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Abstract

The family of two-dimensional (2D) materials is exciting not only because of their
unique atomically thin layer structure, but also due to the remarkable properties
found within the family, such as extremely high conductivity and strength and
outstanding optoelectronic properties. In addition, the layers can be assembled
into arti cial composites, creating what are known as van der Waals hetertsic-
tures. This o ers the ability to combine any 2D materials from the wide variety of
layered materials and to specify the layer order as well as orientation. As asult,
van der Waals heterostructures exhibit diverse properties such as supercondwct
ity in bilayer graphene at a speci c rotation angle or the twist angle dependent
photoluminescence of transition metal dichalcogenide bilayers.

Modi cations of the individual layers extend the possibilities even further. For
example, doping or patterning at the nanometer level can a ect the properties
of 2D materials. Notably, electron microscopy is a powerful tool to introduec
modi cations on a very small scale, thus enabling techniques such as band-gap
engineering.

However, current techniques for creating heterostructures can not be used
in combination with nanopatterning of individual layers at high resolution. In
particular, mechanical stacking methods using optical microscopes for assembling
layers are well established. Restricted by the optical diraction limit, precise
stacking of patterned individual layers is not possible with these approaches.

In this thesis, a novel method for the assembly of nanopatterned, free-standing
2D materials is developed. The stacking is performed in a scanning electron micro-
scope, allowing high-resolution observation during the process and precise align-
ment of the layers using piezo manipulators. The technique enables van der Waals
heterostructures to be fabricated with a layer alignment precision of a few name-
ters. Di erent patterning techniques for freestanding 2D materials are invegjated
and applied for heterostructure assembly.

The novel method allows for the creation of small three-dimensional structures.
Nanometer sized holographic phase plates for electrons are fabricated, capable
of generating diverse electron probes with controlled amplitudes and phases by



specifying the patterns introduced into the materials. Due to the small size of the
phase plates, the resulting electron probe is also in the nanometer range without
any additional electron optics.

The method developed for the precise stacking of nanopatterned, freestanding
2D materials enables the creation of structures in an additive manufacturing proses
at the nanometer scale, providing a new approach to nanofabrication techniques.
The ability to modify each layer allows tailoring of the properties for potential
applications such as solid-state nanopores or optoelectronic devices.



Zusammenfassung

Die Familie der zweidimensionalen (2D) Materialien ist nicht nur aufgrund ihrer ein-
zigartigen, atomar diinnen Struktur von groyem Interesse, sondern auch aufgd

der auyergewdhnlichen Eigenschaften, die innerhalb der Familie zu nden sind.
Dazu zahlen insbesondere die extrem hohe Leitfahigkeit und Festigkeit sowie auyer
gewohnliche optische Eigenschaften der verschiedenen Materialien. Dariiber hinaus
konnen aus den einzelnen atomar diinnen Lagen Schichtmaterialien hergestellt wer-
den, die so in der Natur nicht zu nden sind. Die unterschiedlichen 2D Materialien
konnen in beliebiger Reihenfolge und Ausrichtung aufeinander gestapelt werden,
wodurch eine nahezu unzahlige Vielfalt an méglichen Kombinationen sogenannter
van der Waals Heterostrukturen entsteht. Diese Heterostrukturen b#sen unter-
schiedlichste Eigenschaften, wie zum Beispiel Supraleitung in um einen bestimmten
Winkel verdrehten Graphen-Bilagen oder die vom Ausrichtungswinkel abhangige
Photoluminezenz zweilagiger Ubergangsmetall-Dichalkogeniden.

Durch Modi kation der einzelnen Schichten erd nen sich noch weitere Moglich-
keiten. Mithilfe von Dotierung oder Strukturierung auf der Nanometer Skala lassen
sich die Eigenschaften der 2D Materialien beein ussen. Dabei stellt insbesondere
die Elektronenmikroskopie ein wichtiges Hilfsmittel dar, um Modi kationen auf
einer sehr kleinen Skala vorzunehmen und so beispielsweise eine gezielte Anderung
der Bandliicke zu ermoglichen.

Die derzeitigen Methoden zur Herstellung von Heterostrukturen kdnnen je-
doch nicht mit hochau 6sender Nanostrukturierung einzelner Schichten kombiniert
werden. Mechanische Stapelmethoden basieren auf der Verwendung eines Lichtmi-
kroskops und sind daher aufgrund des Beugungslimits in ihrer Au dsung begrenzt.
Eine prazise Ausrichtung von eingebrachten Nanostrukturen in den verschiedenen
Lagen ist somit nicht moglich.

In dieser Dissertation wurde eine neue Methode zur Herstellung von van der
Waals Heterostrukturen aus nanostrukturierten, freistehenden 2D Materialieaent-
wickelt, die durch die Verwendung eines Elektronenmikroskops die Beobachtung der
strukturierten Lagen erlaubt und so eine sinnvolle Kombination aus Nanostruktu-
rierung und van der Waals Heterostrukturen ermdglicht. Mithilfe von Piezomanipu-
latoren lasst sich die Ausrichtung der einzelnen Lagen wahrend des Stapelprozesse
kontrollieren. Die mit dieser Methode hergestellten Strukturen weisen eine Genauig-



keit von wenigen Nanometern auf. Verschiedene Techniken zur Nanostrukturierung
von freistehenden 2D Materialien wurden untersucht und fir die Herstellung von
Heterostrukturen verwendet.

Die Methode erlaubt die Fabrikation von dreidimensionalen Strukturen auf
der Nanometer Skala. Im Rahmen der Dissertation wurden damit hologra sche
Phasenplatten fur Elektronen hergestellt, die zur Erzeugung von fokussiertertek-
tronenstrahlen verwendet wurden. Durch Variation der eingebrachten Strukturen
sowie der Dicke der resultierenden dreidimensionalen Form lassen sich verschiedens-
te Strahlformen mit kontrollierter Amplitude und Phase realisieren. Die geringe
Groye der Phasenplatten erlaubt eine Fokussierung des Elektronenstrahls auf we-
nige Nanometer, ohne dass weitere Elektronenoptiken erforderlich sind.

Die fur die prazise Stapelung von nanostrukturierten, freistehenden 2D Ma-
terialien entwickelte Methode ermdglicht die Herstellung von Strukturen im Na-
nometerbereich im Rahmen eines additiven Fertigungsprozesses und stellt damit
einen neuartigen Ansatz im Bereich der Nanofabrikation dar. Die Eigenschaften
des resultierenden Materials kénnen durch Modi kation jeder einzelnen Schicht fur
potenzielle Anwendungen wie beispielsweise Festkorper-Nanoporen oder opteelek
tronische Gerate angepasst werden.



Contents

1 Introduction 1
2 Background and Theory 5
2.1 Two Dimensional Materials . . . . . .. .. ... ... ....... 5
2.2 VanderWaals Heterostructures . . . . . ... ... .. ... .... 13
2.3 Patterned 2D Materials and vdW-Structures . . . . . .. ... ... 19
2.4 Electron MIiCroscopy . . . . . . . o v i i i e e 26
2.4.1 Conventional Transmission Electron Microscopy . . . . . . . 27
2.4.2 Scanning Transmission Electron Microscopy . . .. .. ... 34
2.4.3 Scanning Electron Microscopy . . . . ... .. ... ... 35
2.4.4 Holography and Phase Plates in Electron Microscopy . ... 36
25 ElectronBeamDamage. . . . . . . . . . ... ... 41
3 Methods and Materials a7
3.1 Fabrication and Transfer of 2D Materials . . . . . . ... ... ... a7
3.2 Photoluminescence Measurements . . . . . . .. .. .. ... 48
3.3 Electron MiCroscopy . . . . . . . . . e 49
3.3.1 Nanopatterning . . . . . . . . ... .. 49
3.32 TEMforimaging . . ... ... ... ... ... ....... 52
4 Results 53
4.1 Patterningof 2D Materials . . . . . . . .. ... oL L. 53
4.1.1 Electron Beam Induced Etching . . . .. ... ........ 53
412 FocusedlonBeam . .. ... ... ... ... ... . ..., 57
4.1.3 Scanning Transmission Electron Microscope . . .. ... .. 59
4.2 Photoluminescence of Patterned WS. . . . . ... ... ... ... 63
4.3 Stacking of Patterned 2D Materials . . . . . .. ... ... ..... 67
4.4 StackingResults . . . . ... . .. .. 76
45 PhasePlates. . . . . . . . . . .. e 87
45.1 Spiral PhasePlate . ... .. ... ... .. ......... 89
452 Fresnellens . . . . . . .. .. 93

45.3 Array of Electron Sieves . . . . . ... ... ... ..., 100



5 Discussion 105

5.1 Patterning 2D Materials on Nanometer Scale . . . . . . ... .. .. 105
5.2 Aligned Stacking . . . . . . . ... 112
53 PhasePlates. . . . . . . . . . . . .. ... 116
6 Summary & Outlook 123
List of Abbreviations 127

Bibliography 128



Introduction

What could we do with layered structures with just the right layers?
What would the properties of materials be if we could really arrange the
atoms the way we want them? They would be very interesting to investi-
gate theoretically. | can't see exactly what would happen, but | can hardly
doubt that when we have some control of the arrangement of things on a
small scale we will get an enormously greater range of possible properties
that substances can have, and of di erent things that we can do.

Richard Feynman, There's Plenty of Room at the Bottom, 1959

Scienti c progress and breakthroughs are often based on previous theoretical
considerations. Throughout the history of science, however, experiments and
emerging technologies have revealed novelties that were previously considered
to be impossible by existing opinions and theoried. At the time of Richard
Feynman's lecture, the stability of single-layered, crystalline arranged atoms was
not imaginable.

For many years, theoretical research led to the conclusion that these 2Bateri-
als are thermodynamically unstable and thus could not exigt.* But then in 2003,
defying the theoretical predictions, Andre Geim and Konstantin Novoselov suc-
ceeded in creating a thin Im of graphite which could be identi ed as a single-atomic
layer. The monolayer material attracted great attention due to its outstading,
and at the same time astonishing, electrical propertie8’l Already almost 20 years
before, Hanns-Peter Boehm introduced the termgraphenefor this single-atomic



CHAPTER 1. INTRODUCTION

carbon layer!® While Geim and Novoselov received the Nobel Prize in Physics
in 2010 for their ndings on graphene, there were many preceding experimental
approaches on producing extremely thin carbon Ims and occasionally also mono-
layers*0 151 However, they did not attract comparable attention as they either
lacked a clear evidence of the single layer nature or reported only the observat
itself. Geim and Novoselov were the rst to surprise the scienti c community with
measurements of the unique electronic properties of graphef®.With the help of
electron microscopy, the structural properties of graphene have been stutliend
an explanation for the stability of the material has been found: While the predicted
instability for strictly at 2D materials is valid, warping of graphene in the third
dimension has been observed, explaining the intrinsic stability of 2D materiafs]
The discovery of graphene triggered the search and investigation of othéomic
2D-crystals '8 Calculations show that there are more than one thousand possi-
ble stable 2D materials with di erent electronic, optical and magnetic proper-
ties.[*®] The 3D bulk structure of 2D materials consists of separated, stacked layers.
While there are strong, covalent bonds between the atoms in the plane, only weak
van der Waals interactions between adjacent layers occlif! For this reason, 2D ma-
terials can be created from their 3D form by simply disassembling the layer skac
Some of the most important and studied materials include hexagonal boron nitride
(hBN) 22231 and the group of di erent transition metal dichalcogenides, for example
the semiconducting molybdenum disul de (Mo$) 24261 With a better understand-
ing of the fundamental properties of the materials, the exploration of applications
for 2D materials started. These range from electronics (e.g. integratetcuits for
logic applicationd?”l, high-speed electronid®®!, eld-e ect transistors 252%) and
optics (e.g. ultra-fast photodetector§%, optical modulators®Y) to biological appli-
cations (e.g. biosensof¥! and DNA-sequencing®).

The idea of creating heterostructures with 2D materials emerged as another
exciting breakthrough in the eld of low-dimensional materials. The forces existing
between the sheets in the naturally occurring 3D bulk material enable the stacking
of various types of 2D layers on top of each other. In the resulting hetestoucture,
these layers are also held together by van der Waals forces. Hence, the familg2D
materials serves as a diverse library for stacking, a technique commonly refdrte
Lego on the atomic level. Van der Waals heterostructures are arti cial maerials
that do not naturally occur in this speci ¢ form. 3435

The newly created heterostructures are exciting and promising for research,
especially with regard to possible applications. For example, bilayer graphene when
orientated at the magic angle of aboufl:1° exhibits superconducting properties®!

In addition, the charge carrier mobility of graphene is signi cantly increased by
stacking on hBN or by sandwiching it between two layers of hBN, compared to



the use of silicon dioxide as substrat8’ ! Thereby, the mobility reaches the
theoretical phonon-scattering limit in these van der Waals heterostructureé’

The concept of van der Waals heterostructures together with the broad range
of properties within the pool of 2D materials allows the fabrication of entire
(opto-) electronic devices. The functional components can be completely created
from di erent 2D materials. Only the substrate, supporting the atomic membranes,
and large leads must be prepared from bulk or classic thin- Im materials. Therefore,
they are considered to be very promising for the semiconductor industry in terms
of the demand for miniaturization.

Miniaturization and improved structural resolution is also an essential issue
for new methods in 3D printing and additive manufacturing in general. While
the structure sizes in typical 3D printers are in the order of severdlOOum, new
techniques as for example microscale selective laser sinteripgSLS) processes
can achieve resolutions down t& um. " Two-photon polymerization even enables
the fabrication of structures down t0100 nm[#?l Nevertheless, 3D printing on the
scale of single-digit nanometer or even on the atomic level is still not possible with
current techniques.

Following the de nition of additive manufacturing, i.e. the process of producing
a 3D structure by applying layer by layer, the fabrication of van der Waals het-
erostructures can also be classi ed into this category. The ultimate resolutian the
Z-direction is already achieved as the individual layers (i.e. the 2D materials) are
only one or few-atoms thick. In contrast, the x-y-resolution is signi cantly wrse
due to the expansion and continuity of the layers in these dimensions. Although,
in-plane features could be introduced by patterning or manipulating the 2D mate-
rials. Electron microscopy allows modifying materials on the nanometer and even
atomic scalel*348 Thus, patterning and manipulating enable high-resolution in
the x-y-dimensions. However, this alone is not su cient to achieve high-resolution
in three dimensions: The introduced 2D patterns must be aligned to each other
with similar precision during the assembly of the van der Waals heterostructures.
In this respect, current methods for the fabrication of heterostructures va not yet
su cient precision in the control of the in-plane alignment of the layers. Growth
methods have no control at all in this respect, except potentially through pre-
patterning. Mechanical assembly methods use optical microscopes to control the
alignment. So-called deterministic placement methods allow the assembly with
approximately 1um precision. Nevertheless, these methods are limited due to
di raction and thus are far from being su cient to assemble the individual layers
with a precision in the low nanometer or even atomic range.

In order to make use of the high-resolution features that can be introduced
in low-dimensional materials, the assembly of van der Waals heterostructures



CHAPTER 1. INTRODUCTION

needs to be improved. Within this thesis, | developed a method that allows aligned
stacking of nanostructured 2D materials with nanometer precision. Instead of using
an optical microscope, the assembly is done in an scanning electron microscope
(SEM). Due to the superior resolution of electron microscopes, it enables impeav
observation of the alignment of introduced features during the stacking. With the
aid of a piezo manipulator, which operates similarly to a hand in the microscope,
the layers can be precisely aligned with each other.

Combining nanopatterning, which can be used to tailor the properties of 2D ma-
terials, and precise stacking of these customized layers into heterostrucsrallows
the creation of layered materials with exciting and novel properties. High-rekition
electron beam patterning of transition metal dichalcogenide monolayers is investi-
gated in this thesis with respect to potential band-gap engineering, which provisle
a route to optimize materials for functional electronic and optoelectronic devices.
Furthermore, the fabrication technique developed is capable of creating nanometer
scaled 3D structures that can be functional simply by virtue of their shape. The
extremely small size of the resulting 3D shape is utilized to fabricate holographic
phase plates by patterning and stacking 2D materials and thin graphite membranes
in order to transform an electron wave into a desired hanometer sized probleape.

In Richard Feynman's lecture in 1959 There's Plenty of Room at the Bottom ,
often considered as the birth of nanotechnology, he envisioned creating materials
from atomically thin layers to achieve miniaturization, for example to improve
computers. With this new method to assemble nanopatterned 2D materials, the
prospect of additive manufacturing at the atomic scale has come a step closer to
reality. Already as it stands, the new technique may enable novel nano-electronic,
nano-optical or nano- uidic devices and other tiny structures, which remain to be
explored in follow-up projects.



Background and Theory

This chapter introduces the theoretical background and the state of the art ofdth
the materials and the methods used in this work. First, several two-dimensional
materials (2D materials) are considered in more detail, followed by the history
and fabrication methods of van der Waals heterostructuresydWHs). Then, some
applications of nanopatterned 2D materials anddWHSs are presented. Afterwards,
an introduction to electron microscopy is given, which is the main tool used in this
thesis. This includes a brief history and an explanation of the di erent microscopy
techniques. Beam damage mechanisms are introduced and their potential for
nanopatterning is described.

2.1 Two Dimensional Materials

The properties of materials are not only determined by their chemical composition.
Especially when entering the nanometer regime, typically belo®d00 nm the size
plays an important role as well. The use of colloidal gold in the ancient times is
a famous example. Without knowing the physical background, gold particles of
various sizes were used as colouring agents for glass and ceraffié¥.

The 3D bulk structure of a material can be con ned in the spatial directions by
reducing the size along certain axi8! For carbon, allotropes with all dimension-
alities ranging from three-dimensional (3D) to zero-dimensional (OD) are known
and shown in Fig. 2.1. Two-dimensional materials are restricted in their height
(i.e. the z-dimension) and therefore represent thin sheets of the 3D bulk structure.
However, the existence of the two-dimensional (2D) form requires the bulk to be
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Figure 2.1: Carbon allotropes with di erent dimensionalities: (3D) graphite, (2D)
graphene, (1D) carbon nanotube and (0D) fullerene.

a layered crystal: The atoms in each layer of the bulk material are strongly <o
valently bonded, while only weak van der Waals forces exist between the layers
In a theoretical study, researchers searched databases for layered enals and
found more than 5500 layered compound¥’] Density-function theory calculations
suggested that more than 1000 of these should be easy to exfoliate and aerefore
likely to be produced. Among this large family of 2D materials, the entire range
of electronic properties is represented, with insulators, semiconductors, mistand
even superconductors, as well as various magnetic properties.

In case of carbon, the two-dimensional form consists of only a single layer of
atoms. This allotrope is known as graphene and will be described in more detalil
below.

Graphene

Graphene consists of a single layer of carbon atoms arranged in a hexagonal,
honeycomb latticel®? Each atom is connected to its three nearest neighbours
forming an atomically thin plane of sg-bonded carbon atoms with a molecular
bond length of0:142 nm 3l The structure of graphene is shown schematically in
Fig. 2.2 A. Historically, graphene was thought to be perfectly at and therefore
thermodynamically unstable. However, electron microscopy revealed warping of
the atomically thin membrane, which helped to explain the existence of graphene
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and 2D materials in general!” The calculated 3D structure of graphene is
illustrated in Fig. 2.2 C.

Among the family of 2D materials, graphene has served as the pioneer: It was
the rst to be fabricated and is still the most studied material in this class to this
date. Apart from being a new material, one main reason for the huge e ort on
studying graphene are its exciting and extraordinary properties. Especially the
electronic properties, which are dictated by the electron in the delocalizgdorbital,
have aroused interest in research, but also hope for many applications.

In the band structure of graphene (see Fig. 2.2 B), the valence and conduction
band meet at the so-called Dirac points making graphene a zero-gap semimetal.
The energy dispersion at these points exhibit a linear relation which makes elec-
trons propagating through graphene behave as if they were massless. Therefore
the electron mobility in graphene is extremely high, up t®00000cmV !sfor sus-
pended graphene at low temperatur®* In addition to its outstanding electronic
properties, graphene shows very high thermal conductivity, optical transparency
and is one of the strongest materials ever measurée>°l

Several methods for the fabrication of graphene exist. The Scotch tape method,
introduced by Geim and Novoselov in 2008! is still a widely used technique today.
The weak van der Waals forces between the layers in graphite allow them to be
separated by peeling with Scotch tape, while the layer itself remains largely imta
due to the strong covalent bonds. Continuous peeling steadily reduces the number
of layers of graphite, eventually resulting in few- and monolayers of graphene.
This mechanical exfoliation technique produces high-quality graphene with a low
defect density. However, it is time-consuming and thus not suitable for large-scale
production. Exfoliation can also be performed in large quantities by using liquid-
phase exfoliation. The layers in graphite are separated by means of sonication
in solution, which usually results in a large number of rather small graphene
fragments 3% Wafer-scale production of graphene can be achieved by chemical
vapor deposition (CVD). In this bottom-up approach, carbon-containing precus
gases are introduced into a vacuum chamber and react at high-temperature on
a metal-catalyst to form graphene. However, the defect density of CVD-grow
graphene is still higher than that of exfoliated graphene, making it less attractive
for the fabrication of high-quality graphene.
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Graphene: zero-gap
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Figure 2.2: Graphene, the pioneer of the 2D materials. (A) lllustration of the hexagonal
atomic structure of graphene. (B) Band structure of graphene. The linar dispersion
at the K-point results in electrons propagating as massless fermions tlough graphene
leads to the exciting electronic properties of graphene. (C) Warpiig of the atomically
thin graphene membrane. Reprinted with permission from (A) Roldan etal.[37], (B) Xia

et al.[58] and (C) Meyer et al.[17] respectively®.
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Hexagonal Boron Nitride

Another important material in the family of 2D material is hexagonal boron nitride.
The crystal structure consists of a single atomic layer with alternating boroand
nitrogen atoms in a honeycomb lattice, as shown in Fig. 2.3. This makes hBN
a structural analogue of graphene with a lattice constant slightly (1%) larger
than that of graphenel®® hBN monolayers are insulators with a band gap of
approximately 6 eV.[?% |t is therefore of interest as an insulating layer for electronic
devices. However, hBN monolayers are on#33 nmthick and thus typically allow
a high leakage current. For this reason, multilayer hBN is usually useéf

hBN monolayers can be obtained by the above mentioned mechanical and
liquid-phase exfoliation. In addition, CVD processes allow the fabrication of hBN
on a larger scald?”!

hBN: ~6 eV
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Figure 2.3: Monolayer of hexagonal boron nitride. (A) Alternating nitrogen and boron

atoms are arranged in a hexagonal lattice making hBN a single atom thin 2D material
(B) Band structure of hBN showing the large band gap. Reprinted with permission from
(A) Roldan et al. 5] and (B) Xia et al. [58]

Transition Metal Dichalcogenides

Transition metal dichalcogenides comprise a whole class of 2D materials. Their
crystal structure consists of a transition metal atom between two chadgen atoms
as shown in Fig. 2.4. Therefore, in contrast to graphene, a transition metal
dichalcogenide (TMD) monolayer includes three atomic planes, resulting in a
thickness 0f0:6-0:7 nm.[62

TMDs can exist in di erent structural forms, i.e. polymorphisms, with varia-
tions in the arrangement of their atoms. The most common forms for monolayers
include the 1T (octahedral coordination) and 2H (trigonal prismatic coordination)
phases, as shown in Fig. 2.4 A. The chemical composition of the TMD determines
the thermodynamically stable form. TMDs have the general formul#X, and

9
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TMDC: ~1.0-2.5 eV
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Figure 2.4: (A) Structure of transition metal dichalcogenide monolayer with the chalco-
gen and metal atoms indicated by yellow and blue spheres, respectiye (B) Direct

band gap in the calculated band structure of MoS$. Reprinted with permission from
(A) Roldan et al. [51 and (B) Xia et al. [58!

many di erent metal-chalcogen combinations are known such as MgSungsten
disul de (WS,), tungsten diselenide (WSg), niobium diselenide (NbSg) and oth-
ers. The electronic properties of TMD monolayers are likewise highly dependent
on the chemical composition, ranging from semiconducting to superconducting.
Superconductivity was observed for NbSeat about 3 K. Semiconducting be-
haviour can mainly be found for the group-VI TMDs, i.e.Mo or W as metal. For
group-VI TMDs, except for tungsten ditelluride (WTe,), the thermodynamically
stable form is the trigonal prismatic coordination (2H).

Similar to graphene, TMDs can be obtained by mechanical exfoliation from the
bulk crystal as well as by direct growth by means of CvV[}2:64

The band structure of group-VI TMDs is dependent on the thickness, i.e. the
number of layers. The bulk material, multilayers as well as bilayers show an indirect
band gap. However, TMD monolayers have a direct band gap in the visible range of
about 1- 2 eV and therefore attracted attention for the application in electronic and
optical devicesl?>2°66:671 Fig, 2.6 shows the investigation of the photoluminescence
(PL) of TMD monolayers. In (A), an optical image of a CVD-grown Mo$% ake
is given. The ake consists of a surrounding monolayer area, with a small bilayer
region in the centre. The bilayer can be clearly recognized by the darker ¢@st.
The second layer is grown at an angle 4B, thus indicating the AB stacking of the
bilayer. In single layer Mo$, the PL is dominated by the radiative recombination
of a primary exciton with an energy of aboutl:88 eV.1%8! A PL intensity map of this
exciton is shown in the lower part of Fig. 2.6 A for the CVD-grown ake. The PL
signal of the monolayer region is 100 times stronger than that of the bilayer regio
which is due to the transition from an indirect to a direct bandgap semiconductor.

The PL spectra of di erent TMD monolayers are shown in Fig. 2.6 B. In this
study, the in uence of the silicon dioxide (SiQ) substrate as well as the tempera-

10
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Bulk 4 layers 2 layers Monolayer

(A) (B)

Figure 2.5: (A) Trigonal prismatic (2H) and distorted octahedral (1T) phase of TMDs.
For the 2H phase, the chalcogen atoms are located on top of each other, whereastire
1T phase they are shifted. (B) Band structure of 2H-MoS for di erent thicknesses. The
monolayer shows a direct band gap while in thicker Mo$ an indirect band gap occurs.
Reprinted with permission from Manzeli et al.[6%!]

ture is investigated. Therefore, monolayers are prepared directly on the sulzde

or capped between hBN layers. Di erent emission energies can be obsdri@ the
various materials, representing the slightly di erent band gap of TMD monolay-
ers. An increase of the signal intensity as well as a narrower emission linewidth
can be observed for the hBN-capped samples as well as for lower temperature
The small linewidth reveals the presence of various emission peaks, indicating the
more complex origin of the PL signal for most TMDs rather than a single exciton
recombination. The reduced and broadened signal can be attributed to the SIO
substrate due to its surface roughness as well as charge transfer and locat-ele
tric eld uctuations, all prevented by the capping in hBN. 9 Low-temperature
measurements a ect the in uence of phonon coupling and defects states.

In particular, defects can lead to non-radiative recombinations and additional
localized energy levels, causing a broadened and reduced PL signal. Chalcogen
vacancies are the most common defect in the TMD monolayers and lead to states
0:1-0:3 eV below the conduction band minimumt” However, selected defect manip-
ulation can be used for targeted band structure modi cations to achieve bene cial
properties, as will be considered in more detail in Section 2.3.
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Figure 2.6: Photoluminescence of TMD monolayers. (A) Optical microscope image of
MoS, ake and corresponding PL intensity map of the exciton peak. In the monohyer
region, a signi cantly higher PL signal can be measured due to the direcband gap. Scale
bar is 50 um. (B) PL spectra measured for di erent TMD monolayer materials. The
in uence of the SiO, substrate is investigated by comparing the signal with hBN-capped
TMD layers. Capping in combination with low temperature result in narrow linewidths
and higher intensities of the emission by reducing charge transfera the substrate as
well as non-radiative recombination due to defects. Reprinted with permission from
(A) Zhang et al.["!] and (B) Cadiz et al.[5°]
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2.2. VanderWaals Heterostructures

2.2 Van der Waals Heterostructures

The extensive studies on 2D materials, in particular on graphene, led to another
new research area. Investigation of the electrical properties of gteene on Si/SiQ
revealed the limitation of studying substrate-supported 2D materials: Scattarg
due to charged surface states as well as impurities limit the quality of graphene and
thus prevent realising its full potential.[’?74 Measurements on suspended graphene
led to improvements!® 75! but of course involve challenges in terms of sample design
and preparation, as well as measurement techniques. Thus, alternative substsate
were explored. Dean et al. have successfully demonstrated the use of hBN as
insulating support. In short, mechanically exfoliated graphene was picked up using
a polymer carrier, and eventually placed on top of another exfoliated hBN ak!®7]
The large band-gap, similar lattice constants, and the absence of dangling bonds
and surface charge traps make hBN on the one hand a well-suited substrate for
studying the electrical properties of graphen&876l

()

(B)

Figure 2.7: (A) Visualization of the concept of van der Waals heterostructures. Various
2D materials are combined to form a stack of layers made up of di erent mateials.
(B) Optical microscope image of an hBN-graphene-hBN sandwich on Si@ substrate.
Reprinted with permission from (A) Novoselov et al.l’”! and (B) Wang et al. [40]
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On the other hand, it was the rst realisation of a 2D-2D heterostructure and
the beginning of the emerging eld ofvdWHs. As for the bulk counterparts of
2D materials, each layer invdWHs consists of a covalently bonded lattice and
is bound by weak van der Waals interactions to the neighbouring layers. Most
importantly, however, instead of having the same material in each layer, the het
erostructure can contain di erent materials in each layer without the constrints of
lattice matching.[”® The combinations of these arti cial composites are practically
endless, due to the large number of 2D materials as well as the ability to modify
each layer in terms of its electronic, optical, structural or chemical propess 24
Fig. 2.7 illustrates the concept of
vdWHs and an optical microscope im-
age of a fabricated hBN-graphene-hBN
sandwich. The vertical atomic layer se-
guence of a heterostructure can be seen
in Fig. 2.8. A cross-section of the het-
erostructure is prepared and imaged by
means of TEM, showing the atomically
sharp and clean interface between the
di erent 2D materials.

The van der Waals assembly allows
building of extremely thin functional
structures, which will be considered in

Figure 2.8: Cross-sectional TEM image more detail below, but also the cap-

of a MoS;-hBN-graphene heterostructure  PiNng and encapsulation of a 2D mate-

between substrate and protective layer. rial with protective layers to improve

Scale bar is5nm. Reprinted with per- its electrical properties®® or to increase

mission from Liu et al.[®] the stability under electron beam irra-

diation.® In addition, the assembly of

crystal structures allows the creation of superlattices, which frequenady set by
adjusting the twist angle. By doing so, the band structure of the heterostruc-
ture can be tuned and unpredicted properties of material combinations have been
found.[®284 For example, bilayer graphene with a twist angle of:1°, which is
called the magic angle, showed superconducting behavidgfr!

Several techniques for the fabrication o¥fdWHs exist, among which the me-
chanical assembly as well as the direct growth by CVD are the most established
methodsB>7l In the following, these two methods will be presented, followed
by some examples and applications showing the possibilities of these arti cial
materials.

14
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Mechanical Assembly

The most common method for the creation ofdWHs is the mechanical assembly
of di erent 2D materials, which is sometimes referred to as deterministic assbim
While several variations in the process steps exist, the required setup is always
based on an optical microscope with a long working distance to observe the &iag
including micromanipulators for positioning.

The mechanical assembly approach has been pioneered by Dean et al. in 2010
by placing graphene on hBN as insulating substraté”] Therefore, a PMMA layer
serves as sacri cial layer to carry the 2D material during the transfer stepsf
the assembly. The process is shown in Fig. 2.9 A. A Si/SjQvafer is coated with
a water-soluble polymer followed by PMMA. Graphene is exfoliated using the
Scotch-tape method directly onto the polymer-PMMA stack. Immersing the st&c
into deionized water, dissolves the polymer, leaving the 2D material attached to
the PMMA oating on the water surface. Using a glass slide, the PMMA layer
with the graphene ake can be caught and taken out of the water. For the taeg
substrate, hBN is exfoliated onto another Si/SiQ wafer. Finally, the graphene can
be positioned on top of the hBN ake by using a micromanipulator carrying the
glass slide and an optical microscope for observation. The sacri cial PMMA laye
is dissolved in acetone resulting in the hBN-graphene assembly.

Several variations of this method exist, e.g. by using di erent water-soluble
polymerg?488] or other sacri cial layers.2871 Schneider et al. developed a method
in which an exfoliated 2D material ake on Si/SiQ, is covered with a hydrophobic
polymer.[®8 Dipping the stack into water delaminates the polymer due to intercala-
tion of water between the hydrophobic polymer and the hydrophilic Si/Si@ The
polymer, carrying the ake, remains oating on the water surface. By pumping
down the water, the ake including the polymer can be transferred onto another
2D material followed by dissolving the polymer.

All these methods are based on using a thin Im as carrier of the 2D material
which is then removed after the placement on the substrate or another 2D matdria
Other technigues have been developed without the need of such a sacri cal layer.
For example, Castellanos-Gomez et al. used a viscoelastic stamp made out of
PDMS as carrier!® The 2D material is directly exfoliated onto the PDMS and
subsequently put on top of the target substrate. Again, an optical microscop&@
micromanipulators are used for the exact positioning. By slowly raising the PDMS,
the ake is released and remains back on the target. As no sacri cial layer is used
in this method, no wet chemistry is required and thus, making this all-dry method
advantageous because no polymer residues can remain between the 2D material
layers.

Wang et al. presented an approach for exploiting the van der Waals forces
between2D materials for picking up and carrying an exfoliated akel*®! First, hBN is
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exfoliated onto a PDMS-polymer stack and attached to a glass slide. The hBN is
brought into contact with the desired 2D material on Si/SiQ and used to pick it
up due to the van der Waals forces between them. The stack is then stampedmnt
the target substrate leaving the layer assembly behind. This avoids any potential
residues, as the desired 2D material is never in contact with polymers. Howgve
the nal assembly of the 2D materials is capped by the hBN catrrier.

In summary, the mechanical assembly techniques allow the fabrication of van der
Waals heterostructures from previously prepared 2D materials without consirds
of lattice mismatches. The required setup is relatively cheap and can easily be
implemented inside a glovebox to perform the assembly in a controlled environment
The 2D materials are transferred with the help of a carrier substrate, asrfexample
di erent polymers, viscoelastic stamps or other 2D crystals. All-dry methods
have been implemented in order to avoid the use of solvents, which can result in
undesirable residues. The observation by an optical microscope and the use of
micropositioning systems allows the alignment of the individual layers of the van
der Waals heterostructure within a few micrometers§:’

With the upcoming research eld of twistronics, the control of the twist angle
between the individual layers of the heterostructure becomes important to cre
ate a desired superlattice. The mechanical assembly\wfWHs allows control of
the twist angle by adding a rotational axis to the micropositioning system. Im-
portantly, the lattice orientation of the 2D crystals has to be known. Theefore,
the straight edges of exfoliated or grown 2D materials can be exploited teey
indicate the orientation.®® In addition, second harmonic generation or polarized
Raman spectroscopy can be usé®:° Kim et al. presented another technique for
the creation of twist-controlled structures: A twisted bilayer can be dueved by
picking up a section of a deposited 2D material, followed by a relative rotaticand
the re-deposition of the section on top of the remaining ak&? For this method,
knowledge of the crystal orientation is not necessary, however, only astdies
consisting of the same material can be produced.
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Figure 2.9: Mechanical assembly methods. (A) Graphene is exfoliated on a polymer-
PMMA stack. The polymer is dissolved in water, allowing the grapheneto be caught
with a glass slide as carrier to position the PMMA-graphene stack on top of an BN ake.
The graphene is released by dissolving the PMMA layer in acetone. (BExfoliating the
2D material directly on a viscoelastic stamp avoids the use of polymerdyers and wet
chemistry. (C) The van der Waals (vdW) forces between 2D materials carbe used to
pick up other 2D akes, avoiding any contact with other carrier media. Reprinted with
permission from (A) Dean et al.[3”], (B) Castellanos-Gomez et all8%, and (C) Wang
et al.[40]
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Growth Methods

Another method for the fabrication of vdWHSs is the direct growth by means
of CVD. As for the fabrication of pure 2D materials, CVD processes allow the
fabrication on larger scales in comparison to mechanical exfoliation and mechanhica
assembly.

However, direct growth of a heterostructure is challenging. For many material
combinations, the environment and parameters required for high-quality growth
prevented the entire CVD fabrication of heterostructures. For example,rgwing
TMDs on CVD-hBN required the transfer of the hBN from the copper substrate
used for the synthesis to sapphire due to the reaction of S with G In addition,
the high temperatures as well as the oxygen containing precursors used favgng
TMDs decomposed the already grown hBN. Therefore, TMDs were often gno
on exfoliated hBN®4 In recent years, however, improvements in growth processes
have enabled the direct growth of the entire heterostructur&®°71

In contrast to the mechanical assembly, the synthesis edWHs allows the
creation of both vertical and lateral heterostructures. In the lattey the di erent
materials grow in the same plane and are connected by covalent bori#s Gong
et al. showed the formation of vertical and lateral WEMo0S, heterostructures in
the same system depending on the process temperatif.

The position of the grown heterostructure is barely controllable as it is based
on random nucleation. However, there have been a few attempts to contrdiet
growth of the top 2D material of a bilayer heterostructurel®®% For example, Li
et al.” have shown that laser patterning of a grown mono- or bilayer 2D material
creates defects, which serve as nucleation sites for the growth of acsel material

Figure 2.10: Direct growth of vdWH's. Precursors react from the gas phase on a heated
substrate, ideally forming a monolayer of the target 2D material. By repeaating the
process with di erent precursors and process conditions, di eent layers can be grown
on top of each other. Reprinted with permission from Novoselov et af’”]
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on top. By doing so, regular arrays of heterostructures have been fabtied, but
the controlled positioning is limited in comparison to the mechanical assembly.

The twist angle between the layers depends on the growing conditions as well.
For the mechanical assembly approach, in principle any twist angle is possible
and freely selectable. In contrast, only a few distinct twist angles are allode
when growing vdWHs epitaxial.'® Nevertheless, recent work has shown that
gas- ow perturbations in combination with certain substrate geometries créiag
non-equilibrium growing conditions which increases the amount of twisted bilayer
graphenel0l

2.3 Patterned 2D Materials and vdW-Structures
Tailoring Properties for Applications

The elds of applications of pristine 2D materials and their vdW heterostructures
are numerous. In addition, speci ¢ modi cations can be applied to tailor the prop-
erties to be optimized for a certain application. Optical and electrical applications
were the focus in research to date, with modi cations mainly targeting band-gap
engineering. However, tailored 2D materials have also been used to createaaded
nanopores and for sensing applications.

Several approaches have been used to tailor the properties of 2D materialghs
as applying electric elds921%I doping with impurity atoms™°4 and inducing
strain. 105106l |n the following, however, in particular the modi cation of properties
based on patterning the materials on the nanometer scale will be considered.

In its pristine form, graphene is a zero-gap semimetal. Thus, opening a band-gap
with a de ned energy is of great interest for applications. Theoretical workaniti-
ated the area of band-gap engineering of nanopatterned graphene (see Fig. 2.11A).
Regular arrays of holes, also called an antidot pattern, can result in a band-gap
of several eVs depending on the hole size and frequeR€Y. In addition, the con-
nement in a graphene nanoribbon leads to a semiconducting behaviour. Density-
functional theory (DFT) calculations indicate that a band-gap similar to germa-
nium or indium nitride can be achieved with a ribbon width of2-3nm, and one
similar to silicon or gallium arsenide with a width of1-2 nm.[10¢]

Experimental band-gap engineering by means of nanopatterning has also been
carried out, and partially applied in functional devices. Nanoperforated graphene
has been fabricated with electron beam lithograp®f®! or block copolymer lithog-
raphy*10111 and investigated for its electrical properties. For example, 450 meV
wide band gap has been realized in encapsulated graphene, as illustrated in
Fig. 2.11B['% The band gap is tunable by applying a magnetic eld. Fig. 2.11C
shows the integration of nanopatterned graphene eld-e ect transistor (FET) de
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vice !9 Typical responses of a semiconducting Im on the applied gate voltage
can be observed. In addition, the transfer characteristic is tunable by adjusting
the periodicity and size of the introduced holes.

Besides typical semiconductor applications, graphene nanoribbons have been
demonstrated as a gas sensor, as shown in Fig. 2.1#%. Photolithography and
oxygen plasma were used to introduce the ribbon structure into graphene. After-
wards, the patterned graphene was transferred onto polyimide as substrate, kitey
the sensor transparent and exible. Due to the restricted size, the ribbon exhibits
Joule heating when the bias voltage of the measurement is applied, enabling the
reversible NO, absorption and desorption without the need for external heating
for recovery of the sensor. This all-graphene sensor impressively demonstraltes
ability to fabricate both the active area as well as the electrodes from a sieg
graphene layer by speci ¢ nanopatterning.

Band-gap engineering by means of nanopatterning has also being investigated
for TMD monolayers. In a theoretical study, Shao et all*®! calculated the resulting
band-gap for di erent antidot lattices in MoS,. By varying the hole sizes and
distances, the band-gap energy converges to a certain value for increasingesoell
areas. Thus, the change was attributed to an edge e ect of the simulated sttures.

Due to their excellent optical properties, experimental work has been cad out
to tailor them for use in applications by patterning with top-down-techniques such
as electron beam lithography. However, the introduced electron dose wasirid
to damage the TMD monolayer, leading to degraded optical properties. Stanev
et al.['* revealed the signi cant degradation of the PL. However, they have shown
that encapsulation in hBN during patterning provides a beam damage protection
to preserve the native optical properties. In low-temperature PL measuremis, a
weak size-dependent energy shift could be observed for an antidot latticeroduced
into encapsulated molybdenum diselenide (Mo&e As the patterned materials
were on a silicon substrate, transmission electron microscope (TEM) couldtriae
used to understand the observed shift!4

MoS, nanoribbons have been directly grown on a phosphine treated silicon wafer
as shown in Fig. 2.12 A, avoiding a potential e ect on the resulting properties due
to the patterning method.''® Compared to 2D Mo$, the ribbons exhibit a PL
peak which is about50 meV higher in energy. In addition, the emission is tunable
by adjusting the ribbon width.

A number of promising approaches for nanophotonics have already been demon-
strated for thin Im TMDs. Besides emitting and harvesting light, nanopatterned
TMD Ims can serve as waveguides$t'® Similar applications can certainly be ex-
pected for nanostructured 2D TMDs. As an example, spatially controlled sed-
harmonic generation has been shown for a nanopatterned Mof®onolayer (see
Fig. 2.12 B).[''7] Di raction of the generated second-harmonic at an introduced
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Figure 2.11: Tailoring the properties of graphene for applications. (A) Theoretical
study of opening a band gap by introducing an antidot lattice. Depending on the
hole size and frequency of the lattice the energy of the band gap can be adjted.
(B) Electron beam lithography is used for nanostructuring graphene enapsulated in hBN.
Resistivity measurements reveal a band gap of approximatelyi50 meV. (C) Application
of a graphene antidot lattice as FET device. The transistor properties @an be adjusted
by varying the lattice structure. The scale bar is 100 nm (D) Application of a graphene
nanoribbon as gas sensor. The restricted size results in Joule heatingf the sensor
area when applying the bias voltage, enabling reversibl&O, absorption and desorption
without external heating. Reprinted with permission from (A) Pedersen et allt07]
(B) Jessen et all1%] (C) Bai et al. [119 and (D) Kim et al. [112]
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grating allows the controlled emission. Moreover, fabrication of a fork-likgattern
as grating results in the generation of a vortex beam in the rst di raction oder
of the second-harmonic wave.
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Figure 2.12: Properties and application of nanopatterned TMD monolayers. (A) MoS,
nanoribbons are directly grown on a phosphine treated silicon wafer. Th optical prop-
erties of the ribbons are tested and compared to a conventional 2D MagsS ake. In the
PL measurement, the ribbon exhibits a tunable exciton emission at igher energies (blue
curve). The orange curve shows the background signal of the phosphinelison wafer.
(B) Second-harmonic generation at a Mo$ monolayer. The patterned grating leads to a
di racted emission. (Right) Introducing a fork-like grating gener ates a second-harmonic
vortex beam in the rst order of the di raction pattern. Reprinted wi th permission from
(A) Chowdhury et al. (1151 and (B) Léchner et al.[17]1 © Optica Publishing Group.
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As introduced above, 2D materials can be combined to create layered arti tia
solids. The properties of these'dWHs can be tailored by the composition, the
layer sequence and the relative orientation of the layers. The possibilities are
even more versatile, as each individual layer can be modi ed as described above,
for example by nanopatterning. The main tool for tailoring the properties of
vdWHs is based on adjusting the twist angle between the layers, thus controlling
the frequency of the resulting supperlattice. In the most prominent example,
two graphene monolayers have been stacked at a speci ¢ angleldf.®4 The
resulting electronic band structure is dominated by the superlattice and exhibits
superconducting properties. Moreover, the fabrication of graphene-hBN skac
allowed the experimental investigation of the quantum Hall e ect!®]

Regarding the optical properties of
TMD heterostructures, the PL emission
peak can also be tuned by adjusting the
twist angle. Fig. 2.13 shows the investiga-
tion of MoSe/WS, heterobilayers assem-
bled under di erent angles*!® The newly
appearing peak (P1) is compared to the
exciton peak of a MoSg monolayer (Xa).
Hybridization of the excitonic bands of the
two materials result in an altered PL spec-
tra with an energy shift as a function of the

49
_S,A
Ca’ \Ne
twist angle. ] E—/L
VdWH s have emerged as promising plat- %

Normalized PL intensity
S

forms for various functional lightweight and
exible devices. Due to the unique and di-
verse properties within the family of 2D ma-
terials, optoelectronic applications are nu-
merous, such as FETs, ash memories as
well as light harvesting, detection or emis-
sion devices, to name just a few. Planar Photon energy (eV)

2D FETs with di erent compositions have  Figure 2.13: PL spectra of
been realized. A coplanar design as illus- MoSe/ WS, heterostructure for
trated in Fig. 2.14 A was used for a FET, severaltwistangles. Reprinted with
which employs graphene as bottom contact Permission from Alexeev et alf*¢]

and MoS2 as the transistor channel mate-

rial. 1201 While most devices are based on exfoliated 2D materials and are therefore
one-o0 pieces, CVD processes enable large-scale fabrication and building of entire
logic circuits, even with interconnections made of grapherti®! By encapsulating
the entire functional device with hBN (see Fig. 2.14 B), extremely high charge-
carrier mobilities can be achieved in MoSt?2
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Optoelectronic devices are particularly based on TMD materials due to their
intrinsic band-gap and strong absorption in the visible spectrum. For example, a
monolayer MoSe with a thickness of0:65 nmabsorbs as much light ad5 nm GaAs
or 50 nm silicon.'?®! In addition, high internal quantum e ciencies of over 70%
have been shown for a graphene-Wggraphene photodetectoft?4 An illustration
and schematic of the device is given in Fig. 2.14 C.
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Figure 2.14: Functional devices based onvdWHs. (A) Design of a planar transistor
with TMD as the channel material and graphene as bottom contacts. (B) MoS$-based
device encapsulated in hBN to avoid extrinsic scattering of the clarge carriers. A cross-
sectional TEM image shows the atomic layer structure of the device. €) Photodetector
consisting of multiple layers of WSe as active element, hBN as encapsulation and
graphene as electrodes connected for the measurement. Reprintedtivpermission from
(A) Liu et al. [78] (B) Cui et al. [122] and (C) Massicotte et al.[124]
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2.4 Electron Microscopy

Studying small objects requires the ability to observe them. Microscopy in general
comprises a variety of di erent techniques to magnify objects that are not visible
by the eye alone due to their small size. The oldest microscopy technique, optical
microscopy (OM), has been developed since the late 16th century and, in its
simplest form, uses visible light and lenses made of gld58! However, the resolving
power of an optical microscope is limited by the optical di raction limit, which is
determined by the wavelength of the photons used. The resolution can be de ned
as the smallest distance between objects that can still be distinguished and is
around 200- 300 nm for a good optical microscopé:?®! Thus, materials can not
be investigated on the atomic scale by means of OM, which would require an
improvement in resolution of about a factor of 1000.

Electron microscopy (EM), on the other hand, uses electrons for imaging. As
introduced by Louis de Broglie in 1924, electrons have wave-like characteidstas
well.[*2”] However, due to their smaller wavelength in comparison to photons, better
resolutions can be achieved. Only few years after the discovery of de Brogtians
Busch developed electromagnetic lenses for electrons as the equivalence tesgla
lenses in OMI28 The application of using theses lenses in an electron microscope
was then invented by Le6 Szilard in 19282° In the following years, Ernst Ruska
and Max Knoll accomplished to take the rst magni ed image using electrons.
Shortly after, in 1933, they built the rst TEM which exceeded the resolving power
of optical microscopegt30:131l

Since then, further research has been conducted in the eld of EM. With spec-
troscopic methods such as energy-dispersive X-ray spectroscopy (EDS) atettron
energy loss spectroscopy (EELS), materials can be examined for their cheahic
composition 132133 Great development work has also been carried out to improve
the resolving power of the microscopes by increasing the electron energy oredle
oping new techniques like wavefront restoration or o -axis holographly34 137 In
this regard, theoretical work by Otto Scherzer has revealed that sphericaberra-
tions cannot be avoided for static, rotationally-symmetric electromagnetic leas as
commonly used in EM. This consequently limits the achievable resolutidh®3%
However, the invention of aberration correctors for electron lensesentually led
to the powerful microscopes capable to resolve materials atomically, and whiate a

used today in both materials science as well as in biology for structure elucida-
tion, [140 142]
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2.4.1 Conventional Transmission Electron Microscopy

The principle of the originally developed EM by Ruska and Knoll, the conventional
transmission electron microscopy (CTEM), corresponds well to that of a®@M. As
mentioned above, however, a beam of accelerated electrons is used imstdaan
electromagnetic wave. The high-energy electrons transmit the thin, usually up to
100 nm sample and thereby interact with the specimen and provide information
about its structural morphology and chemical composition. In contrast to an
OM, vacuum inside the microscope is required to avoid scattering of the electrons
with air molecules. This would falsify or even prohibit the signal arising from the
interaction with the specimen. Therefore, the entire beam path runs inside of a
vacuum tube. Fig. 2.15 shows the schematic setup of a typical CTEM. In the
following, the main components are discussed in more detail.
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Figure 2.15: Schematic diagram of a conventional transmission electron microscope.
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Electron gun

The electron gun consists of two elements: the electron source that providas
electrons as well as a system to accelerate them to a certain energyically in
the range of60- 300 keV, which is su cient to transmit the thin TEM specimens.

Today, there are two types of electron sources, thermionic and eld-emission
sources. In both cases, the electrons have to be lifted above the paoi@nwvall of
the source material to be extracted and enter the vacuum of the microscopEhe
required work is called the work function.

In thermionic sources, the energy to overcome the work function is provided
by heating. Early microscopes were equipped with tungsten laments which have
to be heated t02700 K Current thermionic sources use a lanthanum hexaboride
(LaBg) crystal which requires only about1900 K for the emission of electrong:*!

A smaller temperature results in a smaller energy spread of the produced electrons
The resulting improvement in coherence is favorable for increasing the resolution
of the microscope*4

Field emission sources, on the other hand, exploit the so-called Schottky e ect.
The work function for electrons is reduced by applying a high electric eld to the
tip of the electron source. By doing so, Schottky eld emission guns (FEGs) which
usually consist a tungsten tip coated with zirconium oxide (Zr@) emit electrons
when operating at a temperature ofl800 K In addition, with higher electric elds
the potential wall becomes thinner and electrons can tunnel through the barrier.
With su ciently small tip radii, emission of electrons can occur even at room
temperature. These so-called cold FEGs have to be operated at ultra-higacuum,
however, possess an extremely small energy spread.

The design of the acceleration system for the creation of electrons withost
wavelengths depends on the type of electron source. For a thermionic source, a
triode system is used. The cathode is at a high negative potential and the emitted
electrons are accelerated to the grounded anode. The potential di erencetlveen
cathode and anode represents the acceleration voltage. The third electroties
so-called Wehnelt cylinder, is located around and just below the cathode. Its
potential is slightly more negative compared to the cathode and thus reduces the
beam current. However, the exact potential is controlled by the beanuent itself,
leading to a self-biasing arrangement and stabilisation of the emission. In addition
to its control function, the Wehnelt cylinder acts as an electrostatic lens to fus
the electrons already in the gun.

In a FEG, again the cathode is at negative potential. A positively charged
extractor electrode with just a few kilo volt potential is placed below the athode.
The extractor builds up the electric eld at the tip required to extract the elec-
trons. Another electrode with weakly negative potential, the so-called suppes,
surrounds the cathode and avoids the emission of electrons coming from any other
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part than the tip. The grounded anode is located below the extractor electrode and
accelerates the electrons. To focus the electrons in the gun, a gun lens is used, but
also the electrostatic eld between extractor and anode acts as a focusielgment.

Electromagnetic lens system

The electron lenses usually used in EMs are magnetic lenses. They consist of a coil
of copper wires that are housed in a cylindrical symmetrical core of iron, which is
known as pole piece. A current passing through the coil creates a magnetic eld
inside the bore of the pole piece. While the eld is axially symmetric, the eld
strength increases from the center of the gap towards the edge of the &or

Electrons coming straight down
and passing the center of the lens re-
main unde ected. However, electrons
that are not parallel to the optlca_l axis - Electron
experience forces that bend their path. ~<=b— . trajectory
The Lorentz force depends on both the g
velocity of the electron as well as the
magnetic eld itis passing through. At
rst, the electron coming with an angle
experiences a force that pushes it out,
around the optical axis. The velocity Figure 2.16: Electromagnetic lens/4314°]
of the electron now has an additional
circumferential component. Due to this, a force will push the electron towardse
optical axis. When reaching the lower part of the lens, opposite forces causes the
circumferential motion to stop. Overall, electrons coming with an angle passing
the magnetic lens in a helical trajectory and are drawn towards the optical axis.
Thus, like in a typical focusing lens, an incident divergent beam exits the lens as
a convergent beam. A simpli ed illustration of an electromagnetic lens including
the electron's trajectory is shown in Fig. 2.16.

In an EM, multiple magnetic lenses are used. However, each lens comes with
a set of other elements that support its function. The required electron-optical
precision is signi cantly higher than what is feasible during the mechanical assembly
of the microscope. In each lens system, thus, a pair of de ector coils that are
perpendicular to the passing beam is placed in front of the actual electron lens.
The incoming beam, which may not be perfectly parallel and along the optical
axis, can be de ected to compensate for shifts and tilts. By doing so, the pect
entrance in the actual lens can be guaranteed despite imperfections caused, e.g
by the mechanical assembly. Of course, the magnetic lens itself may also be
imperfect. For example, di erences in the wire thicknesses can cause asymmetry
in the magnetic eld. The resulting stigmatic lens focuses stronger along one axis

Magnetic =
field

Coils
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which negatively a ects the quality of the image. Therefore, coils that are know
as stigmators are located behind the magnetic lens to correct for imperfectgof
the lens symmetry. The last element of the lens system is an aperture. As in OM,
aberrations increase with the distance from the optical axis. Thus, the apeire
blocks parts of the beam that are far o axis.

In aberration corrected microscopes, an additional lens system is arrauogin
series with the objective lens. As mentioned above, geometric aberration® a
unavoidable in static, rotationally symmetric lenses!®®! However, the use of e.g.
hexapole-lenses can compensate for the positive spherical aberratiorhefdbjective
lens.

Image formation and detection

In CTEM, the illumination system (i.e. the condenser lenses) illuminates an area
of the specimen (see Fig. 2.15). Di erent scenarios can occur when the alect
beam interacts with the specimen. The electron can leave the specimen without
any interaction as an unscattered primary electron. On the other hand, inelastic
scattering can occur. The incoming electron loses energy in the specimen and
thereby creating for example secondary electrons or X-rays. In addition, the
electron beam can interact elastically and leaves the specimen, usually under high
scattering angles, without the loose of energy.

CTEM uses the signal arising from the interference of narrow-angle elastic o
inelastic primary electrons and unscattered electrons to create a magni ed image
of the sample. As electrons can not be seen with the bare eye, the magni ed image
of the specimen is put onto a viewing screen, which is coated with a material
that emits visible light when being exposed to electrons (e.g. silver doped zinc
sul de). For recording, early microscopes used photographic Ims. In contrast,
today a thin scintillator converts the electron signal into photons. The scintilléor
is ber-coupled to a charge coupled device (CCD) or complementary metal oxide
semiconductor (CMOS) camera to record the images.

For the contrast mechanism in CTEM, a distinction is made between amplitude
and phase contrast. The former occurs in samples with high density objects:
Stronger scattering at these objects results in less electrons contributing the
image. However, for high-resolution transmission electron microscopy (HRWVE
where thin samples are used, which of course is applicable to 2D material, phase
contrast is the important mechanism. To understand phase contrast, the eleotr
beam has to be considered as an electron wave.
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The wavelength of an electron in free space is given by the De Broglie wawejn

h_ h

o= (2.1)

where p is the momentum of the electron andh the Planck's constant. The
momentum can be replaced by the mass of the electromy and its velocity v. For
an electron accelerated by the voltag®y, the kinetic energy is:

el = ;mv2 : (2.2)

Thus, with Eq. (2.1) and Eq. (2.2), the non-relativistic wavelength of an elémn
traveling in free space can be calculated as

h

= Pomety (23)

In contrast, the wavelength ., of an electron inside of the potential of a material
is given by146l

h h
TpPe2me (xy;z)  2me(Upt ( X Y;2)

(2.4)

The potential  represents the specimen, e.g. the crystal periodicity, and can
therefore vary across the specimen, i.e= ( X;y;z). Importantly, the wavelength
for electrons in matter is reduced compared to electrons traveling in free spac
Thus, a phase shift can be calculated for an electron wave passing a crystal layer
with thickness dz:[146l

| 0s_ 1

(Xy;2) =2 % % =2 %@ 1+ — 1A (2.5)

m 0

Under the assumption that the potential is constant along the z-direction and
Uy, the phase shift for a specimen with thicknessis*46]

(xy) = JO (xy) (2.6)

This means that the incoming plane electron wave is modulated by the potential
of the specimen.

Interference with the di racted wave, converts the phase modulation into a
detectable amplitude variation. For an ideal imaging system, however, no phase
shift occurs between the primary beam and the di racted waves. In TEM, a phas
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shift is generated by residual spherical aberratio®s and intentional defocusing
f by the operator. In addition, the phase di erence depends on the scattering
angle and therefore according to Bragg's law on the lattice distanck

= (Cs f)= (&G f) (2.7)

Thus, for a given lattice distance, the phase shift can be adjusted to have con-
structive interference and therefore high contrast in the image by choosingh a
appropriate defocus. However, for the same defocus, the phase shift for another
lattice distance is di erent, resulting in less contrast, no contrast or evemverted
contrast. The dependence of the image contrast on the lattice distance andustr
ture size is given by the phase contrast transfer function (CTF):
0 | 1
1 E ?
CTF(q) = sin fq?2+ > Cs 3t exp@ ?2C? oo 2A ;. (2.8)
0

with g = 1=d as the reciprocal length of the lattice, i.e. the lattice frequency. The
contrast transfer is damped for higher frequencies due to the chromatic abéioa

C. and the energy spread of the electron gun E. Spatial incoherence caused
by the nite size of the electron gun results in an additional damping envelope.
However, in modern microscopes this spatial envelope plays a minor role and is
therefore not considered in Eq. (2.8%4"]

In Fig. 2.17 the phase transfer is plotted for three defocus values. For the
defocus of450 nm the in uence of the varying transferred contrast is illustrated.
Depending on the lattice frequency, which is represented by the distance of theotw
stars, their contrast varies from dark over zero to bright. Direct inérpretation of
a TEM image is therefore only possible for frequencies up to the rst zero cross
of the contrast. The best imaging conditions, i.e. the rst zero crossing at the
highest pos&ible frequency, arise when imaging at the so called Scherzer defocus
( fsen=1:2 Cs ) as can be seen in Fig. 2.17 €%
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Figure 2.17: (A-C) Calculated contrast transfer function for di erent defocus val ues.
(B) For a defocus of450 nm, the resulting contrast is illustrated in the grayscale image for
stars with varying distances, representing di erent lattice constants. (C) In the Scherzer
defocus, the rst zero crossing of the contrast occurs at the highaspossible frequency,
giving the optimum imaging conditions.
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2.4.2 Scanning Transmission Electron Microscopy

The rst variation from CTEM has been invented by Manfred von Ardenne alredy
in 1938148 Instead of illuminating a large area on the specimen simultaneously, in
scanning transmission electron microscopy (STEM) the electron beam is foadise
to a small probe on the sample and scanned over a region of interest point{yit.
At each point, the electron beam interacts with the specimen generatingsagnal
that is detected, amplied and nally displayed on a computer display for the
corresponding point. A schematic of a STEM including various detectors is shown
in Fig. 2.18.

In STEM, the resolution is determined by the achievable probe size of the
focused electron beam, as well as other factors such as the interactiamiume
in the sample. In modern microscopes, aberration correctors in the illumination
system can be used to reduce aberrations of the electron beam and cegatobes
smaller than 100 pm Thus, for thin specimens, atomic resolution can be achieved.
In contrast to CTEM, where the magni cation results from multistage imaging
with several lenses, the magni cation in STEM is simply determined by the the
scan dimension, i.e. the distance between the pixels in the scan. As mentioned
above, the interaction between electron beam and specimen creatasaus types of
signals, which can be recorded by using di erent detectors. For example, depending
on the scattering angle, bright- eld (BF) or annular dark- eld (ADF) detectors
collect electrons leaving the specimen under a small or a large angle, respectively
STEM includes also techniques for investigating the chemical composition of the
sample such as EDS and EELS: For each scanning point, the characteristic X-rays
or the energy loss of the primary electron can be measured. Given the resolution
of STEM, atomically resolved elemental maps of the region of interest are gsible.
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Figure 2.18: Schematic diagram of a scanning transmission electron microscope. The
focused electron beam scans the sample, producing signals that can lgellected by
di erent detectors and thus creating the image pixel by pixel.

2.4.3 Scanning Electron Microscopy

Beside detecting electrons that transmitted the sample, the signal arising from
backscattered and secondary electrons leaving the specimen towards the gam c
be recorded by using detectors mounted above the sample. This type of EM has
also been described by von Ardenne in 19888 A typical schematic setup of an
SEM is shown in Fig. 2.19. Today, dedicated SEMs are used in order to investigate
the surface of bulk samples and thus eliminate the need for the time-consuming
preparation of thin TEM samples. They are typically operated at acceleration
voltages between0:5-30kV. The resolution of an SEM is limited by several
factors: On the one hand, the usage of relatively low electron energies as \asll|
large working distances (i.e. distance between last lens and the specimen) result
in probe diameters of aboutl-10nm On the other hand, for a bulk sample, the
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Figure 2.19: Schematic diagram of a scanning electron microscope. With the excepth
of the STEM detector, the signal is collected above the sample. This &ws thick samples
to be examined.

excited area is signi cantly larger compared to a thin TEM sample and thus, the
origin of the created signal is no longer restricted to the location of the etean
beam.

As in STEM, various detectors can be used to record the signal arising from
the interaction between the electron beam and the specimen and therebyating
di erent type of contrast, i.e. topological or material contrast. Fo thin specimens,
a detector below the sample can be used to image transmitted electrons. SEMs ca
be equipped with an EDS detector in order to investigate the chemical compasit
of the material.

2.4.4 Holography and Phase Plates in Electron Microscopy

The improvement of electromagnetic lenses including their power supplies and
the associated realization of aberration correction have been a kaythe success
of electron microscopy. However, electromagnetic lenses can not creatatrary
wavefronts, thus limiting the possibilities regarding controlled electron beanmhap-
ing.[**% Phase plates (PPs) are other optical elements regularly used in OM, but
becoming less common in EM.

In CTEM, for an ideal lens without aberrations Cs = C. = 0) at zero de-
focus, no contrast is transferred from the specimen to the image as cands®n
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from Eq. (2.8). PPs can be used to overcome this problem to enable in-focus
imaging by enhancing the image contrast. The PP is inserted in the back-focal
plane of the objective lens to apply a phase shift between the diracted beam
and the direct beam. Therefore, mainly either thin- Im or electrostatic PPs are
used. The former consists of a thin- Im material, which thickness is adjusted so
that a certain phase shift is applied to the di racted beam due to the mean inner
potential U; of the material. The required thicknesg for a phase shift can be
calculated as followd44!

2 eU Eg+E _ E 2Eo+E

=222 0"y s 20— 2.9
E 2Eo+E 2 ey Eo+ E (2.:9)

Here, E is the energy of electron accelerated by the voltagd, (i.e. E = elk)
and Ep = meC is the electron rest mass energy. In the typical design, called a
Zernike PP, the thin Im has a hole in the center that allows the direct beam
to pass unchanged, thus creating the phase di eren¢€” The Hilbert PP, an
alternative design, covers half of the back-focal plane and thereby creates a
enhanced topological contrast. The exact mathematical derivation of the owast
enhancement can be found e.g. in Malac et &P, The typical PP based on thin
Ims have several drawbacks, such as the sharp onset of the phase shift, which
can lead to image artifacts. However, e orts have been done to fabricaphase
plates with tapered edges to provide a smooth onsBf?1%3 Other drawbacks are
contamination and aging of the material, which can hardly be avoided. Therefore,
special holders can be used that allow easy replacement of the phase plate via load
locks 1154

Electrostatic phase plates, such as the Borsch P! create an electrostatic
eld through which the direct beam is directed and phase shifted relative to the
di racted beams. Their design makes them tunable by adjusting the eld strength,
but complex to manufacture. In addition, a signi cant part of the beam is blocked,
which can result in image artifacts and low signals.

Phase plates can also be of interest for scanning electron microscopy techagy
Instead of rastering a simple focused electron probe across the specimehgmot
geometries can enable advanced techniques. Again, OM can serve as an example,
having succeeded in overcoming the optical resolution limit by inventing techniques
like stimulated emission depletion (STED) microscop¥:>!

The generation of complex electron probes can be realized with phase plates.
The underlying idea is similar to that of holography, which is brie y introduced in
the following. Electron holography is a microscopy technique that obtains informa-
tion about the phase shift of the electron wave passing through the specimen. This
information is usually lost in electron microscopy when recording the image using
conventional Ims or detectors. Holography is a two step process, illustradein
Fig. 2.20. First, the object is illuminated with the reference wave. The interferee
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(A) In-line holography

(B) O -axis holography

Figure 2.20: Electron holography. The interference pattern between a referene wave
and the created object wave is recorded, forming the hologram. The hologramontains
the three-dimensional phase information of the object. In a second sfg an image of the
object can be reconstructed by illuminating the hologram. (A) With in- line holography,
which is invented by Dennis Gabor and honoured with the Nobel Prize inPhysics in
1971, the twin images are created on one axis, resulting in a reduced image ajity.
(B) O -axis holography can be used to separate the real and the virtual image Concept
taken from Poon & Liu [158],

pattern between the scattered wave (i.e. the object wave) and the ezénce wave
is recorded to create the hologram. The hologram contains the three-dimensional
phase information of the object and is used to reconstruct the object in the sew
step. llluminating the hologram with the reconstruction wave generates a real and
virtual image of the original object.

Two experimental setups can be used for holography’! In its original form,
called in-line holography (Fig. 2.20 A), the virtual and the real images are on the
same axis as the reconstruction wave, leading to a deterioration in the quality thie
reconstruction. This is overcome by o -axis holography, which separates the/
images, as shown in Fig. 2.20 B. Nowadays, a three-dimensional reconstruction of
the object is often done on a computer, which is why it is called digital holography.

In addition, the hologram itself can be computer-generated. Thus, any desired
reconstructed wave can be designed. This allows tailor-made electron beams to
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be formed by manufacturing the hologram as a phase object and then applying a
proper illumination. In the simplest case, the setup for applying this holographic
phase plate is similar to the reconstruction of the hologram in the in-line holography
(see Fig. 2.20 A). Di erent Hermite-Gauss modes and even the institute logo as an
electron beam have already been produced using computer-generated holograms
fabricated with thin- Im materials. [15°:1601 As each portion of the hologram contains
information about the entire object, small imperfections in the fabricated phase
plate have only little e ect on the reconstructed wave, making hologram-based
waveforming a robust method.

For the application in electron microscopy, electron vortex beams are ofegit
interest. They are the equivalent to optical vortices that have been useatensively
in various optical microscopy method$6! Vortex beams possess a doughnut-like
intensity distribution and a radially changing phase. The phase di erence of one
revolution can be a multiple of » and de nes the orbital angular momentum
(OAM) of the vortex. Several methods have been used to realize electroortex
beams. As shown Fig. 2.21 A and B, Y-dislocations as di raction gratings create a
series of vortices with di erent OAMs corresponding to the di raction order.Both
naturally occurring dislocations (e.g. in the crystal structure)52 and manufactured
dislocations are suitabld!63164 Spiral phase plates can generate a single vortex
beam with a de ned OAM (see Fig. 2.21 C). Usually they are fabricated with
lithographic techniqued!®®!, but also a natural spiral phase plate from stacked
graphite sheets has been usétf’! Moreoever, programmable phase plates based
on applying an electrostatic eld to introduce a phase shift allow the creation of
various beam shapes such as vortic&8%

Typically, the phase plates are placed inside of the illumination path of the
electron microscope, and with the help of the condenser lens system, the modi ed
electron beam is focused to a small electron probe, which can be scanneer ov
the specimen. This can potentially be applied for local magnetic measurements.
For example, a change in the OAM of the vortex probe due to the interaction
with the magnetic specimen could be analyzed by comparison with a reference
wave or a so-called OAM analyzet8 The former technique has been successfully
applied for a quantitative measurement of the out-of-plane magnetic eld of a
magnetic pillar.*%° In addition, a di erence in the EELS spectrum of a ferrum
sample could be shown using left- and righthanded vorticé$® However, the
experimental realization of high-resolution mapping of magnetic materials is still
challenging*

Furthermore, electron vortices could provide angular momentum on the atomic
level for the manipulation of material, similar to the application of vortices in
optical tweezersit 71172
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Figure 2.21: Formation of electron vortices. (A,B) Y-dislocations can be used as
di raction grating, generating a set of vortices with di erent OAMs. (C ) A spiral phase
plate is fabricated and used as hologram in an in-line holography setup to cede a single
electron vortex. Reprinted with permission from (A) McMorran et al. [164], (B) McMorran
et al.[16%] and (C) Verbeeck et al [166]
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2.5 Electron Beam Damage

Electron microscopy images are the result of the interaction between theedm
electrons and the specimen material. However, the interaction can also cassen-

ple modi cations known as electron beam damage, which can be either permanent
or temporary. A variety of damaging e ects can occur, depending on a numbef o
factors such as the material and thickness of the specimen, the energy and dose
of the electron beam, and other environmental parameters such as the miciase
pressure and the specimen temperature.

Heating and Electrostatic Charging

For inelastic scattering, most of the transferred energy results in geneeat heat and
leads to a local increase of the specimen temperatuté&! The heating is negligible
for materials with good thermal conductivity. However, for other materials and
also for thin Ims where the heat dissipation is restricted, heating due to electron
irradiation can damage the specimeR’®! Reducing the beam current as well as
using a good thermal conductive coating can reduce the temperature rise of the
samplel*74]

Electrostatic charging of the observed area arises from unbalanced chargethe
specimen, i.e. the incoming electrons (incident beam) and the outgoing electrons
(backscattered, secondary electrons) create a residual net charge. Twtlg the
specimen is grounded through the sample holder, however, insulating materials do
not discharge su ciently. Electrostatic charging a ects the imaging, but can also
cause mechanical forces and specimen daméde.

Radiolysis

Another type of beam damage is radiolysis, which is sometimes referred to as ioniza
tion damage. Radiolysis can occur for both organic as well as inorganic materjals
but the exact mechanism for damaging the specimen varies. For organic materi-
als, the incoming electrons can excite the specimen electrons and thereby break
chemical bonds?™! In this way, polymer fragments are created or, if the electron
irradiation generates reactive species, cross-linked polymers can bemfed.[143]
Either way, the original structure of the specimen is damaged.

For inorganic materials the exact mechanism is highly dependent on the material.
E.g. in transition-metal oxides, inner-shell vacancies in the metal can be credte
followed by an interatomic Auger decay from the oxygen atom. As a result, the
neutral or positive oxygen atom is repelled by the metal ion and pushed into
vacuum 27l
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In ionic materials, interband transitions can be caused by the incoming electrons.
After recombination, an anion vacancy and a cation interstitial are eventually
formed, changing the initial structure and composition of the materiat*3l

Radiolysis can be reduced e.g. by using low-dose techniques or choosing a
higher acceleration voltage, as the inelastic scattering cross section dages with
increasing incident electron energy’”!

Hydrocarbon Contamination

The specimen can also be damaged by the deposition of contamination during the
electron beam irradiation. Incoming and outgoing electrons can polymerize mobile
hydrocarbon molecules, which diuse on the specimen surface, forming a layer
of xated carbon contamination. The resulting concentration gradient of mobile
species causes more contaminants to di use towards the illuminated argé!
Depending on the electron energy, exposure time and type of illumination, the
contamination layer can be tens of nanometers thick’® Especially when studying
2D materials with low atomic numbers, the contamination layer prevents high-
resolution imaging. The hydrocarbons originate from microscope componentgj.e
pump oils, vacuum greases and seals, but also from the specimen itself as a result
of the preparation, storage and transfef"!

While in some cases the growth of contamination is an undesired process, the
e ect can also be used as a contamination lithography and intended deposition,
which will be described in more detail below.

Atomic Displacement and Sputtering

Although the electron mass is signi cantly smaller than the mass of the atomic
nuclei, elastic scattering processes can also cause damage to the specimen by
displacing atoms from the crystal lattice to interstitial positions. Atomic displae-
ment is also referred to as knock-on damage. An electron which is de ected by
the Coulomb potential of the nuclei transfers the energf; during the scattering
process. The energ¥ . depends on the scattering angle, the incident electron
energyE and the atomic mass numbem, and can be calculated d&™

Ei«( )= Etmax SIP(2) (2.10)
with

2m,E (E + 2mec
E tmax = nE ! <) . (2.11)
(mp + me)°c?+2myE
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wheremg is the electron mass anda the speed of light. With the approximations
m, meandm,c¢® E,the maximum transferred energy can be expressed'd¥

2E(E +2m.c
E ymax = (mc2 ) (2.12)

As can be seen from Equation (2.10), the transferred energy increasaslérge
scattering angles, with the maximum energ¥ = Emax for = 180°.

The energy required to displace an atom in the specimen is called the dis-
placement energ\E 4, which depends on the specimen material, i.e. bond strength,
atomic weight, etc. At room temperature, the displacement energy for graplet
is 25 eV.'18 From Equation (2.12), the threshold of the incident electron energy
for atomic displacement can be calculated. Thus, for the gively of graphite,
incident electrons withE > 125 keV can lead to beam damage in terms of atomic
displacement.

For an atom at the surface of the specimen, less energy is required to displace
the atom. In contrast to an atom inside the material, which is displaced to
an unfavorable, interstitial position, a surface atom can easily escapeiin the
specimen and enter the vacuum of the microscope. This type of beam damage is
called electron beam sputtering and is particularly severe for 2D material wheeall
the atoms are surface atoms. Sputtering occurs when the incident beam electrons
transfer enough energy to break the covalent bonds of the specimen mateH&l!

For graphene, the required transferred energy is abo@8 eV, which results in an
expected knock-on threshold of approximatel§10 keV. However, knock-on damage
in graphene can already be observed for incident energies8éfkeV. The reduced
energy threshold can be explained by an oscillation of the atom parallel to the
incoming electron beam, which allows a higher transferred energy nax compared
to a static atom.[*8°

The cross section for Coloumb scattering of the incident electron at the atoc
nuclei is originally derived by Mott!'82l and approximated by McKinley and Fesh-
bach:8l

_ 4ZZE% Et'max 2 1 2

a
? Mméc Eo ° )
s
1+2 Ed Ea 145 +( 2+ )In E ymax
Et,max Et,max Ed

(2.13)
This expression is true for the static lattice approximation. However, a more
accurate knock-on damage cross section can be obtained by considering atom
oscillations 180!
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Fig. 2.22 A shows the calculated knock-on cross sections for graphene forhbot
the static and the dynamic model, i.e. considering oscillations. The data is cal-
culated using the script provided by Meyer et al'®l. The blue curve shows the
cross section in the static lattice approximation with a sharp onset. In cordst,
the modi ed cross section (yellow line) exhibits a smooth increase and explains
the observed knock-on damage for carbon in graphene for slightly smaller incident
beam energies. Thus, the modi ed cross section considering also atom vibrations
should be taken into account particularly for incident energies close to the knodn
threshold. For higher energies, it is su cient to use the static lattice approximation
to calculate the knock-on damage cross section.

(A) Carbon atom in graphene.

(B) Sulfur atom in MoS,. (C) Sulfur and molybdenum in MoS;.

Figure 2.22: Knock-on cross sections calculated for di erent 2D materials. (A) Consd-
ering the dynamic model, knock-on damage for the carbon atoms in graphenéasts with
electron energies higher thar86 keV. (B) and (C) Comparison of the knock-on damage
in MoS; for the di erent models and the two di erent atom species, respedively.
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In Fig. 2.22 B, the comparison for the static and the dynamic model is given for the
sulfur atom in MoS,. The same deviation for the two models can be observed. In
contrast to carbon in graphene, sulfur atoms can be knocked-out even ataten
energies belows0 keV.

For the two atom species (sulfur and molybdenum) in MoS the knock-on cross
section is given in Fig. 2.22 C. As can be seen, the threshold for molybdenum (red
curve) is at signi cantly higher electron energies compared to sulfur (green c@y
and well beyond the typical energies used in modern TEMs. Thus, in the case of
knock-on damage in TMDs, the radiation damage is initiated with the creation of
the light chalcogen atoms and then followed by further degradation of the already
damaged materiall'8®!

Beam Damage as Tool for Nanopatterning

When investigating the material structure of a specimen, beam damage in electron
microscopy is obviously a problem that needs to be avoided. However, the spatially
resolved modi cations due to the damage can also be used to intentionally pattern
the material. The idea is rather simple: The pattern of interest can directly be
transferred into the specimen by controlled placement of the electron beaat
speci ¢ positions or tracks. The ability to form a small electron probe enables
patterns and modi cations on the nanometer scale, and with aberration correctio
even down to the atomic level#4186187 |mportantly, no photo resist is necessary for
this direct-write lithography method. As a result, the possible resolution surpasses
that of classical, resist-based electron beam lithograpt®! Several of the beam
damage types described above can be used for patterning.

The deposition of hydrocarbon contamination allows for the creation of pagtns
by gaining material. The controlled deposition in electron microscope is refed
to as electron beam induced deposition (EBID) (see Fig. 2.23 A). Mobile hydro-
carbons present on the specimen, as described above, can be exploiteavfdimg
structures consisting of carbort*® In addition, materials other than carbon such
as tungsten, gold and platinum can be deposited by EBID with introducing certain
precursors using the gas injection system (GIS) of the microscop®:1° Typically,
organometallic compounds are used as precursors, which di use on the sample
surface and decompose under the electron beam irradiation to form a solid dapos
containing metal with a high carbon content.

In contrast, the loss of material due to beam damage can also be used for
patterning. Related to EBID, but basically the opposite, is electron beam induced
etching (EBIE) (see Fig. 2.23B). The etching is assisted by gasses, which are
introduced into the microscope chamber and di use on the sample. The gasses
decompose under the electron beam forming reactive species, which chemically
react with the specimen material*®®! Volatile reaction products are created and
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(A) (B)

Figure 2.23: Electron beam induced deposition and etching. In both cases, molecude
are injected by the GIS of the microscope and di use on the specimenwsface. (A) In
the case of deposition, the precursor molecules are cracked under tiedectron beam and
polymerise with other molecules. (B) For etching, the electron beangenerates reactive
species which react with the substrate to form volatile products vwhich are then removed
by the vacuum system. In both cases, a concentration gradient causes ¢hinjected
molecules to di use towards the beam. Reprinted with permissionfrom Utke et al. [192]

removed by the vacuum system of the microscope. Dierent gasses asheig
agents can be introduced to etch a variety of specimen materials. Foraample,
water vapor is used to etch organic materials, while XeFhas been found to work
for silicon-containing materials such as Si§) Si;N4, and SiC[**4 and TMDs.[1%]
Etching rates in EBIE depend on several parameters such as the partial press
of the etching agent, the electron energy as well as ux and and gas migration on
the sample surface. For a detailed insight into the mechanism and investigations
on EBIE, reference is made to the relevant literature, e.g. Utke et &%

Another option for controlled removal of material for patterning is the use of a
high energy electron beam for sputtering. As described above, for a giventeral
there is an energy threshold above which the incident electron transfers enough
energy to knock out an atom of the specimen. Typical SEMs do not provide
su cient energy, however, (S)TEMs usually use acceleration voltages betes
80 and 300keV. In particular, 2D materials are of great interest for patterning
as their extremely thin thickness allows structures with the highest resolution.
Modern STEMs with aberration correctors enable direct patterning by sputteng
on the atomic level. Nanopores, -bridges, and -gaps have been introduced with
200and 300 keV electron beams into freestanding graphene without damaging the
surrounding crystal lattice.[1%:197] Other materials such as TMDg'861%] and black
phosphorug*’! have also been patterned by electron beam sputtering.
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Methods and Materials

3.1 Fabrication and Transfer of 2D Materials

The 2D materials used in this work were either CVD grown or mechanically exfoli-
ated from bulk crystals and transferred onto TEM grids with a perforatd carbon
support Im. The CVD grown materials were obtained from commercial vendors
or from academic cooperation partners.

Monolayer graphene was purchased from Graphené&! The easy-transfer
graphene comes on a paper/water-soluble polymer stack as carrier with anathe
sacri cial layer on top. For transferring, the stack is placed in deionized wate
The polymer dissolves, leaving the graphene with the sacri cial layer oating on
the surface of the water. The TEM grid is used to pick up the graphene with the
sacri cial layer. After annealing for 1 h at 150 C, the sacri cial layer is dissolved
in hot acetone.

In collaboration with Xiao Wang from the School of Physics and Electronics
at Hunan University, mono- and few-layers TMDs (Mog WS, and WSe) are
obtained. CVD processes are used to grow the materials ors#é SiO,-wafer. The
akes are transferred following the procedure in Meyer et dt!, which is illustrated
in Fig. 3.1. First, the TEM grid is placed on the wafer with the support Im facing
the 2D material. The grid is positioned and held in place using a Kleindiek piezo-
manipulator. A drop of isopropyl alcohol is added, and as it evaporates, the
surface tension ensures good contact between the TEM grid support Im antie
2D material or the wafer, respectively. Contact is further enhanced by anakng
on a hot plate for5min at 200 C. An agueous solution ofKOH is used to etch
away the SiO, layer and thus, leaving the TEM grid with the 2D material oating
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Figure 3.1: Schematic illustration of the transfer of a 2D material ake. (A,B) The

TEM grid with the support Im is placed on top of the 2D material and the Si/ SiO,-
wafer. A piezo-manipulator is used to hold the grid in place. (C) Good ontact between
ake and support Im is achieved by surface tension during the evaporaion of a droplet
of IPA as well as thermal annealing. (D) After etching the SiO, using KOH, the TEM

grid now carrying the 2D material can be removed from the substrate.

on the surface. Finally, the TEM grid is picked up and washed in deionized water
and isopropy! alcohol, followed by drying in air.

The Scotch tape method is performed to mechanically exfoliate thin sheets
from bulk crystals of graphite In short, the crystal is placed on the tape to
peel of a thick piece of the material. Repetitive peeling reduces the number of
layers and eventually results in few- and monolayers of the material. The thickness
of the akes is measured by means of atomic force microscopy. Therefore, a
Bruker Innova®© is used, operated in contact mode. The exfoliated akes are again
transferred to the TEM grid according to the method shown in Fig. 3.1.

Prior to patterning or imaging the transferred 2D material in an electron
microscope, the samples are baked-out on a hot plate fb@- 15 min at 200 C in
order to reduce the amount of hydrocarbon on the specimen.

3.2 Photoluminescence Measurements

The PL measurements are done on two di erent optical setups. A custom-built
inverted microscope of the AG Meixner (Institute of Physical and Theoreta
Chemistry, University of Tubingen) operated by Dr. Kai Braun is used for the
initial measurements. The other measurements are performed on a Renishaw
inVia— Raman microscope. On both optical microscopes,582 nmlaser is used
for the excitation. The spectral range of the Raman microscope can be adps

to record the PL spectrum. However, some optical elements of the microseagre
not suitable for wavelengths higher thar690nm Thus, only the spectral range
from 600- 690 nmis considered.
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3.3. Electron Microscopy
3.3 Electron Microscopy

3.3.1 Nanopatterning

EBIE is performed in a Zeiss Crossbeam XB1540 equipped with a multi-GIS (€ay
Physics 5-line GIS). For etching graphene, B,0 reservoir is inserted for water-
assisted EBIE. An acceleration voltage a8 kV and a beam current of3 nA is used
with a typical dose per area of aboutsCm ! for patterning. Relatively basic
patterns are created using the microscope software (Zeiss SmartSEM).

FIB milling is done in a Zeiss Crossbeam Auriga 40 with a gallium focused
ion beam (FIB) from Orsay Physics. Typically, a beam current oflO pA is used
with an acceleration voltage of30 KV for patterning 2D materials. The microscope
is equipped with a pattern-generator software (Zeiss Atlas 5), which is uséor
creating the patterns as well as for scan control during patterning.

Electron beam sputtering is performed on two Jeol JEM ARM200F, one
equipped with a probe-corrector (CEOS CESCOR). The microscopes areeop
ated at an acceleration voltage o200KkV in order to provide enough energy to
overcome the knock-on threshold for the materials used. Within this work, soft-
ware has been written that allows the structuring of almost arbitrary patterns
The software consists of two parts: A pattern generator which is writtem Python,
including a graphical user interface (GUI), and a DigitalMicrograph software that
provides the scan-control of the STEM during the patterning process. A owchart
for the created software is given in Fig. 3.2.

The pattern generator converts user-de ned shapes or imported images into
a dictionary of individual points. The dictionary contains the x-y-coordinates
as well as a dose for each point. The GUI can be used to visualize the pattern,
either by highlighting the points' dose or order (see Fig. 3.3). The user can
select speci ¢ points individually or as a group to change their dose or doing a
variety of other modi cations, such as adding or deleting points, creating arrays
of patterns, or moving and rotating them. In addition, STEM images can be
imported and displayed in the user interface for precise positioning of the pattern
on the specimen. The dictionary is exported as a txt- le, again containing all the
points in the patterning order with their coordinates and dose. Importantly, in this
step the coordinates are translated into the coordinate system of the micoagpe.

The scan control software reads the created txt- le. During the patterning
procedure, the software places the beam on the point coordinates and waits fo
the given dose before continuing with the next point. By doing so, the pattern
is written point after point. For the aberration corrected microscoe, which is a
dedicated STEM and therefore equipped with Gatan's DigiScar system, the scan
coils are controlled by the software for positioning the electron beam. Ohe other
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Figure 3.2: Flowchart of the software written for patterning by STEM. The patter n
generator with its user interface is used to create the desired paérn and convert it into
a list of coordinates. The second part, the DigitalMicrograph script, controls the beam
position of the microscope in order to introduce the pattern accordingto the created
point list.
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3.3. Electron Microscopy

Figure 3.3: Screenshot of the graphical user interface of the pattern generator that as
written in this thesis for patterning with the scanning electron microscope. The shape
to be patterned can be generated and modi ed by the user (left) and vsualized as an
overlay on the image acquired by the microscope (right).
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hand for the non-corrected microscope, the beam shift is used to put the beam on
the coordinates. After the patterning process, the electron beam is blanked dret
beam valve is closed via the software, leaving the microscope in a safe estaihd
thus allowing e.g. overnight patterning.

3.3.2 TEM for Imaging

Imaging is performed in a Jeol JEM ARM200F TEM equipped with an image-
corrector (CEOS CETCOR). To reduce beam damage, an accelerationltage of
80KV is used. High-resolution TEM images are recorded in Scherzer defo&ds.
Dark- eld TEM is used to highlight crystal orientations in medium magni cation
images. Therefore, an objective aperture is put into the beam path in the di &
tion plane to select one speci c diraction spot. Thus, only electrons scattexd
in this direction are used for image formation, highlighting the selected lattice
orientation. 144l
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Results

4.1 Patterning of 2D Materials

4.1.1 Electron Beam Induced Etching

Gas-assisted EBIE was used to introduce structures into 2D materials gg1g as
features and alignment marks for the subsequent stacking.

Some examples of structures that were fabricated into suspended graphene are
shown in Fig. 4.1. Holes with diameters up td00 nmare created by putting the
beam on a single spot. By varying the time, the size of the hole can be adjusted. The
exact dose required for EBIE is highly dependent on the experimental conditions.
The system vacuum, the partial pressure of the precursor gas and the amount
of contamination on the specimen a ect the etching rate. Putting the beam on
a single spot for3-5sresults in hole diameters betweeB0 and 100 nm Bigger
holes can be created in a more controlled manner by scanning the beam across a
circular area. Fig. 4.1 A shows an SEM image of a freestanding graphene membrane.
Contamination on the graphene is visible as brighter lines and speckles. In the
center, a hole with a radius ofL0O0 nmhas been introduced. In the same way, other
shapes like circle fragments or a cross are introduced as shown in Fig. 4.1 B énd
respectively. Notably, the carved areas in the center of the cross appéa be
stable and do not tend to collapse and fold over, although they are freestanding
in two directions, In general, feature sizes down to aboudtO0 nmare reproducibly
possible.

As can already be presumed from the minimum feature size and the presented
SEM images, the edges of the structures created by EBIE are not at. Fig. 4.2
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(A) (B) ©

Figure 4.1: Di erent patterns introduced into freestanding graphene by means of EBIE.
Scale bars are (A)250nm and (B,C) 500nm (B,C) Reprinted with permission from
Haas et al[200]

shows a TEM image of such an edge. In fact, it exhibits signi cant roughness, i.e.
wavy edges with indentations of around.O nm and material aggregations in some
areas. The fourier transform (FT) of the image indicates that the crystallinity of
the graphene is still preserved next to the removed region. However, amorphous
material contaminating the graphene monolayer dominates the image.

The introduced geometries must be designed to provide stability. Completely
separated patterns having no support cannot be introduced into the thin mem-
branes. This is demonstrated for a closed ring introduced into graphene (see
Fig. 4.3). Initially, an almost freestanding disc is created, supported only by some
fragile connections to the outer part. Applying a higher electron dose breaks these
supports and causes the disc to collapse and eventually stick either on the surface
of the graphene or at the edge of the hole.

In contrast to graphene, TMDs such as WScannot be patterned by water-
assisted EBIE, since the chemical etching process is highly material speci c. Fig.A.4
shows the attempt to pattern a line across both the suspended W&nd the per-
forated support Im. Importantly, the carbon Im is signi cantly thicker (approx.

12 nmf?°%) than the WS,. The cut-through region is only present on the carbon
support and not on the WS. A slight contrast di erence is also visible on the
TMD due to etched organic contamination covering the suspended W.S

Another example is shown in Fig. 4.4 B. Rather than having a freestanding
membrane, few-layer Wgis intended to be patterned directly on the supporting
Im. The carbon support is again completely removed, even below the ake. At
rst glance, the WS, remains intact. Nevertheless, higher-magni ed ADF-STEM
images reveal that the TMD is a ected to a small extent as well. In some aas,
thinner regions of the material can be recognized by the darker ADF-contrast.
However, even in these areas the crystallinity of the WSs still present.
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4.1. Patterning of 2D Materials

Figure 4.2: TEM image of a graphene edge after patterning by EBIE. Material agglom-
erations as well as rough edges can be seen close to the edge. Amorphous contetidn

covers the graphene. However, the crystallinity is preserved en close to the removed
region, as can be seen from the FT. Scale bar 0 nm.

Figure 4.3: Introducing a closed ring into graphene by EBIE. At rst, the cen tral disc
is still stabilized by remaining material. Additional electron dose lead to either adhering

of the disc next to the hole (top row) or rolling up (bottom row). Scale bars are 300 nm
Reprinted with permission from Haas et al[2%0]
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(A)

(B)

Figure 4.4: EBIE of WS>, on amorphous carbon support Im. (A) The line is patterned
into the support, but not into the freestanding, thinner WS ,. (B) The carbon support
is even completely removed under the W% ake. The ake is also slightly damaged,
however, the crystallinity of the material is still intact. Scale bars are (A) 500 nm and
(B) 250nm, 100 nmand 3 nm from left to right.
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4.1.2 Focused lon Beam

In addition to patterning with the electron beam of the SEM, the FIB of a cross-
beam system was used. Due to the higher mass of the gallium ions, the material
removal is signi cantly increased compared to the SEM. Thus, a low beam current
betweenl and 10 pA was applied to introduce patterns into 2D materials and
extensive pre-exposure during imaging with the ion beam was avoided. In contrast
to EBIE, ion beam milling is a purely physical removal process allowing all types
of materials to be patterned.

Example images are shown in Fig. 4.5A. Freestanding W& structured with
bow-tie like patterns. The remaining material forms a nanoribbon with a repro-
ducible width of 40 nm and a length of up to400 nm The maximum achievable
stable length has not been tested. However, tearing or collapsing of the strips has
not been observed, therefore they can probably be even longer.

The edge of the pattern was examined in more detail using TEM. Material
aggregations can only be observed in the patterning direction, which was chosen
to be towards the ribbon. In addition, extensive destruction of the material can
be seen far from the actual cutting edge. From Fig. 4.5B, the loss of cryBiaity
is visible: An approximately 30- 40 nmwide amorphous rim surrounds the entire
introduced patterns. Beyond these regions, the actual crystal structurd 9VS, is
still preserved.
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(A)

B)

Figure 4.5: TEM images of nanoribbons introduced into WS, by means of FIB.
(A) Overview images show freestanding ribbons as well as material aggregatis oc-
curing in the direction of the patterning. (B) In addition, the crys tal structure of the

material is destroyed even30-40 nm away from the actual edge of the pattern. The posi-
tion of the higher magni ed images are indicated by the colored squares intie overview

images. Scale bars are (AR50 nmand (B) 20 nm and 30 nm for the left and right image,
respectively.
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(A) (B)

Figure 4.6: ADF-STEM images of patterns introduced by sputtering with 200 keV
electrons. (A) Automated beam positioning allows the creation of any desied shape,
demonstrated by a structure consisting of a central hole and three corentric rings.
(B) Due to the small achievable electron probe size, atomic-scale pattning is possible.
Scale bars are (A)50 nm, (inset) 10nm and (B) 2nm. (A) Reprinted with permission
from Haas et al[2%0]

4.1.3 Scanning Transmission Electron Microscope

EBIE and FIB are powerful tools for introducing patterns down to tens of nanome-
ters. In order to create higher resolution structures, direct patterning waper-
formed with the high-energy beam of the STEM. As described in the Methods
section, a patterning software was written for automated beam positioning ithe
microscopes allowing any desired shape to be patterned.

For example, a central hole surrounded by concentric rings is introduced into
a MoS, monolayer. The pattern is shown in Fig. 4.6 A. The central hole has a
radius of 25nm and the concentric rings measur®0, 75 and 100 nmin radius,
respectively. The thickness of the rings is supposed to Bexm. However, the ring
structures are not perfectly continuous, exhibiting remaining connections in some
places. Remaining material is also present in the central hole.

The powerful capability of STEM for high-resolution patterning is demonstrated
in Fig. 4.6 B by patterning a MoS monolayer. In the ADF-STEM, the pristine
hexagonal atomic lattice is clearly visible. In the center a hole with a radius of
1nm s created by the electron beam. At the edge of the hole an accumulation of
disordered atoms can be observed.
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(A) (B)

Figure 4.7. (A) Array of holes patterned on the atomic scale with small variations in

the exact hole size and shape. (BLx1um array with holes demonstrating the ability

to create patterns with high resolution and accuracy even on large areas. cale bars are
(A) 5nm, (A, inset) 1nm, (B) 200 nmand (B, inset) 50 nm.

A regular array of holes with an intended size of nm is patterned into WS;.
The result is shown in Fig. 4.7 A. The actual sizes of the holes vary betwe@® nm
(inset image) and1l nm. At the edges of most holes, clustering of atoms is clearly
visible. The pristine lattice shows some smaller defects, which can result from the
electron irradiation during imaging.

High-resolution patterning can also be achieved for a large area. Fig. 4.7B
shows a regular array 06 nm holes arranged over an area dfx 1um. The distance
between the holes id5nm Brighter and darker patches indicate di erent levels
of contamination across the sample. The varying sizes of the introduced holes are
evident, and notably, some holes are entirely missing. Most importantly, however
holes are formed over the entird um? area allowing high-resolution patterning
even on large areas.

The order in which the electron beam is directed at each point of the shape is
critical to the quality of the structures created. In the following, the order willbe
referred to as the patterning direction.

For creating a simple circle, several patterning directions are possible. The circle
can be patterned line-by-line as shown in Fig. 4.8 A on the left. As a result, more
material aggregates at one side of the created structure. However, whtterning
spirally from the inside to the outside, the aggregation occurs symmetrically around
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(A) (B)

Figure 4.8: In uence of the patterning direction on the resulting structure . (A) When
introducing a hole, a spiral-like patterning promotes an even agglomeation of redeposited
atoms around the structure. (B) The patterning of a spiral-like ring can result in an
almost freestanding disc. (B) Reprinted with permission from Haas etal.[200]

the hole (see Fig. 4.8 A left). The same behaviour has been observed for other
geometries such as squares and rectangles. Generally, the material is depdsin
the side where the patterning sequence ends.

The patterning direction is also crucial when introducing a ring into the thin
membrane. When patterning line-by-line, the resulting disc sticks to the side where
the patterning ends. For example, Fig. 4.8 B left shows a ring introduced into M@S
with the created disc attached to the left side.

In contrast, patterning the ring spirally results in a non-shifted disc, supported
by residual material around the ring. Such a structure is given in Fig. 4.8 B right: A
ring is patterned into WS, and the disc seems to be hold only by three tiny strings.
Interestingly, complete falling out of these structures has never been obsetve
Breaking all the supports on one side will displace the disc and eventually attach it
to the other side. Once a disc is attached, it can not be detached with the electron
beam, regardless of an increased electron dose.

The quasi freestanding discs such as the one shown in Fig. 4.8 are investigated in
more detalil in the TEM, in particular to understand their stability. First of all, the
crystal structure of the WS; is preserved next to the patterned site. Importantly,
also in the central disc the crystallinity is maintained, as can be seen in Fig. 4.9.
The TEM images reveal amorphous material in the patterned ring in addition
to the remaining WS strings previously observed. The amorphous material is
probably due to the deposition of contamination during patterning. In some cases
the strings of the residual material are not continuous from the inside to the outside.
Therefore, the stability of the quasi freestanding discs probably derives from the
amorphous material within the ring structure.
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Figure 4.9: HRTEM images of the fabricated quasi freestanding W$ disc. The crystal
lattice is perfectly preserved in the disc after patterning. Amorphous material and WS
residues can be seen, stabilizing the structure.
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4.2 Photoluminescence of Patterned WS >

The electronic and optical properties of 2D materials can be tailored by intducing
modi cations, for example by patterning on the nanometer level as shown in the
literature, see Section 2.3. In this section, modi cations due to an electron beam
are investigated for a resulting change of the optical properties by measuringet
PL. These experiments were carried out jointly with Nils Rieger within the scap
of his Master's thesis, which | co-supervised. Freestanding \W#onolayers are
used in order to avoid substrate related e ects. Di erent patterns are itroduced,
such as hole arrays studied in the literature, but also the quasi freestanding disc
presented above, which may show altered properties like an energy shift dudhe
Size restriction.

In a rst experiment, the PL of these two patterns are compared to pristine
WS, and to an area which is exposed to the electron beam during imaging. The
spectra are shown in Fig. 4.10. To enable a comparison, the data is normalized to
the spectral region at600 nm The pristine WS, shows a sharp PL peak a619 nm
( 2eV), which is in good agreement with the room-temperature measurements
from literature (see Fig. 2.6). This peak can be assigned to the A-excitonauering
in WS,.[1% |n addition, a small shoulder can be observed at aroun@70nm In
the second spectrum of Fig. 4.10, the PL of a patterned WWS$nonolayer is shown.
In this case, a quasi freestanding disc has been introduced (see Fig. 4.9). The
intensity of the A-exciton is remarkably smaller compared to the pristine material,
while the lower energy peak is more pronounced. For the patterned hole array
(similar to Fig. 4.7), which requires a high electron dose, the A-exciton peak has
completely disappeared and also no other feature can be seen in the spectrum.
In the imaged area (fourth spectrum), no speci ¢ pattern was introduced but a

Figure 4.10: Photoluminescence of WS exposed to a200 keV electron beam during
patterning or imaging. On the left side a reference spectrum of prigne, non-irradiated
WS; is given, exhibiting a sharp peak of the A-exciton. In contrast, all the exposed W$
samples show a signi cant degradation of the exciton peak.
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comparable electron dose was applied by illuminating the WSAgain, the peak
of the A-exciton has almost disappeared and no other spectral feature is visible.
The rst experiment reveals a signi cant degradation of the PL after electra

beam irradiation. This e ect is investigated in more detail with dose series for
di erent electron energies. Freestanding WSmonolayers are irradiated in the
TEM with 200 keV and 80 keV and in the SEM with 20keV and 1 keV. Fig. 4.11
shows the dose series for the di erent electron energies. For these measam@s, a

di erent optical setup has been used, which only allows a reasonable measurement
in the range between600nm and 690nm Nevertheless, the recorded spectra
allow the examination of the electron beam induced degradation of the PL. To
compensate for possible variances in the PL quality of the specimens that are
used for the di erent energies, a reference spectrum has been recordetbke the
electron beam irradiation. For each electron energy, the intensity of the Axciton

Figure 4.11: Dose series for di erent electron energies. For the200keV and 80 keV
series, WS is exposed to the electron beam in the TEM, for the20 keV and 1 keV series in
the SEM. As a reference for normalization, a spectrum is taken beforelectron irradiation

(black curve). A substantial deterioration of the PL signal can be obsened for all the
investigated energies.
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Figure 4.12: Comparison of di erent electron energies for similar applied doses. A
stronger deterioration can be observed for a lower electron energy.

peak of this reference is used for normalizing, allowing the energies to be compared.
The reference spectra are shown in black. Massive changes of the PL can be
observed for all electron energies, especially the disappearing A-excitoralpat
around 619 nmis striking. With increasing dose, the broad peak at lower energies
dominates the PL spectrum. However, for the highest doses applied, there is almost
no PL signal in the entire recorded spectral range.

In order to compare the di erent electron energies, comparable doses of the
di erent series are considered as shown in Fig. 4.12. The A-exciton peak is only
dominant in the 200 keV curve. For 80keV, the exciton occurs as a small shoul-
der beside the broad lower energy peak. A similar behaviour, but even more
pronounced, can also be seen f@0keV. The spectrum of WS exposed to the
1 keV electron beam exhibits an almost at PL signal with no clear features. The
measurements suggest that the PL signal increasingly deteriorates with desieg
electron energy.
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4.3 Aligned Stacking of
Nanopatterned 2D Materials

This chapter describes the development of a novel method for the fabrication of
van der Waals heterostructures. In the Section 2.2, common techniques for the
mechanical assembly have already been introduced. While these techniques are
widely used, they have two major drawbacks with regard to miniaturization of
the created structures and devices: The use of a substrate prevents the individua
2D layers to be patterned with high resolution prior to the assembly. In addition,
the alignment during the assembly is observed by an optical microscope, thus the
precision is limited to about1pum.

In this work, a method that overcomes these limitations is developed, allowing
the aligned stacking of nanopatterned 2D materials for the fabrication of high-
resolution structures. First, a general overview of the method is presente@ihen,
the individual process steps and components are described in more detail. Finally,
assembled structures are demonstrated at the end of this chapter.

Figure 4.13: Schematic illustration of the invented stacking technique for the aligned
assembly of nanopatterned 2D materials inside of an SEM. (A-F) Transfermg the pat-
terned layer from the perforated support Im onto the substrate. (G -L) Repeating the
process allows the assembly of multiple layers, creating a vdWH.
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The method is schematically shown in Fig. 4.13. In order to enable high
resolution patterning of the 2D material, freestanding membranes are used. The
membranes are transferred onto a TEM grid, thus having them supported by the
perforated carbon Im of the grid (Fig. 4.13 A). After modifying the 2D material,
e.g. by patterning with an high-energy electron beam (Fig. 4.13B and C), the
membrane is brought into contact with the target substrate (Fig. 4.13D). The
choice of the substrate will be explained and discussed in more detail below. Due
to adhesion, the freestanding 2D material tears o from the support Im and
remains back on the target substrate (Fig. 4.13E and F). By repeating these p&
additional 2D materials can be placed on top and thereby creating a van der Waals
heterostructure.

Importantly, for precise control of the alignment on the substrate and the
individual layers with each other, the stacking is performed inside of an SEM with
the help of piezo manipulators, which allow extremely ne movements. Details on
the setup will be presented below. Using an electron microscope allows obsgyv
the alignment with nanometer resolution.

The method can be divided into the following steps.

Each of these steps will be discussed in more detail in the following sections.

Substrate Preparation

As mentioned above, the developed stacking process is based on bringing the targe
substrate and the 2D materials into contact. Therefore, the choice of the sulme

in terms of its geometry is very important. Bringing two straight planes into
contact with each other at two distinct points is not possible. Thus, the targt
area of the substrate for the stacking must protrude and be the highest point of
the substrate. In addition, the substrate has to t into the SEM and the TEM for
stacking and investigating the assembled vdWH.

To meet these requirements, a copper TEM lift-out grid is used. In particular,
the central post as shown in Fig. 4.14 A serves as the position at which the het
erostructure is to be assembled. However, additional modi cations are necessary
to make the post a suitable target substrate for the assembly and further TEM
investigations. SEM and FIB images of the preparation are shown in Fig. 4.14 A-1.
The central post is bent slightly upwards using tweezers, making the centrpbst
protrude. This can be seen in the SEM image in Fig. 4.14 D, showing a sideways
view of the lift-out grid. By means of FIB, the shape of the central post is furthe
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modi ed: (C) At rst, the width of the post is reduced to about 15-20um. (F) Af-
terwards, by milling from the side the post is thinned to approx.5pum. (H) In the
nal step, a rectangular hole serving as viewing window for TEM is introduced
with a size of2x2um. The surface of the post is slightly curved as can be seen
in Fig. 4.14 e. This curvature facilitates contact between the 2D material anthe
substrate, in addition to bending the post upwards.

Figure 4.14: Preparation of the substrate by means of FIB. The central post of the
lift-out grid is made thinner and narrower (B-F), and a window is inserted above it for
examination in the TEM (H). Scale bars are (A) 500um, (B,C) 20um, (D,l) 50um and
(E-H) 10um. Reprinted with permission from Haas et al[2%°]
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2D Material Preparation and Transfer

The 2D materials used for the assembly are obtained either by exfoliation or CVD-
growth and subsequently transferred onto a TEM grid. Additional details regaling
the methods can be found in Section 3.1.

For the stacking process, the 2D materials are prepared on a TEM grid with
a QUANTIFOIL ® holey carbon support Im. The support Im has a hole size of
10um, resulting in the 2D material suspended over a relatively large area. After
transferring the 2D material, the TEM grid is carefully cut into quarters using a
scalpel. This facilitates access to the region of interest on the grid.

2D Material Patterning

By patterning the 2D material prior to the stacking, in-plane structures can be
introduced. As previously mentioned, the patterns can be created with high
resolution, due to having the 2D material as a freestanding membrane. Depending
on the required feature size, di erent patterning methods can be used as shown
in Section 4.1.

For the assemblies presented in this work, EBIE is used to introduce struces
into graphene as alignment marks for the stacking and measuring the precision of
the invented method. In addition, direct patterning by STEM is used to introduce
smaller features in graphene, but also to pattern non-carbon based materials such
as MoS and WS,;.

Special predetermined breaking points are introduced to facilitate detachment of
the 2D material from the support Im. As these structures are relatively large and
damage to the crystal lattice in the close vicinity can be ignored, the breaking pa
are introduced by means of FIB. Fig. 4.15 shows a suspended graphene membrane
across the hole of the support Im with the patterned breaking points: Lines are
arranged to form an almost closed circle at the outer part of the freestanding
membrane, close to the support. The gap between the lines is approximately
500 nmwide.

Stacking in Scanning Electron Microscope

As mentioned above, stacking is performed under the observation in an SEM in
order to assemble the patterned 2D materials with high precision. Therefore, ai&s
CrossBeam XB 1540 has been used. Although this microscope is equipped with an
additional ion beam column, only the electron beam is used. Thus, any scanning
electron microscope with some additional equipment, which will be described in the
following, allows the creation olvdWHs with the invented method. Fig. 4.16 shows

70



4.3. Stacking of Patterned 2D Materials

Figure 4.15: Predetermined breaking points introduced into the 2D material by FIB
to facilitate tearing during stacking. Scale bar is 10um.

the schematic setup as well as a photograph of the electron microscope chambe

The substrate is mounted on the microscope stage. This stage allows movements
in the x-,y- and z-direction as well as rotating and tilting in one direction. The TEM
grid carrying the patterned 2D material is clamped into a Kleindiek MM3A-EM
piezo manipulator. The manipulator is mounted at the microscope chamber door.
Importantly, tilts between the TEM grid and the substrate must be avoided. The
optional use of an additional axis of rotation for the manipulator makes it possible
to correct for misaligned tilts, but it was not used in this work. By mounting
the manipulator on the chamber door rather than on the microscope stage, all
available axes of both the manipulator and the stage can be used independently,
giving more degrees of freedom for the alignment.

A photograph of the setup is shown in Fig. 4.16 B. It shows the opened micro-
scope chamber with the piezo manipulator mounted on the door on the left. The
TEM grid is held with a spring-based clamp as plug-in tool for the manipulator
(see the inset in the photograph). On the right, the substrate is mounted on the
microscope stage.

The stacking process is shown in Fig. 4.17 (A-F) and (G-L) as illustrations
and SEM images, respectively. It is worth mentioning that a video recording the
process is given in the supporting information of Haas et &%1. (A-C,G-) First,
the TEM grid is roughly positioned above the modi ed post of the lift-out grid.
Importantly, vertical approaching is performed by using the z-axis of the micraspe
stage instead of using the manipulator to ensure a non-tilted arrangement. With
the manipulator and the x-y axis of the stage, the patterned 2D material is moved
above the viewing window the lift-out grid post.
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(A)

(B)

Figure 4.16: (A) Schematic drawing and (B) photograph of the setup used for the
assembly of 2D materials in the SEM. The patterned 2D material is carriedby the piezo
manipulator (inset on the left) and located above the substrate (insé on the right). Scale
bars are3mm. (A) Reprinted with permission from Haas et al.[2%0]
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When choosing an acceleration voltage 40- 15 keV, the 2D material becomes
semi-transparent, allowing both the 2D material on top and the substrate below
to be observed. The vertical distance can be estimated by comparison of tloedl
lengths when imaging the 2D material and the substrate, respectively.

(D-E,J-K) After the rough alignment, a slow but continuous movement in the z-
direction of the microscope stage is used to bring the 2D material and the substat
into contact. The 2D material can be aligned centrally over the viewing window
in the substrate with the help of the piezo manipulator.

The contact is noticeable by a contrast change as can be seen in the above
mentioned video and as illustration in (E). As soon as the 2D material and the
substrate are in contact, the movement in the z-direction is stopped. Gentlend
cautious x-y-movements with the manipulator allows breaking of the predetermined
breaking points without any movement of the 2D material on the surface of the
lift-out grid.

(F,K-L) Once the 2D material has been isolated from the support Im, the
substrate and the carrier can be moved away from each other resulting in the
2D material placed on the target substrate.

After the rst layer, subsequent layers of 2D materials can be stacked o
in the same way to build avdWH. Again, by choosing an appropriate acceleration
voltage, the top layer becomes semi-transparent. This allows the observatiof
introduced patterns in both the already deposited 2D material and also the lay&o
be placed. Thus, the piezo manipulator can be used to precisely align the assembly.

The stacking of two layers with patterned features can be seen in the vid&&?
Several example frames are displayed in Fig. 4.18 to show the observation and
alignment of two layers. (A) shows a rst graphene layer placed on the target
substrate. A cross has been patterned before by means of EBIE, as illustgin
the inset image. (B) Another graphene layer with &5° rotated cross is prepared
and still on the support Im. (C) The dual-mag mode of the electron microscope
allows the observation of both the entire freestanding area (left) and a clsip
to control the displacement of the two introduced features (right). As mentioed
above, while moving them closer into contact, the layers can precisely be alighe
with respect to each other. (D) and (E) shows images of the layers verljose and
in contact, respectively. A clear contrast change is visible.

By repeating the stacking process, additional layers can be placed in order to
create an assembly of precisely aligned 2D materials.
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Figure 4.17: Stacking process as (A-F) illustrations and (G-L) SEM images demon-
strated for a graphene layer with a small hole. (A-D, G-J) The quarter TEM grid carrying
the 2D material is positioned above the substrate. (E,K) Bringing them into contact
can be observed by a contrast change in the microscope image. (F,L) After kaking the
predetermined breaking points, the 2D material remains on the subgite. Repeating
the process allows the assembly of multiple 2D materials into a prasely aligned vdWH .
Scale bars are (G)500um, (H,I) 10um and (J-L) 5um. Reprinted with permission from
Haas et al[2%0]
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Figure 4.18: Extracted frames of a video recorded during stacking two patterned
graphene layers. (A) The rst layer is already placed on the substrate (B) A second

graphene layer is prepared on the support with the predetermined keaking points. As
marker structures for the alignment, two 45° rotated crosses were introduced into the
membranes by EBIE. (C) Substrate and support are brought closer to conact. Both

crosses are visible in the SEM image and the dual-mag mode of the micragme can be
used for a precise alignment. (D,E) Change in contrast at the moment whe the two

layers are brought into contact with each other. In the lower part, the assembly of the
two layers into a crosshair structure is illustrated. Scale bars ae (A,B) 2um, (C) 1um,
and (D,E) 500 nm Reprinted with permission from Haas et al[2%0]
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4.4 Stacking Results

Fig. 4.19 shows low magni cation SEM images of two stacking processes. In both
cases, graphene membranes are intended to be placed on the substrate. In (A), a
small tilt between the support and the target substrate occurred and therefe, no
contact could be made between the lower part of the graphene and the substrate.
After tearing o the freestanding membrane from the support Im, the graphene
is rolled up rather than forming a at Im on the substrate as can be seen in the
lower-left part of Fig. 4.19 A. In this case, it is not possible to stack further lagrs
in a controlled manner.

On the other hand, if the substrate and support Im are properly aligned
in terms of tilts, the 2D material can be brought into contact over the erite
freestanding area. As a result, the thin Im adheres perfectly to the substratenl
Fig. 4.19 B, two layers of graphene are stacked on top of each other withary
protruding edges. In the magni ed image indicated by the yellow rectangle, the
two layers can be distinguished by the small di erence in contrast.

(A) (B)

Figure 4.19: SEM images after the stacking process. (A) Due to a misaligned tilt
between substrate and 2D material, the lower left part of the membranecould not be

brought into contact, resulting in a protruding Im on the substrate . (B) When properly

mounted, tilts between the substrate and the 2D material can be avoidd. In this case,
the two stacked graphene layers show perfect adhesion over the erg contact area. Scale
bars are 2 um.

The method can be used to stack any 2D material producible as a stable
membrane suspended over the supporting Im. For demonstration, several stacks
from di erent materials have been fabricated and investigated by means of HEM.

As a rst example, bilayer graphene is created. Fig. 4.20 shows the HRTEM
image and the corresponding FT. Two sets of six points can be seen, indicating
two twisted hexagonal lattices with same lattice constants. In the HRTEM imge,
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Figure 4.20: Bilayer graphene created by stacking two monolayers in the SEM. The
HRTEM image reveals bilayer regions, monolayer regions and holes. The morajer
regions show di erent lattice orientations, indicating that damage occurred in both

layers. Scale bar is3 nm.

bilayer regions are also visible by the appearance of a moiré pattern. However,
between the bilayer regions, monolayers and occasionally also holes occur.ré#e
ingly, the lattice orientation of the two monolayers at the top (red dashed outling
are di erent from the orientation of the monolayer at the bottom (blue dashed
outline). Thus, holes occur in both the top and bottom graphene layer. In addition,
contamination is visible at several regions in the TEM image, e.g. in the left part.

Another example of stacking a di erent material is given in Fig. 4.21. Here,
WSe, bilayers have been fabricated. Due to the high atomic number of Wge
hydrocarbon contamination has little in uence on the image contrast and therefer
clear moiré patterns are visible in the HRTEM images. From the FT, the twist
angle can easily be extracted from the angle between the two sets of p®inAs
expected, the periodicity of the moiré pattern is inversely proportional to théwist
angle: the smaller the twist angle, the larger the moiré period.

Neither the graphene nor the WSgbilayers are true van der Waals heterostruc-
tures as they are made of the same material. However, similar to common me-
chanical assembly techniques, the presented method allows stacking of di erent
materials without the constraints of lattice mismatch. Fig. 4.22 shows a graphene-
MoS, heterostructure. The Mo$ layer has been patterned prior to the assembly
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Figure 4.21: WSe, bilayers with di erent twist angles, resulting in di erent moi ré
periods. The exact twist angle can be measured in the FT. Scale bars afg&nm.

with a similar structure as in Fig. 4.6 A. The HRTEM image in Fig. 4.22 shows a
region of the heterostructure at the edge of the MgShole. On the left side, the
graphene-Mo$ stack is located. However, no moiré pattern is visible due to the
di erence in atomic numbers of the two materials. The FT exhibit two sets of
points that have a small tilt angle, but more importantly, di erent frequencies and
therefore originate from crystals with di erent lattice constants. The di erence
in the lattice frequencies in the FT is in good agreement with the expected di er-
ence of the lattice constants of graphene and M@SAs for the graphene bilayer,
contamination is present all over the TEM image.
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Figure 4.22: Graphene-Mo$S heterostructure. The MoS; layer has been patterned
prior to the assembly. The HRTEM image shows the edge of the introduce hole. The
bilayer heterostructure and the graphene monolayer can be seen on tHeft and the right
side of the image, respectively. From the FT, the two di erent latt ice frequencies of
graphene and Mo$ can be identi ed. Scale bar is3 nm.
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Precisely Aligned Stacking

The main advantage of the presented method, however, is the ability to precisely
align and stack nanopatterned 2D materials. Fig. 4.23 shows two stacking examples
of graphene layers forming a crosshair-like structure. In Fig. 4.23 A-F, two grapie
layers are patterned by EBIE with a hole and a cross, respectively. Durindné
stacking, the two membranes are assembled by positioning the hole inside the
cross. The resulting stack is observed in the TEM. Dark- eld TEM is used to
highlight the individual layers: By blocking all electrons except the ones of a
certain di raction spot, only the corresponding lattice orientation contributes to
the image. Therefore, the cross and the hole are highlighted in Fig. 4.23 E and F,
respectively.

Fig. 4.23 G-K shows the stack created as demonstrated in the published video
and in Fig. 4.18. Again, dark- eld TEM is used to distinguish the two layers after
the assembly.

For both crosshairs, the individual layers are precisely aligned with respect
to each other without major damage of the patterns. The relative twist betweae
the crosses is maintained during the stacking. The displacement from the perfect
alignment of the structures can be estimated to be abo®0 nm

A heterostructure consisting of Mog, patterned by STEM with the structure
shown in Fig. 4.6 A is stacked on top of graphene, which is patterned with a hole
done by EBIE. The two patterns are shown in Fig. 4.24 A and B. The central
hole in MoS and the hole in the graphene layer are precisely aligned during the
stacking. By measuring the o set between the hole centers as shown in Fig. 424
the displacement between the layers is determined. For this structure, the two
layers are stacked with a precision of aboutO nm

In order to prove that the method allows a number of layers to be assembled,
a ten layer stack of graphene is fabricated. In each of the layers, a hole wih
di erent size is introduced by EBIE. Next, the layers are stacked in the ordeof
increasing hole size. SEM images after each stacked layer are shown in Fig. A.25
An illustration and TEM image of the resulting three-dimensional structure is given
in Fig. 4.25B and C. Small displacements of the hole centers can be recognized,
with an average o set of the alignment for the ten layers of aboul7nm The
di raction pattern (see Fig. 4.25D) shows several di raction peaks with he same
lattice constants, indicating the ten di erent graphene layers.
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Figure 4.23: Precise stacking of two graphene layers forming crosshair-like sictures.
(A,B) Two freestanding graphene layers are patterned with a hole and aross, respectively,
and then precisely assembled. The resulting structure is showas (C) SEM image, (D)
TEM image and (E,F) dark- eld TEM images to highlight the two twisted | ayers. (G-
K) In another example structure, crosses are introduced into two gaphene layers and
subsequently stacked. Again, the assembly is investigated by (I) SH, (J) TEM and
(K) dark- eld TEM. For the second structure (G-K), a video of the s tacking process
is published in Haas et all?%]. Scale bars are (AC, GI) 500nm, (D F,J,K) 200nm
Reprinted with permission from Haas et al[2%°]

Figure 4.24: Heterostructure of (A) graphene and (B) MoS,, both patterned with
di erent structures. The holes in each layer are aligned during the stacking. Measuring
the displacement between the holes demonstrates a stacking pregbn of about 10 nm.

Scale bars are (A)200nm and (B,C) 50nm. Reprinted with permission from Haas
et al.[200]
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Figure 4.25: Ten layer assembly of graphene layers patterned with holes by EBIE.
(A) SEM image after each assembly step. The layers are stacked in the oed of increasing
hole size, thus forming a funnel-like structure as illustrated n (B). (C,D) TEM image
and di raction pattern of the stack, showing ten di erently orientat ed graphene layers.
Scale bars are200 nm Reprinted with permission from Haas et al 2]
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Stacking of fragile structures

In the patterning chapter, the creation of a nanometer-sized, quasi freestanding
TMD disc is considered. The area of the introduced ring is occupied mainly by
amorphous material, presumably the deposition of contamination. These residues
stabilize the structure, which is otherwise isolated from the surrounding material.
With the invented stacking method, it is possible to stack these fragile structuse
onto another TMD membrane.

Fig. 4.26 shows a TEM image of such a stacked assembly. Due to contamination,
the isolated disc is hardly visible in the image. To highlight the layers, Fourier
Itering is applied to emphasize only a certain lattice orientation. The reciprocal
lattice spots highlighted in yellow belong to the patterned layer, while the blue ones
are associated with the pristine TMD membrane. As can be seen in Fig. 4.26 B,
the fragile disc is transferred onto the second layer, with its lattice orieation and
position preserved.

Variation of stacking process for improved precision

In the examples given above, the 2D material is rst patterned and then stackle
Performing these steps in the reverse order allows the creation of a more Bec
assembly.

As an example, a structure that is similar to the ten layer stack shown above
is fabricated from seven layers of graphene. For each assembly step, aMSE
image is given in Fig. 4.27. Starting with a pristine graphene layer placed on
the substrate ( rst image), a hole is subsequently introduced by means of STEM
patterning. Afterwards, a second pristine graphene layer is stacked on top artten
patterned with a smaller hole precisely aligned with respect to the rst. These
steps are repeated in this order with gradually smaller hole sizes to create the
whole assembly.

TEM images of the nal structure are shown in Fig. 4.28. In the FT, seven
distinct reciprocal lattice spots are visible, indicating the presence of the seven
layers of graphene with di erent orientations. The thickness gradient resultingdm
the decreasing hole sizes can be seen in the higher magni ed image in Fig. 4.28 C.

The precision of the alternative stacking approach with the reverse order of
stacking and patterning is estimated by measuring the displacements of the intro-
duced holes. For the seven holes an average o setlof nm is determined, which
can be considered as the precision of the stacking method.

83



CHAPTER 4. RESULTS

Figure 4.26: Stacking of a fragile, quasi freestanding W$ disc on pristine WS,. (A)
TEM image of the assembled structure. Contamination results in poor cotrast, prevent-
ing the structure from being clearly visible. (B,C) Fourier It ering is used to highlight
the two layers. Scale bars are (A)10 nm and (B,C) 5nm.

Figure 4.27: Variation of the stacking technique: Instead of assembling patterned
layers, the pristine layer is placed rst and subsequently thedesired pattern is introduced,
allowing a higher precision. This method is used to assemble savgraphene layers with
varying hole sizes. The rst two SEM images show the rst pristine layer and the hole
patterned into this layer. The following images show the introduced holes of the next
layers. Scale bars are80 nm.
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Figure 4.28: TEM images of the seven layer stack. (A) Overview image and (B) the
corresponding FT of the image. From the FT, the seven di erent graphere layers are
visible. (C) A higher magni ed image indicates the resulting thickness pro le of the
stacked structure. Scale bars arel0 nm.
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4.5 Phase Plates from Nanopatterned Graphite

The combination of patterning and stacking of 2D materials allows the creation
of tiny assembled 3D structures with great exibility in shape by adjusting the
pattern in each layer as well as layer thicknesses. This enables direct fabrioatof
functional devices and structures on the nanometer scale. In this chapter, elegtr
beam shaping elements are fabricated in this manner and tested for their ability to
form a desired beam pro le similar to thin- Im phase plates in an in-line holography
setup as described in the theoretical part of this work. However due to the small
size of the structures that can be produced, the beam is shaped on the nanometer
scale and the resulting small electron probes are formed from a parallel incoming
electron wave without the need of additional electromagnetic lenses.

The beam-shaping properties of a phase plate are determined by its structure.
Thus, it is crucial to have control not only over the pattern's geometry, but als@ver
the thickness of the phase plate, which determines the amount of the applied phase
shift. While most deposited materials exhibit signi cant roughness, exfoliated
layered materials such as graphite are atomically at and therefore o er greéa
control over their thickness, making them well suited as material for nanometer
scaled phase plates.

In this work, several phase plates with di erent designs are produced. The
concept, however, is the same and schematically shown in Fig. 4.29. (I) At rst,
simulations are carried out to determine the required phase plate pattern and
thickness for the desired electron beam. (1) Using optical microscopy and atec
force microscopy, a graphite ake of an appropriate size and, more importantly,
the correct thickness is selected from the large number of akes produced by
mechanical exfoliation. The chosen ake is transferred onto a TEM grid to obia
a freestanding membrane. The calculated phase plate pattern is introduced by
STEM according to the previously presented methods. For more complex designs
of the phase plates, these steps can be repeated in order to create phasdsshif
with more than just two levels. (Ill) After fabrication, the phase plate is testel
in the TEM for its beam-forming properties. In the following, these steps will be
considered in more detail for three di erent types of phase plates.
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Figure 4.29: Concept of the demonstrated phase plates. (I) The phase plate shape
including the required thickness is obtained by simulating wawe propagation. (1) Exfoli-
ated graphite akes are transferred onto a TEM grid and subsequently paterned with a
200 keV electron beam. (I1l) The fabricated phase plate is tested for it's bem-shaping
properties with a parallel 80 keV electron beam illumination.
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4.5.1 Spiral Phase Plate

In the rst case, a spiral phase plate is created, converting an incoming plane
electron wave into a small electron vortex beam with an OAM.

The desired electron beam is used as input for the simulation of the required
phase plate pattern, as shown in Fig. 4.30 A: The electron wave exhibits a doughnut-
shaped intensity pro le with a phase ranging from 0 to . Subsequently, Fresnel
propagation of the wave is performed in order to obtain the wave at the level
where the phase plate will be located. Using a thin- Im material, the phase plate
generates only a phase shift, leaving the intensity almost unchanged. Therefore,
the intensity of the wave at the phase plate position is ignored, whereas the phase
corresponds to the necessary phase shift that must be applied to generate an
electron wave forming the desired vortex. As can be seen from Fig. 4.30 Bet
phase follows a spiral with gradients between 0 tgp2 In the next step, the phase
is binarized, i.e. the regions betweep and 2p are extracted up to the third turn
of the spiral. These regions are indicated by the dashed line in the top image
of Fig. 4.30B and the inset. Fig. 4.30 C shows the extracted phase shift, which
directly corresponds to the structure of the phase plate. To guarantee stabiljty
the pattern is modi ed by adding support structures. The nal pattern is given in
Fig. 4.30D.

In addition to the geometry of the pattern, the amount of the phase shift plays
an important role. For the applied binarization, a phase shift op is required for
the phase plate to work as intended. The corresponding thickness of the thin- Im
material can be calculated from Eq. (2.9), resulting ir25 nm for graphite.

With the determined pattern and required thickness, graphite akes are exfo-
liated onto a Si/SiO, wafer, which typically produces many akes with di erent
thicknesses. After initial screening with the OM, the ake with the correct thicknas
is selected by means of atomic force microscope (AFM) and afterwards tragrséd
onto a TEM grid. The AFM measurement of the selected ake as well as an
OM image after the transfer are shown in Fig. 4.31. The simulated pattern with
the support structures is introduced into the freestanding graphite ake by direct-
patterning in the STEM. Fig. 4.32 shows TEM images of the created phase plate.
In the left image, the fragmented spiral is visible. However, the patterned sites
are no trough-holes as can be seen in the higher magni ed image in the center.
While the crystallinity of the graphite is preserved for the non-patterned regions,
the residual material inside the fragmented spiral is completely amorphous.

The beam shaping property of the fabricated phase plate is investigated in the
TEM by illuminating with parallel electron irradiation and recording a focus series
using the objective lens. By doing so, the propagation of the electron wave afte
passing the phase plate is imaged.
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Figure 4.30: Computation of the required phase plate for generating an electron
vortex beam. (A) The desired wave is taken as input for the simulation. (B) The
wave is propagated to the phase plate level in order to obtain the neceasy phase shift.
(C) Binarizing and (D) adding support structures lead to the nal pat tern.

(A) (B)

Figure 4.31: (A) AFM map of the selected ake on the Si/SiO , wafer. The inset shows
an extracted line pro le across the red line. (B) After verifying th e thickness, the ake
is transferred onto a TEM grid. Scale bar is50um.
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(A) (B) ©

Figure 4.32: Spiral phase plate patterned in thickness selected graphite. (A) TE
image of the entire introduced structure and (B) HRTEM image of the top right region
revealing residual material in the patterned holes. (C) The FFT of the non-patterned sites
(top FFT) indicates that the crystallinity of the surrounding graphi te has been preserved,
while the residual material in the holes (bottom FFT) exhibits only an amorphous
structure.

TEM images of the experiment for ve selected focus values are given in
Fig. 4.33(A-E). To compare the change in intensity, contrast and brightness of
the image series are set to the same value. (A) The in-focus image weakly shows
the structure of the spiral phase plate. (B-E) As the electron wave propagates
after passing the phase plate, an electron vortex is formed (Fig. 4.33 D) witma
inner radius of aboutl nm and an outer radius of2.5 nm. The vortex appears at
a defocus value o87um, representing the focal length of the spiral phase plate.

In addition, the propagation of the wave is simulated. Therefore, the actual
patterned structure of the phase plate is extracted from Fig. 4.32 A. The simulade
intensity and phase are shown in Fig. 4.33(F-J) and (K-O), respectively. As
can be seen, the experimental and the simulated intensity match very well. The
experimental and, to a lesser extent, simulated intensity of the vortex &ibits an
asymmetry.

The phase of the electron wave indicates the OAM of the vortex. However,
the phase can not be determined from a simple TEM image. Due to the excellent
agreement between experiment and simulation for the intensity, the experimtal
phase can be expected to match the simulated phase. For the generated enst
the phase in the simulation runs from 0 tgp, corresponding to an OAM of one.
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Figure 4.33: Beam-shaping behaviour of the fabricated spiral phase plate, inveggated
by a through-focus series. For ve selected focus values, the egpimental and simulated
intensity is given in the top and middle row, respectively. The bottom row shows the
simulated phase of the electron wave. Experimental and simulated itensities are in good
agreement. An electron vortex appears for a focus value &7um. From the simulated
phase, an OAM of one can be expected for the vortex beam. Scale bars a6 nm.
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Figure 4.34: Derivation of the Fresnel lens design and required patterns obtainedy
simulating the wave propagation starting with the desired point-like electron wave (A).
After propagating the wave (B), the required patterns are extracted from the wave's
phase (C).

45.2 Fresnel Lens

As a second demonstration of the fabrication of nanometer sized beam-shaping ele-
ments from patterned graphite membranes, a Fresnel lens is presented. In principle,
the geometry of a Fresnel lens to focus an incoming plane wave is straightfordiar
However, the required design is again derived from simulations using the same con-
cept as above (see Fig. 4.34). In contrast to the vortex beam, the desirelectron
beam is now a single point of intensity. The shape of the phase plate is based on
the propagated wave's phase, which in this case follows a wrapped parabolic pro le.
This pro le is typical of a stepped Fresnel lens with phase jumps in multiples ofp2
The pro le is discretized in three levels, as shown in Fig. 4.34 C. This design can
be achieved by utilizing two layers and their appropriate patterning: Using two
layers of the same thickness, the phase shifts become 0 for vacuum lekeh for a
single layer, and?sp for two layers. The subsequent phase shift level 8tp = 2p
then corresponds again to the vacuum level. From Eq. (2.9), a required thiclgse
of 16 nmcan be calculated for the two graphite membranes, each applying a phase
shift of 7sp to 80 keV electrons.
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The nal design of the Fresnel lens is illustrated in Fig. 4.35. To ensure stability
of the structure, the continuous rings of the design are interrupted by supporting
bridges.

Graphite akes are exfoliated and
screened for the correct thickness by
means of OM and AFM. The chosen
ake is then transferred onto a TEM
grid and patterned by using the high en-
ergy electron beam in the STEM with
the rst structure, which is indicated in
orange in Fig. 4.35. In order to achieve
the more complex phase shift prole
of the Fresnel lens, however, a second
layer with a di erent pattern is required.

Figure 4.35: Design of the converging Therefore, another ake is selected by

Fresnel lens. The ADF image shows the its thickness. The same TEM grid is

fabricated lens. Scale bar i20 nm. placed on top of the already patterned

region, aligned using a piezomanipula-

tor under observation in the optical microscope and transferred with the prodare
described in Section 3.1. Subsequently, the second structure (highlighted in red in
Fig. 4.35) is introduced to nalize the lens design. Fig. 4.35 gives an ADF image of
the fabricated Fresnel lens in the lower right, the three di erent levels can bseen
from the gray shades. Here, the phase shift gray level bar displays the intended
phase shifts, not a measurement. HRTEM is used to investigate the introduced
pattern in more detail (see Fig. 4.36). Two regions are highlighted by colored
rectangles. Fig. 4.36 (B) shows a higher-magni ed image of the inner pattern. In
the center, the crystal structure of the second graphite layer is visible. A ighter
region can be seen above, representing the area in which both layers hasrb
patterned. Instead of the expected through hole, weak contrast of amorplema-
terials is observed. Around the triangular pattern, redeposited material dominates
the image. The edge of the Fresnel lens (Fig. 4.36 (C)) also reveals a signi cant
amount of redeposited material around the patterned regions. On the left side of
the image, the pristine structure of the two graphite layers is visible.

The lens's functionality is veri ed again by recording a through-focus series in
the TEM in which the specimen is moved along the z-axis of the microscope while
keeping the image plane of the objective lens xed. Several example frames of the
experiment are shown in Fig. 4.371-V. An orthogonal cut through the data cube
of the recorded images can be seen in the middle of Fig. 4.37 A, with a line pro le
through the center. The positions of the example frames are indicated by the dashed
colored lines. Small intensity enhancements are visible in both the underfocus
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(A) (B) ©)

Figure 4.36: TEM image of the fabricated Fresnel lens with patterns in the two graphite
layers. (A) Overview of the entire pattern. A close-up of the yellon and blue highlighted
regions are given in (B) and (C), respectively. (B) The bright region represents an area
in which both layers have been patterned. As can be seen, amorphous netal is still
present instead of the desired through hole. Below this area, a regiomiwhich only
the rst layer has been patterned occurs, thus showing the prisine lattice of the second
graphite layer. (C) Redeposited material is visible around the pattened areas. Scale
bars are (A) 50nm, (B) 3nm and (C) 5nm.

(negative Z-position) as well as in the overfocus (positive Z-position) riem. The
lens exhibits a main focus at a focal length of about 80um, demonstrating the
focusing behaviour of the created lens. The respective TEM image at the focal
length is given in Fig. 4.37 V. Here, a clear intensity enhancement of a factor 15
relative to the background signal emerges with a full width at half maximum
(FWHM) as small as5:5nm (see Fig. 4.37 B).

The central intensity as a function of the Z-position is simulated for a lens with
the same dimensions, given as dotted line Fig. 4.37 B. As can be seen, the trend of
the simulated and experimental intensity match very well, with small deviations
in the underfocus region.

In addition to the converging Fresnel lens, the design is modi ed in order to
obtain a diverging lens, as illustrated in Fig. 4.38 A. The manufacturing process is
similar to that of the converging lens presented before. The diverging lens exhibits
a focusing behavior, given in Fig. 4.38 B, with a dominant, but virtual focus in the
underfocus region (i.e. at negative Z-values).

The long-term stability of the beam shaping properties of the diverging Fresnel
lens is investigated by continuously exposing the lens with &80 keV electron beam
for 8 h. This simulates the application of such a graphite phase plate over an entire
day. Every hour, a focus series of the underfocus region is recorded using the
objective lens of the TEM. The result is shown in Fig. 4.39.
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(A)

(B)

Figure 4.37: Beam forming properties of the converging Fresnel lens. (A) Through-
focus series with exemplary images shown in the top row and an orthogonalc¢ through
the data cube of the entire series given in the middle row. The posion of the images are
indicated by the colored lines. A line pro le across the center of thelens (indicated by the
arrows) demonstrating the focusing behaviour (lower part of (A)). (B) The line pro le
for the TEM image at the focal length (image V) exhibits a sharp intensity enhancement
compared to the background signal. Scale bars arg0 nm.

96



45. Phase Plates

(A)

(B)

Figure 4.38: (A) Design and ADF image of the diverging Fresnel lens. Scale bar
is 20nm. (B) Beam forming properties of the diverging Fresnel lens. Orthogoml cut
through the data cube for the recorded through-focus series. The céral intensity is
given as line pro le in the lower part, showing the virtual focus at negative Z-values for

the diverging lens.
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TEM images are given for an irradiation duration of0h, 4h and 8h. A change

of the lens structure can be observed over time: The central hole grows arebt
smaller structures become increasingly unde ned, a ecting the focusing behaviour.
Orthogonal cuts through the data cubes for the three exemplary exposure times
and line pro les of the focus for all the series are shown in Fig. 4.39 A and B,
respectively. For better comparison, the initial trend Q h) is plotted as dotted line.
With increasing electron dose, the two maxima at lower focus values disappear,
related to the increasing degradation of the introduced small patterns. The left
focal maxima exhibits a continuously strong focal intensity, with a shift to longer
focal lengths due to the increase of the central hole size.
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(A) (B)

Figure 4.39: Long-term stability of diverging Fresnel lens. (A) Structural changes
occur during the electron beam irradiation, resulting in altered beam-shaping properties
visible in (A) the orthogonal cuts through the data cubes and (B) the focusing line

pro les. Scale bars are30 nm. 99
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4.5.3 Array of Electron Sieves

Patterning of thin Im materials allows creating multiple beam shaping elements
next to each other or arranged in an array, thus generating multiple replications
of the desired beam pro le. This is demonstrated in the following with another
structure, which is rather easy to fabricate.

In optics, a so-called photon sieve is a modi cation of a Fresnel zone plate and
can be used as a di ractive element to focus visible light and X-rays. It consists
pinholes arranged on the Fresnel zones, i.e. on concentric rings, which distances a
described by a quadratic equation. The hole sizes correspond to the width of the
respective zond?%3204 An incoming wave is di racted at each pinhole and interferes
constructively at a certain focal length. As a result, focal points are fared on
both sides of the photon sieve, in contrast to the previously presented Frest lens.
Such a structure is fabricated in this work into graphite with a thickness o025 nm
and will be called, by analogy, an electron sieve. Pinholes are patterned into the
material on three rings with radii of 18 26 and 32nm The pinhole diameters
range from3 to 6 nm.

A through-focus series is recorded by illuminating the electron sieve with a
parallel beam and moving the specimen along the z-axis in stepslgim. The
objective lens focus is kept constant at its optimum value, i.e. the electron seeis
moved relative to the xed image plane.

Fig. 4.40 illustrates the focus series for three di erent specimen positions: (A)
overfocus, (B) in-focus, and (C) underfocus. The diracted beam is schematlba
drawn in red. At the bottom, the respective TEM images of the focus seriesrfthe
three positions are shown with the same contrast and brightness settings ttosv
comparison of the intensities. The in-focus image shows the introduced pattern of
the electron sieve. To highlight the pattern, the specimen is put slightly below the
image plane resulting in a small defocus to increase the phase contrast. On both
sides of the specimen, focal points with sharp intensity spots are formed.rFbe
underfocus image, a line pro le across the focus, indicated by the yellow dotted
line, is given as inset in the TEM image. The focused electron beam generated by
the electron sieve has a full width at half maximum of abou# nm with an intensity
enhancement by a factor of about 3.5 relative to the background. An orthogonal
cut through the data cube of the entire defocus series along the axis of the yellow
dotted line is shown in Fig. 4.41. As can be seen, almost no contrast is visible
for the in-focus image. For small defoci, the pattern of the electron sieve, itbe
introduced pinholes, appears with inverted contrast for the over- and undexas,
respectively. With increasing defocus, the created focal points emerge looth
sides, and then fade out again.

A regular 4x4 array of the electron sieve is patterned into graphite as shovim
the TEM image in Fig. 4.42. The array is used as an Hartmann-Shack detector to
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Figure 4.40: Through-focus series of a fabricated electron sieve. While keepinthe
image plane xed, the lens is moved along the z-axis using the microspe stage. For
the overfocus, in-focus and underfocus, TEM images are exempléyishown in the lower
part. Scale bars are30 nm.

Figure 4.41: Orthogonal cut through data cube of focus series. Scale bars are (vertical
30nm and (horizontal) 20pm.
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examine the incoming electron beam for aberrations: A plane wave illuminating
the lens array creates a regular array of focal points. In contras, distortion of
the focal point array is observed for an aberrated illumination. The concept @in
Hartmann-Shack detector is illustrated in Fig. 4.42.

In the lower part of the gure, the experimental realization for an astigmatic
electron beam is shown. When imaging the introduced structures (see Fig. 4.42 B),
the array can be observed as it is patterned. However, imaging the focal pardf
the electron sieves, see (A) and (C), reveals the aberration of the elert beam
by a distortion of the array. While the positions of the as-patterned array aren a
regular lattice with small deviations, clear distortions resulting in parallelograms
can be seen for the under- and overfocus. The distortions occur along two axis
which are rotated by about90°.

In addition to the astigmatic beam, a pristine (i.e. aberration-free) and a
convergent beam are used to illuminate the specimen and the same procedure is
applied to examine the beam aberrations. The results for the three beam conditions
are shown in Fig. 4.43. Here, the overfocus images are given and for eachrelec
sieve a vector is plotted that points from the overfocus focal points wards the
underfocus focal points. The amount of the distortion is indicated by the length
of the vectors as well as their color. For the pristine beam, the distortion is me
small, while for the astigmatic and the convergent beam, clear distortions with
preferred directions can be seen.

To examine higher order aberrations, a larger array of electron sieves igueed.
This is simulated for an array consisting of 10x10 electron sieves. By modifyitige
phase of a plane wave with di erent Zernike polynomials, the aberrated electron
beam is created. In addition, the phase shift due to the electron sieves is applied
to the wave. The resulting wave is propagated to the under- and overfocus and
the positions of the focal points are determined. The displacement between the
points is shown as vector plot in Fig. 4.44 with the respective aberration. Az
be seen, the determined distortion corresponds well to the applied geometry bét
aberration. In addition, the distortions of the simulated detector for the astigméc
and defocused beam show the same orientation as for the experimental grra
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Figure 4.42: (Top) Principle of an Hartmann-Shack detector. For an incoming plane
wave, the lens array creates a non-distorted array at the image plane. Heever, an
aberrated wave leads to a distortion of the array at the image plane, whichcan be used
to identify the wave aberration. (Bottom) Application of the patterned array of electron
sieves as Hartmann-Shack detector for detecting an astigmatic illuminabn. The in-focus
image shows the as-patterned undistorted array, but in the overfoas and underfocus
images, the array appears is distorted. For better illustration, the centers of the electron
sieves (for the in-focus image) and the focal points are highlighted. &le bars are150 nm
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Figure 4.43: Experimental detection of di erent aberrations in the incoming electron
beam. (B) Astigmatism and (C) a convergence angle are applied to the condeser system
of the TEM. The distortions of the array are extracted and compared to the pristine
beam (A). Scale bars are100 nm

Figure 4.44: Simulated detection of di erent aberrations. The use of a larger array
enables the identi cation of higher order aberrations.
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Discussion

5.1 Patterning 2D Materials on Nanometer Scale

Introducing patterns into materials is the key to create complex and functional
structures and shapes in both the macroscopic and microscopic worlds. For example
in semiconductor manufacturing processes, circuits are built by patterning the
individual layers of the semiconductor chip. Patterning methods can be evaluated
based on several factors. These include minimum feature size (i.e. resolution),
processing speed and therefore maximum feature size in a reasonable amount of
time, reproducibility, and the ability to maintain the integrity of the rest of the
material.

At the nanometer scale, there are several patterning techniques. Particularly
for semiconductor manufacturing, state-of-the-art is optical lithography. Irshort, a
photoresist is applied on the sample and subsequently exposed by short-wavelength
photons through a photomask known as reticle. In a series of following process
steps, the pattern of the mask is eventually transferred into the sample. Prgggs
in the semiconductor industry, which is closely linked with progress in many other
areas, is based on the improved resolution of patterning chips: In recent years
technological advances in implementing extreme ultraviolet (EUV) lithography
have enabled feature sizes in the range of tens of nanometers, allowing higher
transistor densities to be achieved. However, optical lithography on this scaletno
only requires very expensive equipment, but also a large number of process steps
in order to transfer the desired pattern from the reticle into the sample.

Alternative methods exist to introduce patterns without using photomasks. For
example, electron beam lithography exposes an electron sensitive resyssbanning
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a focused electron beam across the specimen. The patterned layer is theraotad
using subsequent processes similar to those in optical lithography. While electron
beam lithography can easily produce structures on the order of tens of nanometer
the resolution comes at the cost of the slow speed of being a sequential method.

2D materials have been patterned with optical lithograph{?°>2%1 and electron
beam lithographyt1®®-2°7l for building devices and bandgap-engineering. However,
contamination and changes in the properties of the 2D material can occur due
to residual photoresist or interaction with solventg?°8.2% |n general, the use of
wet-chemistry should be avoided as far as possible. Furthermore, the achievable
resolution is limited when using a resist for introducing patterns into the 2D ma-
terial. (188l

For the sake of completeness, site-selective growth of 2D materials aloves
for a certain degree of patterning. Wu et al. pre-patterned a copper foil wit
PMMA dots, serving as nucleation seeds for the growth of graphene to creat
regular arrays of the 2D materiall?'® Selective patterning of a 2D material by
means of laser irradiation has been used by Li et al. in order spatially contrdie
growth of vdwHs.

Highest resolution down to the atomic level combined with great exibility
is only possible with so-called direct-write methods on the pure, freestanding
2D material. They provide an alternative to classical multi-step lithography by
directly introducing the pattern in the target material without the need for a
photomask or resist. As with electron beam lithography, the pattern is introdusd
sequentially. Therefore, patterning takes longer compared to optical lithogohy,
but no additional process steps are required. Several direct-write methods can be
applied to 2D materials. In this work, EBIE, FIB milling and STEM sputtering
are used and will be discussed and compared in the following in terms of the
above mentioned criteria of patterning techniques. In addition to these methods,
2D materials have been patterned by means of other direct-write techniques, Buc
as EBIDI82 focused laser writindg?*?213 and scanning tunneling microscope
(STM)-based processe&!

EBIE is used as a simple method to pattern graphene for the subsequent
aligned stacking process. Advantageously, this can be done in the same electron
microscope, avoiding a transfer between patterning and stacking. The patterns
introduced are designed to allow control and later evaluation of the stacking @cess
and are therefore not optimized to the last detail. Typical feature sizes produced
are around100 nm e.qg. the radius of the hole and linewidths of the structures in
Fig. 4.1. Smaller structures in the order of a few tens of nanometers are possible,
which have also been shown in the literatuf&®21¢l put not in a reproducible
manner within the scope of this work. On the one hand, this could be due to
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the lack of stability of the rather old electron microscope, especially of theage:
Drifting of the stage during patterning after moving to the region of interest
often deformed and enlarged the introduced patterns. In newer microscoptds
stability of the stage has been greatly improved, and dedicated patterning softvea

is available, allowing drift to be corrected. On the other hand, irregular distribution

of contamination on the graphene, as can be seen in Fig. 4.1 A, can result in uneven
etching. This also explains the rough edges of the introduced patterns, as shown
in Fig. 4.2.

Patterns of similar sizes can be fabricated by means of FIB. The ions transfer
enough kinetic energy on the atoms of the specimen to be sputtered. This proasss
referred to as FIB milling and is often employed to expose the region of intetés a
bulk sample for further investigations. For 2D materials, FIB milling has been used
to pattern the material on a support?”218 and as a freestanding membrark&®220],
even for the fabrication of functional device£?'?2?1 The interaction between the
incident ion and the carbon atoms of graphene has also been studied theoretically
for di erent ion species[??°l

Typically, the 2D material is patterned in a helium ion microscope, which is
capable to generate structures in the order dénm.??l In this work, however,
the gallium ion beam of a crossbeam system is used. Proper alignment of the
coincidence point of the ion beam and the electron beam allows searching and
selecting the region of interest purely with the electron beam to avoid damags
the gallium beam during image acquisition. Basically, both stacking and patterning
can be done on the same crossbeam system. Here, however, a di erent maype
was used for milling, as it provides a patterning software.

Bow-tie like patterns were introduced in suspended WSesulting in nanorib-
bons with widths of a few tens of nanometers (Fig. 4.5). However, the main
application of FIB for patterning in this thesis is the creation of the predetermined
breaking points for the stacking process. The lines can be introduced in a few
seconds with a beam current 010 pA, which is still a relatively low current for
FIB milling, providing a powerful method for rapid structuring of the 2D material.

The third method used in this work to pattern freestanding 2D materials on the
nanometer scale is sputtering by high-energy electrons in a STEM. This requires
the transfer of the specimen after patterning from the STEM to the SEM for
stacking, including re-mounting the specimen on di erent sample holders. Without
special transfer equipment, this can lead to additional contamination or damaging
of the specimen.

Electrons with a kinetic energy of200 keV hit the sample as a highly focused
beam. Modern microscopes, equipped with an aberration-corrector, caohieve
probe sizes in the sub-angstrom regimé?®>228 Therefore, introducing patterns and
modi cations with feature sizes down to the atomic level are achievable, demon-
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strated in the literature for example by the creation of single-atom vacancg?7228l
or the manipulation of dopant atoms in graphene or single layer hBK#22°l

In this work, lines and holes with sizes of aboud:5-2 nm are created using a
probe-corrected STEM. The shape and exact size of the holes on this scaleega
slightly due to contamination on the specimen surface: The large hole array shown
in Fig. 4.7 is patterned over an area with di erent amount of contamination, which
can be seen by the brighter and darker patches. From the resulting hole sizes,
it is clear that a higher dose would be required to achieve the same size when
patterning in a contaminated area. To compensate for this, the contrast in an
ADF image recorded before patterning, can be used to correct the dose otlea
structure. However, from the comparison of holes in clean areas, it can ssamed
that features with sizes ofl-2 nm can be reproducibly fabricated over a large area.

In Fig. 4.7 A, the agglomeration of bright atoms around the edges of the holes
can be seen. These atoms are sputtered metal atoms of the TMD material (i.e.
molybdenum in this case). In contrast to the lighter sulfur atoms, they are not
ejected into the vacuum, but remain on the sample surface and are deposited
at the energetically favourable sites around defects and introduced patterf$7]
Especially for small patterns where the electron beam is focused just on a $éng
spot, the position of the re-deposited atoms is not controllable and can be @her
the reasons for the variation in hole size and shape.

In contrast, for the array in Fig. 4.7 B, the agglomeration of the metal atms
occurs in a controlled manner evenly around the hole. This is due to patterning
sequence used here: Rather than focusing the beam on a single point for a given
time, the beam is scanned spiralling outwards. The importance of the patterning
sequence is illustrated in Fig. 4.8. Making a hole in a line-wise manner will produce
an uneven agglomeration with many atoms in the patterning direction, whereas
patterning spirally produces an even distribution. Introducing a disc line by line as
shown in Fig. 4.8 B, result in a structure attached to the side facing the patterning
direction. On the other hand, an almost freestanding disc of the 2D material can
be created by spirally patterning and thus uniformly removing the material. The
resulting disc remains centered and supported by only a few strings consisting of
residual TMD atoms and amorphous contamination. This 2D quantum dot like
structure might be interesting e.g. in nano-optics.

In Section 2.5, several beam damage mechanisms have been introduced and con-
sidered regarding nanopatterning. For high-energy electrons, knock-on damage. (i.e
sputtering) is assumed to be the dominant mechanism. The required electron dose
for introducing the patterns into TMDs monolayers was found to be approximately
2 10’ electrons per nm. Comparing the dose with the knock-on damage cross
section (see Eq. (2.13)) con rmed sputtering to be the dominant mechanisik”!

In the present work, no signi cant di erence of the required dose for introducing
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patterns in di erent TMD materials was observed. The threshold energy for
displacing the sulfur atom in the Mo$ and WS, is hardly dierent, 8% thus
the amount of contamination on the specimen played a bigger role. For proper
comparison, perfectly clean 2D materials would be necessary.

Sputtering with the high energy electron beam of the STEM allows the creation
of extremely small features in a rather slow process compared to EBIE or FIB
milling. Larger patterns can also be introduced with processes lasting sevenaurs,
as shown in this work for the phase plates. Here, the stability of the specimen,
the microscope stage as well as the electron beam is important. Therefothe
specimen is loaded into the microscope and the necessary alignments are made
the day before the patterning process. With su cient stability, a specimen tilt
can limit the maximum size of the pattern without a re-adjustment during the
process to compensate for height di erences. In addition, the quality of the focs
electron probe decreases with very large beam shifts aboves um.

Contamination in electron microscopy is a well-known problem, and is par-
ticularly serious in the context of 2D materials. Its origins, consequences and
mitigation strategies have been the subject of many works and publications, e.g.
Williams & Carter 1431, Hugenschmidt et all'’®l, Hirsch et al.?3%, Algara-Siller
et al.[231],

As mentioned above, cross-linked contamination on the specimen may result
in di erent doses being required to achieve the same patterning result in di erent
locations. In addition, short-chain hydrocarbons di use over the specimen suriac
and play an important role during patterning. These mobile contaminants are
polymerized under the electron beam and form a layer of contamination insteatl o
introducing the desired pattern into the sample material. The resulting concentra-
tion gradient of the mobile species lead to a directed di usion towards the electro
beam, providing the supply for this undesired electron beam induced deposition.
Therefore, it is important to reduce the amount of hydrocarbons on the specime
before starting the patterning process by baking-out the sample before loading into
the microscope. Applying a beam shower temporarily stops the supply of mobile
contamination, providing an adequate solution for patterns lasting less than one
hour. In order to avoid beam induced deposition due to contamination over a
longer period of time, anin situ method for reducing the amount of mobile con-
tamination should be used, as for example patterning at elevated temperatufé?
laser cleaning?®®! mechanical cleanin§®¥ or using an UHV-TEM. [235238]

In addition to the achievable resolution and feature size, patterning speed

and reproducibility, the integrity of the surrounding material as well as material
selectivity should be considered when evaluating patterning methods.
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Although EBIE creates relatively rough edges, the surrounding material is
still intact in terms of its crystal structure, indicated by the FFT of Fig. 4.2.
However, the graphene is covered by a large amount of amorphous material, which
is probably the deposition of mobile contamination during imaging in the SEM.
Ultra-high vacuum and extensive heating could help to reduce this problem. Besides
unwanted deposition of contamination, residual etching agent of the GIS on the
sample surface can damage the specimen during electron beam irradiation. Thus,
extensive imaging immediately after patterning should be avoided.

The structures introduced by means of FIB milling show an amorphous region
around the edges with a width of abouB30-40 nm Amorphization is a common
problem using the FIB, e.g. when preparing TEM lamellas. To reduce the width of
the damaged region, lower beam energies or larger ion species such as fnpbe
Xe can be used?®®?%% Next to the amorphous regions, the 2D material is still
crystalline, however, covered by a signi cant amount of contamination depositl
probably by unwanted EBID during imaging. Therefore, FIB milling can be
used to introduce large patterns, as long as the crystal structure and its assated
properties are not relevant in the surrounding regions, such as for the predetermine
breaking points used for the aligned stacking method.

In contrast, the surrounding material remains perfectly crystalline and intact
when patterning with the high energy electrons in a STEM, except for the re-
deposited atoms at the edges of the patterns. Some typical point defects argihe
in the 2D material (e.g. in Fig. 4.7 A), originating from imaging before or after the
patterning process.

Regarding the material selectivity of the di erent patterning techniques, both
FIB milling as well as sputtering with high-energy electrons rely purely on momen-
tum transfer, allowing to create patterns in all the 2D materials used in this thesis
EBIE, however, is a chemical etching process and thus exhibits material selectyvit
Water is used as etching agent in order to pattern organic materials, i.e. grapte
In contrast, TMDs are almost not a ected by water-assisted EBIE.

Since TMDs are almost not a ected, water-assisted EBIE can be used to
produce more complex geometries such as under-etched structures.

Other etching agents can be introduced into the chamber to enable structuring
of di erent materials. ?*! It has been shown, that a monolayer graphene can act as
etch-stop when etchinggdWHs with XeF,.[?*?l Thus, the choice of an appropriate
etching agent in combination with the spatial resolution of EBIE can enable the
creation of complex structures and devices, providing a high control of the etching
depth with atomically thin etch-stops as well as the possibility to under-etch certa
regions.
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Photoluminescence of Patterned WS

E ective band-gap engineering of 2D materials requires manipulation of the mate-
rials on the smallest scale down to the atomic levé?"1%8113] As described above,
direct-write methods allow extremely small features to be introduced into fre&and-
ing 2D materials. Therefore, direct patterning with the high energy electron bea
of the STEM has been used in this work to intentionally change the optical prop-
erties of freestanding W$&. In fact, a massive change of the PL is observed after
electron beam patterning. However, instead of causing for example a spet#taift,
the electron exposure degrades the PL signal. This degradation is independent of
the shape of the pattern and occurs even with a parallel illumination.

The PL signal of TMD monolayers is known to be very sensitive to structural
defects, signi cantly more than e.g. Raman spectroscop¥*®! Besides the deterio-
ration of the A-exciton peak, the emergence of a broad peak at higher wavejéhs
is observed. Similar changes in the spectrum have already been described in lit-
erature, attributing the broad peak to defects such as sulfur vacanci€$®! As
described in Section 2.5, these defects are very likely to be created w20 keV
electrons. However, the comparison between the electron energies indicdted
the degradation of the PL also occurs at energies well below the knock-on téine
old, and becomes even worse with decreasing energy. Yagodkin €£4i. observed
spectral changes after electron beam lithography on di erent TMD monolays,
including the appearance of a broad peak at aroun660 nm Additional investiga-
tions indicate the relation to beam induced deposition of organic contamination:
Encapsulation with hBN protects the TMDs from degradation and no low energy
PL peak appears. Moreover, unprotected MgSan be micromechanically cleaned
with an AFM tip after electron beam exposure to locally restore the pristine P
signal?*4 Therefore, the degradation of the PL signal is attributed to a charge
transfer exciton as a result of the electron beam induced deposition of cantina-
tion on the specimen?*¥ Since the EBID rate increases with decreasing electron
energy due to a higher amount of secondary electroRé> this explanation would
t well with the energy dependence found here.

In order to tailor the intrinsic properties of 2D materials by patterning with the
electron beam, contamination must be avoided. Approaches such as encapsulation
or high-temperature patterning*®23? are promising methods to investigate the
in uence of the introduced pattern itself, e.g. spectral shifts depending on the
frequency of hole lattices or con nement e ects for the presented quasi &standing
disc.
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5.2 Aligned Stacking

As pointed out in the introductory part of this thesis, the assembly of van der
Waals heterostructures has opened up a very promising eld beyond 2D materials.
Mechanical stacking approaches have been developed allowing the assembly of
2D materials, comparable to Lego with atomically thin components. So-called
deterministic methods control the alignment of the individual layers under an OM,
achieving assemblies with a precision in the order @fum. The required setup is
relatively simple and stacking can even be performed in a protective atmosphere
or vacuum[?*¢l However, these methods typically use a carrier medium for the
atomically thin materials, preventing high-resolution patterning of the layers prior

to assembly. Of course, freestanding membranes on perforated support Ims as
used in this work, can also be stacked under an OM to enable the assembly of pre-
patterned thin materials. This has been shown in this thesis for the fabrication of
the Fresnel lens. Nevertheless, introduced patterns on the nanometer scale canno
be aligned with respect to each other due to the resolution limit of the OM.

Stacking 2D materials as freestanding membranes in an electron microscope
allows the creation, observation and alignment of nanopatterns during stacking,
making it an additive manufacturing method at the atomic or nanometer scale.
The invented method relies entirely on the adhesion between the 2D material and
the substrate (or a previously placed 2D material) and is therefore comparable to
the well-established mechanical stacking methods. In other methods, temperature
is used to promote the placement of the 2D material. In this thesis, several
measures are used to ensure su cient adhesion to transfer the 2D material from
the perforated carrier onto the substrate.

Predetermined breaking points are introduced at the edge of the freestanding
area to reduce the required force and facilitate removing from the carrier.n |
addition, the TEM grids are chosen to have large hole sizes in order to increase
the contact area between freestanding 2D material and substrate. Holes dima
than 10pm were tested, but they required weaker breaking points and showed
a signi cantly lower success rate for the stacking process. The adhesion to the
substrate might be improved by using a di erent material, e.g. gold is known to
have very high adhesion to many 2D material®*”! Another important point is
the geometry of the substrate. The successful stacking process depends heavily
on a good contact between substrate and 2D material, which is facilitatedhen
the target area on the substrate is protruding and represents the highest poinho
the substrate. A slightly bent post from a standard lift-out grid has been fond
to work very well, due to its easy accessibility combined with the slightly curved
surface. In addition, lift-out grids can be mounted on standard sample holders for
the SEM as well as the TEM.
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Any tilt of the substrate, for example during mounting in the microscope,
can lead to one-sided contact, tending to trigger the breaking points on one side
only and failure of the stacking as shown in Fig. 4.19. A rotational axis of the
manipulator which carries the 2D material and the tilt axis of the microscope stage
can compensate for any misalignment. If everything is correctly aligned, howeyve
the invented stacking method o ers a very high success rate.

The precision of any mechanical stacking method is limited by two factors: the
ability to see alignment features with the observation method used, and the accu-
racy of the positioning system (i.e. mechanical stage, manipulator, etc.). By using
an SEM, the imaging resolution can be as good as a few nanometers. The acceler-
ation voltage can be adjusted to make the 2D materials appear semi-transpiatr,e
allowing signals to be received from both the 2D material above and the underlying
substrate or 2D material. This allows features in both layers to be observeahd
aligned during the stacking process. An electron energy b2 keV proved to be the
most suitable.

The piezo-driven manipulator, which carries the 2D material, is used for po-
sitioning in the x-y dimension. Depending on the exact setup, the manipulator
can achieve a resolution in the sub-nanometer range for these dimensi&ff8.Re-
garding these two aspects, it should be possible to achieve a stacking precision
and hence a resolution of the additive manufacturing process of a few nanometers.
Implementing the technique in a TEM could even improve the precision to the
angstrom range.

However, there was another aspect that limited the accuracy of the experinten
as it was conducted: The microscope stage slightly moved the sample in the x-y
direction as soon as the z-axis was set in motion. The stacking process wasdfwe
carried out with a slow but continuous z-motion to avoid these displacements. Thus
the alignment of the 2D material has to be done on the y during the movement
at a relatively fast scan speed, making it impossible to obtain high quality images,
accurate measurements and perfect corrections of the alignment. The achldea
precision of the aligned stacking was therefore limited to aboutOnm This
problem could be overcome with a better solution for the z-motion. Finally, a
stacking process that is fully automated with image recognition and automated
alignment can be envisioned, which would push the stacking resolution up to that
of the electron microscope and also improve reproducibility and throughput.

The majority of the time required to produce a van der Waals heterostructure
with the stacking technique is due to the pumping time of the microscope, the actual
time for stacking including the manual alignment is only approx5 min. Assuming
a patterning time of 15 min, as required for example for the structure in Fig. 4.6 A,
a fabrication speed of aboulO nn? s * can be reached?®® For the achieved feature
sizes, this speed is well on the trend of other additive manufacturing techniques,
as can be seen in Fig. 5.1.
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Figure 5.1: Comparison of printing speeds for di erent additive manufacturing t ech-
niques. The calculated speed for stacking nanopatterned 2D materialsiadded in green.
As can be seen, for the achievable feature size, the speed matches atrapolated linear
trend. Reprinted with permission from Liashenko et al.[24°]

Contamination and damage of the 2D material is another issue that cannot be
ignored when considering stacking inside an electron microscope. As already dis-
cussed in the context of patterning, mobile hydrocarbon contamination is deposd
under the electron beam. This is particularly critical, as the precise alignment of
the layers requires extensive observation of the region of interest, leay a signi -
cant amount of impurities on the atomically thin membranes. The result can be
seen in the assembled graphene structures presented above: the crystallirgtgtill
present, but the HRTEM images are dominated by the deposited contamination.
For the TMD structures, however, no contamination can be seen on the moiré
pattern. Since no precise alignment was performed in this case, a lower electron
dose was applied during stacking. Moreover, contamination is less visible when
imaging the relatively heavy TMD materials as opposed to graphene.

In conventional stacking methods performed in an OM, contamination accu-
mulates in small pocketd?®% |eaving most of the sample surface clean and thus
making standard methods superior in this respect. In addition to the deposition
of contamination, the electron beam of the SEM can cause beam damage to the
specimen in terms of EBIE. This was particularly noticeable for the ten-layer st&,
in which the diameter of the rst hole increases by about 40% during the subse-
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quent assembly steps. To avoid EBIE, su cient pumping time should be allowed
between patterning and stacking, preferably overnight, and a higher accel@oe
voltage should be selected due to the smaller electron-specimen interactionthe
2D material.

Carrying out the assembly in an ultra-high vacuum should help to prevent
contamination as well as EBIE. In addition, alignment markers could be used to
prevent the electron beam from altering the actual patterns. Damage to tke
markers is negligible.

The stacking of the quasi freestanding disc demonstrates that even fragile
structures can be assembled into heterostructures. This approach can atsoused
to stack TMD structures which would geometrically not be stable in single layer (@.

a truly freestanding disc). The introduced contamination stabilizes the structure
and could be selectively removed after the stacking process using a chemicdliaety
process that selectively removes the carbon contamination without destroyirige
TMD material, for example with an oxygen plasma.

A variation of the invented stacking technique is presented by placing the next
2D material before its pattern is introduced. This alternative approach requite
the patterns to be at the same position and to be gradually smaller than in the
previous layer. Therefore, not every three-dimensional structure can be ligad
with this method. However, the precision is then limited only by the patterning
accuracy. This is demonstrated for the seven layer stack of graphene layesth
successively smaller holes. In this case, the average o set between the fhiade
approximately 1:7 nm. This is a signi cant improvement in the precision compared
to, for example, the ten layer stack fabricated by patterning the layers rstwhere
the average o set wasl7 nm Moreover, for this modi ed method no increase of
the rst hole during the assembly process was observed. On the one hand, this is
because less dose is applied in the SEM during stacking, as there is no need for
precise alignment and observation. On the other hand, the patterns were produced
by STEM instead of EBIE, so there is no residual etching agent present during
stacking in the SEM.

The presented technique o ers control of the x-y alignment. The twist angle
between the deposited layers, however, cannot be controlled since thestay lat-
tice of the 2D materials is not resolvable in an SEM. Other mechanical assembly
methods use the edges of the akes to create heterostructures with a corlied
twist angle, for example. In an SEM, the lattice orientation can be determined
from the di raction pattern. 21 Thus, using a camera below the sample in combi-
nation with a rotation of the stage should allow twist angle controlled assemblyf
nanopatterned 2D materials.

115



CHAPTER 5. DISCUSSION

5.3 Phase Plates

The presented method for patterning, in combination with an alternative method
for stacking 2D or thin materials, has been used to fabricate thin- Im holographic
phase plates for electrons. The ability to introduce patterns with high resolution
in graphite membranes enables nanometer-scale phase plates that can generate
a nanometer-sized beam pro le from an incoming parallel electron wave without
the need for additional demagnifying optics. In contrast to electromagnetic lenses
phase plates o er the possibility to form almost any beam shape and thus should
not be dismissed from electron microscopy, despite the signi cant advances in
modern aberration correctors.

Simulations have been used to determine the required pattern and thickness
of the phase plate to achieve the desired intensity distribution and phase of the
generated electron probe.

From a single exfoliation, a large number of akes with di erent thicknesses
are available, and the ake with the required thickness can be easily selected
by rapid screening with the OM and subsequent thickness veri cation with the
AFM. Furthermore, exfoliated graphite akes provide atomically at areas due to
their layered structure, rather than the typical roughness of deposited thin Ims
The e ect of roughness and the resulting thickness variation is investigated in a
simulation for the demonstrated spiral phase plate. Therefore, the applied phase
shift is varied locally with a gaussian distributed height variation with a maximum
di erence up to 3nm.

As can be seen from Fig. 5.2, no signi cant change of the focusing behaviour
of the phase plate occurs. Thus, using a deposited Im as phase plate material
would be also be possible. Similar to holography, the working principle of the phase

Figure 5.2: Comparison of the focusing behaviour of a perfectly at (A) and rough
spiral phase plate (B). The rough phase plate is simulated by adding heiht variations of
up to 3nm. No di erence in the intensity of the created vortex beam can be obsered.
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plates is relatively robust against small local variations. This is advantageousrfo
their application as slight imperfections during the fabrication or contamination
on the surface have little in uence.

The demonstrated spiral phase plate creates an electron vortex beam, amea
type, which can not be generated with electromagnetic lenses. In the presease,
the vortex possesses an OAM of one. However, by changing the geometryhef t
introduced pattern, also higher OAMs should be possible (see Fig. 5.3).

The size of the vortex is also determined
by the pattern and limited by the achievable
resolution. Smaller vortices can be achieved
by decreasing the pattern size. Especially the
outer regions of the spiral are challenging to be
introduced. It is possible to reduce the number
of turns of the spiral, however, at least one full
turn is required for generating a proper vortex
beam.

From the simulation, a continuous phase
shift from O to 2p is obtained, which is then Figure 5.3: Phase plate pat-
binarized and the region betweemp and 2p is tern to create vortex with
used as the pattern of the spiral phase plate. OAM of 3.

Creating an almost continuous pro le would be

possible by repetitive stacking and patterning thinner layers, ultimatively by using
atomically thin graphene layers. However, this approach requires many steps, is
extremely time-consuming and does not signi cantly improve the resulting electron
probe according to simulations.

Fig. 4.33 shows the generated electron vortex beam. The intensity exhibits a
clear asymmetry which can be attributed to two points.

On the one hand, the asymmetry arises from the support structures, which
ensure the stability of the fabricated phase plate. This is demonstrated in Fig. 5.4:
The generated vortex is compared for a phase plate without supports (A) and with
supports (B). The intensity of the resulting vortex shows a clear asymmetry fo
the latter case. While the supports cannot be omitted completely, their design
might be adjusted in order to reduce the asymmetry, e.g. by making them in a
more irregular manner.

Another possible reason for the occurring asymmetry is a deviation of the
phase shift from the required one, which has been calculated to peln Fig. 5.5,
the phase shift is varied fromYsp to ¥sp, demonstrating the emerging asymmetry
for phase shifts that are not equal tgp. Although the thickness of the graphite

ake has been chosen to meet this requirement, the HRTEM image (Fig. 4.32)
reveals residual amorphous material in the patterned regions, resulting in a smaller
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(A) (B)

Figure 5.4: Asymmetry in the resulting vortex beam. (A) The ideal phase plate
pattern creates a symmetric intensity, while (B) adding support structures can lead to
an asymmetric intensity.

applied phase shift. The residues are probably redeposited material from the
patterning process. To avoid this, the patterning process should be improved, e.g.
by increasing the number of repeats. Additional factors that may contribute to
the deviation of the phase shift include a di erent mean inner potential from the
one used in the calculation (as there are di erent methods to determine the value
which give slightly di erent results) or a di erent actual height of the graphite
ake (i.e. due to errors in the AFM measurement or contamination on the surface).
In previous publications, researchers have mainly used two approaches to create
electron vortex beams. Y-gratings are applied as di raction gratings, créiag a set
of beams with di erent OAMs. [*63.167] An aperture can then be inserted to select the
desired beam. Besides di raction gratings, spiral phase plate have been fabriat
into thin- Im materials by means of optical lithography.['6¢l These phase plates
are inserted into the condenser aperture position, thus creating a focused Ipeo
through further de-magni cation by the condenser lens. The method presented in
this thesis allows the formation of nanometer sized vortices without the need of
additional demagnifying optics or apertures.

In the eld of light optics, the Fresnel lens design was developed to minimize the
amount of material required for the same focal length, allowing large but relatively
lightweight lenses to be built. The design also o ers advantages for making fooug
electron phase plates from thin- Im materials, e.g. reducing di use scattering which
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Figure 5.5: In uence of the magnitude of the phase shift on the generated vortex. For
the same geometry as above, the phase shift is varied frofsp to ¥sp. The resulting

vortex still possesses a OAM of one, however, a symmetric intensitonly occurs for a
shift of p.

causes a loss of intensity. In addition, patterns can be introduced with the highest
resolution, enabling the fabrication of very small lenses. The size of the introduced
pattern determines the focal length - for the presented Fresnel lens it is about
80um. In general, signi cantly shorter focal lengths can be achieved compared to
magnetic lenses where the focal length is in the mm range. Thus, thin- Im phase
plates or lenses o er a unique alternative in electron optics. The combination of
di erent phase plates allows compact and dedicated setups to be built, similar to
custom optical setups in light optics.

In contrast to the above presented spiral phase plate, the Fresnel lens uegs
a three-dimensional structure and thus cannot be produced by a single patterning
process. The pick-up technique for transferring akes from the wafer to the T#
grid provides a simple and fast method of stacking akes when precise alignment
IS not required.

The focusing behaviour of the Fresnel lens is investigated by a through-focus
series in the TEM and compared with a simulated series (see Fig. 4.37). Overall,
experiment and simulation match very well. However for the focus of the lens, a
slightly smaller intensity enhancement compared to the background signal emerges
in the experiment. Imperfect patterning may cause this deviation. Incomplete
patterns, particularly at the edges, can reduce the contributing phase shifting area
and therefore result in a smaller intensity. In addition, there is a slight deviation
in the Z position, i.e. the focal length of the lens, which could be due to a slightly
non-parallel illumination.
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Figure 5.6: Design and focusing behaviour of the Fresnel lens for a di erent nmber of
layers. (A) Using one layer results in a dominant focal point in both the underfocus and
overfocus region. Depending on the magnitude of the applied beam shifthe intensity

can be symmetric or asymmetric. (B-D) Additional layers allow a smaother phase pro le

and suppression of the underfocus focal point. However, no signi canmprovement can

be achieved by having more than two layers.

In order to facilitate the lens fabrication, the design consists of only two layers
giving three levels of di erent phase shifts. Fig. 5.6 demonstrates the e ect of
di erent numbers of layers.

For a single layer, dominant foci appears in both the under- and overfocus as
superposition of Fresnel fringes. The ratio of the peaks depend on the amouwffit
the applied phase shift: Symmetric under- and overfocus occur when applying a
phase shift ofp. The experimental used phase shift dfsp result in an asymmetry.
By using a second layer (Fig. 5.6 B), the underfocus intensity peak is suppressed
and the focusing properties of the lens are revealed. The ideal shape of the Fresne
lens design can be approximated by using a large number of thin layers, ultimatively
by stacking atomically thin graphene membranes similar to what have been shown
previously in Fig. 4.25. However, as no signi cant improvement in the focusing
behaviour can be achieved, only the simplest lens design was realized in this work.

By modifying the pattern of the second layer, the phase pro le can be inverted
to create a diverging Fresnel lens. As expected, the through-focus series shaw
dominant focal point in the underfocus region, in contrast to the converging Fseel
lens. The ability to have both converging and diverging lenses for electrons incress
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the possibilities when considering the use of phase plates as optical elements in
electron optics.

For the diverging Fresnel lens, the long-term stability under electron beam
irradiation is investigated. The interaction between the phase plate materialral
the electron beam can not be avoided for this type of phase plate. In the prase
case, a clear degradation of the phase plate structure could be observed during the
8 h exposing time, signi cantly a ecting also the focusing behaviour. To ensure
a stable operation over a longer period of time, measures to increase thebsity
of the phase plate should be considered. These include heating the phase plate
during application or operating the phase plate in a better vacuum, both of which
reduce chemical etching and carbon deposition. Moreover, protective layeede
added, e.g. metals or 2D materials that are less prone to etching such as TMDs. In
this case, the phase shift caused by the additional layer must be taken into accoun
when simulating the wave propagation and deriving the phase plate design.

In contrast to the Fresnel lens, the electron sieve acts as a di ractiverie and
creates foci in both the underfocus and the overfocus regime. Fig. 5.7 showslthe
pro le across the center of the orthogonal cut through the data cube of the reded
through-focus series. As it can be seen, the two focal points exhibit similar inténs
ties. This is to be expected as the graphite ake used for the electron sievealsout
25 nmthick, producing a phase shift op for an 80 keV electron and thus resulting in
a symmetrical under- and overfocus, as demonstrated in Fig. 5.6 (red dotted cajv
In addition to the intensities, the focal
lengths are expected to be the same.
However, in the experiment, the fo-
cal lengths are slightly di erent (47um
for the overfocus, 58um for the un-
derfocus), which is probably due to a
non-perfect parallel illumination in the
TEM.

The phase plate approach presented
here makes it easy to fabricate an array
with multiple elements, resulting also
in multiple electron probes. This allows parallelization, e.g. when investigating
a magnetic sample with the electron vortex beam or during an electron beam
lithography process with a set of Fresnel lenses.

In this work, a regular array of electron sieves is applied as an Hartmann-Shack
detector, which reveals aberrations in the incoming wave by a distortion of the
focal point array. The observed distortion of the regular array for loweorder
aberrations is in principle also visible for any other structure of the specimen, but

Figure 5.7: Focusing behaviour of
electron sieve.
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the distinct points allow a more precise examination. Indeed, the displacement
could be measured in order to quantify the aberration.

Especially when considering higher orders, the observed distortion of an ob-
ject can sometimes no longer be clearly assigned to a certain aberration.r Fo
example, defocus and spherical aberration might result in a similar distortion of
a simple object. The same applies to a small 4x4 array as used in the experimen-
tal Hartmann-Shack detector. However, by increasing the number of elements,
higher-order aberrations can be distinguished due the higher number of markers,
as demonstrated in the simulation (see Fig. 4.44).

In reality, several di erent aberrations are present in the beam. Therefe,
the resulting superposition of all the distortions must be separated to obtain the
individual aberrations.
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Summary & Outlook

In this thesis, a novel method for the fabrication of van der Waals heterostruges
has been developed which allows for the aligned mechanical assembly of individual
2D layers with nanometer precision. Based on stacking inside a scanning electron
microscope, the method overcomes the limitations of previous techniques and thus
enables 3D structures to be assembled from nanopatterned 2D materials.

Several methods for nanopatterning of freestanding 2D materials were initially
considered, particularly with regard to the stacking process. Three direct-ite
methods have been applied, introducing the structure sequentially without the
need of additional process steps. These methods were examined and evaluated
in terms of resolution, processing speed, reproducibility, the ability to preserve
the integrity of the surrounding material, and material selectivity. EBIE and FIB
milling allow large patterns to be created from the nanometer to the micrometer
scale in a relatively short period of time. Thus, they are suitable for introducing
marker structures or the predetermined breaking points required for the staicky
technique. For more accurate patterns, such as the functional structures of avitee,
sputtering with a focused high-energy electron beam should be used. The small
probe size of a STEM allows the manipulation of 2D materials on the atomic scale.

High-resolution patterning is necessary to tailor the properties of 2D materials,
such as band-gap engineering. Direct patterning of freestanding \W&onolayer
is conducted and investigated for changes in the PL. The PL spectrum showed
a degradation, which was dependent on both the electron dose and energy. The
degradation is likely due to electron beam induced deposition of hydrocarbons
on the specimen. Thus, to tailor the optical properties of 2D materials in future
work, methods such as encapsulation or in-situ heating will be required to avoid
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contamination. This would allow for the customization of the single-layer assembly
units for the newly developed mechanical stacking technique.

The assembly of the nanostructured, freestanding 2D materials is performed in
an SEM, allowing for a precise observation of the alignment of the layers. Move-
ments for the alignment are carried out using a piezo manipulator. Deposition
of the 2D material on the substrate or onto other 2D layers is purely based on
adhesion, thus no additional measures such as temperature changes or sacri cial
polymer Ims are necessary. Only the 2D membrane without the carrier Im is
placed on the substrate, allowing the stacking process to be repeated to apply
additional layers. The method is universally applicable to all 2D materials, as
demonstrated in the fabrication of various material combinations. The precision of
the assembled structures was examined by measuring the o set of marker struts.

A precision of approximately10nm could be realized. With a small modi cation
of the method, applicable only to some 3D geometries, a precision of less than
2nm was achieved for the resulting assembly.

The developed assembly technique enables the creation of tiny 3D structures.
This is utilized to manufacture thin- Im nanometer sized holographic phase plates
from patterned graphite membranes. Their ability to generate the desired electro
probe is investigated in the TEM. Due to the exibility of the method, a variety of
di erent beam shapes can be generated. The phase plate design is derived by simu-
lating the electron wave propagation. The small size of the phase plates allows the
generation of nanometer sized focused electron probes from a parallel illuminatio
without the need for additional demagnifying optics, as demonstrated with the
presented Fresnel lens. The phase plates o er control of both the resultingensity
and phase of the electron beam. This allows creating complex beam pro les, as
shown for a nanometer sized vortex beam with a de ned orbital angular momentum.
Furthermore, multiple phase shaping elements can be introduced on a small area,
potentially opening up the possibility of parallelization e.g. in lithographic methods.
In the present work, an array of focusing elements is manufactured and appliesl a
a Hartmann-Shack detector for electrons. The possibility of detecting low order
aberrations in the electron illumination has been demonstrated experimentally and
has been simulation for higher order aberrations.

In summary, the novel stacking method enables the layer-by-layer assembly of
nanometer sized 3D structures from individually patterned 2D materials. It can
be considered as a method of additive manufacturing with hanometer precision,
and another step towards the dream of creating objects with atomic precision.
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Outlook

The invented assembly method expands the possibilities in the eld of van der
Waals heterostructures. However, the method itself has the potential fourther
improvement. One key challenge in the fabrication of functional structures is the
minimization of electron beam induced deposition, particularly in the stacking
process. Variousn situ methods, such as mechanical and laser cleaning as well as
specimen heating, should be investigated and used in conjunction with ultra-high
vacuum systems. Appropriate sample treatment and vacuum transfers between
di erent systems can minimize the presence of mobile hydrocarbons. Additionally,
gaining control over the twist angle between the individual layers during the as-
sembly would connect the nanofabrication to the eld of twistronics. Recording
the electron di raction pattern with a camera below the specimen should allow fo
the determination of the lattice orientation of the individual 2D materials.

The precision achieved is not a physical limit of the method, but rather instru-
mentally constrained. Thus, the precision could be improved by enhancing the
stage stability and using software-assisted image recognition for the alignmein-
deed, even the resolution of the scanning electron microscope may not be inherently
limiting, as the centers of structures can be determined with greater precisidiman
the resolution, similar to the principles employed in many optical superresolution
techniques.

Figure 6.1: Hypothetical tunneling nanopore fabricated by stacking nanopatterned
graphene on hBN. A top hBN layer is applied to ensure electrical isolaibn between the
two contacts. The nanopore can be patterned after the assembly, splithg the graphene
nanoribbon and thus creating the tunneling contacts. 195



CHAPTER 6. SUMMARY & OUTLOOK

Figure 6.2: lllustration of a transistor structure consisting of stacked and patterned
2D materials. A nanoribbon is introduced into graphene, creating a siigle atom layer
that serves as the source, drain as well as active element of the transis. Another
graphene layer can be used as gate electrode, separated by hBN layers dislectric.
Reprinted with permission from Haas et al[2%0]

The method enables the creation of functional structures from patterned 2D ma-
terials on a very small scale. The exibility in the possible 3D structures could
enable the realization of solid state tunneling nanopores for molecular sensing. The
idea is illustrated in Fig. 6.1. A graphene nanoribbon is encapsulated between hBN
layers. Subsequently, the nanopore is patterned into the hBN and the graphene.
The divided nanoribbon then acts as tunneling contacts for a translocation mea-
surement, providing additional and low-noise signals.

The di erent properties o ered by the family of 2D materials in combination
with the precise assembly of these nanopatterned atomically thin Ims allow novel
electronic and optoelectronic device geometries. A theoretical transistdrigcture is
given in Fig. 6.2. A graphene nanoribbon is patterned to open a band gap and thus
allowing graphene to serve as active element in the transistor. In addition, drain
and source electrodes can be realized in the same graphene layer. A comparable
device could be made by patterning an antidot lattice. By modifying the pattern
and employing di erent 2D materials, the device properties can be tailored to
speci ¢ requirements.
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