion irradition of MoS2 and WS2.
The content is based on entry 5 of the list of publications and unpublished
work .

The HCI method offers a unique approach to create pores in a controlled way
and to achieve the desired pore density, irrespective of any intrinsic defects
present already. We show a fine-tuning of pore diameter in the range of 0.5–
5 nm in MoS2 with the charge state of Xe ions. This corresponds to the
energy associated with the charge state of the ion, which gives rise to the
efficient removal of atoms from a nanometer-sized area. To study the response
of HCIs with similar charge states, we also irradiated another member of the
TMD family, i.e. WS2. Although pore size dependency on the ion parameters
and their variation for WS2 are not conclusive yet, preliminary results show
the formation of triangular pores with atomically sharp edges even in thicker
(i.e. bi- or trilayer) WS2.

MoS2 monolayer samples were grown on SiO2 by CVD in Dublin [26] as
described in the previous Chapter, and transferred from the substrate to TEM

0.5 nm

a b

10 nm

Figure 3.10: Monolayer pristine MoS2 before irradiation. (a)
STEM/HAADF overview image shows small clean areas of MoS2.
Brighter contrast represents contamination. (b) Double Gaussian fil-
tered HAADF image shows the perfect atomic lattice of monolayer
MoS2. Single S vacancies caused by the electron irradiation during imag-
ing have been highlighted. Due to their Z contrast [35], the heavier Mo
atoms appear brighter in comparison to the S atoms.
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grids. The irradiation experiments were performed at the the University of
Duisburg-Essen HICS beamline [95], which contains an electron beam ion
source that can deliver Xe ions with a maximum charge state of q= 48+.
Samples were irradiated at room temperature and in ∼1×10−9 mbar vacuum
using different charge states within q = 20–40+, which can deliver potential
energies in the range of 4.6 keV ≤ Epot ≤ 38.5 keV. Fluences ranged from φ
= 28.00 µm−2 for Xe40+ up to φ = 18.000 µm−2 for Xe20+ at a perpendicular
incidence angle. To study the effect of charge state and potential energy in
the pore creation mechanism, the kinetic energy was kept constant for all the
experiments with a value of Ekin = 180 keV. After irradiation, all samples
were analyzed using the aberration-corrected Nion UltraSTEM100 in Vienna
at 60 keV primary beam energy.

The STEM image in Figure 3.10 shows the pristine MoS2 monolayer before
irradiation. Figure 3.11 shows the presence of pores after irradiating the MoS2

with highly charged Xe ions at different charge states. The shape of the pores is
roundish as can be seen from the atomic resolution STEM images. Depending
on the the charge state, the radius of the pores is increasing.

To investigate the dependency of the pore size on the charge state of the
ion, the pore areas were estimated for each irradiation condition. Since the
majority of the pores show a roughly round shape, the areas A have been
measured using A = πr2, where r is the radius. As an example, pore size his-
tograms for Xe20+, Xe31+ and Xe40+ are shown in Figure 3.12. All histograms
have been normalized and fitted with a Gaussian function. It is clear from the

Xe29+ Xe33+ Xe38+a c e gXe20+

10 nm 10 nm 10 nm 20 nm

b

1.2 nm

d

1.47 nm

f

3.53 nm

4.56 nm

h

Figure 3.11: Pores in MoS2 after irradiation with HCIs at different
charge states. Pores have been overlaid with green circles (top row) to
highlight them. Panels on bottom row have been processed to highlight
the lattice.
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Figure 3.12: Normalized histograms show the distribution of MoS2 pore
sizes for Xe20+, Xe31+ and Xe40+ ions. Each histogram is fitted with a
Gaussian distribution.

histograms that for increasing charge state, the distribution shifts to larger
radii. The mean value of the pore radius for the lowest charge state Xe20+ is
∼0.55 nm, whereas pores larger than 2.65 nm in radius are created by Xe40+

ions.
Figure 3.13a further shows a clear correlation between the potential energy

and the pore radius for all charge states: the pore radii increase with the
increase in the charge state. This dependency was best fitted using a linear
function. We calculated the total number of missing atoms and found that on
average ∼7 atoms per keV were removed from MoS2 at low charge state 20+
(33 atoms in total), whereas at highest charge state 40+, this number increased
threefold (∼20 atoms/ keV or 765 atoms in total). This can be understood by
assuming that increasing potential energy leads to the sputtering of clusters
of atoms which requires less energy than sputtering an individual atom as not
all bonds must be broken [125]. As a consequence, more atoms (individually
or in clusters) per energy unit can be emitted for higher charge states.

These results can be compared to those obtained for MoS2 on a KBr sub-
strate. In that case the pore radius is one order of magnitude higher than
here [89], even though the kinetic energy used in our experiments is lower
(180 keV instead of 260 keV). A reason for this discrepancy is the influence of
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Figure 3.13: Charge state and potential energy dependency of pore cre-
ation in MoS2. (a) A linear variation in pore radius with respect to
the charge state or respective potential energy. (b) A direct correlation
between the pore creation efficiency as a function of the charge state.

the substrate during the defect formation process, as also shown for graphene
irradiation [126]. Atoms sputtered from the substrate may lead to additional
removal of atoms from the material, resulting in an increase of the pore size
for the supported structure [127].

We also calculated the probability to create a pore upon impact by dividing
the pore density by the fluence. Interestingly, it is apparent from Figure 3.13b
that the probability to create a pore decreases with decreasing Epot. The
pore creation efficiency for Xe40+ ions was (93 ± 14)%, which means that
practically every incoming HCI created a pore in the sample. However, with
decreasing potential energy of the ions, the defect creation efficiency decreases
to (15 ± 2)%. It indicates that the probability for energy deposition from the
HCI to the sample must depend either on the charge state or potential energy
associated with the ion.

By decreasing Epot, the radius can be reduced down to the offset value of
the linear fit, representing the extrapolated limiting size of a pore that would
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3.2 Nanopores in transition metal dichalcogenides

a b c

1 nm 1 nm 1 nm

Figure 3.14: Mo rich areas next to HCI-induced pores in MoS2.

be induced into a MoS2 monolayer after interaction with a neutral Xe atom.
Without potential energy, the pore creation process would be driven by the
deposition of kinetic energy. This pore with a radius of 0.27 ± 0.06 nm would
correspond to ∼9 missing molybdenum and twice as many missing sulphur
atoms, and represents the lower limit of the achievable pore size in suspended
MoS2 by Xe irradiation for the given kinetic energy.

The impact of an HCI on a 2D material may lead to the emission of elec-
trons and increase in temperature due to charge exchange between the ions and
target atoms [90, 92, 128]. In the case of MoS2, heat treatment and electron ir-
radiation results in S vacancies, which can form into complex defects [37, 129].
Besides pore creation, lattice structure near the pore can be distorted when
S atoms are sputtered. Red circled regions in the STEM/HAADF atomic
resolution images of Figure 3.14 show Mo clusters near the pores.

Finally, the defect formation mechanism via highly charged ions should be
similar for other TMDs. As a comparison, we also irradiated WS2 with Xe40+

ions. The preliminary results show triangular pore formation in the WS2

lattice (Figure 3.15). Magnified atomic resolution STEM/HAADF images
show individual pores with sharp edges. The potential energy deposition of
the HCI is very localized close to the surface [86], and interestingly, we observed
the formation of pores in only the top layers, with a perfect atomic lattice of
the bottom layers retained in bilayer WS2 samples. Since triangular pores
also have been observed due to premature termination of TMDs growth, this
can not be totally excluded as an origin for these pores. Hence, a systematic
study is required to investigate the pore-size dependency on the charge state
and sample thickness.

In summary, we have shown here the first experiments on highly charged
ion irradiation of freestanding monolayers of MoS2 and compared them to ir-
radiation of mono- and bilayer WS2. The successful creation of pores in the
otherwise pristine lattice of the TMDs was observed. In the case of MoS2, the
radius of the pores ranging from 0.55–2.65 nm was controlled by changing the
charge state of the projectile. The kinetic energy was kept constant for all ex-
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Figure 3.15: Triangular pores in WS2. (a) Overview image after irradi-
ation. (b) Magnified view shows clear sharp edges of triangular shaped
pores. (c) Atomic resolution HAADF raw image shows individual pores
in monolayer WS2. (d) Atomic resolution HAADF raw and double Gaus-
sian filtered (inset) image shows individual pores in bilayer WS2.

periments and the deposition of the potential energy of the highly charged ion
to the defect formation process at different charge states was studied, suggest-
ing potential energy to be the only driving force for pore creation. Additional
experiments need to be carried out to clarify the process in WS2. Nonetheless,
irradiation with highly charged ions clearly represents a novel technique for
fabricating porous MoS2 and WS2 with pores in the size regime meeting the
strict requirements of water desalination [130] or DNA sequencing [131].
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3.2.2 Intrinsic nanopores along MoS2 grain boundaries

We present here a detailed analysis of grain boundaries (GBs) in single-layer
MoS2. Grain boundaries are formed with the merging of differently oriented
grains during growth. Atomic resolution imaging has been used to observe
the GBs [56, 132], and the formation of nanopores and dislocation cores along
them [55, 133]. Further, a dependency between the grain misorientation an-
gle and the size distribution of nanopores along the GBs has been observed,
where the density of dislocation cores and pore area increase with decreasing
misorientation angle [55, 133]. However, until now only three nearly equal
misorientation angles were studied. Interestingly, here we find a decrease in
pore areas from ∼2–15◦ misorientation angle and then a nearly linear increase
in area for higher angles. Moreover, the spacing between dislocation cores
decreases with increasing grain misorientation angle.

MoS2 samples were directly grown on SiO2/Si substrates by CVD in
Dublin [26] and transferred onto TEM grids as explained in Section 2.3.3.
An aberration-corrected Nion UltraSTEM100 in Vienna operated at 60 kV
was employed to map and image the grain boundaries at atomic resolution.
Although this is lower than the knock-on damage threshold of MoS2 [31], ex-
tended imaging can form defects and pores in the structure. Figure 3.16 shows
STEM/HAADF images of various grain boundaries. Relative mismatch an-
gles between two grain domains have been measured directly from the lattice
orientations visible as two sets of reflections in the FFTs of the corresponding
HAADF images.

Crack propagation near the grain boundary can be induced by electron
irradiation [134, 135]. However, we observe here intrinsically present long and
straight crack-like structures along the MoS2 GBs (Figure 3.17). Although
the surface is covered with hydrocarbon contamination, the adjoining of grains
after large cracks is still clearly visible in magnified HAADF images.

Figure 3.18 shows a connected periodic chain of 4-8-4-membered rings be-
tween two different grain orientations at a relative misorientation angle of 60◦.
This particular GB structure is called a mirror twin or an anti-phase bound-
ary [53, 133], predicted to be metallic in nature [54]. In addition to the periodic
chain of dislocation cores, only one pore was found along this particular GB,
in contrast to other mismatch angles where mostly larger pores were found.

Pore areas were directly measured from the atomic resolution HAADF
images. The geometric mean (G.M.) of pore areas with respect to misorien-
tation angle is shown in Figure 3.19. The scatter plot shows a decrease in
pore area from ∼14 nm2 to ∼2 nm2 with increase in relative misorientation
angle until 15◦ and then a nearly linear increase in area up to ∼32 nm2 until
30◦. However, most of the grain angles are close to ∼10–15◦. A histogram
in Figure 3.19b shows the pore area distribution for all the mismatch angles,
with a mean close to ∼2.23 ± 0.21 nm2.
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Figure 3.16: STEM/HAADF images of grain boundaries in MoS2.
Overviews (a), (e) and (i) show a position of grain boundary junctions.
Zoomed-in images in the remaining panels present pores along the re-
spective grain boundaries. Relative angles are measured from FFTs
from the magnified images and are highlighted on the overview panels.

Hydrocarbon contamination sticks more to the grain boundaries than pris-
tine regions due to their reactive nature [55]. Additional intensity in atomically
resolved HAADF images corresponds to these contaminants, visible in all top
panels of Figure 3.20. However, after subtracting background from the images,
a linear arrangement of the dislocation cores in the structure along the GBs
can be clearly seen. A Burgers closed circuit drawn in white is used to display
the dislocation cores and a Burgers vector drawn in red provides a shortest
dislocation edge (usually the nearest neighbor inter-atomic distance) [136].
As an example, Figure 3.20c shows seven Burger circuits overlaid around (1,0)
dislocation cores along the GBs.

Geometric phase analysis (GPA) [137] can be used for estimating strain
and local displacement with the STEM-CELL [138] software tool also used
previously [55] to analyze the strain components along GBs. The lower pan-
els in Figure 3.20 show the position of individual dislocations, matching the
contrast of the HAADF images in the top panels. The panels in the bottom
row show the geometric phase analysis εxx component strain maps displaying
lobes configured in regular arrangements.
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3.2 Nanopores in transition metal dichalcogenides

Dislocation spacings have been measured both directly from the experi-
mental images and from the strain maps. The Frank-Bilby equation [139, 140]
d = b/[2 sin(θ/2)] is commonly used to describe a relation between the dislo-
cation spacing d and mismatch angle θ, where b is the length of the Burgers
vector [141]. Figure 3.21 shows a plot of the average dislocation spacing as a
function of relative mismatch angle between two grain domains, fitted with a
double logarithmic reciprocal function [142]. Dislocation spacing is decreasing
with increasing mismatch angle between adjacent grains. In earlier studies,
this dependency of dislocation spacing was shown for small mismatch angles
only. Here, we show a direct correlation between dislocation spacing for rela-
tive misorientation angles up to 22◦, which agrees very well with the Frank-
Bilby equation, confirming the presence of higher dislocation spacing at very
small angles that decreases exponentially as a function of mismatch angle.

a b

c d

100 nm 50 nm

10 nm 2 nm

30.29°

Figure 3.17: STEM/HAADF images of cracks at MoS2 grain boundaries.
(a) Overview image shows a long and straight crack-like structure. Pan-
els (b–d) shows zoomed-in images with long pores along the GB with a
relative mismatch angle of 30.29◦.
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In conclusion, we have made an extensive study of the grain misorientation-
dependent size distribution of nanopores and dislocations along MoS2 grain
boundaries. Pore areas decrease from∼14 nm2 to∼2 nm2 with increase in rela-
tive misorientation angle until 15◦ and then show a nearly linear increase up to
∼32 nm2 at 30◦. The dislocation spacing decreases exponentially with the in-
crease in relative mismatch angle, in agreement with the Frank-Bilby equation.
In addition to cracks at a high misorientation angles, a mirror twin boundary
with a connected periodic chain of 4-8-4-membered rings between two oppo-
site grain orientations has been presented. Similar to the ion-induced pores
in MoS2 as described in the previous Section, intrinsically present nanopores
along the GBs might also be used for potential applications.
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Figure 3.18: STEM/HAADF images of a 60◦ grain-boundary in MoS2.
(a) Overview image. (b) Atomic-resolution image of a connected peri-
odic chain of 4-8-4-membered rings between two grains. (c) HAADF
image (b). Inset shows only one set of Bragg reflections. (d) Double
Gaussian filtered image of panel (b) with overlays.
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Figure 3.19: Pore area analysis at MoS2 grain boundaries. (a) Distri-
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Figure 3.20: Dislocation cores along GBs. Top panels show background-
subtracted filtered STEM/HAADF images. Bottom panels show geo-
metric phase analysis εxx component strain maps from the corresponding
images in top panels. White lines show Burgers circuits around disloca-
tion cores and red lines indicate the Burgers vectors, which equals the
lattice unit of MoS2. Field of view for all panels is 5×5 nm2.
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Figure 3.21: Dislocation spacing as a function of the misorientation angle
between adjacent grains based on the Frank-Bilby equation.
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3.3 Implanting germanium into graphene

This Section is dedicated to the incorporation of low-energy 74Ge+ ions into
single-layer graphene. The content is based on entry 2 of the list of publica-
tions.

Silicon is an ubiquitous impurity in graphene [45, 143, 144], and very recently
also the slightly heavier phosphorous ions were implanted into the lattice [46].
Atomic resolution imaging in combination with EEL spectroscopy confirmed
that the dopant atoms directly substituted single C atoms and bonded in
graphitic configuration. Germanium is a structural and electronic analogue
to silicon, but significantly heavier (atomic number 32 as compared to 14)
and larger (covalent atomic radius of 122 pm as compared to 111 pm for
Si and 77 pm for C). Following the successful implantation of lighter het-
eroatoms [40, 46], it was not clear whether heavier dopants can also be incor-
porated in graphene in the same manner.

It has been predicted that the bond length between Ge and C will result in a
three-coordinated Ge to buckle out of the graphene plane [145]. Its structurally
isovalence with Si anticipates [45] another possible bonding: a planar four-
coordinated substitution in a graphene divacancy. From DFT simulations, it
was predicted that doping graphene with germanium can open and control the
band gap depending on concentration [145, 146]. However, direct evidence for
the stability of direct lattice substitutions was lacking. We show here the first
successful incorporation of Ge impurities into the graphene lattice using ion
implantation.

Low-energy 74Ge+ ions were implanted into commercially available mono-
layer graphene supported on Au TEM grids (QuantifoilR© 2/4, Graphenea).
A details description of the ion implantation can be found in Section 2.5.1.1.
Ion energies in the range of 15–25 eV were chosen in order to suppress radia-
tion damage. The transferable kinetic energy to a carbon atom in a head-on
collision with such an ion is below the experimentally estimated displacement
threshold energy of graphene (21.14 eV) [107]. However, due to a strong chem-
ical effect between the incoming Ge ion and the structure around the C atom
being displaced, these energies are sufficient as confirmed with simulations [47].
Unfortunately, contamination remains an issue for the ion-implanted samples,
as explained earlier. In an effort to reduce it, laser annealing [121] was done
using a 445 nm laser diode, aimed at the sample through a view port of the
vacuum chamber both for 2 min before (nominal laser power 480 mW) and
during the implantation (240 mW).

All samples were characterized in the Nion UltraSTEM100 operated at
60 kV. The atomic resolution STEM/MAADF image in Figure 3.22a shows
an overview of a graphene sample irradiated with 20 eV 74Ge+ ions. Most
of the graphene surface is covered by a thick layer of contamination despite
the laser annealing. Contamination introduced during implantation degrades
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Figure 3.22: Overview images of a graphene sample implanted with
20 eV 74Ge+ ions (MAADF/STEM, 1024×1024 px). (a) Raw image of
heavily contaminated graphene suspended over a QuantifoilR© hole after
ion implantation, with the arrow indicating a narrow cleaner region. (b)
Clean monolayer graphene areas some tens of nm2 in size were found
in this region. The FFT of the inset shows the hexagonal structure of
the graphene lattice. (c) Two Ge atoms bonded at the edge of overlay-
ing graphitized contamination. (d) A single Ge atom incorporated into
the graphene lattice. (b-d) have been processed with double Gaussian
filtering [35].

sample quality and makes electron microscopic characterization difficult. The
degree of contamination was however not entirely consistent: in some samples
we were not able to find any clean lattice despite extensive searching, whereas
in others this was rare, but included regions with implanted impurity atoms.
The arrow in Figure 3.22a shows the only clean regions (few nm2) within this
QuantifoilR© hole. One possible explanation is that the alignment of our laser
was not fixed and varied between the different experiments.
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Figure 3.23: Spectroscopic characterization of implanted germanium.
EDX spectrum with the approximate beam size indicated by the colored
red area in the inset bright-field image of graphene suspended over a hole
in the QuantifoilR©.

Most of the data is from the cleanest sample that was irradiated at 20 eV.
We did also find one incorporated impurity atom in a sample irradiated at
15 eV, but did not find a single Ge impurity in the 25 eV sample as it was
totally covered with contamination. Due to this lack of statistics from differ-
ent ion energies, it is difficult to deduce the ideal implantation energy from
the experiments. In total, we found only seven Ge impurities directly in the
lattice (roughly 1500 nm2 of clean lattice was analyzed; with our ion fluence of
1 ion/nm2, this yields an implantation efficiency of just 0.5%). Figure 3.22b
shows an example of a somewhat clean sample area, illustrating how most
lattice areas do not contain any Ge atoms, nor we did find defects in the
lattice. Examples of two Ge impurities bonded at the edge of an overlaying
contamination layer are shown in Figure 3.22c. Finally, Figure 3.22d shows
a single Ge atom directly substituting a single carbon atom and bonding to
three carbon neighbors in lattice.

ADF imaging in combination with EELS is usually the best tool for es-
tablishing chemical identities and bonding at the atomic level [46, 147, 148].
However, Ge impurities in graphene present a particular challenge: the weak
Ge L-edge is located at ∼1150 eV, beyond the range of our spectrometer,
whereas the M 4,5-edge, located at ∼32 eV, falls under the much more intense
graphene π + σ plasmon (which is further influenced by nearby contamina-
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Figure 3.24: Germanium substitutions in graphene (top: three-
coordinated single atom substitution, Ge-C3; bottom: four-coordinated
substitution in a double vacancy, Ge-C4). The raw STEM/MAADF
images have been averaged from 7 and 40 frames, and further double
Gaussian filtered. Quantitative STEM simulation using our experimen-
tal parameters reproduces in both cases the high intensity of the Ge
impurity. DFT simulations show that while the Ge-C3 impurity buckles
out of the graphene plane, the Ge-C4 site is flat. The fields of view are
1×1 nm2.

tion [149, 150]). The presence of Ge was thus confirmed through EDX in a
Philips CM200 TEM instrument, operated at 80 kV. Figure 3.23 shows the
clear intensity peak of Ge in the EDX spectrum acquired from the red circled
region shown in the inset. The samples were further characterized in another
TEM at University of Manchester to try to collect high resolution EDX of
individual Ge atoms. However, detecting their spectroscopic signature was
not possible due to their instability at the used 80 kV acceleration voltage.

Figure 3.24 shows atomic resolution STEM/MAADF images of a single ger-
manium impurity in three-coordinated (Ge-C3, top row) and four-coordinated
(Ge-C4, bottom row) configuration. To enhance the signal-to-noise ratio, mul-
tiple raw images have been aligned on top of each other and their intensities
averaged. Double Gaussian filtering [35] has been used to remove the electron
beam probe tails from the averaged MAADF images in both configurations,
as can be seen in the second panels. Due to a very high scattering signal from
the Ge impurities, their contrast is extremely intense in comparison to the
C atoms even to the MAADF detector, making it difficult to distinguish the
local bonding in the structure.

Simulated images of three-coordinated (Ge-C3) and four-coordinated (Ge-
C4) germanium substitutions [47] in graphene match well with the double
Gaussian filtered images as presented in Figure 3.24. Since images acquired
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with the MAADF detector may have coherent contribution leading to ad-
ditional image intensity, intensities of the atoms have been calculated from
images recorded with the HAADF detector. We found the ratio of the inten-
sity of the Ge impurity atom to that of C atoms distant from it as 21.5 ±
0.9 for Ge-C3 and 21.7 ± 1.0 for Ge-C4, with simulated ratios respectively
of 21.8 and 22.5. This corresponds to a Ge/C contrast proportional to Z1.86,
confirming the chemical identity of the impurities. Significant structural re-
arrangement around the Ge-C3 site was theoretically expected [145] and our
DFT simulation reproduces the results with the Ge atom buckling 1.90 Å out
of the graphene plane as shown in the top and side views of the relaxed model
structure in Figure 3.24. A detailed description of the simulations can be
found in Ref. [47].

In summary, we have implanted thus far the heaviest directly observed
graphene impurity, and shown that despite its larger size, germanium can
substitute a single atom, bonding to three carbon neighbors. This demon-
strates that elements from the fourth period may be incorporated into the
graphitic lattice, suggesting that substitutions from groups 3–13 with possible
applications including single-atom catalysis and magnetism may also be possi-
ble. However, there are two fundamental challenges to achieving high-quality
ion implantation of graphene. First, contamination induced during implanta-
tion remains a serious issue. Annealing samples using a heating holder during
irradiation may remove contamination, and thus increase the achievable dop-
ing. Secondly, the used ion energies should be precisely measured. Addressing
these two issues can improve the sample quality in future experiments. Never-
theless, ion implantation continues to progress as a versatile tool for large-scale
and precise doping of low-dimensional materials.
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3.4 Beam-driven dynamics at heteroatom sites

This Section is dedicated to electron-beam induced dynamics of N, Si, P and
Ge impurities in single-layer graphene. The content is based on entries 2, 3,
6 and 7 of the list of publications.

During STEM imaging, electrons can transfer momentum (and energy) to
individual atoms giving rise to interesting dynamics. However, considering a
single-electron elastic collision in the static lattice approximation, a STEM
probe at 60 keV energy can transfer only about 10.9 eV [43] to a static C
atom, whereas many dynamics take place in the 15 eV energy range. However,
in the presence of lattice vibrations there is greater energy transfer [107],
making it possible to trigger such dynamics. Further details may be found in
Refs. [106, 151].

Several atomic level dynamics have been reported at energies below the dis-
placement threshold [32], such as Stone-Wales transformations by rotating a
C-C bond, or the migration of dislocation cores [152] and double vacancies [36]
in graphene. Electron-beam induced atom-conserving dynamics of impurity
atoms in graphene include the bond-inversion between Si and C [115], B and
C or N and C [42, 147, 153]. Following this mechanism, the directional ma-
nipulation of Si atoms in graphene has been demonstrated [144, 154, 155], as
will be further discussed in Section 3.5. Further dynamics with Si atoms such
as their trimer rotation or of Si6 clusters in a pore in graphene [156] have also
been observed.

The elemental identification of individual impurities can be done us-
ing quantitative intensity analysis from ADF imaging and using electron
energy loss spectroscopy. Figure 3.25 shows a double Gaussian filtered
STEM/MAADF image with three Si atoms in the graphene lattice. Si im-
purities in graphene [45, 143] or in SWCNTs bond in a three-coordinated
out-of-plane (Si-C3) atomic configuration where a Si atom substitutes a single
C atom and bonds directly with three neighboring C atoms as can be seen in
Figure 3.25a (bright atoms in bottom-left and top-right positions). Si atoms
can also be found in a four-coordinated planar [157] atomic configuration (Si-
C4) at a double-vacancy site in graphene, bonding with four neighboring C
atoms (bright atom close to center) as shown in Figure 3.25a. Figure 3.25b ex-
hibits the EEL spectrum of an individual three-coordinated atom in graphene
whose Si L2,3 edge confirms the identity of Si.

In this Section, we present the beam-driven dynamics of nitrogen, phos-
phorous and silicon dopants in graphene and also the dynamics of Si in single-
walled carbon nanotubes, caused by electron irradiation. Purposeful manipu-
lation will be discussed in the next Section.
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Figure 3.25: (a) STEM/MAADF image of individual three-coordinated
and four-coordinated Si atoms in monolayer graphene. Image has been
processed using double Gaussian filtering. (b) Elemental identification
of a single Si atom in graphene via EELS (Si L2,3 edge) collected at an
acceleration voltage of 55 kV.

3.4.1 Pyridinic nitrogen in graphene

The bonding configurations of N impurities in CNTs [158] and
graphene [42] can be mainly categorized into three atomic structures:
graphitic/substitutional (N is bonded with three C neighbors), pyridinic (N
is bonded with two C neighbors next to a monovacancy) and pyrrolic (N is
bonded with two C neighbors in a pentagon). Similar to the Si-C bond inver-
sion in graphene, N atoms can also switch their positions with C [153], while
the latter two atomic configurations are rarely observed [148]. Pyridinic con-
figurations tend be very reactive and attract various transition metal atoms
to the defect site [42]. Due to electron beam irradiation, N atoms in pyridinic
configuration have also been seen to jump across a monovacancy in graphene
heated to 500◦C [42].

Here, we observe several cases of pyridinic N atoms in STEM at pri-
mary beam energies of 55 and 60 keV, observing repeated hopping across
a monovacancy in graphene at room temperature. Figure 3.26 shows selected
STEM/MAADF images from two such series.

Pyridinic N atoms can remain stable for many frames before ejecting from
the lattice upon electron-beam irradiation, forming a divacancy which starts
migrating and transforming to more complex defect structures by rotating
bonds [28, 32, 36]. Currently, the mechanism of repeated hopping across a
vacancy in graphene is not fully clear and there is a large discrepancy be-
tween theoretical and experimental cross section values for these jump dy-
namics [153].
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Figure 3.27 shows selected STEM/MAADF images from a long series with
a point defect of one Si atom and one N atom replacing three C atoms in the
lattice. Direct bonding of N with Si has been observed with ADF imaging
and confirmed via EELS [149]. Interestingly, here we observe a new process
for the directly bonded N and Si atoms where they switch their positions thus
also changing the positions of the 5-membered rings.
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Figure 3.26: STEM/MAADF images show two series of a N dopant
in pyridinic configuration jumping across a vacancy (highlighted with
dashed white circles). The dose per frame was 2.3×106 e−/Å2.
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Figure 3.27: STEM/MAADF images showing selected frames out of a
long series where Si and N atoms are switching places at a point defect
in single-layer graphene. The dose per frame was 1.1×106 e−/Å2.
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3.4.2 Phosphorus and germanium substitutions in graphene

Atomic resolution STEM imaging in combination with EELS has demon-
strated the incorporation of phosphorus atoms in a buckled substitutional con-
figuration in the graphene lattice [46]. Here, we focus on the atomic dynamics
of individual P dopants. Targeting the Å-sized electron probe over a specific C
atom induces certain dynamics with a significant probability. Atomic dynam-
ics of P dopants can be primarily categorized into two parts: atom-conserving
and atom non-conserving. In atom-conserving, no atoms are lost from the
structure. In atom non-conserving, atoms are either lost by knocking out a
C neighboring atom or the P is replaced by C, thus modifying the chemical
stoichiometry.

To incorporate the impurities, low-energy P ions were earlier implanted
into commercial monolayer graphene (QuantifoilR© 2/4, Graphenea). More
details about the ion implantation process, the atomic configuration and the
elemental identification of P can be found in Ref. [46] as the same sample was
used for our manipulation experiments. An additional sample was synthesized
with CVD, with details given in Ref. [43]. Samples was characterized in the
Nion UltraSTEM100 operated at 60 kV. The beam current was close to 50 pA.

Figure 3.28 shows an example of the conversion of a three-to four-
coordinated P, bonded to three C neighbors in its initial position (Fig-
ure 3.28a). Due to an ejection of a C neighbor it changed configuration to
being bonded with four C atoms in a graphene double vacancy (panel b).
Once they change their coordination, impurity atoms can no longer be manip-
ulated in graphene [44].

0.5 nm 0.5 nm

a b

Figure 3.28: STEM/MAADF images of a three-to-four coordinated con-
version of a P dopant due to spot irradiation. (a) P bonded to three
C atoms. (b) P atom changes its symmetry to four-coordinated due to
knocking out of a C neighbor.
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HAADF

Figure 3.29: STEM/MAADF image of a four-coordinated P and a EEL
spectrum image of the P L edge response and the corresponding HAADF
image.

EELS spectrum imaging in combination with ADF allows to identify the
impurities. Figure 3.29 shows an EEL spectrum image of a four-coordinated
P in graphene. Due to the long acquisition time, scan distortions can be seen
in the corresponding HAADF image; nevertheless, the P L edge response can
be located on the impurity in the spectrum image.

One of the P lost a C neighbor, and seven were replaced by C, which is
the most commonly observed outcome for P impurities after on average 22
± 5 (mean ± std.err.) 10 s spot irradiations. This is in stark contrast to
Si, for which we never observed such replacements. Figure 3.30 presents two
different cases of P replacement. Since the displacement cross section for the
heavier P atom is several orders of magnitude smaller than that for the lighter
C atoms at 60 keV, we never observed a P being simply knocked out leaving
a vacancy behind. A plausible explanation for the replacement process is that
there are many C adatoms present on graphene surfaces under the electron
beam in the microscope from the ubiquitous contamination. They tend to be
highly mobile under the beam [159], and a diffusing carbon adatom needs only
a small amount of energy to replace the dopant (for details, see Ref. [43]).

For Ge impurities, the displacement threshold energy is 11.75 eV, almost
an order of magnitude more than what a 60 keV electron can transfer to such
a heavy nucleus. However, we observed a similar replacement process where
several Ge impurities got replaced by C (Figure 3.31a–c). In another case, Ge
was replaced by a Si atom (Figure 3.31d–e).
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Figure 3.30: Two cases of P replacement by C atoms. STEM/MAADF
images in (a & c) show three-coordinated P atoms in graphene. P atoms
were replaced by C due to spot irradiations where the beam was itera-
tively parked on a C neighbor for 10 s. Green circles in (b & d) show
the initial positions of the P atoms.

3.4.3 Silicon impurities in graphene and SWCNTs

A Stone-Wales transformation (rotation of a C-C bond) can be caused by the
impact of an individual electron at energies below the carbon threshold dis-
placement energy [32]. However, it is very rarely observed in pristine graphene
at low acceleration voltages (for example at 60 or 55 kV), possibly because the
back-transformation rate is too fast for it to be captured [160]. Interestingly,
we did not observe any cases of Stone-Wales dynamics close to impurity atoms
in graphene at 60 kV but did see them at 55 kV. DFT/MD simulations reveal
that the local perturbation caused by the impurity allows this process to be
activated by impacts with energies between 19.675 and 20.125 eV on the next-
nearest C neighbor [107, 161] (and for a perpendicular momentum transfer,
contrary to the pristine case [162]). Figure 3.32 shows two different exam-
ples of reversible Stone-Wales transformations at Si sites. We also observed a
Stone-Wales defect in a SWCNT near the Si site as shown in Figure 3.33.
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Figure 3.31: Ge replacement under electron irradiation
(MAADF/STEM). (a–c) Three consecutive raw images of a single
Ge impurity being replaced by C during the second frame (∼4 s per
frame). (d,e) Replacement of another Ge impurity by Si.

In SWCNTs, we also observed various kinds of electron-beam induced dy-
namic processes that were more frequent in tubes smaller than 2 nm in di-
ameter, whereas in larger ones jumps were prevalent. Examples are shown
in Figures 3.33–3.35. Interestingly, we observed an event where the Si atom
was ejected leaving a monovacancy behind; due to their low diffusion barrier
and instability, monovacancies are not commonly found either in graphene or
in SWCNTs. Notwithstanding, this vacancy created by the ejection of Si ap-
peared to remain stable over timescales required to acquire a frame with our
microscope (∼10 s), of which an example is shown in Figure 3.35b. Finally, we
also noticed the frequent replacement of Si atoms in SWCNTs in contrast to
graphene where this was never observed. The example images in Figure 3.36
show two different events where a single Si was replaced by a C atom.

In summary, we have presented electron-beam induced dynamics of in-
dividual heteroatoms in graphene and SWCNTs. Pyridinic N atoms jump
across a monovacancy in graphene, and in a new dynamic, one Si and one N
repeatedly switched their positions. Two kinds of P dynamics were observed:
P were either replaced by C, or a C neighbor was knocked out thus changing
their symmetry from three- to four-fold. We also observed several Ge atoms
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being replaced by C or Si. In graphene, we saw further dynamics at Si sites
such as Stone-Wales transformations at 55 kV due to a rotation of the next-
nearest C-C bond. In SWCNTs, we also observed various configurations, such
as a Stone-Wales defect near a Si site, three- to four-fold transformation of
Si by knocking out a C neighbor, monovacancy creation due to ejection of Si,
and frequent replacement of Si by C. In the next Section, we will discuss the
purposeful manipulation of the impurities.

a b c

d e f

Figure 3.32: Stone-Wales dynamics and back-transformation near a Si
site in graphene. Three consecutive STEM/MAADF double Gaussian
filtered images of two different events captured at 55 kV.

a b

Figure 3.33: (a) STEM/MAADF image of a Stone-Wales defect with a
Si atom in a SWCNT. (b) Double Gaussian filtered image with overlaid
pentagons and heptagons.
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Figure 3.34: Three-to-fourfold conversion of Si in a SWCNT. (a)
STEM/MAADF image shows that a Si is bonded with three C neigh-
bors in three-coordinated configuration. (b) The impurity converts to
four-coordinated due to an ejection of a C neighbor. (c) Line profiles.
The dose per frame was 1.8×106 e−/Å2.

a b

Figure 3.35: STEM/MAADF images showing the ejection of a Si leaving
a monovacancy behind in a SWCNT. The dose per frame was 1.6×106

e−/Å2.
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Figure 3.36: STEM/MAADF images showing the replacement of Si by C
atoms in SWCNTs. Images have been processed using a double Gaussian
filter. The dose per frame was 3.3×106 e−/Å2.
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3.5 Electron-beam manipulation of impurities

This Section is dedicated to manipulating impurities using the electron beam
in graphene and in single-walled carbon nanotubes. The content is based on
entries 3 and 7 of the list of publications.

A main focus of this PhD thesis was the manipulation of heteroatoms, mainly
silicon impurities in graphene and carbon nanotubes. In the previous Section,
electron-beam induced dynamics at impurity sites were discussed. Impor-
tantly, the atomically focused probe in a STEM instrument allows us to place
the beam on a single atom, directing their motion through the lattice in a fully
controlled way. This has been used in earlier works to move Si atoms by a few
sites in graphene [144, 154, 155]. However in those early works, the direction
of Si atoms was not fully controlled due to some unintended double or triple
jumps, most likely due to partly excessive dosing of the carbon atoms.

In contrast, we demonstrate here fully controlled manipulation of inci-
dental Si impurities in monolayer graphene and Si atoms incorporated into
SWCNTs through vacancy-assisted substitution [163]. We employed the Nion
UltraSTEM100 for all the manipulation and imaging experiments at 55 &
60 keV primary beam energies. The beam current was 35 ± 10 pA which
corresponds to a dose rate of (2.2 ± 0.6) × 108 e−s−1 in the ∼1.1 Å diameter
(full width at half maximum) probe.

3.5.1 Manipulation of impurities in graphene

To demonstrate the control we can achieve, we conducted various experiments
to manipulate Si atoms over different paths at 55 and 60 kV. As a first step,
after choosing a heteroatom, the Å-sized focused beam is targeted on top of
one of its C neighbors for 10 s. After this selected irradiation time has passed, a
new image is acquired. If the position of the heteroatom has changed, then the
next C atom can be chosen. However, if the dopant site is unchanged due to
drift or insufficient electron dose on the correct atom, the beam can be placed
repetitively on the same C atom. Although this is a purely stochastic process,
the atoms can be thus manipulated. We moved one Si over a path consisting of
34 lattice jumps precisely in the selected directions with no undesired motion
or double jumps (Figure 3.37). However, we could not move the Si atom
further beyond 34 jumps in this series due to the ejection of a C neighbor next
to the Si thus changing the local symmetry from Si-C3 to Si-C4.

We further moved a Si around a graphene hexagon for a total of 75
jumps without changing its atomic configuration. Figure 3.39 shows selected
STEM/MAADF images from the jumps series. In addition to the lateral
path and the hexagon, individual Si atoms were moved repeatedly back and
forth between the two graphene sublattices. Figure 3.38 presents selected
STEM/MAADF images from a 67-jump series.
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a b c
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Figure 3.37: STEM/MAADF images show the controlled electron-beam
manipulation of a Si heteroatom in graphene over an extended path at
60 kV. The images are overviews and the segmented line indicates each
of the 34 precisely directed lattice jumps and dots the locations of the
Si in each previous panel. The spot irradiation time was 10 s.

1 2 1 1

2 3 2 1 1

Figure 3.38: STEM/MAADF images showing electron-beam manipula-
tion of Si in graphene from one sub-lattice to another at 60 kV accel-
eration voltage. The overlaid numbers show the number of 10 s spot
irradiations for each jump.
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Figure 3.39: Double Gaussian filtered STEM/MAADF images show the
electron-beam manipulation of a Si heteroatom along a single hexagon
in graphene at 60 keV primary beam energy. Images are aligned to show
the directed motion of Si and their order is given by the arrows. Overlaid
are the number of 10 s spot irradiations for each jump.

We also conducted manipulation experiments at 55 kV and repeated the
trajectories of Si atoms around a hexagon and between the two sublattices.
A disadvantage of this manual method is excessive dosing of the C atom if
its initial position already changed: we cannot see the change in the local
structure in real time and can cause unintended or double lattice site jumps.
The beam may also knock out the C atom next to the dopant site, subsequently
changing their bonding from threefold-to-fourfold configuration, which is not
amenable for manipulation [115].

As a first step towards automation and to avoid excessive or unintended
dosing due to drift, we implemented real-time feedback by connecting a Keith-
ley 2000 multimeter to the MAADF detector, reading out the scattering signal
(raw detector voltage) averaged over 150 ms while the beam was parked on
the desired C atom. These values were read into the Nion Swift microscope
control software and used to trigger the acquisition of new frames. As control
logic, an increased intensity corresponds to a successful manipulation (Si has
taken the place of the C, leading to greater scattering), with a threshold of
10% change with respect to the cumulative average of the signal chosen as
the trigger condition (Figure 3.40). The spot irradiation can now be stopped
automatically when the intensity changes.

At 55 kV, due to the feedback we were also able to obtain more accurate
timing for each jump, and observed only few double site jumps in these series of
experiments [161]. An example of Si manipulation around a graphene hexagon
is shown in Figure 3.41. The overlaid inset numbers indicate the actual time
of spot irradiation between the frames for each jump. At 55 kV, we observed
only one event of knock-on damage with an apparent rate of 0.0040 ± 0.0007
min−1 (corresponding to (8.9 ± 1.5) × 1011 e−).
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Figure 3.40: MAADF detector voltage read by a multimeter, averaged
over 150 ms and used to trigger the acquisition of new image frames.
Jumps are detected as change in the voltage corresponding to greater
scattering intensity due to the Si atom jumping under the beam, whereas
gradual drift was accounted for by a 30 s timeout if no jump has been
detected. The double Gaussian filtered [35] MAADF images are acquired
between the feedback periods, with overlaid green ovals highlighting the
Si jumps. Image is reused with permission from Ref. [161] (CC-BY).

12 s 41 s 32 s 121 s 38 s

31 s86 s54 s153 s50 s170 s

Figure 3.41: Consecutive STEM/MAADF images showing Si manipula-
tion around a graphene hexagon at 55 kV. The inset numbers indicate
the actual time of spot irradiation between the frames.
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A stacked histogram of all 60 kV manipulation events (Figure 3.42b) shows
that in most cases (136/164 = 0.83), the required irradiation time is 20 s or
less (the geometric mean of 15.1 s providing a good estimate for the Poisson
expectation value [115]), corresponding to a dose of (8.9 ± 0.9) × 108 electrons
per event and a rate close to four jumps per minute (discarding the frame time
of 4.2 s). Remarkably, despite the simplicity of the experimental procedure
this is nearly on par with the state-of-the-art in automated STM-based single-
atom manipulation [110]. In total, at 55 kV we moved individual Si impurities
102 times with an average rate or 0.73 ± 0.16 jumps per minute, corresponding
to an average irradiation dose per event of (8.8 ± 1.0) × 109 e−.
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Figure 3.42: Histogram of spot irradiation times for each manipulation
event at 55 kV (a) and 10 s spot irradiations at 60 kV (b). Theoretically
predicted rates of manipulation events (jumps) and knock-on damage,
as well as the predicted number of successful manipulations before dam-
age for electron acceleration voltages close to 60 kV and for a realistic
beam shape with a current of 35 ± 10 pA are shown in (c). The open
squares correspond to our spot irradiation experiments, the solid lines
to a theoretical model [107] with best-fit event threshold energies and
shaded areas to error estimates based on the uncertainty of the irradia-
tion dose. Image is reused with permission from Ref. [161] (CC-BY).
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The manipulation rate could be increased by increasing the electron ac-
celeration voltage but this would also increase the probability of knock-on
damage. On the other hand, a lower voltage would decrease the manipulation
rate, but also decrease the probability of damage as shown in Figure 3.42c.
Because of their differing threshold energies, the damage probability decreases
more than the probability of a jump as a function of electron energy, which
means that the statistically expected number of successful jumps can be in-
creased by lowering the voltage. Improving the sharpness of the electron probe
would be clearly beneficial; for our expected probe shape [36] we estimate that
only 26% of the dose impinges on the area of the targeted C atom. Thus, a
sharper probe would allow us to increase the manipulation rate without im-
pacting the relative probability of damage.

In addition to the manipulation of single atoms, two Si were brought
closer to each other at 60 kV, ending up as next-nearest neighbors separated
by only a single C atom in the graphene lattice as presented in the filtered
STEM/MAADF images in Figure 3.44. It was not clear how stable multiple
Si atoms within a single hexagon are. Theoretically, it was estimated that the
energy of the system goes down when two Si atoms are brought closer together
up to next nearest neighbour in the lattice [115]. However, in the last frame
of the series, one Si atom was apparently replaced by a C atom in one of the
only instances of this process that we observed in graphene (Figure 3.44f).

To further explore the limits of heteroatom manipulation in graphene, we
attempted to manipulate three-coordinated P impurities in a similar way to
the Si. Figure 3.43 shows the only two successful outcomes of P manipulation.
The brighter atom in all panels is P and the green marked circle on a C
neighbor shows the position where the electron probe was intentionally placed
to move it. Similar to Si manipulation, the spot irradiation time was 10 s for
all the attempts, and after each spot irradiation, a new frame was acquired.
In the first case, the P moved by one lattice site after 68 ineffective 10 s spot
irradiations and in the second one, it jumped one lattice site after 12 spot
irradiations. The experimentally estimated cross section for this process was
0.05 ± 0.02 barn. P atoms are much thus harder to manipulate in graphene
and further hampered by the high probability of C replacement, whereas Si in
the same conditions can be easily moved over many sites as presented earlier.

Similar to the electron-beam manipulation of Si and P impurities, we fur-
ther attempted to move Ge by iteratively placing the electron probe on one
C neighbor for 10 s between acquiring images. In total, 24 such irradiations
were attempted on several different Ge impurities, without success. The bond-
inversion mechanism for Ge and C seems to not work due to the greater mass
of Ge: during the out-of-plane trajectory of the ejecting C atom, the Ge does
not move sufficiently fast to relax into the resulting vacancy. As a result, the
C atom cannot pass onto the other side of the impurity, and thus the Ge does
not move in the lattice [47].
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Figure 3.43: STEM/MAADF images showing two cases of controlled
manipulation of P in graphene. A green marked circle on the C neighbor
shows the position where the electron probe was placed to purposefully
move the P atom by one lattice site (a & c). The P jumped by one
lattice site after many 10 s spot irradiations (b & d).
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Figure 3.44: STEM/MAADF images of two Si dopants brought towards
each other in graphene, separated by only one C atom in the end. In the
last frame one Si has been replaced by C. The dashed circle shows the
electron probe position. The dotted line indicates a double site jump.

80



3.5 Electron-beam manipulation of impurities

3.5.2 Manipulation of Si in SWCNTs

Very recently, we also manipulated Si impurities in SWCNTs using the same
method. Si can be incorporated in the SWCNT lattice using post-synthesis
doping methods, in our case plasma irradiation [163]; the sample synthesis pro-
cess was briefly described in Section 2.5.2. In our experiments, we first found
suitable Si sites in large-diameter tubes with low chiral angle. To move the
Si, again a focused electron probe can be used to irradiate a carbon neighbor,
repeated iteratively, and an image recorded after each spot irradiation.

We again used two primary beam energies, 55 and 60 keV. At 55 keV,
the spot irradiation time was 10 s whereas at 60 keV we reduced it to 7 s.
Figure 3.45 presents STEM/MAADF images from a manipulation series of a
Si atom at 60 keV in an armchair tube with a diameter of ∼2.75 nm. The
trajectory of the atom is shown along the tube axis in Figure 3.45b. Since
we did not use real-time feedback here, we did observe some double and one
triple jump. Nonetheless, we were able to move the Si through a total of 30
sites along the zigzag lattice direction.

Another example of Si manipulation in a SWCNT is shown in Figure 3.46.
The Si atom was moved repeatedly back and forth from one sublattice to the
other in a controlled way, now along the armchair direction perpendicular to
the tube axis. This tube diameter is nearly the same as for the previous case
but with a small chiral angle near the armchair configuration.

20 nm
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Figure 3.45: STEM/MAADF images showing controlled electron-beam
manipulation of a Si atom in a single-walled carbon nanotube, at 60 kV
acceleration voltage and a spot irradiation time of 7 s. (a) Overview of
the SWCNT where the highlighted rectangle shows the region of interest.
(b) Path of directed lattice jumps of the Si along the tube axis in the
zigzag direction. (c) The intermediate frames are aligned and positioned
as marked by I-V in (b).

81



Chapter 3. Results

6 4

421

Figure 3.46: STEM/MAADF images showing the manipulation of Si
back and forth between two sublattices in the armchair direction in a
SWCNT at 55 kV acceleration voltage with a spot irradiation time of
10 s.

To estimate the probability of triggering jumps in SWCNTs, we estimated
the distribution of doses per event (taking into account that only 26% of the
total beam current impinges on the target atom [161] as calculated for our
expected probe shape [36]) and approximated the underlying Poisson expec-
tation value by their geometric mean [115]. The electron dose required to
trigger a jump at 55 kV was (1.98±0.13)×109 e− (N=24) in the zigzag and
(2.51±0.33)×109 e− (N=13) in the armchair direction (geometric mean ±
standard error), with corresponding values at 60 kV being 5.58×108 e− (N=2)
and (5.60±0.20)×108 e− (N=54). These result in cross sections of 0.132 ±
0.004 barn in the zigzag direction and 0.104 ± 0.006 barn in the armchair one
at 55 kV whereas at 60 kV, they are 0.469 ± 0.008 barn in the zigzag direction
and 0.468 ± 0.002 barn in the armchair one. Within these limited statistics,
the two directions thus appear identical in these large-diameter tubes.

These are slightly higher than the values measured for graphene (0.03 barn
at 55 kV and 0.29 barn at 60 kV [161]), reflecting the slightly curved geometry
of even large-diameter SWCNTs. Additionally, manipulation was successful
only for half of the found impurity atoms. Simulations revealed that the suc-
cessful bond inversion can be achieved only when the Si atom is in the ”back
wall” of the tube and thus facing away from the electron beam [164] explain-
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ing the ∼50 % success rate. In the case of SWCNTs, curvature, diameter
and chiral angle further play an important role. For example, the chiral an-
gle determines the direction in which the bonds around the Si site are bent,
introducing asymmetry. Also, the energy required to trigger a jump (or to
knock out a C) can be lower than in graphene. For our smallest diameter tube
(∼1.5 nm), we observed only a single jump followed by Si atom ejection.

In summary, we have shown how targeted electron irradiation with an Å-
sized electron probe can reliably move individual Si impurities through the
graphene and carbon nanotube lattices, and the possibility of electron-beam
manipulation of P. Manipulation of P atoms is difficult in comparison to Si,
whereas Ge appear too heavy to be manipulated. In the case of nanotubes, the
curvature affects the threshold energies for smaller diameter tubes [164] and
the orientation of the silicon atomic site with respect to the beam direction also
plays an important role: only impurities along the axis can be easily visualized,
and only those incorporated into the wall facing away from the beam can be
moved by the beam. Although all atoms in graphene or in SWCNTs are surface
atoms, their impurities are much stronger bound than the surface adatoms or
vacancies that can be manipulated with scanning probe techniques, resulting
in inherent temperature stability. Electron-beam induced dynamics and the
manipulation of impurities is further not only limited to low-dimensional mate-
rials but also recently extended to three-dimensional crystals [165]. Ultimately,
there is potential to scale-up the use of atomically precision manipulation and
to fabricate nanostructures from multiple impurity atoms in STEM.
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Chapter 4

Summary

In summary, this thesis demonstrates several ways to defect-engineer low-
dimensional materials using ion and electron beams. Clean samples are an
essential requirement for any state-of-the-art experiments. Cleaning of low-
dimensional materials was demonstrated via radiative or laser-induced heating
in the same vacuum system as the scanning transmission electron microscope
(STEM). Using this pre-situ cleaning, large atomically clean areas can be
easily obtained especially in graphene.

Atomic resolution STEM imaging revealed intrinsically present nanopores
along the grain boundaries (GBs) of chemical vapor deposition (CVD) grown
MoS2. An analysis of pore areas showed their grain-misorientation depen-
dent size distribution: areas decrease until 15◦ misorientation angle and then
increase again for higher angles until 30◦. The distance between dislocation
cores decreases exponentially with the increase in relative mismatch angle of
the GBs, in agreement with the Frank-Bilby equation.

The structure of freestanding mono- and bilayers of MoS2 and WS2 can
be permanently modified using highly charged ions. After Xe ion irradiation,
roundish pores were formed in MoS2, while triangular pores with sharp edges
were found in WS2. The pore size distributions shows that the radius of these
pores can be controlled by the ion charge state. The pore creation efficiency
from each individual ion also decreases with their decreasing potential en-
ergy. This effective technique presents an unique approach to create pores of
a suitable size in transition metal dichalcogenides.

Ion implantation of germanium impurities into graphene has been shown.
Ge is significantly larger in size than carbon, yet atomic resolution STEM
imaging demonstrated the direct substitution of a single C atom, bonding to
three neighbors. Although ion implantation continues to progress as a versatile
tool for precise doping, achieving high-quality clean sample and high efficiency
of implantation still remains a challenge.

Aberration-corrected STEM revealed the electron-beam induced dynam-
ics of individual impurity atoms including nitrogen, silicon, phosphorous and
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SUMMARY

germanium in graphene, and silicon in single-walled carbon nanotubes (SWC-
NTs). A better understanding of the dynamics of heteroatoms can help to
scale up the fabrication of nanostructures from multiple atoms in the STEM.

Finally, we have pushed forward the emerging field of single-atom manip-
ulation by using STEM to manipulate Si and P impurity atoms in graphene.
The manipulation of Si has also been extended to one-dimensional SWCNTs.
We found that P atoms are much harder than Si to manipulate. In the case
of SWCNTs, the orientation of the Si site with respect to the beam direction
plays an important role: only impurities along the axis can be easily visual-
ized, and only those incorporated into the wall facing away from the beam can
be moved by the beam.

The level of control and the manipulation rate is already on par with
the state-of-the-art in other atom manipulation techniques such as scanning
probe microscopy. After the density of Si atoms is increased by post-synthesis
doping techniques such as ion implantation or plasma irradiation, aberration-
corrected STEM can be used as an efficient tool to fabricate extended nanos-
tructures in graphene or in SWCNTs using arrangements of several Si atoms.
In the future, instrumental advances in beam shaping combined with a care-
fully chosen acceleration voltage as well as optimization of direct feedback
and the implementation of drift compensation will enhance our capabilities
further, to be followed by structure recognition and software-controlled beam
repositioning as the next steps toward full automation.
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