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SUMMARY

Two-dimensional (2D) layered materials have attracted the interest of the scientific com-
munity following the discovery of graphene and its extraordinary properties. Of partic-
ular interest is a class of materials called transition metal dichalcogenides (TMDs). The
materials within this class were discovered to show similarly intriguing optical and elec-
tronic properties, when compared to graphene. Moreover, research indicated that these
properties are also highly sensitive to the TMDs’ underlying atomic structure. Gain-
ing control over these structural properties would enable the tuning of the physical and
chemical properties, and hence allow for the fabrication of novel TMD nanostructures
with tailored functionalities. Driven by this potential, we strive to gain a comprehensive
understanding of the relationship between the structural, chemical, and local electronic
properties of nanostructures based on one such TMD material: tungsten disulfide (WS2).
This in order to aid us in the exploitation of the tunability of these physical properties
through the fabrication of novel WS2 nanostructures.

The first step in realizing this, necessitates a controlled fabrication method by which to
synthesize the novel WS2 nanostructures. To this end, various techniques have been
proposed in literature. In the context of this thesis, the fabrication of the novel WS2

nanostructures is achieved by use of chemical vapor deposition (CVD). This versatile
technique has been reported as the preferred method in the fabrication of TMD materi-
als as it simultaneously allows for the production of high-quality TMD materials, offers
precise control over nanostructure dimensions and morphology, and has the potential
for high scalability. Chapter 2 serves to provide an in-depth understanding of the CVD
technique and its controllability in the context of 2D WS2 nanostructures. Gaining this
understanding makes possible the controlled fabrication of numerous intriguing TMD
nanostructures, such as those presented in Chapters 4 and 5.

Following the fabrication of the novel WS2 nanostructures, proper characterization of
their properties is essential to achieve our aforementioned goals. A powerful tool for this
purpose is transmission electron microscopy (TEM). This technique enables simultane-
ous inspection of structural, chemical and physical properties of TMD nanostructures
with unprecedented spatial and spectral resolution, covering spatial ranges from the
atomic scale up to the micrometer level and beyond. The various TEM-based tech-
niques play a pivotal role in achieving this. For instance, scanning transmission electron
microscopy (STEM) allows for structural characterization and electron energy-loss spec-
troscopy (EELS) can be utilized to study the local electronic properties of nanomaterials.
Furthermore, the use of four-dimensional (4D) STEM coupled with an electron micro-
scope pixel array detector (EMPAD) allows for the extraction of a wealth of additional
information, such as details about variations in strain fields across specimens.

ix



x SUMMARY

A comprehensive data analysis is required in order to fully exploit the potential of the
aforementioned TEM-based techniques of EELS and 4D STEM-EMPAD. Therefore, two
analysis frameworks have been developed to aid in the interpretation of their respec-
tive datasets. First, the framework developed for the analysis of EELS spectral images,
called EELSFITTER, exploits machine learning to reveal interesting phenomenon within
EEL spectra across specimens. Second, the analysis framework called STRAINMAPPER al-
lows the extraction of strain from 4D STEM-EMPAD datasets by building upon the exist-
ing exit-wave power cepstrum (EWPC) approach. Chapter 3 provides an overview of the
methodology behind these analysis frameworks and demonstrates their full functional-
ity through case studies. By combining the strength of the TEM-based techniques and
their respective analysis framework, complete and extensive studies of the properties of
the fabricated WS2 nanostructures can be achieved. This is demonstrated in Chapters 4
and 5.

Chapter 4 is devoted to the study of free-standing WS2 flower-like nanostructures. These
nanostructures were grown by means of CVD directly on a TEM microchip, negating the
need for sample transfer for their subsequent characterization by state-of-the-art TEM.
Through the use of STEM, the WS2 nanoflowers were discovered to exhibit a 2H/3R poly-
typism. While TMD nanostructures with either the 2H or 3R crystalline phases have
been routinely studied, our understanding of TMD nanomaterials with mixed 2H/3R
polytypes remains limited. Due to their rich variety of shape-morphology configura-
tions, the WS2 nanoflowers make the ideal laboratory for studying the modifications
in the local electronic properties of WS2 based on this mixed polytypism. We utilized
spatially-resolved EELS to fingerprint the edge, surface and bulk plasmonic excitations of
the polytypic nanoflowers, and traced back their origin to specific structural characteris-
tics. Moreover, the EELSFITTER analysis framework was used to probe their bandgap. This
analysis revealed an indirect bandgap of EBG = 1.6+0.3

−0.2 eV consistent with first-principle
density functional theory (DFT) calculations carried out on 2H/3R WS2 bulk.

In Chapter 5 instead we delve into the characterization of naturally twisted WS2 speci-
mens. These twisted nanostructures were similarly grown directly on a TEM microchip,
with only a small modification to the nanoflower CVD process. Their twisted nature
makes these nanostructures a likely candidate for the presence of strain. Hence, mak-
ing them interesting for the investigation of the interplay between structural properties,
local electronic properties and strain fields. More specifically we studied the interplay
between specimen thickness, bandgap and strain fields. Our approach integrates EELS
enhanced by the functionalities of EELSFITTER and 4D STEM-EMPAD analysis via STRAIN-

MAPPER. Through this synergistic methodology, we unveil enhancements up to 20% in
the bandgap energy with respect to the specimen thickness. This phenomenon is traced
back to sizable deformation angles present within individual layers, which can be di-
rectly linked to distinct variations in local heterostrain fields.

The work presented in this thesis, especially in Chapters 4 and 5, provides insights into
the understanding of the interplay between structural and physical properties in intri-
cate CVD-grown WS2 nanostructures obtained via characterization with complementary
TEM-based techniques. With this we lay the foundational work in the quest to design
novel TMD nanostructures with tailored functionalities.



SAMENVATTING

Sinds de ontdekking van grafeen en diens buitengewone eigenschappen hebben tweedi-
mensionale (2D) gelaagde materialen veel aandacht getrokken binnen de wetenschap-
pelijke gemeenschap. Een bijzonder interessante groep binnen deze materialen zijn de
transitiemetaal dichalcogeniden (TMDs). Materialen in deze groep vertonen vergelijk-
bare fascinerende optische en elektronische eigenschappen als grafeen. Bovendien wees
onderzoek uit dat deze eigenschappen gevoelig zijn voor de onderliggende atomaire
structuur van de TMDs. Dit biedt de mogelijkheid om de chemische en fysische eigen-
schappen aan te passen via de structurele eigenschappen van het materiaal. Het fabri-
ceren van unieke TMD nanostructuren met specifieke functionaliteiten komt hiermee
een stap dichterbij. Gedreven door dit vooruitzicht streven we onze kennis te verbreden
met betrekking tot de relatie tussen de structurele, chemische en lokaal elektronische
eigenschappen van nanostructuren gebaseerd op zo’n TMD materiaal: wolfraamdisul-
fide (WS2). Deze opgedane kennis zal ons helpen in het onderzoek naar het aanpassen
van de fysische eigenschappen via de fabricage van unieke WS2 nanostructuren.

De eerste stap hierin is het vinden van een gecontroleerde fabricagemethode voor de
creatie van de unieke WS2 nanostructuren. Uit de literatuur blijkt dat hiervoor vele
methodes bestaan. In dit proefschrift gebruiken we een techniek genaamd chemische
dampdepositie (CVD) voor de productie van unieke WS2 nanostructuren. Deze veelzij-
dige techniek produceert TMDs van hoge kwaliteit, biedt goede controle over de afme-
tingen en morfologie van nanostructuren, en heeft de potentie tot opschaling. Dit maakt
dat deze techniek de favoriet is voor de productie van TMD nanostructuren. Hoofdstuk 2
geeft een overzicht van de CVD techniek waarin diens veelzijdigheid op het gebied van
gecontroleerde fabricage wordt belicht. Hierbij leggen we de focus op 2D WS2 nano-
structuren. Het implementeren van deze kennis maakt het mogelijk om verscheidene
TMD nanostructuren te fabriceren, waaronder die gepresenteerd in Hoofdstuk 4 en 5.

De tweede stap, na de fabricage van de WS2 nanostructuren, is het karakteriseren van
hun eigenschappen. Een uitermate geschikte techniek hiervoor is transmissie-elektro-
nenmicroscopie (TEM). Deze techniek maakt gelijktijdige inspectie van structurele, che-
mische en fysische eigenschappen van TMD nanostructuren mogelijk met een onge-
kende ruimtelijke en spectrale resolutie. De verschillende TEM-gebaseerde technieken
spelen hierbij een vitale rol. Zo wordt de techniek scanning transmissie-elektronenmi-
croscopie (STEM) gebruikt voor de inspectie van het structurele karakter van nanoma-
terialen, terwijl elektronen-energieverlies-spectroscopie (EELS) wordt ingezet voor de
analyse van hun lokaal elektronische eigenschappen. Verder kan een schat aan aan-
vullende informatie worden onthuld door het gebruik van vierdimensionale (4D) STEM
in combinatie met een elektronenmicroscoop pixel-array detector (EMPAD), waaronder
ook details over lokale variaties in spanningsvelden.
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xii SAMENVATTING

Om de potentie van de TEM-gebaseerde technieken EELS en 4D STEM-EMPAD volle-
dig te benutten, is een uitgebreide data-analyse vereist. Hiervoor zijn twee data-analyse
tools ontwikkeld die elk helpen bij de interpretatie van een van de bijbehorende datasets.
De eerste data-analyse tool, EELSFITTER, is ontwikkeld voor het verwerken van datasets
verkregen uit EELS metingen. Hierbij wordt machine learning gebruikt om interessante
details in de EEL spectra aan het licht te brengen. De andere data-analyse tool, genaamd
STRAINMAPPER, bouwt voort op de bestaande exit-wave power cepstrum (EWPC) me-
thode voor het verkrijgen van informatie over spanningsvelden vanuit 4D STEM-EMPAD
datasets. In Hoofdstuk 3 worden de methodes achter beide data-analyse tools uitvoerig
besproken. Verder wordt hun volledige functionaliteit gedemonstreerd aan de hand van
een voorbeeld. Door de kracht van de TEM-gebaseerde technieken te combineren met
hun bijbehorende data-analyse tools, kan er volledig en uitgebreid onderzoek gedaan
worden naar de eigenschappen van de gecreëerde WS2 nanostructuren. Dit wordt gede-
monstreerd in Hoofdstuk 4 en 5.

In Hoofdstuk 4 richten we ons op de studie van vrijstaande WS2 nanostructuren met
een bloemachtige formatie. Deze nanostructuren werden geproduceerd met behulp van
CVD, direct op een TEM grid. Dit maakt het mogelijk om de nanostructuren direct te
bestuderen met behulp van TEM. De kristalstructuur van de nanostructuren werd geïn-
specteerd middels STEM, waaruit bleek dat deze een 2H/3R fase volgde. De kristalfases
2H en 3R zijn uitvoerig bestudeerd in de literatuur, maar er is weinig bekend over deze
gemengde 2H/3R polytype. De variatie in oriëntatie en vorm van de bloemachtige WS2

nanostructuren maakt ze een ideaal platform voor het bestuderen van deze gemengde
kristalfase en diens effect op de lokaal elektronische eigenschappen. Hiervoor maakten
we gebruik van EELS om de rand, oppervlak en bulk plasmon-excitaties in kaart te bren-
gen. Hierna konden we deze excitaties toekennen aan specifieke structurele elementen.
Verder werd EELSFITTER ingezet voor het analyseren van de bandgap van de nanostruc-
turen. Deze bandgap bleek indirect met een waarde van EBG = 1.6+0.3

−0.2 eV. Dit resultaat is
in overeenstemming met berekeningen verricht op bulk 2H/3R WS2 middels dichtheids-
functionaaltheorie (DFT).

In Hoofdstuk 5 bespreken we het onderzoek aan WS2 nanostructuren waarin de lagen
onderling gedraaid zijn. Deze nanostructuren werden geproduceerd op vergelijkbare
wijze als de bloemachtige nanostructuren, met enkel minimale aanpassingen aan het
CVD proces. Door de gedraaide lagen in deze nanostructuren is er een reële kans op
spanningsvelden binnen deze nanostructuren. Dit maakt ze ideale kandidaten voor het
onderzoek naar het verband tussen structurele eigenschappen, lokaal elektronische ei-
genschappen en spanningsvelden. Hierin leggen wij de focus op het verband tussen de
dikte van de nanostructuren, hun bandgap, en de aanwezigheid van spanningsvelden.
De hiervoor gebruikte methode combineert EELS en 4D STEM-EMPAD met hun res-
pectievelijke date-analyse tools EELSFITTER en STRAINMAPPER. Dit onderzoek leidt tot
de ontdekking dat de bandgap een stijgende lijn volgt als functie van de dikte, met een
stijging tot wel 20% in de waarde van de bandgap. Dit fenomeen bleek het gevolg van
vervormingen in de individuele lagen van de nanostructuren, welke gepaard gingen met
de aanwezigheid van beduidende fluctuaties in de lokale spanningsvelden.
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Het werk gepresenteerd in dit proefschrift, met name in Hoofdstuk 4 en 5, biedt inzicht
in de interactie tussen structurele en fysische eigenschappen in complexe WS2 nano-
structuren middels de inzet van complementaire TEM-gebaseerde technieken. Hiermee
zetten we de eerste stap voor toekomstig onderzoek naar de creatie van unieke TMD
nanostructuren met specifieke functionaliteiten.
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2 1. INTRODUCTION

TWO-DIMENSIONAL LAYERED MATERIALS

I N recent years, interest in two-dimensional (2D) layered materials has surged, driven
by their potential to exhibit exotic quantum mechanical effects on a macroscopic

scale. These materials hold great potential for a wide range of applications, including
magnetic resonance imaging (MRI), magnetic field sensors, high-density storage de-
vices, water filtration, and quantum computing. Some of these applications have al-
ready been realized, while others are still in the early stages of development [1–6]. The
wide range of applications underscores the broad spectrum of this group of materials.

One notable example of a 2D layered material is graphene. Upon its discovery, graphene,
a single layer of carbon atoms, was recognized for its extraordinary properties [7–9].
However, graphene had a limitation: it lacked a crucial feature, a bandgap, which re-
stricted its use in nanoelectronic devices. As a result of this limitation, the scientific
community embarked on a quest to explore alternative 2D materials capable of form-
ing atomic sheets with extraordinary properties, with a particular emphasis on those
exhibiting semiconducting behavior [10].

This search led to the discovery of numerous 2D layered materials, including those with
a bandgap. These materials exhibited a wide range of bandgaps, covering the spectrum
from the visible to infrared, with the choice of material [10]. One class of materials that
emerged as particularly interesting is transition metal dichalcogenides (TMDs). Each
layer of these TMD materials comprises of a layer of transition metal atoms sandwiched
between two layers of chalcogen atoms. Examples of materials in this class include tung-
sten disulfide (WS2), molybdenum disulfide (MoS2), and their selenide, and telluride
counterparts.

Similarly intriguing optical and electronic properties, when compared to graphene, were
discovered for this class of materials. Moreover, research indicated that these properties
are also highly sensitive to the TMDs’ underlying atomic structure. Hence, understand-
ing the intricate relationship between structural and physical properties could enable
the tuning of these properties for specific applications.

PROPERTY TUNABILITY IN TRANSITION METAL DICHALCOGENIDES
An example of the close relation between the structure and properties of TMD materials
becomes apparent when reducing their dimensionality. In their bulk form, TMD crys-
tals consist of various stacked layers, with each layer being composed as previously de-
scribed. While within these layers, atoms are strongly bonded through covalent bonds,
the layers themselves are held together by weak van der Waals forces. Due to the na-
ture of these forces, it is possible to separate the TMDs, effectively decomposing the
bulk crystal into individual monolayers [11]. Such a reduction in dimensionality typi-
cally leads to changes in the material’s optical and electronic properties. As an example,
WS2 undergoes an indirect-to-direct bandgap transition and experiences a change in
bandgap value when reduced from bulk to a monolayer [10]. Additionally, an enhance-
ment in the strength of the photoluminescence is observed simultaneously [10].

In addition to dimensionality reduction, the arrangement of individual layers within
TMD crystals offers another way to tune their properties. These arrangements, known as
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polytypes, are characterized by various stacking sequences. Each polytype is identified
by a specific designation: a number, which corresponds to the number of layers in the
unit cell (the smallest repeating unit of the crystal), and a letter, which indicates the type
of symmetry observed in that arrangement.

Taking WS2 as an example, the polytypes 2H and 3R are the most commonly observed
due to their stability [12–15]. The symmetries possessed by 2H- and 3R-WS2 are hexago-
nal and rhombohedral, respectively. Both these polytypes are semiconducting in nature,
and exhibit similar optical and electronic properties [12, 16]. The notable distinction is
the broken inversion symmetry in the 3R polytype, which makes it particularly interest-
ing for applications in nonlinear optics, and valley- and spintronics [17–19]. Further-
more, these polytypes can exhibit differences in their chemical properties. For example,
variations have been observed in their catalytic performance towards the hydrogen evo-
lution reaction (HER) [20].

Another polytype of WS2 is the metastable 1T polytype. Unlike the 2H and 3R polytypes,
where the sulfur atomic layers within each monolayer are aligned, the 1T polytype fea-
tures a displacement of one sulfur atomic layer transversally. This results in a trigonal
symmetry. This difference in crystal symmetry is believed to have a substantial impact
on the electronic properties, potentially leading to a transition from a semiconducting
to a metallic nature [21, 22].

In addition to variations between polytypes, the occurrence of multiple polytypes within
the same structure, a phenomenon known as polytypism, has also been observed in
TMDs [23–25]. This provides yet another avenue for tuning the properties of these mate-
rials. An example of this was revealed by Wang et al. [23], as they discovered that a mixed
1T/2H polytypism in MoS2 yields an enhancement in the photoelectrocatalytic proper-
ties. This enhancement was attributed not to the presence of the separate polytypes but
instead to the synergistic effect of the 1T/2H phase.

In contrast to the perfectly aligned layers of the previously discussed polytypes, TMD ho-
mostructures can also feature twisted layers. The interest in these twisted structure have
surged, particularly following the discovery of superconductivity and ferromagnetism in
magic angle-rotated bilayer graphene [26, 27]. Extensive studies of twisted TMD struc-
tures have shown that the bandgap can be tuned based on the twist angle due to varia-
tions in interlayer coupling [28–31]. More specifically, it was observed that variations in
the twist angles could result in bandgap energy changes of a few hundreds of nanome-
ters, with non-twisted specimen exhibiting the lowest bandgap energy values. Moreover,
twisted TMD structures have been found to exhibit improved electron mobility [29]. Re-
cently even evidence of superconductivity has been reported in twisted bilayer tungsten
diselenide (WSe2) [32, 33].

A possible consequence of introducing twist in multilayer TMD structures is the devel-
opment of strain. This strain may arise due to lattice mismatches between layers, or
between TMD crystals and the substrate, as well as from mechanical bending of the crys-
tals. The presence of strain can lead to local changes in the crystal structure, which in
turn impacts the physical properties of these materials. For instance, the electronic band
structure of these materials is known to undergo various modifications due to strain.



1

4 1. INTRODUCTION

These variations can include alterations in bandgap values and shifts between indirect
and direct bandgaps [30, 34–42]. Additionally, it has been theoretically predicted that
strain can also induce a transition from semiconductor to metallic behavior [37, 38].

An example of this tuning of the electronic properties was demonstrated by Conley et al.
[36]. They reported on the effects of uniaxial tensile strain, applied by controlled bend-
ing, on MoS2 mono- and bilayers. Photoluminescence (PL) spectroscopy revealed both
structures to follow an approximate linear decrease with applied strain at different rates:
≈ 45 meV/% strain for the monolayer, and ≈ 120 meV/% strain for the bilayer. Upon
applying strain of ≈ 1% the monolayer MoS2 was found to exhibit an indirect bandgap,
instead of the conventional direct bandgap.

The impact of strain extends beyond just alterations in the electronic band structure. No-
tably, strain can lead to changes in the optical [35, 36, 41, 43, 44] and magnetic [39, 42, 45]
properties. Moreover, strain can also induce enhancements in electron mobility [40] and
result in the confinement of excitons [35, 46], further showcasing its significant influence
on the physical properties of these materials.

It is important to emphasize that the strain effects can vary greatly in literature, as it
is sensitive to the structural properties of the specimen investigated. This was already
briefly mentioned in the above-provided example. Hence, highlighting the importance
to study strain effects not just of the physical properties of the specimen but also its
structural properties.

In summary, the opportunities for tuning the physical and chemical properties of TMD
materials through their underlying atomic structure are plentiful. Gaining control over
these structural properties would enable the fabrication of novel TMD nanostructures
with tailored functionalities. This could lead to the use of TMD materials as building
blocks for next-generation nanodevices, making it highly desirable in the quest to de-
sign novel nanostructures with tailored functionalities. With this motivation in mind we
continue with the specific aim of this thesis.

THESIS SCOPE AND OUTLINE
The aim of this doctoral thesis is twofold. Firstly, we strive to gain a comprehensive un-
derstanding of the relationship between the structural, chemical, and local electronic
properties of WS2 nanostructures. Secondly, we aim to exploit the tunability of these
physical properties through the fabrication of novel WS2 nanostructures. Realizing this
goal requires two key ingredients: 1) a method for synthesizing novel WS2 nanostruc-
tures, and 2) a technique that allows the characterization of the structural, chemical,
and local electronic properties simultaneously and on the single-atom scale.

In this thesis, we explore chemical vapor deposition (CVD) as method for the fabrica-
tion of novel WS2 nanostructures. This versatile technique has been reported to offer
good controllability in producing TMD nanostructures. Chapter 2 will delve into this
technique and its controllability.

Chapter 3 focuses on the chosen characterization technique for our fabricated struc-
tures: transmission electron microscopy (TEM). TEM is arguably the most efficient and
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versatile tool for characterizing novel materials over spatial ranges from the atomic scale
up to the micrometer level and beyond [47]. This is mainly due to advancements made
in both spatial and energy resolution.

Within TEM, the electron energy-loss spectroscopy (EELS) technique allows us to probe
the local electronic properties of the examined nanostructures. To fully exploit this tech-
nique for characterization, theoretical modeling becomes essential. To address this need,
we have developed EELSFITTER, an analysis framework based on machine learning, which
is further discussed in Chapter 3.

Another featured technique in Chapter 3 is four-dimensional (4D) scanning transmis-
sion electron microscopy (STEM). This method has shown great promise in the mapping
of strain in 2D van der Waals materials like TMDs, especially when coupled with an elec-
tron microscopy pixel array detector (EMPAD). The analysis of the 4D STEM-EMPAD
datasets requires the development of a second analysis framework, called STRAINMAP-

PER. The functionalities of this framework are also explained in Chapter 3.

Finally, Chapter 4 and Chapter 5 demonstrate the fabrication and characterization of
two different WS2 nanostructures.

Chapter 4 reports on the characterization of flower-like WS2 nanostructures that exhibit
a 2H/3R polytypism. The nature of their edge, surface, and bulk plasmonic excitations
is traced back to specific structural characteristics through spatially-resolved EELS. Fur-
thermore, the bandgap of these polytypic nanoflowers is probed using the EELSFITTER

analysis framework, revealing an indirect bandgap consistent with first-principle den-
sity functional theory (DFT) calculations carried out on 2H/3R WS2 bulk.

Moving on to Chapter 5, we delve into the characterization of naturally twisted WS2

specimens. Due to their twisted nature, these structure are suspected to be subject to
strain. We thoroughly investigate the interplay between the structure, specifically the
thickness, bandgap, and strain fields. To achieve this, we utilize a synergistic method-
ology that combines EELS enhanced by the functionalities of EELSFITTER and 4D STEM-
EMPAD analysis via STRAINMAPPER. The findings reveal a pronounced increase in the
bandgap energy as a function of the local thickness, accompanied by noticeable fluctu-
ations in the local strain fields.

Concluding this thesis, (Chapter 6) provides insights into the future prospects of re-
searching novel TMD nanostructures, including those explored in this work.
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2
FABRICATION OF

WS2 NANOSTRUCTURES VIA

CHEMICAL VAPOR DEPOSITION

Owing to their exceptional optical and electronic properties, transition metal dichalco-
genides (TMDs) hold great promise for various technological applications. Achieving prac-
tical application of TMDs necessitates controlled fabrication methods that offer scalabil-
ity. Existing fabrication methods, such as exfoliation, chemical vapor deposition (CVD),
and direct deposition, have been proposed in the literature. In this chapter, we focus
on the CVD fabrication method in the context of TMD nanostructures, specifically two-
dimensional (2D) tungsten disulfide (WS2) nanostructures. CVD is considered the pre-
ferred fabrication method due to its ability to produce high-quality TMD materials, pre-
cise control over nanostructure dimensions and morphology, and potential for scalability.
We discuss how various parameters involved in the CVD process affect growth kinetics, of-
fering the desired level of control. Furthermore, we explore the intricate 2D nanostructure
achievable through parameter optimization. Gaining an in-depth understanding of this
technique enables the controlled fabrication of numerous intriguing TMD nanostructures,
as demonstrated in Chapters 4 and 5 of this thesis.
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2.1. INTRODUCTION

I N the dynamic and evolving field of nanotechnology, the fabrication of low-dimen-
sional transition metal dichalcogenides (TMDs) emerges as a key area of focus. These

materials, known for their unique optical and electronic properties, are at the heart of
numerous potential applications in various technological fields. In recent years, the fo-
cus has shifted towards more scalable and controlled fabrication methods to meet the
growing demand for high-quality TMDs in industrial applications. Several methods have
been put forward in the literature, including exfoliation, chemical vapor deposition and
direct deposition methods.

Exfoliation is a top-down fabrication method, where atomically thin layers of TMD mate-
rials are obtained by separating them from a bulk crystal. A distinction can be made be-
tween mechanical exfoliation and chemical exfoliation [1]. Mechanical exfoliation uses
mechanical forces to separate the layers from the bulk crystal. The best-known method
to achieve this is the use of adhesive tape [2]. Mechanical exfoliation results in TMD films
with comparable quality to their bulk crystals [1, 3]. However, this method offers poor
controllability in the number of layers [4, 5]. In addition, the exfoliation yield is low [1],
making this method non-ideal for large-scale production.

On the other hand, chemical exfoliation uses methods like sonication or shearing to sep-
arate the layers in TMD crystals. This can be achieved either by using a suitable liquid
to assist the process [6–9] or through chemical intercalation, which serves to widen the
interlayer distances between the layers [8, 10, 11] prior to the sonication or shearing pro-
cess. Chemical exfoliation typically yields a higher output and is therefore more suitable
for large-scale production compared to mechanical exfoliation. However, liquid exfoli-
ation is constrained by its relatively low monolayer yield, typically no more than a few
tens of percent [4, 6, 8]. Furthermore, chemical exfoliation can lead to issues such as
undesired phase transitions, chemical decomposition, and physical damage to the ma-
terials [1, 3, 12], depending on the specific process used. These issues can adversely
affect the properties of the resulting TMD films.

Alternatively, TMD nanosheets can also be fabricated using direct deposition techniques.
These include methods such as atomized spray casting deposition [5], sputtering [13],
pulsed laser deposition [13] and e-beam evaporation [14]. Each of these techniques has
its drawbacks and benefits. Generally, there is a trade-off between the ease of fabricating
monolayers and achieving large-scale uniformity [5, 13, 14]. Furthermore, postprocess
annealing is often required to improve the crystallinity of the fabricated films [13, 14].

Finally, chemical vapor deposition (CVD) is another method that can be utilized in the
fabrication of low-dimensional TMD nanostructures. CVD yields high-quality TMD ma-
terials and allows for precise control over the number of layers, domain size, and mor-
phology of the fabricated nanostructures [15]. This degree of control, combined with
the technique’s potential for high scalability [16], makes CVD a preferred method for
fabricating TMD materials. Challenges associated with this techniques arise from the
conditions required for material growth, such as the high temperatures necessary for
CVD [4, 17, 18]. However, numerous studies have been conducted to explore ways to
relax these stringent conditions [19–21].
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In this chapter, we delve into the CVD fabrication of TMD nanostructures, with a par-
ticular focus of two-dimensional (2D) tungsten disulfide (WS2) nanostructures. Initially,
we provide a brief description of the CVD technique. Following this, we discuss the var-
ious parameters that influence the growth kinetics of this synthesis method, offering an
overview of the diverse possibilities presented by the versatile technique. Our discussion
then extends to the more complex 2D morphologies achievable through CVD. Finally, we
highlight the specific CVD furnace and procedural details employed within the scope of
this thesis.

2.2. CHEMICAL VAPOR DEPOSITION
CVD is a bottom-up approach to the synthesis of TMD materials. This process can be
considered multi-step, beginning with the excitation of precursors into their desired va-
porous phases. These gaseous species are then transported to a substrate using a carrier
gas, which is assumed to flow in a laminar manner. As a result, a boundary layer exist at
the interface with the substrate, where the gas velocity is zero. For the gaseous precursors
to reach the substrate, they must diffuse through this boundary layer. Subsequent sur-
face reactions on the substrate leads to the production of solid-phase materials. Lastly,
any by-products created during these reactions diffuse back through the boundary layer
and are removed by the main laminar flow of the carrier gas [17, 22]. The sequence of
events occurring during the CVD process near the substrate is illustrated in Figure 2.1a.

Multiple variants of CVD exist that are applicable in the fabrication of TMD materials.
These include direct sulfurization, in case of sulfide-based TMDs, and the vapor phase
reaction method.

Sulfurization is the process where a substrate coated with a pre-deposited film of a ma-
terial, in this case a transition metal (denoted as M), is exposed to a sulfur (S) containing
atmosphere at a high temperature. This exposure initiates surface reactions that facili-
tate the formation of a new compound (MS2), incorporating the sulfur [16]. This tech-
nique is schematically illustrated in Figure 2.1b (top).

Figure 2.1: (a) Schematic illustration summarizing the CVD process steps taking place at the location of
the substrate. Adapted with permission from [17]. Copyright © 1999 by Noyes Publications. (b) Simplified
schematic overview of the CVD methods of sulfurization (top) and vapor phase reaction (bottom).
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The vapor phase reaction method differs slightly from the sulfurization method. In this
approach, instead of having a pre-deposited metal precursor, both the metal and chalco-
gen (X) precursors are kept separately from the substrate. Typically, a metal oxide com-
pound (denoted as MOx ) is used as the metal precursor. Upon heating, chalcogen va-
pors induce the reduction of the metal oxide precursor, forming volatile suboxide com-
pounds. These volatile species, including the chalcogen, are then transported to the
substrate. Two potential pathways exist for the suboxide compounds to contribute to
the growth of the desired TMD material (MX 2). The first pathway involves the suboxide
compounds diffusing to the substrate, where they react further with the chalcogen va-
pors to form the TMD material. Alternatively, the TMD material can initially form in the
vapor phase through continued reactions between the suboxide compounds and chalco-
gen vapors, and then diffuse to the substrate to produce the solid TMD material [18, 23].
To provide a clear understanding of this CVD method, a simplified schematic overview
is presented in Figure 2.1b (bottom).

CVD processes are typically carried out in a CVD furnace. These furnaces often fea-
ture multiple heating zones, allowing for individual control of the evaporation temper-
atures of precursors and the reaction temperature at the substrate [24]. In some cases
the choice is made to use a single-zone CVD furnace instead. In these cases the differ-
ent required temperatures are achieved by leveraging the natural temperature gradient
present within the furnace [23–26].

2.3. OPTIMIZATION OF THE CHEMICAL VAPOR DEPOSITION

PROCESS FOR THE SYNTHESIS OF 2D WS2 FLAKES
The synthesis of TMDs via CVD processes is influenced by a variety of factors. These
include the properties of the substrate and precursors, as well as growth conditions like
the process pressure, reaction temperature, reaction time, and the flow of atomic gas.
Over the years, these influencing factors have been the focus of extensive research. In the
following sections, we provide a review of some key scientific studies that have explored
the effects of these factors on the CVD synthesis of 2D WS2 nanosheets.

2.3.1. CHOICE IN SUBSTRATE MATERIALS
The choice of substrates in CVD processes is somewhat constrained, largely due to the
demanding conditions of the CVD process itself. For example, the high temperatures
typically required to initiate surface reactions necessitates substrates that can withstand
such conditions. This aspect of CVD is often seen as a limitation, as it frequently neces-
sitates the transfer of the synthesized TMD nanostructures to more suitable substrates
for device application [4].

Furthermore, another factor that limits substrate selection is the sensitivity of TMD ma-
terial growth to the properties of the substrates surface [15, 18]. This sensitivity under-
scores the critical role of the substrate in determining the quality and characteristics of
the resulting TMD materials. At the fundamental level, the substrate used in the CVD
growth of TMDs must be atomically flat and chemically inert [15, 18]. The effectiveness
of inert versus non-inert substrate materials was investigated by Yanshuo Zhang and col-
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leagues [27]. They studied the use of metal foils as substrates for synthesizing WS2 using
the vapor phase reaction method. Their findings revealed that gold films are a suitable
substrate choice. However, other metal foils, including Pr-Ru alloys and Nb foils, were
found to degrade during the CVD process, resulting in the conversion into powdered
sulfides.

Substrates that have been found suitable for the growth of high-quality WS2 include the
aforementioned gold foils [27], magnesium oxide (MgO) [28], graphite [29], hexagonal
boron nitride (h-BN) [29–31], quartz [32], sapphire [24, 29, 33–35], and the most com-
monly used silicon/silicon dioxide (Si/SiO2) [19–21, 23, 25, 26, 32, 36–41].

2.3.2. PROPERTIES OF THE PRECURSORS
The properties of the precursors used in a CVD process significantly influence the growth
of TMDs. In particular, these properties are crucial in determining the final morphology
and yield of the grown TMD nanosheets. It is important to note here that these effects
vary depending on the specific CVD methods previously discussed.

PRE-DEPOSITED FILMS AS PRECURSOR IN DIRECT SULFURIZATION

In the direct sulfurization method, the pre-deposited film acts as the metal-based pre-
cursor. The thickness of this film has been a focus of frequently study, as it is known to
influence the growth orientation and the layer count of the synthesized WS2 nanosheets.

In the synthesis of TMDs, there are two possible growth orientations: horizontal and
vertical. Horizontally grown TMD layers expand in the planar direction, with their basal
planes parallel to the growth substrates, as illustrated in Figure 2.2a. In contrast, verti-
cally grown TMD layers stand upright on the substrate, exposing their edge sites rather
than their basal planes (Figure 2.2b) [25]. Horizontal WS2 layers are commonly charac-
terized by the formation of triangular flakes and their intersections or junctions.

By altering the thickness of the pre-deposited tungsten film, the growth orientation of
the resulting WS2 nanosheets can be controlled. It has been observed that sulfurizing
a tungsten film with a thickness of less than 5 nm typically leads to horizontal growth,
while films thicker than 10 nm tend to yield vertical growth [23–25, 28, 32]. For films
with intermediate thicknesses, a mix of both growth orientations can be observed, with
the proportion of vertically aligned layers increasing as the tungsten film thickness in-
creases [25].

Figure 2.2: Schematic representations of (a) horizontally and (b) vertically grown TMDs. Horizontally grown
TMD nanosheets are seen to have exposed basal planes, while vertically grown TMD nanosheets expose their
edges instead. Adapted with permission from [25]. Copyright © 2014, American Chemical Society.
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Furthermore, the thickness of the pre-deposited tungsten film is also a determining fac-
tor in the final thickness of the WS2 nanosheets. Jung et al. [25] investigated the relation-
ship between the thickness of the pre-deposited tungsten film and that of the resulting
WS2 nanosheets. Their findings indicated a linear relationship for vertical growth, with
a slope of approximately 3.5. For horizontal growth, similar dependence was found, but
with a slope that is 2 to 3 times smaller. This dependence in the horizontal growth was
independently also discovered by Orofeo et al. [28]. Leveraging this knowledge, it be-
comes possible to fabricate large-area (∼cm2) WS2 nanosheets with a predetermined
thickness, including monolayer thickness, by precisely controlling the thickness of the
pre-deposited tungsten film.

The observed slope in the relationship between film thickness and growth orientation
suggests a volume expansion in the basal plane. Jung et al. [25] proposes that this vol-
ume expansion is crucial in the transition from vertical to horizontal growth, which is in-
duced by changing the thickness of the pre-deposited tungsten film. For thin and often
discontinuous pre-deposited films, the volume expansion upon sulfurization can easily
be accommodated for through horizontal growth. However, for thicker pre-deposited
films, such expansion cannot be easily accommodated for if the layers were to grow hor-
izontally, leading to a preference for vertical growth. In cases of intermediate film thick-
nesses, a combination of both vertical and horizontal growth can occur. In this scenario,
horizontally grown layers often become discontinuous, bent, and overlap, forming poly-
crystalline structures to release strain energy.

Besides using a pre-deposited tungsten film, WS2 can also be synthesized through the
sulfurization of pre-deposited tungsten trioxide (WO3) films [36–39]. Similarly, the thick-
ness of the pre-deposited WO3 films is reported to determine the thickness and, conse-
quently, the layer count of the resulting WS2 [36–39]. For horizontally grown WS2, the
relationship between the thicknesses of the WO3 and WS2 layers is found to be quite
similar to that observed with tungsten pre-deposited film.

POWDER-BASED PRECURSORS OF THE VAPOR PHASE REACTION METHOD PROCESSES

For the vapor phase reaction method, metal-based powders are used as precursor in-
stead. In this method, key precursors properties that significantly influence the yield of
horizontally grown WS2 include the type and amount of the powder, as well as its dis-
tance from the substrate.

In the synthesis of WS2 flakes, tungsten oxide-based precursors are commonly chosen,
with WO3 being the typical selection. Alternatively, the use of WO2.9 has also been re-
ported [20, 23]. Liu et al. [23] conducted a comparative study of these two powders as
precursors. With all other parameters held constant, they found a higher yield of WS2

growth when using WO2.9 as the precursor. This increased efficiency is hypothesized to
stem from the elimination of the need to reduce the WO3 precursor in the initial stages
of the growth, as previously discussed. Despite this, both WO3 and WO2.9 can be consid-
ered suitable precursors for the growth of WS2.

Furthermore, the synthesis yield is influenced by the amount of precursor used and its
proximity to the substrate. Yanshuo Zhang and their team [27] studied both the pre-
cursor amount and precursor-substrate distance in relation to WS2 growth. Firstly, their
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study shows that an increase in the amount of available precursor significantly boost the
yield of WS2 growth. In their experiments, nearly doubling the substrate coverage was
achieved by using twice the amount of WO3. This approach enabled them to achieve full
monolayer WS2 coverage on their substrate.

Additionally, the study revealed that the distance between the precursor and substrate
also influences substrate coverage. Shorter distances between the precursor and sub-
strate led to a higher density of triangular WS2 flakes, thereby increasing the coverage.
This observed trend is attributed to the decrease in the availability of the WO3 precursor
as the distance from the source increases [27]. A similar trend in substrate coverage with
varying precursor-substrate distances was observed by Yu Zhang et al. [33], demonstrat-
ing that this trend persists even under different reaction temperatures.

2.3.3. CVD GROWTH CONDITIONS
The morphology and size of the horizontally grown WS2 flakes are significantly influ-
enced by the growth conditions employed during the CVD process. Critical factors in-
clude the process pressure, reaction temperature, reaction time, and the atomic gas flow.

PROCESS PRESSURE

It is important to note that CVD processes can be carried out under both low pressure
conditions and atmospheric pressure conditions. However, these pressure options gen-
erally require different sets of growth conditions to achieve successful WS2 growth.

Researchers, such as Liu et al. [23] and Elías et al. [39], have investigated the impact of
changing the process pressure. In their experiments, Liu et al. [23] solely changed the
process pressure while keeping other parameters constants. They found the growth of
2D WS2 films favored the atmospheric pressure CVD process over its low-pressure coun-
terpart. Instead, Elías et al. [39] achieved uniform, large-area few-layer WS2 nanostruc-
tures of a high quality using both low-pressure and atmospheric pressure procedures.
Notably, they adjusted the argon flow rate, using 50 sccm for the low-pressure process
and 100 sccm for the atmospheric pressure process.

REACTION TEMPERATURE

One of the critical conditions influencing the CVD synthesis of WS2 is the reaction tem-
perature, which refers to the temperature at which the substrate is maintained during
the CVD process. This distinction becomes particularly important when dealing with
CVD processes following the vapor phase reaction method. This is because, in these
cases, the evaporation temperature of the tungsten-based precursor can often be regu-
lated separately.

Regarding the influence of the reaction temperature, the following trend has been con-
sistently reported in the literature for CVD processes employing the vapor phase reaction
method. At low temperatures, no growth of WS2 is observed. A minimum temperature
threshold must be reached before triangular WS2 flakes begin to form. These flakes tend
to increase in size, sometimes by as much as an order of magnitude, as the reaction tem-
perature is raised to a specific point. However, a further increase in reaction temperature
results in a decrease in the size of the grown flakes [23, 27, 40]. It’s worth noting that the
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exact temperatures required for WS2 flake formation and the onset of size reduction may
vary depending on the other growth conditions. Generally, a temperature around 800 °C
is required for the initiation of WS2 flakes growth, and the reduction in flake size typically
starts at temperatures around 900 °C.

The hypothesized reason for the observed trend in the literature is a change in surface
diffusion and reactivity of the precursors. Moderate increases in temperature facilitate
surface diffusion and the reaction with sulfur, which, in turn, promotes the growth of
larger flakes. However, at elevated temperatures, the adsorption amount of the sulfur-
ized precursor declines, causing the decrease in the size of the flakes [23, 27, 40].

The effect of the reaction temperature on the growth of WS2 nanosheets via direct sulfur-
ization is much less well-studied. Morrish et al. [42] reported on this effect for vertically
grown WS2. They revealed that the reaction rate rises upon increasing the reaction tem-
perature. Hence, an increase in reaction temperature leads to a more rapid sulfurization
of the pre-deposited film. They also observed that a minimum temperature is required
to achieve full sulfurization of the pre-deposited film after a fixed time. Generally, this
minimally required reaction temperature is slightly lower than the temperatures needed
in the vapor phase reaction method to achieve the growth of WS2.

REACTION TIME

We define the reaction time as the duration of the process from reaching the desired tem-
peratures until the cool-down process begins. Changing this duration leads to variations
in the yield of CVD-grown WS2 produced by the process.

In the context of the vapor phase reaction method, increasing the reaction time results
in the growth of larger WS2 flakes. However, the increase in flake size reaches a plateau
at a specific reaction time, beyond which the flakes remain unchanged in size [23, 27].
Prolonging the reaction time beyond this point may lead to damage in the grown WS2,
as reported by Liu et al. [23].

The impact of altering the reaction time on the growth of WS2 nanosheets through di-
rect sulfurization is interpreted somewhat differently. In their study, Morrish et al. [42]
investigated this phenomenon in the context of vertically grown WS2. Their findings
demonstrate that the pre-deposited film undergoes continuous sulfurization over time
until the entire film has been transformed into WS2. Extending the process beyond this
point does not result in any further changes in the thickness or S:W ratio of the synthe-
sized WS2.

ATOMIC GAS FLOW

As discussed earlier, CVD processes utilize a carrier gas to transport the precursors to the
substrate. Besides the reaction temperature and time, the growth of 2D WS2 flakes via
CVD can also be controlled by modifying the flow rate or composition of this carrier gas.

Studies on this phenomenon have revealed that altering the flow rate of the carrier gas
in the vapor phase reaction method induces both changes in morphology and size. For
low flow rates, the resulting WS2 flakes exhibit a truncated triangular shape. As the
flow rate is increased, the flake morphology gradually evolves to resemble an equilateral
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triangle (Figures 2.3a-c). Once this shape is achieved, further increase of the flow rate
leads to an increase in size (Figure 2.3d) [23, 40]. However, at a certain flow rate value,
this increase in size becomes unstable, and the reported effects of this instability vary.
For example, Liu et al. [23] observed that increasing the flow rate beyond this value re-
sulted in the edges of their monolayer WS2 flakes becoming jagged. In contrast, Fu et al.
[40] noted a decrease in the size of their monolayer WS2 flakes.

The observed trend in morphology and size changes can be attributed to the availability
of precursors at the reaction site. It is hypothesized that WS2 monolayers initially assume
a hexagonal shape during their formation. The edges of this hexagonal shape exhibit
slight variations in atomic structure, resulting in different growth rates along these edges.
Increasing the atomic gas flow in the CVD process alters the ratio of available precursors.
This change promotes the growth of three out of the six edges of the hexagonal-shaped
flake, leading to the transformation in morphology from hexagonal to truncated triangle,
and eventually to an equilateral triangle. Furthermore, the increased flow rate enhances
the mass transfer process, resulting in an increase in the size of the grown flakes. When
the flow rate exceeds its optimal value and becomes too high, the gas carries away the
precursor species before they can reach the correct location on the substrate. This can
lead to defect formation [23] or a reduction in flake size [40].

A similar effect is anticipated for the direct sulfurization method [41], where the rate
of sulfurization of the pre-deposited film initially increases and subsequently decreases
with an increase in the flow rate of the carrier gas.

Apart from the flow rate, the composition of the carrier gas can also play a role in chang-
ing the growth kinetics of 2D WS2 flakes. Argon is the most commonly used carrier gas
for WS2 synthesis. However, deviating from this composition under specific conditions
may yield improved results.

Figure 2.3: Scanning electron microscopy (SEM) images of WS2 flakes fabricated by the vapor phase reaction
method, where the synthesis was carrier out under various conditions of the carrier gas. (a-d) WS2 flakes
grown on a Si/SiO2 substrate under various flow rates of a pure argon carrier gas flow. Adapted with permission
from [23]. Copyright © 2017, CC BY 4.0. (e-h) WS2 flakes grown on a sapphire substrate using a carrier gas of
(e-f) pure argon and (g-h) a mixture of argon and H2. Adapted with permission from [33]. Copyright © 2013,
American Chemical Society.

https://creativecommons.org/licenses/by/4.0/
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An example of this phenomenon was demonstrated by Yu Zhang et al. [33] in their study.
They aimed to synthesize large-area, high-quality WS2 flakes on sapphire substrates us-
ing the vapor phase reaction method. Their process was carrier out under low pressure,
at a reaction temperature of 900 °C, and for a reaction time of 1 hour. When they used
argon as the carrier gas, they observed the growth of asymmetrical triangular WS2 flakes
with jagged edges on the sapphire substrate (Figures 2.3e-f). However, when they re-
placed the carrier gas with a mixture of argon and a small amount of hydrogen (H2), the
resulting WS2 flakes exhibited an equilateral triangular shape with straight edges (Fig-
ures 2.3g-h). One possible reason for this change is the fact that H2 is a reductive reagent
that more strongly promotes the reduction of WO3 compared to sulfur. By facilitating
the reduction of WO3, it creates a rich WO3−x environment, which favors the formation
of equilateral triangular-shaped flakes.

2.3.4. ADDITION OF CATALYSTS
The growth of high-quality WS2 via CVD typically necessitates high temperatures, es-
pecially when employing the vapor phase reaction method. These high temperatures
impose limitations on the choice of substrate materials, often requiring transfer of as-
grown materials to different substrates for device applications [4]. However, there are
methods that can reduce the required temperature. One such method involves the use
of a catalyst within the CVD process.

Thangaraja et al. [19] investigated the use of the WO3 powder itself as a catalyst. They
found that by deposition WO3 powder directly on the growth substrate, they could grow
large (several tens of micrometers) high-quality WS2 monolayers at a temperature of
750 °C. Without the presence of the WO3 powder on top of the substrate, growth at this
temperature would not occur.

Alternatively, Li et al. [20] explored the use of various alkali metal halides as catalyst in
the growth of WS2. In their study, they mixed these alkali metal halides with WO2.9 pow-
der and kept this mixture separate from the substrate. They achieved the growth of large,
highly crystalline WS2 monolayers at reaction temperatures as low as 700 °C, depending
on the specific alkali metal halides used. They attribute this relaxation of the growth con-
ditions to the formation of tungsten oxyhalide species. These species have significantly
lower melting points, making them more volatile compared to WO3 and WO2.9. The re-
sulting monolayers were found to be pure WS2, free from impurities or contamination
due to the alkali metal halides.

Significantly lower reaction temperatures can be achieved by using tellurium as a cata-
lyst. This was demonstrated in a study by Gong et al. [21], where a mixture of tungsten
and tellurium powder deposited on the substrate reduced the reaction temperature to
500 °C. It is important to emphasize that bulk tungsten powder is not commonly used in
the fabrication of WS2. Tungsten oxide compounds are preferred as their melting point
is much lower than that of pure tungsten [21]. Therefore, using bulk tungsten powder
without the assistance of tellurium would likely necessitate even higher temperatures
compared to similar processes using WO3 or WO2.9. The introduction of tellurium sig-
nificantly relaxes the required growth conditions without compromising the quality of
the micrometer-sized WS2 monolayers or leaving unwanted residues.
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Catalyst can play a crucial role not only in relaxing the growth conditions but also in
controlling the morphology of 2D WS2 nanostructures. For example, McCreary et al. [26]
demonstrated the use of perylene-3,4,9,10-tetracarboxylic acid tetrapotassium
salt (PTAS) as a catalyst, which allowed for the growth of continuous monolayer WS2

films on a millimeter scale. Without the use of this catalyst, their CVD recipe primarily
yielded truncated triangular WS2 flakes grown on only a portion of the provided sub-
strate. However, when PTAS was used as a catalyst, a small amount of PTAS contamina-
tion could also be found on the substrate.

In another study, Liang et al. [35] explored the use of carbon nanoparticles as a catalyst to
achieve a better control in morphology. They successfully achieved the growth of strictly
bilayer WS2 flakes, tens of micrometers in size, by using this catalyst. These WS2 bilayers
were of high quality and free of contamination.

2.4. MORPHOLOGY CONTROL IN CHEMICAL VAPOR DEPOSI-
TION PROCESSES

CVD techniques offer a high degree of control over the morphology of fabricated nano-
structures. While we have highlighted examples of this control in the previous section,
primarily focusing on simple 2D WS2 nanostructures, it is important to note that this
morphological control extends beyond these structures. CVD can be employed to create
a wide range of more complex and intricate nanostructures with precise control.

One such complex nanostructure is denoted as the nanoflower [43–45], which will be ex-
plored in Chapter 4. These nanostructures possess flower-like morphologies composed
of randomly oriented flakes arising from a common point. Due to their morphology,
these nanostructures possesses a vast amount of exposed edges combined with a large
surface area. Edge-rich TMD nanostructures have been reported to exhibit various en-
hanced properties, which could be beneficial for their use in various applications. For in-
stance, they exhibit enhanced catalytic performance [46–52]. This as a result of the edges
serving as active sites for chemical reactions, as opposed to the inert basal plane [48].

Figure 2.4: Observed growth evolution of WS2 nanoflowers by Prabakaran et al. [43]. Nanoflowers are found
to evolve from small flakes growing on tungsten nanoparticles formed during the initial stages of the CVD
fabrication process. Used with permission of the Royal Society of Chemistry, from [43] © 2014; permission
conveyed through Copyright Clearance Center, Inc.
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This characteristic makes them promising candidates as catalyst for applications such
as the hydrogen evolution reaction (HER) [46–48, 50], carbon dioxide reduction [51, 52],
and gas sensing [49]. Furthermore, the random orientation of the flakes that make up
the nanoflowers provides opportunities for light trapping [53]. Additionally, nanoflow-
ers have also been found to perform exceptionally well as field emitter [44, 45, 54], thanks
to their exposed edges and overall morphology.

Prabakaran et al. [43] reported on the growth evolution of these flower-like nanostruc-
tures (Figure 2.4). They observed the formation of nanoparticles in the initial stages of
growth. Continued reactions between the nanoparticles and sulfur vapors led to the
growth of flake-like structures on these nanoparticles. Finally, these WS2 flakes trans-
formed the nanoparticles into the nanoflower morphology.

Another type of WS2 nanostructure that possesses an increased number of exposed edges
is pyramid-like structures [55, 57–59]. However, these structures are primarily studied
for their intriguing electronic properties, such as ferromagnetism [60] and high mobil-
ity [61, 62], as well as optical properties [55, 57, 59], including their improved non-linear
response compared to mono- and few-layer structures [59].

Figure 2.5: (a-b) Schematic illustrations of the (a) layer-by-layer growth mechanism and (b) screw-dislocation-
driven growth mechanism. Adapted with permission from [55]. Copyright © 2018, American Chemical Society.
(c) Schematic illustration showing the effects of non-Euclidean surfaces on the growth of spiral pyramid-like
structures. A protruded substrate where the protrusion and the center of the screw dislocation align yields a
fastened supertwisted spiral (left), while if it’s aligned with the edge an unfastened supertwisted spiral is ob-
tained (right). From [56]/ Reprinted with permission from AAAS. (d-g) Atomic force microscopy (AFM) images
of a (d) layer-by-layer grown simple pyramid-like structure and (e) spiraling pyramid-like structure grown on
flat surfaces, as well as (f-g) supertwisted spirals grown on non-Euclidean surfaces. (d) Used with permission
of the Royal Society of Chemistry, from [57] © 2016; permission conveyed through Copyright Clearance Center,
Inc. (e-g) From [56]/ Reprinted with permission from AAAS.
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Pyramid-like structures come in various forms. In its simplest form, it consists of an
aligned stack of layers, each slightly smaller than the preceding one (Figure 2.5d). The
growth of these pyramid-like structures follows the layer-by-layer growth mechanism as
shown in Figure 2.5a. A more complex structure (Figure 2.5e) arises when its growth
instead follows a screw-dislocation-driven growth mechanism (Figure 2.5b). One can
control the growth mechanism by adjusting the concentration of the tungsten-based
precursor [55, 57]. Low concentrations promote screw-dislocation-driven growth, while
high concentrations promote growth via the layer-by-layer mechanism.

As mentioned earlier, twisting provides an additional means to tune the properties of
TMD nanostructures. Beyond twisted bilayers [63, 64], a recent study by Zhao et al.
[56] has shown the possibility of obtaining continuously twisted multilayer structures
called supertwisted spirals (Figure 2.5f-g). While the previously discussed aligned spi-
raling pyramid-like structures can be grown on flat surfaces, the introduction of non-
Euclidean surfaces provides a method to synthesize twisted subsequent spiraling lay-
ers at a fixed angle. These non-Euclidean surfaces can be created by the introduction
of protrusions on a substrate, for example, as a result of the deposition of nanoparti-
cles. These protrusions locally create cone and hyperbolic-shaped surfaces, yielding the
growth of "fastened" (right-handed) or "unfastened" (left-handed) supertwisted spirals,
respectively, as depicted in Figure 2.5c. In Chapter 5 we study twisted superstructures,
including those resembling the supertwisted spirals discussed by Zhao et al. [56].

2.5. CHEMICAL VAPOR DEPOSITION FURNACE AND PROCE-
DURE FOR THE FABRICATION OF WS2 NANOSTRUCTURES

Figure 2.6 provides a schematic illustration of the Carbolite Gero gradient tube furnace
used for the fabrication of the WS2 nanostructures explored in Chapters 4 and 5, as
briefly introduced in the previous section. This furnace consists of a long quartz reactor
tube placed inside an electric oven. This electric oven features three separate heating
elements, creating three heating zones within the furnace, enabling individual tempera-
ture control. It is important to note that due to limited thermal isolation, heating in one
zone might cause a temperature increase in the neighboring zone(s) when the tempera-
ture gradient becomes too large.

Figure 2.6: Schematic illustration of the three-zone gradient tube furnace from Carbolite Gero. This furnace is
connected to an argon gas source at the entrance (at zone 3), and a bubbler system and subsequent exhaust at
the back end (at zone 1). For the synthesis of WS2, sulfur powder is provides as chalcogen precursor in zone 3,
while the substrate and tungsten-based precursor are loaded in zone 2.
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A gas system is integrated into the setup, allowing for an argon flow from the source,
connected to the entrance (located at zone 3), to the exhaust at the back end (positioned
at zone 1). Using a flow rate meter, the flow rate of the argon carrier gas can be precisely
regulated within a range of 100 to 1000 sccm. Since the argon flow is split between the
two tubes present in the system, each tube will receive half of the flow rate set on the flow
rate meter. At the back end of the furnace, the gas is passed through a bubbler system
before being safely disposed of via the exhaust.

The procedure adopted for the atmospheric pressure CVD growth of WS2 using this sys-
tem is schematically represented in Figure 2.7. Two of the three available zones are used
during this procedure. The central zone (zone 2) holds the substrate and tungsten-based
precursor, while sulfur powder is loaded upstream in zone 3. After loading the crucibles
containing the substrate and precursors, the system undergoes a pretreatment to remove
any oxygen remnants. During this pretreatment, the system is flushed with a 500 sccm
argon flow for 30 minutes (tpre).

Following this pretreatment, the temperature of the central zone (zone 2) is ramped
up at a target rate of 10 °C/min. This temperature ramping continues until this zone
reaches the desired reaction temperature (Treaction). The argon flow is reduced from
500 sccm to the desired reaction flow rate once a temperature of 500 °C has been at-
tained. Once the desired reaction temperature has been reached, zone 3 is heated to
a temperature of 220 °C (Tsulfur). Upon reaching the respective target temperature in
zone 3, the CVD furnace is maintained at the reaction conditions for the duration of the
reaction time (treaction). When the reaction time has elapsed, the furnace is allowed to
cool down naturally to room temperature under continued argon flow.

It is important to note that for high reaction temperatures (exceeding 700 °C), the target
temperature of zone 3 (220 °C) may be reached before the desired reaction temperature
is realized in zone 2, due to the limited thermal isolation between the heating zones. In
such cases, the reaction time is defined to start when zone 2 reaches the desired reaction
temperature. As, at that moment, both zones have reached or exceeded their respective
target temperatures.

Figure 2.7: Representation of the temperature control aimed for within the atmospheric pressure CVD growth
of WS2 using the system depicted in Figure 2.6. The ideal profile of the temperature for both zone 2 (Tzone2)
and zone 3 (Tzone3) are given. Here, perfect thermal isolation is assumed. The green shaded area illustrates the
time period for which the flow rate is 500 sccm. After this, a reduced argon flow rate is supplied to the system.
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3
TRANSMISSION ELECTRON

MICROSCOPY TECHNIQUES: THE

CHARACTERIZATION OF WS2

NANOSTRUCTURES

Transmission electron microscopy (TEM) represents a powerful tool for characterizing
transition metal dichalcogenides (TMDs) and other two-dimensional (2D) layered mate-
rials. It enables simultaneous inspection of their structural, chemical and physical prop-
erties with unprecedented spatial and spectral resolution, covering spatial ranges from
the atomic scale up to the micrometer level and beyond. TEM-based techniques, such
as scanning transmission electron microscopy (STEM) for the structural characterization
and electron energy-loss spectroscopy (EELS) for local electronic properties, among oth-
ers, play a pivotal role in achieving this. Employing four-dimensional (4D) STEM coupled
with an electron microscope pixel array detector (EMPAD), opens the door to extracting a
vast wealth of additional information, including details about variations in strain fields
across specimens. To fully exploit the potential of TEM-based techniques, comprehensive
data analysis is required. Therefore, two analysis frameworks have been developed to aid
in interpreting EELS and 4D STEM-EMPAD datasets. This chapter provides an overview of
the methodology behind these analysis frameworks and demonstrates their full function-
ality through case studies. Moreover, the analysis frameworks are employed in character-
izing the nanostructures presented in Chapters 4 and 5 of this thesis.
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3.1. INTRODUCTION

T HE unique functionalities of two-dimensional (2D) layered materials, including tran-
sition metal dichalcogenides (TMDs), are highly sensitive to structural variations,

even at the single atom scale. Gaining insights to understand the close relationship be-
tween structural, chemical, and physical properties would open the door to the appli-
cation of TMDs as building blocks of next-generation nanodevices. Motivated by this,
the properties of these materials and their correlation have been the focus of extensive
research. Commonly used techniques adopted in these studies include photolumines-
cence (PL) [1–6] and Raman spectroscopy [5–10]. Today, however, transmission electron
microscopy (TEM) is arguably the most efficient and versatile tool for the characteriza-
tion of novel materials over spatial ranges from the atomic scale up to the micrometer
level and beyond [11]. This is mostly due to all the improvements within this technique
in terms of both spatial and energy resolution. This excellent spatial and spectral resolu-
tion sets TEM and its related techniques apart from PL and Raman spectroscopy in the
characterization of TMD nanostructures.

In a transmission electron microscope, an electron beam is directed through a speci-
men, and information is gathered from the transmitted electron beam. Various opera-
tion modes are possible, each providing different information about the specimen [11].
For example, one can obtain information about the structure and composition at the
atomic scale using a mode called scanning transmission electron microscopy (STEM). In
this mode, the electron beam is focused to a small spot, which is subsequently scanned
over the specimen. The images obtained from this operation mode show differences in
intensity based on the atomic number of the atom at which is it focused. Therefore, cre-
ating an image that clearly displays differences between atoms within the atomic struc-
ture [11], thus providing information with excellent spatial resolution.

In addition to characterizing structural properties through STEM, a transmission elec-
tron microscope can be equipped with a multitude of spectrometers, enabling the prob-
ing of various properties. One TEM-related spectroscopy technique that is highly useful
for characterizing novel materials is EELS, which stands for electron energy-loss spec-
troscopy. When electrons pass through the specimen, they lose energy to some degree
due to scattering events. By mapping the energy-loss distribution of a specimen, EELS
provides access to a wealth of information related to the structural, chemical, and local
electronic properties of nanoscale materials. Here, the local electronic properties are
contained within the low energy-loss range of the EEL spectra. This includes the exci-
tonic signature and bandgap of the materials [12–17]. From the higher energy-loss range
of the EEL spectra, instead, information regarding the chemical composition can be ex-
tracted [17, 18]. Combining the information obtained from both of these ranges enables
the correlation of the optoelectronic properties and chemical composition of materials,
as demonstrated by Tizei et al. [17] for heterogeneous layers of MoS2(1-x)Se2x.

Moreover, coupling this technique with STEM allows for the inspection of structural,
chemical, and local electronic properties across entire large-scale specimens. Recent
breakthroughs in instrumentation and data acquisition [19–21] have enabled state-of-
the-art STEM-EELS analyses to study these properties with highly competitive spatial
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and spectral resolution. However, interpreting the spectra collected with this technique
in the desired energy-loss region can be challenging. This underscores the need for the-
oretical modeling to assist in understanding the obtained data.

Besides being a powerful tool for characterizing nanomaterial properties, TEM has also
demonstrated the capability to access information about strain fields within these ma-
terials. This characteristic is highly beneficial in the study of TMDs, as their properties
have been found to change in the presence of strain. Hence, TEM-based techniques fa-
cilitate the investigation of the interrelationship between properties and strain fields.

Several TEM-based techniques are available for analyzing strain in 2D materials, includ-
ing selected area diffraction (SAD) [22, 23], convergent beam electron diffraction (CBED)
[24, 25], and geometric phase analysis (GPA) [26–29]. These electron diffraction based
methods rely on diffraction contrast, making them challenging to implement for 2D lay-
ered materials. This due to the often weak diffraction signal produced by the thin lay-
ers of which they are composed. Therefore, specialized patterned probes would be re-
quired to accurately quantify the strain fields at nanoscale resolution using these meth-
ods [30, 31]. Moreover, GPA and related methods have a limited field-of-view, typically a
few tens of nanometers, as they require atomic-resolution imaging. Consequently, these
methods are unable to inspect strain fields over entire micron-sized nanostructures.

Alternatively, four-dimensional (4D) STEM has recently emerged as a promising tech-
nique for strain mapping in nanomaterials. This technique employs STEM in scanning
nanobeam electron diffraction (NBED) mode to capture NBED patterns for each real-
space scan position [32, 33]. This acquisition can be achieved by using STEM in con-
junction with specialized detectors such as an electron microscope pixel array detec-
tor (EMPAD) [34]. Unlike conventional cameras, an EMPAD detector enables the cap-
ture of the entire unsaturated diffraction pattern at a high dynamic range and readout
speed [34]. Using 4D STEM-EMPAD all conventional imaging metrics of STEM can be
reproduced. However, the true potential of the EMPAD lies in fully utilizing the addi-
tional information contained within the scattering images it captures, such as for strain
field capture [35, 36].

The 4D STEM-EMPAD approach results in a comprehensive 4D dataset, allowing for the
extraction of variations in strain throughout the specimen through data processing. This
approach is highly advantageous as it enables the mapping of strain in entire micron-
sized specimens while preserving nanoscale resolution.

It is important to emphasize that interpreting both EELS and 4D STEM-EMPAD datasets
requires comprehensive data analysis. In this chapter, we delve into two frameworks
developed to assist in these analyses. First, we focus on the analysis of EELS spectral
images. This analysis framework, called EELSFITTER, exploits machine learning to re-
veal interesting phenomenon within EEL spectra across specimens. Next, we highlight
the STRAINMAPPER analysis framework, which allows the extraction of strain from 4D
STEM-EMPAD datasets by building upon the existing exit-wave power cepstrum (EWPC)
approach. In addition to providing an overview of the methodology behind these analy-
sis frameworks, we also demonstrate their full functionality and workings through their
application in case studies.
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3.2. ANALYSIS OF EELS SPECTRAL IMAGES: EELSFITTER

As previously mentioned STEM-EELS provides access to a vast amount of information
related to the properties of nanoscale materials. In this context, the information within
the low energy-loss range (∆E ≲ 50 eV) is of particular interest. This region contains
crucial information regarding various features including plasmons, excitons, phonons,
and inter- and intra-band transitions [37–40]. Therefore, the ability to chart the features
within this region allows for the characterization of the local electronic properties.

However, the low-loss phenomena contained within this region risk being overshadowed
by the so-called zero-loss peak (ZLP) [41]. As the name suggests, this intense and narrow
peak contains all the contributions from electrons that either passed through the speci-
men without scattering or scattered elastically, thus experiencing no energy-loss. In the
low-loss region, the EELS signal is largely dominated by the ZLP, yielding the need for a
robust subtraction of the ZLP to chart and identify the features in the low-loss region.
Adding to the challenge is the dependence of the magnitude and shape of the ZLP on
multiple factors [42, 43], including various operational parameters of the TEM and the
specimen itself.

Several approaches to ZLP subtraction exist [42, 44–52]. These methods often rely on
specific model assumptions about the ZLP properties, especially concerning its para-
metric functional dependence on the electron energy-loss [39, 46, 47]. Alternatively,
these methods may assume full symmetry around ∆E = 0, allowing the mirroring of the
∆E < 0 regime of the EEL spectra [48]. More recently, integrated software applications
for background subtraction have also been utilized for ZLP subtraction [49–52]. How-
ever, these traditional methods come with some limitations and potential pitfalls. These
include the need to specify an ad hoc parametric functional dependence, the absence
of a detailed estimate of the associated uncertainties, and a certain degree of arbitrari-
ness in the procedure induced by ad hoc choices such as those related to fitting ranges.
Hence, there is a need for a ZLP subtraction method which bypasses these limitations of
traditional approaches.

To address these challenges, an open-source analysis framework called EELSFITTER [53–
55] was developed. This framework utilizes an approach developed in the context of
high energy physics [56]. It combines artificial neural networks to provide an unbiased
parametrization of the ZLP profile [57] with Monte Carlo sampling to yield a faithful un-
certainty estimate [58].

In the following, we will discuss the methodology associated with the EELSFITTER frame-
work. This methodology has previously been highlighted in works of Roest et al. [53],
Brokkelkamp et al. [54] and van der Lippe et al. [55]. Along with a description of the
methodology, we will present a case study to further demonstrate the functionalities of
the EELSFITTER analysis framework.

3.2.1. PREPROCESSING METHODS: CLUSTERING AND NOISE REDUCTION
As already stated, the ZLP includes contributions from elastic scattering events, which
arise from interactions with the atoms of the specimen. These scattering events are more
likely to occur as the specimen’s thickness increases. Hence, the ZLP is sensitive to the
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local thickness variations in the specimen. To train a deep-learning model that param-
eterizes the ZLP while accounting for these variations, the spectra in the spectral image
must be grouped based on specimen thickness. To achieve this, the EELSFITTER frame-
work employs the unsupervised machine learning method K-means clustering. Since
determining the actual specimen thickness requires prior ZLP model training, the inte-
grated intensity is instead used as a proxy for thickness.

Another factor to take into account in the analysis of the spectra in the spectral image
is the signal-to-noise ratio. Recording the EELS spectral image at a higher spatial reso-
lution is crucial for identifying and characterizing localized features within nanomate-
rials. However, this high spatial resolution can result in individual EEL spectra that are
noisy. In such a case, it is advisable to improve the signal-to-noise ratio before training
the deep-learning model. Two methods are available for this purpose. First, information
from neighboring pixels can be combined using a technique known as pooling or sliding-
window averaging [54]. This method was implemented in the earlier versions of EELS-

FITTER. Second, the data can be treated with principal component analysis (PCA) [59].
PCA has become the preferred method of denoising since its introduction in later ver-
sions of EELSFITTER. It is important to emphasize that in most cases, the untreated EEL
spectra can be used to train the deep-learning model, and denoising methods are only
implemented after training to assist in subsequent analyses.

3.2.2. THE NEURAL NETWORK AND MONTE CARLO REPLICA METHOD
Once the spectra in the spectral images are clustered and denoised (if required), the next
step is to train a deep-learning model to parameterize the ZLP. To estimate and propa-
gate uncertainties associated with the ZLP parametrization and subtraction procedure,
the EELSFITTER framework adopts a variant of the Monte Carlo replica method [54]. The
first step within this method is the generation of a large number of Monte Carlo "repli-
cas". Each replica consists of a subset of spectra, specifically a randomly selected rep-
resentative spectrum from each cluster, characterized by a different integrated intensity.
The training of the deep-learning model is performed for each replica separately.

Figure 3.1: (a) The neural network architecture using for the parametrization of the ZLP. The input neurons
are the energy-loss, ∆E , and the logarithm of the integrated intensity, ln(Ntot), while the output is the model
prediction for the ZLP intensity. Adapted from [54]. (b) A toy model for the EEL spectrum displaying the signal
as is (IEELS) as well as the contributions of the ZLP (IZLP) and inelastic scattering events (Iinel) separately. The
EEL spectrum is divided into three regions for the training of the neural network, where the borders of the
regions are given by the hyperparameters ∆EI and ∆EII. Adapted from [53].
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For this purpose, a neural network is used, of which its architecture is shown in Fig-
ure 3.1a. The inputs to this neural network are the energy-loss, ∆E , and the logarithm
of the integrated intensity, ln(Ntot). These input parameters are rescaled to lie between
0.1 and 0.9 before being fed to the neural network to improve the speed of the train-
ing process. Subsequently, the model parameters are determined by minimizing a cost
function.

To train the neural network, each spectrum is divided into three regions, as shown in
Figure 3.1b. In region I, the ZLP contribution dominates the total signal, so the model
is trained to match the measured data in this region. In region II (at higher energy
losses), where inelastic scattering becomes significant, the model is trained to ensure
that the ZLP monotonically decreases. In region III, where the ZLP contributions are
near-zero, the condition IZLP(∆E) → 0 is imposed on the model using the Lagrange mul-
tiplier method.

As seen in Figure 3.1b the regions are defined by two hyperparameters, ∆EI and ∆EII.
These hyperparameters are automatically determined using the kneedle algorithm and
the first local minimum [60]. Here, the hyperparameter ∆EI is set at the kneedle loca-
tion, which represents the point of highest curvature on the curve between the full width
at half maximum (FWHM) of the ZLP and the first local minimum. In cases where the
specimen’s contribution to the signal doesn’t exceed the noise floor and ZLP tail, ∆EI is
adjusted from the kneedle location through multiplication. ∆EII is determined by fitting
a log10 function through the kneedle location and the local minimum, and then identi-
fying where it intersects with a single count.

Training the deep-learning model on all Monte Carlo replicas yields a Monte Carlo dis-
tribution of ZLP models, allowing for the subtraction of the ZLP from the recorded EEL
spectra in each pixel of the spectral image. The use of the Monte Carlo replica method
also provides a reliable estimation of errors without the need for approximations [58].

3.2.3. BANDGAP DETERMINATION FROM THE EELS LOW-LOSS REGION
The ZLP subtraction from EEL spectra enables the extraction of information that was
previously obscured by the ZLP. For example, ZLP subtraction facilitates the analysis of
the bandgap energy and its characteristics. This is because the onset of inelastic scatter-
ing in an EELS signal provides valuable information about the bandgap energy, denoted
as EBG. Additionally, the shape of this onset, which depends on the underlying band
structure, reveals the nature of the bandgap. To extract information about the bandgap,
we recognize, as discussed by Rafferty et al. [40, 44], that the behavior of the subtracted
inelastic EEL spectrum (Iinel) in the onset region can be modeled as:

Iinel (∆E) ≃ A (∆E −EBG)b , ∆E ≥ EBG (3.1)

While the value of Iinel vanishes for ∆E < EBG. Here, A represents a normalization con-
stant, and the exponent b conveys information about the nature of the bandgap. Specif-
ically, for semiconductor materials with a direct bandgap, the exponent is expected to be
b ≃ 1/2, while for an indirect bandgap, an exponent of approximately b ≃ 3/2 is anticipated.
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The bandgap energy (EBG), normalization constant (A), and the exponent (b) can be
determined through a least-squares fit to the ZLP-subtracted spectra. This polynomial
fit is conducted within a limited energy range, which must be carefully selected to ensure
stable results. The use of the Monte Carlo replica method during ZLP parametrization
training provides bandgap information with a reliable error estimate.

3.2.4. LOCAL THICKNESS DETERMINATION FROM EEL SPECTRA
Disentangling the ZLP and the inelastic scattering contribution in an EEL spectrum has
various applications in addition to the bandgap analysis described prior. Within the
EELSFITTER framework, one of these applications focuses on the determination of local
thickness, while another involves the evaluation of the complex dielectric function, as
demonstrated elsewhere [54].

Various methods are available to analyze the local thickness from EEL spectra, and two
of them are implemented in the EELSFITTER framework. The first method is the Kramers-
Kronig sum-rule method [45, 54]. In this method the refractive index, among other pa-
rameters, is used to determine the thickness. The alternative method is the log-ratio
method [61]. This method relies on the mass-density to calculate thicknesses. The
choice of the most accurate method depends on the specific recorded EELS data and
is influenced by factors such as microscope configuration [62].

3.2.5. NATURALLY TWISTED WS2 FLAKES: A CASE STUDY
To illustrate the capabilities of the EELSFITTER framework, we present a case study. For
this case study we use the specimen shown in the annular dark-field (ADF) STEM image
given in Figure 3.2a. This specimen, consisting of two slightly twisted triangular flakes of
tungsten disulfide (WS2), was synthesized by means of chemical vapor deposition (CVD)
directly on a TEM microchip. Consequently, the specimen rests on a substrate composed
of a 5 nm-thick silicon nitride (Si3N4) film that spans across this TEM microchip.

Figure 3.2b displays the spatially-resolved EELS map, also known as an EELS spectral
image, acquired on the twisted flakes specimen. Each pixel within this map corresponds
to the intensity of an individual EEL spectrum. Figure 3.2c shows one such EEL spectrum
obtained from the base flake, here PCA was applied to improve the signal-to-noise ratio.

Figure 3.2: (a) Low-magnification ADF-STEM images of a WS2 specimen consisting of a stack of two, slightly
twisted, flakes. (b) Spatially-resolved EELS map of the specimen shown in (a), where each pixel corresponds to
the intensity of an single EEL spectrum. (c) A representative EEL spectrum extracted from the base flake.



3

38
3. TRANSMISSION ELECTRON MICROSCOPY TECHNIQUES: THE CHARACTERIZATION

OF WS2 NANOSTRUCTURES

Figure 3.3: (a) The outcome of the K-means clustering procedure applied to the twisted flakes specimen. Here
each color represents one of the K = 10 clusters. (b) The results of the ZLP parametrization in a single EEL
spectrum, recorded in the base flake, displaying both the original (IEELS) and subtracted inelastic (Iinel) EEL
spectra as well as the modeled ZLP (IZLP). The bands indicate the 68% confidence level uncertainties associ-
ated to the ZLP model prediction and subtracted EEL spectrum. The shaded area indicates the region between
the hyperparameters ∆EI and ∆EII.

CLUSTERING AND TRAINING

Before initializing the training of the deep-learning model to parameterize the ZLP, the
EEL spectra contained in the EELS spectral image are subjected to clustering. The out-
come of this clustering, which is based on the integrated intensity of the EEL spectra, is
shown in Figure 3.3a. For this particular specimen, the optimal number of clusters was
determined to be 10. In this clustering, cluster 0 contains all EEL spectra associated with
the substrate, while remaining clusters house the EEL spectra of the specimen.

After clustering the spectra in the spectral image, the next step in the specimen analy-
sis involves training the deep-learning model. Figure 3.3b provides a summary of the
training results for a single EEL spectrum corresponding to the base flake. In this graph,
both the original (IEELS) and subtracted inelastic (Iinel) EEL spectra are plotted, along
with the modeled ZLP (IZLP). The uncertainty bands indicate the 68% confidence level
intervals associated to the ZLP model prediction and the subtracted EEL spectrum. The
shaded area indicates the region between the hyperparameters ∆EI and ∆EII, where the
contributions from inelastic scattering are masked by the ZLP before subtraction. Once
again, it’s important to emphasize that data denoising using PCA was performed only
after training and was not required before the training process.

SPATIALLY-RESOLVED BANDGAP AND THICKNESS DETERMINATION

The separation of the ZLP and inelastic scattering contributions in the EEL spectra now
allows for the analysis of the specimen’s local electronic properties, specifically the band-
gap and local thickness.

Figure 3.4 depicts the outcome of the bandgap analysis conducted on the twisted flakes
specimen. For each EEL spectrum contained in the EELS spectral image, a polynomial
fit is performed on the subtracted inelastic EEL spectrum using Equation 3.1. The shape
of these spectra in the onset region indicated that the bandgap was indirect in nature.
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Figure 3.4: (a) The results of fitting Equation 3.1 to the onset of the subtracted inelastic EEL spectrum (Iinel).
Here the exponent b was set to a fixed value of 3/2 due to the shape of the onset. The bands indicate the
68% confidence level uncertainties associated to the subtracted EEL spectrum and bandgap fit. (b) Spatially-
resolved bandgap energy map corresponding to the twisted flakes specimen. (b) The relative uncertainties
(68% confidence level intervals) associated to the bandgap energy map in (a). A mask has been applied to
exclude substrate-only pixels and specimen pixels with a relative uncertainty exceeding 100%.

Consequently, the exponent b in Equation 3.1 was fixed at a value of 3/2 for the eval-
uation of the twisted flakes specimen. The results of such a fit, along with the corre-
sponding uncertainty bands, are displayed in Figure 3.4a for the EEL spectrum shown in
Figure 3.3b.

Performing these fits across the entire specimen leads to the generation of maps as de-
picted in Figures 3.4b and 3.4c, which represent the bandgap energy and its correspond-
ing uncertainty, respectively. In these maps, a mask has been applied to remove sub-
strate-only pixels and specimen pixels with a relative uncertainty exceeding 100%. As il-
lustrated in Figures 3.4b-c, the bandgap energy ranges from 0.7 to 1.3 eV, with associated
uncertainties mostly below 20%, although a few areas exhibit increased uncertainties of
up to 60%. Notably, the bandgap values extracted from the thicker region of the speci-
men, which includes the top flake, tend to be slightly lower compared to those from the
base flake, though the difference is minimal.

Moving on to the analysis of local thickness, which results are shown in Figure 3.5a. This
map provides information about the combined thickness of the specimen and underly-
ing substrate, which in this case is the 5 nm-thick Si3N4 film. The accuracy of the local
thickness map is demonstrated by its ability to accurately determine the thickness of the

Figure 3.5: (a-b) Spatially-resolved map showing the combined thickness of the twisted flakes specimen and
the underlying 5 nm-thick Si3N4 film substrate. (c) Relative errors of the thickness maps from (b). In (b-c) a
mask is applied to exclude pixels corresponding to the substrate.
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substrate. Figure 3.5b shows the same local thickness map with a mask applied to re-
moved substrate-only pixels. This visualization allows for a clearer highlighting of vari-
ations in specimen thickness. While for a thick specimen the differences are minimal, it
becomes particularly beneficial for thinner specimens. The corresponding map of rela-
tive uncertainty, displayed in Figure 3.5c, reveals negligible uncertainties well below 1%.

The local thickness analysis reveals that the base flake exhibits a maximum thickness of
approximately 42 nm. With the addition of the top flake, the specimen reaches a maxi-
mum thickness of around 91 nm.

3.3. MAPPING STRAIN DISTRIBUTIONS WITH 4D STEM-
EMPAD: STRAINMAPPER

As previously introduced, 4D STEM has emerged as a promising technique for strain
mapping in nanoscale materials. In this approach, the utilization of an EMPAD detector
plays a crucial role, as it allows for the capture of nanobeam electron diffraction (NBED)
patterns for each real-space position. The resulting comprehensive 4D dataset enables
the mapping of variations in strain throughout entire micron-sized specimens while pre-
serving nanoscale resolution.

To extract the desired information from the 4D dataset, data processing is required. One
conventional method for extracting strain information from the 4D dataset is tracking
of the NBED diffraction disks [35, 63–65]. However, a challenge arises when applying
this approach to complex nanostructures. The NBED patterns of these types of struc-
tures often contain contributions from different crystal structures, crystal orientations
and materials. Disk tracking is often not equipped to disentangle these individual con-
tributions. In addition, this technique does not account for the contribution of non-ideal
sample tilt which is likely to be present when evaluation micron-sized specimen. While
advanced techniques such as precession electron diffraction (PED) can counteract these
contributions from non-ideal sample tilt, they require the use of specialized equipment
and increase acquisition time [66, 67]. Hence, there is the need to develop data process-
ing methods that overcome these limitations through an alternative route and enable
strain evaluation in these more complex nanostructures.

To address this need, the open-source analysis framework STRAINMAPPER [68] was de-
veloped. This framework significantly enhances the capabilities of an existing approach
to strain analyses based on 4D STEM, the exit-wave power cepstrum approach [36]. By
incorporating advanced features such as the automated tracking of inter-atomic spac-
ing peaks and the integration of clustering within the analysis framework, STRAINMAP-

PER enables the extraction of local intra-layer strain and rigid rotation (or deformation)
angles from 4D NBED datasets even for the more complex micron-sized structures.

In the following, we will highlight the method by which STRAINMAPPER extracts the de-
sired information from 4D NBED datasets, as previously explained by Bolhuis et al. [68].
To illustrate the implementation of the STRAINMAPPER framework, we will present the
analysis of a twisted molybdenum-/tungsten diselenide (MoSe2/WSe2) heterostructure.
This case study provides further details about the workings of the described method.
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Figure 3.6: (a) A NBED pattern obtained from a twisted WS2 specimen. This diffraction pattern serves as the
starting point for generating the EWPC pattern. (b) The logarithm of the NBED pattern displayed in (b), the
second step in generating the EWPC pattern. (c) The EWPC pattern generated by taking the FFT of (b). The
visualization utilizes a capped linear scale, enhancing the visibility of the features within the pattern. Adapted
from [69].

3.3.1. THE EXIT-WAVE POWER CEPSTRUM APPROACH
As mentioned earlier, the STRAINMAPPER framework builds upon an existing approach
to strain analysis based on 4D STEM, namely the exit-wave power cepstrum (EWPC) ap-
proach. At the core of this approach lies the conversion of the NBED patterns, recorded
by the EMPAD detector, into EWPC patterns. This conversion, developed by Padgett
et al. [36], enables the isolation of the intensity contributions of the crystal lattice in the
NBED pattern and filters out any contributions from non-ideal sample orientation. To
visualize the EWPC approach, Figure 3.6 depicts the various steps within the conversion.

Figure 3.6a shows a single NBED pattern collected from a twisted WS2 specimen. This
NBED pattern serves as the starting point for generating the corresponding EWPC pat-
tern. As a first step in this conversion, a logarithmic transformation is applied to the
NBED pattern. This transformation results in the pattern shown in Figure 3.6b. Due
to the transformation, the diffraction disks within the NBED pattern become apparent.
This NBED pattern perfectly illustrates why disk tracking for complex nanostructures is
challenging and emphasizes the need for alternative approaches.

Next, a fast Fourier transform (FFT) is employed to convert the logarithmic NBED pat-
tern into the EWPC pattern depicted in Figure 3.6c. Despite the non-ideal tilt of the
twisted WS2 specimen, six sharp peaks (the inter-atomic spacing peaks) characteristic
of TMD materials are clearly distinguishable within the EWPC pattern. In contrast, the
short-range contributions of the non-ideal sample tilt are contained within the center
of the EWPC pattern. As a result, these contributions do not affect the visibility of the
inter-atomic spacing peaks. This is of great importance for the next steps in the STRAIN-

MAPPER framework.

3.3.2. PEAK TRACKING AND CLUSTERING
The conversion of the NBED patterns to their respective EWPC patterns revealed the
presence of inter-atomic spacing peaks. These peaks provide a reliable representation of
the underlying structural information. By tracking the variations in the positions of these
peaks across all EWPC patterns in a 4D dataset, local strain fields can be determined.
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Therefore, the next step in the STRAINMAPPER analysis approach involves identifying the
approximate location of the inter-atomic spacing peaks for each of the EWPC patterns
in the acquired 4D dataset. This tracking of the peaks is performed using a difference of
Gaussians (DoG) detection scheme [70]. To ensure the short-range contributions of the
non-ideal sample tilt are disregarded during the peak detection, an annular mask can be
used, limiting the region in which peak detection is performed.

Next, the peak positions identified by the DoG detection scheme in each EWPC pattern
are superimposed to form a weighted point cloud. This weighted point cloud depicts all
unique peak positions and their corresponding weights (number of occurrences). Subse-
quently, K-means clustering is used to group the unique peak positions into clusters that
correspond to the inter-atomic spacing of the crystal lattice. All peak positions within
the same cluster are assumed to correspond to the same feature in the EWPC pattern.
Variations in the peak positions are attributed to shifts or rotations of this peak across
the different EWPC patterns of the specimen. This part of the STRAINMAPPER analysis
approach will be further elaborated in the case study discussed in Section 3.3.4.

As previously emphasized, the DoG detection scheme provides approximate peak po-
sitions of the inter-atomic spacing peaks with single-pixel accuracy. To achieve higher
accuracy in mapping local strain fields, an essential step is to determine the precise peak
position with sub-pixel accuracy. To accomplish this, the peak positions found by the
DoG detection scheme are used as the centers of small circular masks (radius of a few
pixels). These masks define the region in which the peak centers are expected. Sub-
sequently, the sub-pixel maximum within this circular region is determined by calcu-
lating the center-of-mass (CoM) of the EWPC intensity. These sub-pixel maxima now
provide precise peak positions within the EWPC patterns, enabling accurate mapping of
the strain fields.

3.3.3. CALCULATION OF STRAIN FIELDS AND DEFORMATION ANGLES
To extract local strain and rigid rotation (or deformation) angles from the acquired 4D
NBED dataset, it is sufficient to track the variations in the positions of just two inter-
atomic spacing peaks. In other words, the calculations require the selection of two of the
clusters determined in the previous step. These selected clusters must satisfy two rules:
1) they have to be non-parallel, and 2) they should belong to the same set of peaks in the
EWPC pattern. For the latter it is important to remember that the NBED, and thus the
EWPC pattern, can contain contributions from different crystal structures, crystal orien-
tations, and materials. Each of these contributions will result in peaks within the EWPC
pattern. It is crucial to disentangle these contributions to access information related to
each structural elements separately. An example of this will be seen in the case study
discussed in Section 3.3.4.

The precise peak positions, with sub-pixel accuracy, within the two selected clusters can
now be used to evaluate the local strain and rigid rotation for each real-space scan po-
sition with respect to a chosen reference area. It is important to note that the peak po-
sitions can be described by vectors, where the origin of the coordinate system lies at the
center of the EWPC pattern.
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The first step in this evaluation involves constructing a deformation matrix D. This
method is commonly used in GPA for finite displacements [71]. The deformation ma-
trix D can be calculated, depending on the preferred coordinate system, as:

Dcar = AA−1
0 or Dvec = A−1

0 A (3.2)

In this context, the matrix A comprises the vectors associated with the peak positions
found in the specific EWPC pattern being evaluated, while the matrix A0 comprises the
vectors associated with the peak positions found within the chosen reference area. The
coordinate system in which the deformation matrix is described is denoted by the sub-
script. The deformation matrix Dcar describes the deformation using the Cartesian co-
ordinate system as a basis, while the deformation matrix Dvec describes the deformation
in the basis of the vectors associated with the peak positions in the reference area. The
choice of which coordinate system to use depends on the specific requirements of the
analysis.

The deformation matrix D contains information regarding both the relative local strain
fields and the rigid rotation. By performing a polar decomposition of the deformation
matrix D, this information can be separated. The final result gives us the strain matrix E
containing the strain components along the x- and y-directions, as well as the x y com-
ponent (shear strain), and the rigid rotation matrix, allowing for the determination of the
rigid rotation (or deformation) angle. Since this calculation is performed for each real-
space scan position, one can generate maps for each strain component as well as the
rigid rotation (or deformation) angle, showcasing their variations across the inspected
specimen.

DIFFERENCES BETWEEN TWIST AND THE RIGID ROTATION (DEFORMATION) ANGLE

It is important to emphasize that the rigid rotation (or deformation) angle is generally
different from a twist (global rotation) angle between two adjacent layers. To clarify the
relationship between the rigid rotation (or deformation) angle θ and the twist (or global
rotation) angle, the schematic in Figure 3.7 highlights their differences and similarities.

Figure 3.7: Schematic representations to highlight the relationship between (a) a global rotation (twist) be-
tween adjacent layers/crystals, and (b) the rigid rotation (or deformation) angle θ which characterizes a rota-
tion deformation within the crystal structure with respect to a fixed reference. The latter is determined from
pairs of non-collinear vectors in the EWPC pattern. Adapted from [69].
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First, a twist (or global rotation) refers to an overall change in orientation between two
adjacent layers (or crystals) when all other parameters of the crystal lattice remain un-
changed. In other words, it represents the macroscopic (mis)alignment of one layer (or
crystal) relative to another, as depicted in Figure 3.7a. Hence, a twist angle dictates the
relative positioning of adjacent layers within a heterostructure or multi-layer system.

On the other hand, the rigid rotation (or deformation) angle (θ) is a measure of the ro-
tation deformation within the crystal structure with respect to a fixed reference. It is
determined from pairs of non-collinear vectors in the EWPC pattern, as exemplified in
Figure 3.7b, where these vectors are indicated within an EWPC pattern obtained at a
measurement location (green) and the fixed reference (red). The angle by which the
measurement EWPC vectors are rotated with respect to those in the reference EWPC is
what is denoted as the rigid rotation or deformation angle θ. Unlike the twist (global ro-
tation) angle, which is macroscopic, the rigid rotation (deformation) angle is modulated
with nanoscale variations across a specimen.

3.3.4. TWISTED MOSE2/WSE2 HETEROSTRUCTURES: A CASE STUDY
To further illustrate the capabilities of the STRAINMAPPER analysis framework and its
potential for strain analysis in 2D (TMD) materials, we present a case study. In this case
study, the local strain fields and deformation angle within a twisted MoSe2/WSe2 het-
erostructures are evaluated. This twisted heterostructure is created by stamping flakes
of MoSe2 and WSe2 on top of each other at an angle of approximately 15° (as measured
from the FFT shown in Figure 3.8c).

Figure 3.8a shows an ADF-STEM image of the specimen. The area depicted contains an
interface between a single flake and a heterostructure region. A high-resolution STEM
analysis of the heterostructure region within the specimen (Figure 3.8b) reveals the pres-
ence of a Moiré pattern, indicating the twisted nature of the two flakes within the het-
erostructure. The corresponding FFT is shown in Figure 3.8c. Two distinct diffraction
patterns can be observed, providing further confirmation of the twisted nature of the
heterostructure.

Figure 3.8: (a) ADF-STEM image of a twisted MoSe2/WSe2 heterostructure obtained from the 4D STEM-
EMPAD dataset. The area shown contains an interface between a single flake region (bottom) and a het-
erostructure region (top). Representative (b) high-angle annular dark-field (HAADF) STEM image acquired
on the heterostructure, and (c) the corresponding FFT. Adapted from [69].
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PEAK TRACKING AND CLUSTERING

Figure 3.9a shows the ADF-STEM image highlighting the region within the twisted
MoSe2/WSe2 heterostructure that is to be analyzed. In this image, the individual flakes
are marked in blue and orange. The nanobeam diffraction map obtained at the red dot
in Figure 3.9a was transformed into the EWPC pattern shown in Figure 3.9b. In this spe-
cific pattern, twelve peaks were identified. Six of these peaks correspond to the bottom
flake (blue), while the other six peaks correspond to the top flake (orange). This EWPC
pattern showcases a clear example of an EWPC pattern which contains contributions
from different TMD flakes that are not perfectly aligned on the atomic scale.

Next, the positions of the inter-atomic spacing peaks observed in the EWPC pattern are
determined. A visual representation of the workings of the DoG peak detection algo-
rithm is shown in Figure 3.9c. The peak detection algorithm is carried out within the
region dictated by the annular mask (blue), yielding the peak positions (red dots) with
single-pixel accuracy. By performing this peak detection in each EWPC pattern, and su-
perimposing the results, the weighted point cloud shown in Figure 3.9d is generated.
Herein, each spot corresponds to a unique peak position and its color reveals the num-
ber of occurrences for that specific peak position.

Figure 3.9: (a) ADF-STEM image as also shown in Figure 3.8a, where the two flakes that make up the het-
erostructure are outlined in blue (solid) and orange (dashed). (b) EWPC pattern extracted at the red pixel in
(a). A linear capped scale is used to enhance the visibility of the inter-atomic spacing peaks. (c) Visual repre-
sentation of the DoG peak detection for a single EWPC pattern. The annular mask dictates the area in which
peak detection is performed, and the red dots show the determined peak positions. (d-e) Weighted point cloud
representations displaying all uniquely tracked peak positions (spots) along with their corresponding weights
(color) (d) before applying a threshold and (e) after applying a threshold (≤ 50). The colored divisions in (e)
represent clustering of the point cloud. The origin of the peaks within each cluster is illustrated by their color.
The blue clusters correspond to peaks from the bottom flake (outlined in blue in (a)), while the orange clusters
correspond to peaks from the top flake (outlined in orange in (a)). Adapted from [69].
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Figure 3.9d reveals that some peak positions appear with a high frequency across the
EWPC patterns contained in the 4D dataset, forming hotspots in the weighted point
cloud. The remaining spots in the weighted point cloud are found to correspond to peak
positions appearing only a few times and can likely be attributed to erroneously tracked
peaks. To improve the quality of the strain and deformation angle maps, it is neces-
sary to remove these erroneously tracked peaks. To this end, a threshold filter is applied
that eliminates all low-frequency spots. For the twisted MoSe2/WSe2 heterostructure the
threshold is set to a value of 50, resulting in the removal of all peak positions that appear
less than 50 times across all EWPC patterns.

The filtered weighted point cloud resulting from the application of this threshold filter
is given in Figure 3.9e. The remaining peak positions are group into twelve clusters, de-
picted by the colored divisions. Similarly to the individual EWPC pattern, the origin of
the peak positions within the clusters are presented by the color of the divisions. With
six clusters corresponding to the bottom flake (blue) and top flake (orange) each.

THRESHOLD APPLICATION FOR IMPROVED STRAIN AND DEFORMATION ANGLE MAPS

To showcase the effectiveness of the threshold filter, we investigate the peak positions
that were removed as a result of its application. Figure 3.10a shows the collection of all
peak positions falling within the threshold range (≤ 50). The clustering is kept consistent
with that shown in Figure 3.9e, where two non-parallel clusters associated with the top
flake (orange) have been labeled as A.CL1 and A.CL2.

Figures 3.10b and 3.10c display the local x-coordinates associated with each peak posi-
tion found in cluster 1 (A.CL1) and cluster 2 (A.CL2), respectively. These maps illustrate
which pixels were removed due to the threshold application. The majority of eliminated
pixels are located outside the region covered by the top flake. In these pixels, the EWPC
pattern should contain a singular set of six peaks, arranged in a hexagonal pattern, as-
sociated to the bottom flake. Any additional peaks tracked within these pixels that are
attributed to the top flake are false positives, and their removal is justified. However, it is
evident that the eliminated pixels are not limited to this region; some pixels associated

Figure 3.10: (a) Filtered point cloud revealing all tracked peak positions (spots) with a weight below 50. This
illustrates the spots that are filtered out when applying the threshold to obtain the filtered weighted point
cloud as shown in Figure 3.9d. The colored divisions correspond to the same clustering shown in Figure 3.9e.
(b-c) Spatially-resolved maps of the x-coordinates associated with each peak position found within (b) clus-
ter 1 (A.CL1) and (c) cluster 2 (A.CL2) as indicated in (a). These maps illustrate the pixels that were removed
after applying the threshold.
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with the top flake are also removed. These pixels predominantly contain erroneously
tracked peaks. It is worth noting that in the process of determining the optimal threshold
for eliminating erroneously tracked peak positions within EWPC patterns, the removal
of some specimen-specific pixels is inevitable.

MAPPING OF THE STRAIN FIELDS AND DEFORMATION ANGLE

In order to determine the local strain and rigid rotation within the twisted MoSe2/WSe2

heterostructure, two decisions must be made. First, a reference area needs to be as-
signed, which will serve as the baseline for evaluating the relative strain fields and rigid
rotation. In this case, the reference area was intentionally selected to encompass a re-
gion within the inspected area that contains all twelve spots in the EWPC pattern (thus
containing both flakes) and lies over the vacuum.

Second, two non-parallel clusters must be chosen. As previously discussed, these non-
parallel clusters should belong to the same set of EWPC peaks as to provide information
about the same structural element. Due to the nature of the twisted MoSe2/WSe2 het-
erostructure, two structural elements are present; the individual flakes. Consequently,
to analyze the strain and rigid rotation in the twisted MoSe2/WSe2 heterostructure, cal-
culations needs to be performed separately for each flake. The clusters selected for the
two-set analysis are indicated in Figure 3.9e and are labeled as cluster set A and cluster
set B, representing the top and bottom flakes, respectively. The vectors associated with
the peak positions in these chosen clusters serve as the basis for the resulting maps of
strain and rigid rotation.

The spatially-resolved strain fields (εxx , εy y , and εx y ) obtained from cluster set A, corre-
sponding to vectors along the x and y directions, are presented in Figures 3.11a-c. The
corresponding spatially-resolved map of the deformation angle (θ) is presented in Fig-
ure 3.11g. The strain maps obtained from cluster set B, corresponding to vectors along
the x ′ and y ′ directions, are presented in Figures 3.11d-f, with the corresponding defor-
mation angle map shown in Figure 3.11h. To enhance visualization and reduce pixela-
tion artifacts and outliers, a Gaussian filter was applied to smoothen these maps. It is
evident that for some real-space scan positions, empty pixels appear in the strain and
deformation angle maps, indicating that one of the two selected peaks was either un-
tracked or inaccurately tracked.

The strain maps reveal that the flakes within this specimen experience some strain (Fig-
ures 3.11a-f) relative to the reference area. This strain is mainly located at the edges of
the holes within the lacey carbon film that supports the flakes. The transition between
lying on the carbon support and being spanned over the vacuum could contribute to
this observed strain. Additionally, the fold within the top flake is an area of interest in
the strain maps also.

The spatially-resolved deformation angle map obtained for the bottom flake (Fig-
ure 3.11h) indicates that only moderate amounts of rigid rotation with respect to the
reference are present. In contrast, a relative deformation angle of 2° can be observed in
the top flake between the right side of the fold (where the reference is chosen) and the
left side of the fold (Figure 3.11g).
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In addition to the deformation angle θ, the twist (global rotation) angle can also be ex-
tracted using the STRAINMAPPER framework for this twisted MoSe2/WSe2 heterostruc-
ture. This is done by selecting clusters A.CL2 and B.CL2 denoted in Figure 3.9e and de-
termining the angle between the EWPC peaks for each EWPC pattern, yielding the results
shown in Figure 3.11i. This analysis is possible only in the heterostructure region of the
specimen, where the peaks in cluster A.CL2 and B.CL2 are both present.

From this twist angle mapping, it can be seen that the two flakes have a twist angle of
approximately 15° (13°) between them on the right (left) side of the fold, respectively.
The 15° twist angle is consistent with the angle measured from the FFT in Figure 3.8c,
while the 13° results from a slight twist of the top flake due to its folding.

Figure 3.11: Spatially-resolved (a-f) strain (εxx , εy y , and εx y ) and (g-h) deformation angle θ obtained using
the marked clusters in Figure 3.9e denoted by (a-c),(g) A and (d-f),(h) B. The reference area is indicated by the
black square in (a-h). All maps were subjected to a Gaussian filter to smooth out the outliers. (i) The spatially-
resolved map of the twist angle between the MoSe2 and WSe2 flakes of the heterostructure. Adapted from [69].
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4
ILLUMINATING THE ELECTRONIC

PROPERTIES OF WS2 POLYTYPISM

WITH ELECTRON MICROSCOPY

Tailoring the specific stacking sequence (or polytypes) of layered materials represents a
powerful strategy to identify and design novel physical properties. While nanostructures
based on transition metal dichalcogenides (TMDs) with either the 2H or 3R crystalline
phases have been routinely studied, our understanding of TMD nanomaterials with mixed
2H/3R polytypes remains limited. In this chapter, we examine mixed 2H/3R free-standing
tungsten disulfide (WS2) nanostructures that exhibit a flower-like configuration, using
state-of-the-art transmission electron microscopy (TEM). We correlate the diverse shape-
morphology configurations with pertinent local electronic properties, such as edge, sur-
face, and bulk plasmons. Analysis utilizing machine learning reveals that the 2H/3R poly-
type has an indirect bandgap of EBG = 1.6+0.3

−0.2 eV. Our findings provide significant insights
into TMD nanomaterials with mixed crystalline phases, paving the way for a deeper un-
derstanding of their properties.

Parts of this chapter have been published in Annalen der Physik 533, 2000499 (2021) by S. E. van Heijst,
M. Mukai, E. Okunishi, H. Hashiguchi, L. I. Roest, L. Maduro, J. Rojo, and S. Conesa-Boj.
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4. ILLUMINATING THE ELECTRONIC PROPERTIES OF WS2 POLYTYPISM WITH

ELECTRON MICROSCOPY

4.1. INTRODUCTION

M ANY of the remarkable electronic and optical properties exhibited by transition
metal dichalcogenide (TMD) materials can be traced back to the underlying pe-

riodic arrangements of their layers, the so-called stacking sequences [1, 2]. Therefore,
identifying and controlling these stacking sequences provides a powerful handle in the
quest to design novel TMD-based nanostructures with tailored functionalities.

The most common stacking sequences present in TMDs are the 2H and the 3R poly-
types [3–5]. The 2H phase belongs to the space group P63/mmc and has a unit cell
composed of a bilayer following the AA’ stacking sequence, a configuration character-
ized by an inversion symmetry [6]. The 3R phase belongs instead to the space group
R3m and is defined by a bilayer with an AB stacking sequence, which as opposed to the
2H phase does not exhibit inversion symmetry [7]. Both crystalline phases are known
to display a semiconducting behavior [8]. While several studies of the structural, optical,
and electronic properties of TMDs based on either the 2H or the 3R phases have been re-
ported [9–11], much less is known about how these properties are modified in the pres-
ence of a mixed 2H/3R polytypism [12]. Unraveling the implications of such polytypism
in TMDs would open new avenues in applications from nanoplasmonics and nanoelec-
tronics to catalysis [13–15].

This chapter reports on the characterization of tungsten disulfide (WS2) flower-like nano-
structures ("nanoflowers") composed of randomly oriented flakes (the "petals") aris-
ing from a common point (the "stem"). These WS2 nanoflowers display a rich variety
of shape-morphology configurations, such as lying petals and edge-exposed standing
petals. Together with their polytypism, this unique feature makes these nanostructures
an ideal laboratory for studying the modifications in the local electronic properties of
WS2.

First, aberration-corrected scanning transmission electron microscopy (AC-STEM) [16]
is used to reveal the presence of the 2H/3R polytypism in these nanostructures. Then,
the nature of their edge, surface, and bulk plasmonic excitations is fingerprinted by
means of spatially-resolved electron energy-loss spectroscopy (EELS) [17, 18]. The origin
of relevant features in the EEL spectra is traced back to specific structural characteristics
of the nanoflowers, and in particular one can identify contributions associated with the
surface and interlayer couplings as well as to the edges of the WS2 petals. The combina-
tion of EELS measurements with machine learning is then exploited to chart the ultra-
low-loss region (∆E ≤ 5 eV) and determine that the 2H/3R polytype of bulk WS2 exhibits
a semiconductor behavior with an indirect bandgap with a value of EBG = 1.6+0.3

−0.2 eV.

4.2. FABRICATION OF WS2 NANOFLOWERS
The WS2 nanostructures studied within this chapter were grown by means of chemi-
cal vapor deposition (CVD) directly on a transmission electron microscopy (TEM) mi-
crochip. This microchip consists of a silicon frame with a window in the center, and a
holey silicon nitride (Si3N4) film spanned across (Figure 4.1a) [19, 20]. First, tungsten tri-
oxide (WO3) powder was deposited on this microchip. To this end, WO3 powder (50 mg)
was dispersed in 1 mL of isopropanol (ISO). Subsequently, a few droplets of this mixture
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were deposited onto the microchip using a pipette. Once the ISO has evaporated, WO3

powder is left dispersed on the microchip (Figure 4.1b).

Following these preparatory steps, the microchip is loaded into the central zone of the
CVD furnace introduced in Section 2.5 of Chapter 2. A crucible holding 400 mg of sul-
fur was placed upstream. The growth protocol adopted for the subsequent fabrication
procedure is also discussed in Section 2.5 of Chapter 2, where the reaction temperature
is 750 °C, the reaction flow rate is 150 sccm and the reaction time is 1 hour. Figure 4.1b
displays a schematic diagram summarizing the synthesis of the WS2 nanostructures.

Figure 4.1c displays a low-magnification annular dark-field (ADF) scanning transmis-
sion electron microscopy (STEM) image of the as-grown WS2 nanostructures. It is ob-
served that the nanostructures exhibit flower-like morphologies composed of randomly
oriented flakes (the "petals") arising from a common point (the "stem") (Figure 4.1d).

Energy-dispersive X-ray spectroscopy (EDS) measurements were carried out in order to
verify the chemical composition of the nanoflowers. The area inspected by EDS mapping
is marked by the white square in Figure 4.1c. The resulting EDS maps of tungsten (blue)
and sulfur (yellow) are shown in Figure 4.1e. The EDS characterization of the sample
demonstrates the presence of both tungsten and sulfur in the nanostructures, thus con-
firming the composition of the nanoflowers to be WS2.

Figure 4.1: Schematic illustration of (a) the TEM microchip and (b) the synthesis procedure for the WS2
nanoflowers on this microchip. (c) Low-magnification ADF-STEM top-view perspective of the as-grown WS2
nanostructures illustrating their flower-like morphology. The nanoflowers are grown on top of a holey Si3N4
TEM grid. (d) ADF-STEM image of one representative WS2 nanoflower composed by free-standing, randomly
oriented WS2 flakes (petals) protruding from the stem of the flower. This configuration is especially advanta-
geous to eliminate the contributions related to the nanostructure-support film coupling effects. (e) EDS com-
positional maps of the region marked by the white square in (c), with the tungsten (W) and sulfur (S) maps
represented in blue and yellow, respectively.
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4.3. MIXED 2H/3R POLYTYPISM IN WS2 NANOFLOWERS
Figures 4.2a-b display respectively low-magnification ADF- and bright-field (BF-) STEM
images of the tip region of one representative WS2 petal. Variations in the image contrast
clearly indicate the presence of terraces with varying layer counts, and consequently, dif-
ferent thicknesses ranging from 2 nm up to 30 nm. Figure 4.2c then displays the atomic-
resolution ADF-STEM image corresponding to the same petal. The petal has been ori-
ented along the [0001] direction in order to ascertain the underlying crystalline struc-
ture. Herein, each bright spot corresponds to an atomic column, composed of alternat-
ing tungsten and sulfur atoms.

This atomic-resolution image appears to suggest a 3R phase, characterized by a hexag-
onal honeycomb structure with an atom at its center. However, the ADF line profile ex-
tracted from the atomic resolution image across six lattice points (Figure 4.2d) indicates
a threefold periodicity which is inconsistent with the 3R phase.

This observed periodicity instead suggests a layer stacking order of the type BAA’, char-
acteristic of a mixture of the 2H (AA’) and 3R (AB) phases [21]. As displayed by the char-
acteristic unit cell of polytypic 2H/3R (Figure 4.2e), the stacking sequence exhibits a bro-
ken inversion symmetry. Such polytypism has been reported before in related materials
like molybdenum disulfide (MoS2) [12]. As mentioned before, the 2H and 3R phases in
their bilayer form are characterized by different stacking sequences, namely AA’ and AB,
which are depicted in Figure A.1 in Appendix A. In the 2H phase, each tungsten atom

Figure 4.2: (a-b) Low-magnification ADF- and BF-STEM images respectively of a representative WS2 petal,
where the vacuum and Si3N4 film regions are also indicated. The difference in contrast observed in the petal
of (a) corresponds to terraces of different thicknesses. (c) Atomic resolution image corresponding to the petal
tip area. (d) The ADF intensity profile acquired along the blue region in (c). (e) Schematic atomic model of
the top-view (upper panel) and side-view (lower) of the crystalline structure associated to the crystallographic
unit cell of 2H/3R polytype.
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aligns directly with the sulfur atoms, and thus, the two layers exhibit inversion symme-
try. In the 3R phase instead, the tungsten atom is staggered over the sulfur atoms, re-
sulting in a stacking sequence lacking inversion symmetry. Therefore, a mixture of the
two phases follows the BAA’ sequence, where the third layer is staggered with the sulfur
atoms over the tungsten atoms of the second layer.

The area measured has a thickness of around 5 nm, which is equivalent to around 5 lay-
ers. The smallest thickness of any region in the specimen is found to be around 3 layers.
ADF line profiles taken at different locations on other petals, corresponding to both sin-
gle terraces and their transition region, are discussed in Section A.2 of Appendix A. Con-
sistently, these exhibit the characteristic threefold periodicity of the 2H/3R polytype.

4.4. FINGERPRINTING ELECTRONIC EXCITATIONS WITH SPA-
TIALLY-RESOLVED EELS

The nature of collective electronic excitations such as surface and edge plasmons aris-
ing in the 2H/3R polytypism is investigated by means of spatially-resolved EELS. Fig-
ures 4.3a-b display BF- and ADF-STEM images of horizontal WS2 flakes (the nanoflower
petals) overlapping among them. Some of these petals are composed of terraces of dif-
ferent thicknesses, as indicated by the contrast variations in the ADF-STEM image in Fig-
ure 4.3b. Since these petals are suspended on vacuum, it is possible to characterize their
edge, surface, and bulk plasmons while reducing the contribution from coupling effects
related to the nanostructure support film. It should be emphasized that, in this specific
geometric configuration, the direction of the incident electron beam closely aligns with
the c-axis of the WS2 petals.

Figure 4.3c displays the spatially-resolved EELS map recorded in the region marked with
a gray rectangle in Figure 4.3b. Herein, the intensity of each pixel represents an individ-
ual EEL spectrum. Figures 4.3d-g display the intensity maps associated with the same
EEL signals, now integrated over specific energy-loss windows: [2.5, 4.5], [8, 9], [12.5, 20],
and [21.5, 25] eV respectively. In these maps, the brighter regions highlight the dominant
features appearing for each specific energy-loss range.

To better isolate the main features displayed by Figures 4.3d-g, representative EEL spec-
tra associated to locations along the horizontal petals indicated in Figure 4.3b are pre-
sented in Figures 4.3h-i. A prominent peak around 23 eV is a common feature observed
in both sets of spectra. This peak can be associated with the WS2 bulk plasmon [22]. The
intensity of this peak decreases as one moves from thicker towards thinner regions, fol-
lowing the directions of the arrows in Figure 4.3b. This effect is particularly marked in
Figure 4.3i, corresponding to a petal composed by terraces of different thicknesses.

From the intensity map corresponding to energy losses integrated between 12.5 and
20 eV (Figure 4.3f), one observes a significant contribution arising from the regions con-
stituted by two different overlapping petals. The individual spectra display indeed a
shoulder-like feature located around 17 eV, which becomes more marked in the thin-
ner regions. In this context, the free-electron gas dielectric response theory predicts that
the surface plasmon energy (Es) should relate to that of the bulk one (Ep) by Es = Ep/

p
2.
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Figure 4.3: (a-b) BF- and ADF-STEM images respectively of horizontal (flat) WS2 petals. (c) Spatially-resolved
EELS map of the area indicated with a gray rectangle in (b). (d-g) Intensity maps of the EEL signals integrated
for different energy-loss windows. (h-i) Individual EEL spectra taken at different locations along the horizontal
petals as indicated by the black and blue arrows in (b). The spectra displayed in (h) correspond to a region
characterized by the overlap of individual petals arising both from the left and the right sides of (a-b). The
spectra in (i) corresponds instead to a region displaying a petal composed by different terraces and thus differ-
ent thicknesses.
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In the present case, this prediction corresponds to around Es = 16 eV, consistent with
the experimentally observed value and confirming the surface plasmon nature of this
shoulder-like feature [9].

The individual spectra in Figures 4.3h-i also display less intense peaks located at energy
losses around 3 and 8 eV. From the integrated EELS maps of Figure 4.3d, one observes
that the 3 eV peak can be mainly associated to the edges of the WS2 petals. Indeed, the
largest signals in this energy-loss window arise from the tip of the edges and the adjacent
regions. Further, it is observed that the peak at 8 eV receives its main contribution as-
sociated to the interlayer coupling between petals (Figure 4.3e). Indeed, this peak could
be associated to the six π electrons (four of which are from the sulfur atoms) which are
responsible for the interlayer interactions [23, 24].

Figures 4.4a-b display the ADF-STEM image and the corresponding spatially-resolved
EELS map of another representative WS2 nanoflower composed now of both flat and
tilted WS2 petals. For the tilted petals, their c-axis is nearly perpendicular to the direc-
tion of the electron beam. Figure 4.4c compares the energy-loss functions for the loca-
tions indicated in Figure 4.4b and recorded along a series of flat and tilted WS2 petals
respectively. Spectra 6, 9, and 10 in Figure 4.4b are recorded in vacuum but close enough
to the petal (aloof configuration), in order to identify possible contributions from its sur-
face plasmons. Observations show that the 3 eV peak is present in both flat and tilted
petals, and also in the vacuum location sp9. In the vacuum region near the sample a
peak corresponding to energy losses of around 3 eV is observed, whose location shifts
rightwards to 3.5 eV when moving from the non-penetrating (vacuum) to the penetrat-
ing (WS2 petal) locations. First-principle density functional theory (DFT) calculations
on 2H/3R WS2 bulk reveal the physical nature of this feature [25]. A comparison of the
total density of states (DOS) of 2H/3R WS2 bulk with that of tungsten and sulfur reveals
that the main contribution to the total DOS is attributed to the tungsten atoms. In par-
ticular, it suggests that the peak around 3 eV is associated to electronic transitions from
d states of tungsten to unoccupied d states of tungsten [25].

Regarding the higher-energy peaks, our observations indicate that the tilted petal con-
figuration induces a strong coupling between the surfaces which results in a split of the
17 eV surface mode into a peak at around 20 eV and a forest of peaks between 5 and
15 eV. In Figure 4.4d, a two-Gaussian model fit has been performed to sp1 (flat) and
sp8 (tilted) in the range between 10 and 35 eV. We can associate the two resulting Gaus-
sian distributions with contributions from the bulk and surface plasmons and show how
in the latter case the surface contribution at 17 eV blueshifts towards around 20 eV while
becoming more marked as compared to the bulk one. Related phenomena have been
reported in the case of WS2 nanotubes with very small radii [22, 26].
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Figure 4.4: (a) ADF-STEM image of another representative WS2 nanostructure composed both by flat and tilted
WS2 petals. (b) Spatially-resolved EELS map of the area indicated with a blue rectangle in (a). (c) Individual EEL
spectra corresponding to the locations indicated in (b). Spectra 1 to 4 are associated to a flat region of the WS2
petal, while spectra 6 to 10 correspond to locations that cross the tilted WS2 petal, with sp5 recorded at its tip.
Note that sp6, 9, and 10 are recorded in vacuum but close enough to the petal to identify possible contributions
from its surface plasmons. (d) Spectra 1 and 8 where a two-Gaussian model fit has been performed in the range
between 10 and 35 eV. The two resulting Gaussian distributions are also displayed and can be associated to
the contributions from the bulk and surface plasmons.
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4.5. BANDGAP DETERMINATION OF POLYTYPIC 2H/3R WS2

USING MACHINE LEARNING
The profile of the low-loss region of EEL spectra contains valuable information concern-
ing the magnitude and type of the bandgap. Exploiting this information requires the
subtraction of the zero-loss peak (ZLP) contribution. Here, we investigate the bandgap
of polytypic 2H/3R WS2 nanoflowers using the analysis framework EELSFITTER [27, 28],
which was previously discussed in Section 3.2 in Chapter 3.

Figure 4.5a displays a spatially-resolved EELS map taken on a representative petal of a
WS2 nanoflower. This petal corresponds to that depicted in Figures 4.2a-b. An EEL spec-
trum is extracted at the location marked by the purple square for further evaluation of
the low-loss region by use of the EELSFITTER framework. The chosen area corresponds to
a relatively thick region of the WS2 petal, consequently bulk behavior is expected.

Figure 4.5b displays both the original and subtracted inelastic EEL spectra together with
the calculated ZLP. The uncertainty bands indicate the 68% confidence level intervals
associated to the ZLP prediction and the subtracted EEL spectrum. As noted previously,
the profile of the subtracted inelastic EEL spectrum in the onset region reveals details
regarding the bandgap energy (EBG) and its nature. We employed polynomial fitting to
extract this information. The results of such a fit, together with the corresponding un-
certainty bands, are displayed in the inset of Figure 4.5b. In this case, the best-fit model
values were found to be EBG = 1.6+0.3

−0.2 eV for the bandgap energy and b = 1.3+0.3
−0.4 for the

exponent. Given that b ≈ 3/2 is theoretically expected for an indirect bandgap, this result
supports its presence. The determined value and nature of the bandgap align, within
uncertainties, with first-principle DFT calculations carried out on 2H/3R WS2 bulk [25].

Figure 4.5: (a) Spatially-resolved EELS map of one representative petal of a WS2 nanoflower. This is the same
petal as shown in the STEM images in Figure 4.2. The purple square indicate the location of the EEL spectra
used to determine the bandgap by means of machine learning methods. (b) The low-loss region of the original
EEL spectrum (IEELS) recorded at the location indicated in (a), together with the resulting subtracted inelastic
EEL spectrum (Iinel). The ZLP model prediction (IZLP) used for the subtraction procedure is also displayed.
The inset shows the result of the polynomial fit to the onset region of the subtracted EEL spectrum and the
bands represent the 68% CL intervals for the model uncertainties.



4

64
4. ILLUMINATING THE ELECTRONIC PROPERTIES OF WS2 POLYTYPISM WITH

ELECTRON MICROSCOPY

Figure 4.6: (a) Spatially-resolved bandgap energy map corresponding to the WS2 nanoflower petal as shown in
Figure 4.5a. (b) The relative uncertainties (68% confidence level intervals) associated to the bandgap energy
map in (a). A mask has been applied to exclude pixels containing a contribution from the substrate as well as
those related to the vacuum. Adapted from [28]

For a comprehensive understanding of the spatially-resolved bandgap, the EELSFITTER

framework can also be used to analyze the entire spectral image as shown in Figure 4.5a,
rather than just a single EEL spectrum. The results from the evaluation of an individual
EEL spectrum indicated the bandgap to be indirect in nature. Hence, the exponent b is
set to a fixed value of 3/2 for the evaluation of the entire WS2 petal.

Figures 4.6a and 4.6b depict the maps for the bandgap energy and its corresponding
uncertainty, respectively. Herein a mask has been applied to remove those pixels corre-
sponding to the vacuum and the area in which the Si3N4 film (substrate) is present. As
illustrated in Figure 4.6, the bandgap energy ranges from 1.4 to 1.8 eV, with associated
uncertainties of 15 to 25%.

4.6. CONCLUSION
The effects of unconventional mixed crystalline phases on the properties of TMD nano-
materials are not yet fully understood. This study offers a comprehensive characteriza-
tion of WS2 nanoflowers. These structures serve as an ideal laboratory to investigate the
modifications of local electronic properties in WS2, thanks to their mixed 2H/3R poly-
typism and rich variety of shape-morphology configurations.

Using advanced AC-STEM and EELS techniques, we fingerprinted the characteristics of
their edge, surface, and bulk plasmonic excitations linking distinctive features in the EEL
spectra to the nanoflowers’ specific structural attributes. We also determined that the
2H/3R polytype of bulk WS2 exhibits semiconductor behavior with an indirect bandgap
of EBG = 1.6+0.3

−0.2 eV. In addition, the spatial distribution of the bandgap energy was
mapped showing its local variations.

This chapter lays foundational work for a program dedicated to developing systematic
strategies for the controlled growth of TMD nanostructures with mixed crystalline phases.
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5
HETEROSTRAIN-DRIVEN BANDGAP

INCREASE IN TWISTED WS2:
A NANOSCALE STUDY

Twisted two-dimensional (2D) materials present an enticing platform for exploring di-
verse electronic properties owing to the tunability of their bandgap energy. However,
the intricate relationship between local heterostrain fields, thickness, and bandgap en-
ergy remains insufficiently understood, particularly at the nanoscale. Here, we present
a comprehensive nanoscale study elucidating the remarkable sensitivity of the bandgap
energy to both thickness and heterostrain fields within twisted tungsten disulfide (WS2)
nanostructures. Our approach integrates electron energy-loss spectroscopy (EELS) en-
hanced by machine learning with four-dimensional (4D) scanning transmission electron
microscopy (STEM). Through this synergistic methodology, we unveil enhancements up to
20% in the bandgap energy with respect to the specimen thickness. This phenomenon is
traced back to sizable deformation angles present within individual layers, which can be
directly linked to distinct variations in local heterostrain fields. Our findings represent a
significant advancement in comprehending the electronic behavior of twisted 2D materi-
als and introduce a novel methodological framework with far-reaching implications for
twistronics and the investigation of other materials within the nanoscience domain.

Parts of this chapter have been published in Advanced Functional Materials 34, 2307893 (2024) by
S. E. van Heijst, M. Bolhuis, A. Brokkelkamp, J. J. M. Sangers, and S. Conesa-Boj.
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5.1. INTRODUCTION

T WISTED two-dimensional (2D) materials have emerged as promising platforms with
tunable electronic properties [1–6], offering exciting prospects in various fields, in-

cluding field-effect transistors [7, 8], integrated circuits [9], and photodetectors [10, 11].
A key parameter dictating the electronic behavior of 2D materials is the bandgap en-
ergy [12–21].

Understanding the influence of factors such as layer count, interlayer distance, twist an-
gle, and local strain fields on the bandgap energy has seen significant progress [22–26].
In particular, the twisted stacking of van der Waals materials with Moiré superlattices
has emerged as a novel approach to tailor their physical properties by manipulating the
crystal symmetry. Recent studies have also highlighted the interplay between extrinsic
nonuniform heterostrain and intrinsic atomic reconstruction in the evolution of Moiré
structures in twisted 2D materials [27]. This interplay introduces local inhomogeneous
intra-layer strain within the Moiré, leading to intriguing modulations in the electronic
properties [28–31]. Notably, heavily deformed Moirés can exhibit significant modula-
tions in the conduction band, resulting in bandgap variations of up to 300 meV [32].
Additionally, Moiré patterns in hexagonal boron nitride (h-BN)-supported monolayer
graphene, induced by non-uniform strain fields [23], have been observed to result in
bandgap openings [24].

Another aspect that deserves attention is the influence of material thickness on bandgap
dynamics. Even slight changes in thickness can lead to significant modifications in the
bandgap of these unique 2D materials [12–14, 21, 33]. To achieve a comprehensive un-
derstanding of the electronic properties, particularly the dynamics of the bandgap, it’s
crucial to consider the interplay between material thickness and strain fields.

In this chapter, we present a comprehensive investigation of twisted 2D materials that
addresses these challenges. Specifically, naturally twisted tungsten disulfide (WS2) nano-
structures of two types are examined: 1) well-aligned, without Moiré superlattice, and
2) displaying a spiral-like configuration where each layer is slightly twisted relative to the
adjacent ones. This study combines electron energy-loss spectroscopy (EELS) enhanced
by machine learning techniques [34, 35] with four-dimensional (4D) scanning transmis-
sion electron microscopy (STEM). This multi-pronged methodology enables the accu-
rate evaluation of bandgap energy and local strain fields with nanoscale spatial resolu-
tion, facilitating an in-depth exploration of the interplay between bandgap energy, thick-
ness, and strain fields. The findings reveal a pronounced increase in the bandgap energy
within the twisted WS2 specimen characterized by a spiral-like configuration, by up to
20%, as a function of its local thickness. This phenomenon is traced back to sizable de-
formation angles present within individual layers, which are accompanied by noticeable
changes in local strain fields. This observation highlights the remarkable sensitivity of
bandgap dynamics in twisted 2D materials to local strain fluctuations.

Importantly, while the work presented in this chapter focuses on van der Waals materi-
als, the versatility of the method extends beyond this specific application. It can easily be
adapted for strain-field characterization in other low-dimensional nanostructured ma-
terials, thereby broadening the spectrum of possible applications [1–6].
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Overall, this study offers a comprehensive investigation of the bandgap energy varia-
tions in twisted 2D materials, shedding light on the interplay between thickness, strain
fields, and electronic properties. The insights gained from this research contribute to the
understanding of twistronics and pave the way for future studies exploring the manipu-
lation of local strain for tailored electronic functionalities in various materials.

5.2. SPATIALLY-RESOLVED BANDGAP AND THICKNESS CORRE-
LATION ANALYSIS OF TWISTED WS2

A diverse set of naturally twisted WS2 specimens was grown directly on a transmission
electron microscopy (TEM) microchip. The fabrication process that yielded these spec-
imens is identical to that used for the WS2 nanoflowers as discussed in Section 4.2 of
Chapter 4. The only difference between the processes is the substrate. Instead of a ho-
ley silicon nitride (Si3N4) film, a continuous Si3N4 film spans across the microchip. This
change in substrate is suspected to cause the morphology to deviate from the nanoflower
morphology to the naturally twisted WS2 specimens discussed in this chapter.

Two distinct twisted structures were inspected using scanning transmission electron mi-
croscopy (STEM) imaging, as shown in Figure 5.1. The first specimen, as shown in Fig-
ure 5.1a, consists of a large base flake with a smaller flake grown on top that is rotated
relative to this base. The noticeable contrast difference in the STEM image indicates a
significant variation in thickness between the base and top flakes. The second speci-
men, illustrated in Figure 5.1b, exhibits a twisted spiral-like structure with multiple lay-
ers, each slightly twisted with respect to the one below.

To investigate the local electronic properties of these twisted WS2 specimens, spatially-
resolved electron energy-loss spectroscopy (EELS) is employed. The acquired spectral
images are analyzed using the EELSFITTER framework [34, 35] as reported on in Sec-
tion 3.2 of Chapter 3.

Figure 5.1: Low-magnification STEM images of (a) a WS2 specimen consisting of a stack of two rotated flakes,
and (b) a WS2 flake characterized by multiple twisted layers in a spiral-like configuration.
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Figure 5.2: (a-b) Spatially-resolved bandgap energy maps corresponding to the specimens in Figures 5.1a and
5.1b, respectively. (c-d) The relative uncertainties (68% confidence level intervals) associated to the bandgap
energy maps. A mask has been applied to exclude substrate-only pixels and specimen pixels with a relative
uncertainty exceeding 100%.

Figures 5.2a,c and 5.2b,d present the spatially-resolved bandgap energy maps and their
corresponding relative uncertainties (68% confidence level intervals) for the specimens
shown in Figures 5.1a and 5.1b, respectively. The stacked flakes specimen exhibits an in-
direct bandgap, with the base flake having a bandgap energy ranging from 0.7 to 1.25 eV
(Figure 5.2a) and typical errors varying between 5% and 45% (Figure 5.2c). The bandgap
values extracted from the thicker region of the stacked top flake tend to be at the lower
end of this range and exhibit lower uncertainties compared to those from the base flake.
These bandgap values align with previous reports within the given uncertainties [21, 33].

The bandgap energy in the twisted flake ranges from 0.6 to 0.8 eV (Figure 5.2b), with
uncertainties predominantly below 50% (Figure 5.2d), and exhibits a pattern of gradually
increasing bandgap values from the outer edges towards the center of the flake. Once
again, the bandgap is observed to be indirect.

The relatively large uncertainties in the bandgap energy reported in Figures 5.2c-d in
a small subset of pixels, for instance close to the edges, reflect the increased level of
fluctuations affecting the subtracted inelastic EEL spectra used for the bandgap fitting,
as shown in Section B.1.1 of Appendix B.
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To investigate the sensitivity of the bandgap energy to the local thickness of the twisted
WS2 specimens depicted in Figure 5.1, we generated the spatially-resolved thickness
maps as shown in Figures 5.3a-b using the EELSFITTER framework. These maps offer lo-
cal insights into the combined thickness of both the specimen and the underlying 5 nm-
thick Si3N4 film substrate. The thickness maps for both specimens exhibit negligible
uncertainties (at the few-percent level), as shown in Figure B.2 in Appendix B.

To characterize the relationship between specimen thickness and bandgap energy, the
mean bandgap energy values are evaluated as a function of the corresponding speci-
men thickness The results of this evaluation are presented in Figures 5.3c-d. In these
graphs, the red dots denote the weighted averages of the mean bandgap values for spe-
cific thickness ranges. The 68% confidence level intervals are given in gray and highlight
the fluctuations exhibited by the bandgap value at similar thicknesses.

In the stacked flakes specimen these fluctuations are considerable, as seen in Figure 5.3c,
suggesting a marked variation in the bandgap energy within the specimen. However,
when looking at the weighted averages a well-defined trend emerges. This trend indi-
cates a preference for decreasing bandgap energy with increasing thickness, consistent
with previous findings reported in the literature [21, 33].

Figure 5.3: (a-b) Spatially-resolved local thickness maps of the specimens depicted in Figures 5.1a and 5.1b, re-
spectively. These maps include the contribution from the underlying 5 nm-thick Si3N4 film substrate. A mask
has been applied to exclude substrate-only pixels and specimen pixels with a relative uncertainty exceeding
100%. (c-d) Correlation between specimen thickness and bandgap energy where the data is divided, with re-
gard to the thickness, into bins of (c) 2 nm and (d) 1 nm in size. The red dots represent the weighted averages
of the bandgap energy per thickness bin, with 68% confidence level intervals given in gray.
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In contrast, the bandgap-thickness correlation analysis of the twisted flake reveals a dif-
ferent trend. Figure 5.3d indicates that the bandgap energy grows from approximately
0.63 eV to around 0.75 eV as the thickness of the specimen increases. Beyond the local
thickness, this unanticipated trend hints at other factors influencing the bandgap energy
within this twisted flake.

One proposed explanation for this behavior points to the presence of local strain fields in
the specimen [17–21, 36–38]. Driven by these findings, we investigate the strain-bandgap
relationship by examining the spatially-resolved strain distributions for the specimens
depicted in Figure 5.1.

5.3. MAPPING STRAIN DISTRIBUTIONS IN TWISTED WS2 WITH

4D STEM-EMPAD
The twisted WS2 specimens studied here exhibit a strain type termed heterostrain. Het-
erostrain arises when adjacent 2D layers have unequal in-plane strains. In the context of
stacking van der Waals materials, heterostrain becomes particularly relevant. A signifi-
cant challenge in this field is finding a non-invasive method to measure strain in these
van der Waals materials quantitatively.

Conventional techniques like geometrical phase analysis (GPA) [39], based on transmis-
sion electron microscopy (TEM), have been used to analyze strain in 2D materials [40].
However, they demand atomic-resolution imaging, restricting the field-of-view to mere
tens of nanometers. Therefore, using such methods to assess strain fields over an entire
micron-sized nanostructure becomes highly challenging.

As discussed in Chapter 3, one can overcome these limitations by leveraging 4D scanning
transmission electron microscopy (STEM) paired with an electron microscopy pixel ar-
ray detector (EMPAD) [41]. Using the acquired 4D nanobeam diffraction datasets, one
can extract the relative local intra-layer strain and rigid rotation (or deformation) an-
gles θ through the STRAINMAPPER framework [42], as illustrated in Section 3.3 of Chap-
ter 3.

5.3.1. WS2 STACKED FLAKES
In Section 3.3.4 of Chapter 3, we illustrated how to extract local strain fields and the rigid
rotation from the 4D dataset acquired on a twisted molybdenum-/tungsten diselenide
(MoSe2/WSe2) heterostructure as an example. We now apply this methodology to the
stacked flakes specimen shown in Figure 5.1a.

Figure 5.4a depicts the annular dark-field (ADF) STEM image, extracted from the 4D
dataset, of the considered area for the analysis. An individual exit-wave power cep-
strum (EWPC) pattern corresponding to this specimen is shown in Figure 5.4b. This
EWPC pattern was generated by conversion of the nanobeam electron diffraction (NBED)
map extracted at the pixel marked by the red dot in Figure 5.4a. In this particular EWPC
pattern, six peaks are observed that form a hexagonal arrangement. This hexagonal pat-
tern reflects the characteristic honeycomb lattice structure of WS2.
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Figure 5.4: (a) ADF-STEM image of the stacked flakes specimen shown in Figure 5.1a as obtained from the
4D STEM-EMPAD dataset. (b) EWPC pattern extracted at the red pixel in (a). A capped linear scale is used to
enhance the visualization of the inter-atomic spacing peaks. (c) Weighted point cloud displaying all uniquely
tracked peak positions (spots) along with their corresponding weights (color). A threshold was applied to re-
move all spots found 50 times or less. Colored divisions represent clustering of the point cloud. Spatially-
resolved (d-f) strain and (g) deformation angle maps of the specimen obtained using the marked clusters in
(c). The strain maps correspond to the εxx , εy y , and εx y components respectively. The reference area is indi-
cated by the black square. The maps were subjected to a Gaussian filter to smooth out outliers.
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Tracking the peaks present within the EWPC patterns across the entire specimen yields
the weighted point cloud given in Figure 5.4c. In this context, each spot represents a
unique peak position, with its color denoting the peak detection frequency. A threshold
filter is applied to remove low-frequency spots (≤ 50). As previously touched upon in
Section 3.3.4 of Chapter 3, these spots often correspond to erroneously tracked peaks. In
this case, those spots include false peaks found within the EWPC patterns corresponding
to pixels of the substrate. From Figure 5.4c, we observe that the spots can be grouped
into twelve clusters, as indicated by the colored divisions. Of these twelve clusters, six
display a much higher population.

To calculate the strain fields and rigid rotation, we must select two clusters. From the
previous discussion on the heterostructure (Section 3.3.4 of Chapter 3) it is known that
these chosen clusters should be non-parallel and should belong to the same structural
element. For this analysis, the selected structural element consists of the dominant set
of six peaks arranged in a hexagonal pattern, all corresponding to the same crystal. Thus,
we analyze the stacked flakes specimen using the clusters labeled CL1 and CL2 in Fig-
ure 5.4c. The vectors associated with the peak positions in these chosen clusters form
the basis for the resulting strain fields and deformation angle. Finally, we select the ref-
erence area to lie in the region where the second flake overlays the base flake.

The stacked flakes specimen analysis produces the spatially-resolved maps for the strain
and deformation angle, shown in Figures 5.4d-g, with the reference area indicated by
the black square. The strain maps were decomposed into components along the x- and
y-directions, as well as the x y component (shear strain). To improve visualization and
reduce pixelation artifacts and outliers, a Gaussian filter was applied to smoothen the
maps, with the original maps depicted in Figure B.4 in Appendix B. Occasionally, the
strain and deformation angle maps have empty pixels at specific real-space scan posi-
tions, signifying that one of the two selected peaks was either untracked or inaccurately
tracked.

The maps in Figures 5.4d-f reveal that strain exists across the entire specimen. How-
ever, no distinct divisions into specific strain areas can be discerned. On average, the
strain seems to distribute relatively uniformly across the specimen. This uniformity is
even more apparent when focusing specifically on the shear strain component (εx y ), as
illustrated in Figure 5.4f. The relative shear strain values predominantly fall within the
approximate range of ± 1.1%.

For a deeper understanding, we conducted a high-angle annular dark-field (HAADF)
STEM analysis, showcased in Figures B.7a-c in Appendix B. This analysis confirms that
the specimen possesses a pristine crystal structure. For the stacked flakes specimen, as
noted earlier, the observed trend in bandgap energy relative to specimen thickness (Fig-
ure 5.3c) aligns with prior literature reports [21, 33]. In these documented pristine spec-
imens, thickness is the main influencer of bandgap modification, consistent with our
presented findings.
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5.3.2. TWISTED WS2 FLAKE
Subsequently, we performed the same analysis on the twisted flake depicted in Fig-
ure 5.1b. Figure 5.5a depicts the ADF-STEM image of the scanned area for this analy-
sis, which is extracted from the 4D dataset. The nanobeam diffraction map obtained at
the red dot in Figure 5.5a was transformed into the EWPC pattern shown in Figure 5.5b.
Twelve peaks were identified within this specific pattern. Before peak-tracking, the data
is masked using the ADF image’s contrast to eliminate substrate pixels. Similarly to in
Figure 5.4c, a threshold filter is applied to remove low-frequency (≤ 200) spots result-
ing from any remaining erroneously tracked peaks. The filtered weighted point cloud
obtained by tracking the twelve peaks across the specimen is depicted in Figure 5.5c.

In contrast to the stacked flakes specimen, the weighted point cloud clustering of the
twisted flake specimen shows a distinct division. A total of twelve distinct clusters were
identified, which are visually represented by the colored divisions. Six of these clusters
were found to correspond to one region of the flake (A) and the remaining six to the
complementary region (B). This division into two distinct regions demands the analysis
of the twisted flake specimen to be split. The two regions overlap in a small area, in-
cluding the pixel selected in Figure 5.5a, which provides a natural choice to define the
reference for the strain analysis.

Similar to the analysis conducted for the stacked flakes specimen, for the strain field and
rigid rotation calculations two non-parallel clusters have to be selected. Here, the con-
sidered clusters are denoted by A.CL1, A.CL2 and B.CL1, B.CL2 in Figure 5.5c for the two
regions A and B, respectively. These selected clusters belong to the same set of peaks
within the EWPC pattern, ensuring that they provide information about the same struc-
tural elements, and each of them represents a complementary region of the specimen.
As previously mentioned, the reference area for strain calculation, marked by a black
square, was chosen to encompass the region displaying all twelve spots in the EWPC
pattern.

Figures 5.5d,f present the spatially-resolved maps for the shear strain (εx y ) and deforma-
tion angle (θ) from cluster set A, corresponding to vectors along the x and y directions.
While those obtained from cluster set B, corresponding to vectors along the x ′ and y ′
directions, are presented in Figures 5.5e,g. The additional strain components (εxx , εy y ,
εx′x′ and εy ′y ′ ) are provided in Figure B.3 in Appendix B. Similar to the stacked flakes
specimen, these maps were subjected to a Gaussian filter for enhanced visualization,
with the original maps provided in Figures B.5 and B.6 in Appendix B.

An examination of Figures 5.5d-e indicates a non-uniform strain distribution in this
twisted flake, contrasting with the stacked flakes specimen. Regions of both tensile strain,
reaching up to 3%, and compressive strain, down to −1.5%, are observed relative to the
chosen reference. Notably, abrupt changes in the strain field are found at specific loca-
tions, particularly near the three corners of the flake. For example, at the top of the flake,
there is a sudden transition to a tensile strain of approximately 1.5% relative to the near-
zero strain of the reference area to its right. A similar transition is observed in the right
corners, whereas the left corner exhibits a change between low (1.5%) and high (3%)
tensile strain values.
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Figure 5.5: (a) ADF-STEM image of the twisted flake shown in Figure 5.1b as obtained from the 4D STEM-
EMPAD dataset. (b) EWPC pattern extracted at the red pixel in (a). A capped linear scale is used to enhance
the visualization of the inter-atomic spacing peaks. (c) Weighted point cloud displaying all uniquely tracked
peak positions (spots) along with their corresponding weights (color). Substrate pixels were excluded from
the peak tracking using a mask based on the ADF image’s contrast. Additionally, a threshold was applied after
peak tracking to remove all spots found 200 times or less. Colored divisions represent clustering of the point
cloud. Spatially-resolved (d-e) shear strain and (f-g) deformation angle maps of the specimen obtained using
the marked clusters in (c) denoted by (d,f) A and (e,g) B. The reference area is indicated by the black square. The
maps were subjected to a Gaussian filter to smooth out the outliers. The overlaid lines outline the contours of
the bandgap map of Figure 5.2b, specifically, the crossings at 0.7 eV (dashed black line) and 0.8 eV (solid black
line). The outline of the entire flake is represented by the solid gray line.
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For the rigid rotation of this twisted flake, we observe a distribution marked by abrupt
transitions, as depicted in Figures 5.5f-g. The deformation angles across the twisted
flake display a pattern that is characterized by sudden changes, especially near the flake’s
three corners. At the top of the flake, a transition to roughly −2° is evident when com-
pared to the near-zero rigid rotation in the reference area. In the right corner, we notice
a transition in the reverse rotational direction, moving towards approximately 3°. Simi-
larly, at the left corner, there is a transition between low (around −2°) and high (around
−5°) rigid rotation values. Overall, the deformation angles mostly fall within the range
of ±5°. These results are consistent with previous findings, particularly regarding the
non-uniform distribution of strain across bilayer structures and the significant influence
of changes in relative rotation angles between layers on these strain fields [22].

5.4. CORRELATION BETWEEN BANDGAP ENERGY AND STRAIN

DISTRIBUTION IN TWISTED WS2 FLAKE
To enhance our understanding of the relationship between bandgap energy and strain
distribution in the twisted WS2 flake, we generated an approximate outline of the con-
stant-energy contours from the bandgap map (Figure 5.2b) and overlaid it on the spatial-
ly-resolved maps shown in Figures 5.5d-g. Specifically, the overlay highlights the cross-
ings of the bandgap energy at values of 0.7 eV (dashed black line) and 0.8 eV (solid black
line). The outline of the entire flake (solid gray line) is included for reference. This ap-
proach highlights the correlation between regions showing abrupt strain variations and
deformation angle shifts, and those where the bandgap is intensified. This observation
establishes a distinct correlation between the specimen’s non-uniform strain distribu-
tion and the associated alterations in the bandgap.

Analogous to the stacked flakes specimen, the twisted flake was subjected to a HAADF-
STEM analysis presented in Figures B.7d-f in Appendix B. Analyzing the STEM images
gave us valuable insights into the crystal structure of the twisted flake. Contrary to pris-
tine ordered planes, the images revealed the presence of Moiré patterns across multiple
regions of the specimen. These patterns indicate a deviation from typical crystal charac-
teristics, hinting at potential unconventional behavior within the material.

The detailed analysis of Figure 5.5, together with the bandgap-thickness correlation il-
lustrated in Figure 5.3d, provides compelling evidence establishing the relationship be-
tween the local strain field and the bandgap energy in twisted WS2 flakes. The results
suggest that regions within the specimen exhibiting varying local strain fields due to
the presence of twisted adjacent layers, demonstrate an enhancement in bandgap en-
ergy. This enhancement becomes apparent when compared to a reference specimen of
similar thickness but devoid of significant strain field variations. This observed trend is
consistent with predicted effects of strain on bandgap energy, where a change of approx-
imately 100 meV per percent of applied strain is anticipated. Further, variations in inter-
layer coupling due to twist angles and layer separations, as revealed by first-principle
density functional theory (DFT) calculations [43], provide additional support for the re-
ported interplay between strain and bandgap modification.
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5.5. CONCLUSION
In this comprehensive study, we fingerprinted the interdependent local electronic prop-
erties, thickness, and strain fields in twisted and stacked WS2 flakes, focusing on their
cross-correlations, utilizing advanced imaging techniques and computational analysis
methods.

In the stacked flakes specimen, we observed a uniform strain distribution across the
entire specimen, with a particular emphasis on the shear strain component. This uni-
formity suggests the preservation of the pristine crystal structure, enabling bandgap en-
ergy modification that are primarily driven by local thickness variations. These observa-
tions are consistent with the well-established understanding of the relationship between
thickness and bandgap modifications in 2D materials.

In stark contrast, the twisted flake showed a non-uniform strain distribution, charac-
terized by localized regions of enhanced strain and abrupt variations. With these strain
variations came significant increases in the bandgap energy, dominating the conven-
tional relationship between bandgap and thickness. Remarkably, the bandgap energy in
the twisted flake increased by up to 20%. This underlines the significant influence of the
deformation angle on the electronic properties. Such unexpected behavior challenges
traditional expectations and highlights the immense potential of strain engineering in
the emerging field of twistronics.

Furthermore, the presence of Moiré patterns in the twisted flake further emphasized the
deviation from the pristine crystal structure. These patterns, which arise from lattice
mismatch and rotational misalignment, introduced further complexities. They signifi-
cantly contribute to the observed unconventional behavior. The intricate relationship
between strain variations and Moiré patterns offers a promising direction for investigat-
ing novel physical phenomena and designing advanced electronic devices.

This study underscores the importance of non-uniform strain distribution and the piv-
otal role of deformation angle in modulating the bandgap energy of 2D materials. The
capability to precisely control strain fields in twisted flakes paves the way for innova-
tive engineering of their electronic and optical properties. The insights provided in this
chapter enrich the growing field of twistronics, shedding light on the complex interplay
between strain, bandgap energy, and unconventional behavior in 2D materials.
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T RANSITION metal dichalcogenides (TMDs) have been and will likely continue to be ex-
tensively investigated in the field of materials science. This is due to their remarkable

chemical and physical properties and the unique tunability of these properties through
their structural arrangement.

Our work, especially Chapters 4 and 5, provides insights into the understanding of the in-
terplay between structural and physical properties in intricate tungsten disulfide (WS2)
nanostructures obtained via characterization with complementary transmission elec-
tron microscopy (TEM) techniques. The bottom-up fabrication method of chemical
vapor deposition (CVD) allowed for the creation of these nanostructures with unique
structural properties, including exposed edges and intriguing lateral arrangements in
the form of polytypism and twisted layers. With the work presented in this thesis, we lay
the foundational work in the quest to design novel nanostructures with tailored func-
tionalities. However, some questions remain. In the following sections, we address some
of these remaining open questions and provide perspectives on further research oppor-
tunities for these intricate nanostructures, both in this work and beyond.

First, we will focus on the WS2 flower-like nanostructures exhibiting a mixed 2H/3R poly-
typism. We presented an extensive study of the structural and local electronic properties
of these polytypic WS2 nanoflowers (Chapter 4). In addition to the electronic properties
explored in this thesis, the linear optical response of these polytypic WS2 nanoflowers
was investigated also [1]. The observed reduced photoluminescence proved ideal for
studying the intricacies of the Raman signal. On the other hand, the nonlinear optical
response remains to be explored. It has been reported that crystal structures possess-
ing a broken inversion symmetry exhibit enhanced nonlinear behavior [2, 3]. Hence, the
mixed 2H/3R polytype could be especially interesting for nonlinear optics.

Another potential avenue to explore for these polytypic WS2 nanoflower structures is
their performance as catalyst towards the hydrogen evolution reaction (HER). The inter-
est in this specific chemical process is twofold. Firstly, the nanoflowers possess a vast
amount of exposed edges. As mentioned previously, these edges have been shown to act
as active sites for HER and other chemical reactions [4–8]. Structures with a high ratio of
edges have been observed to exhibit enhanced catalytic performance as a result [6, 7, 9].
Hence, the WS2 nanoflowers are promising candidates for improved catalytic perfor-
mance based on their edge-richness. Secondly, the nanoflowers were revealed to pos-
sess a 2H/3R phase. Previous work by Toh et al. [10] reported on the relation between
the HER catalytic properties of molybdenum disulfide (MoS2) and WS2 and their poly-
types. Indeed, they discovered that the 3R phase outperformed the 2H phase. This raises
the question of what a mixed polytypism would contribute to the HER performance of
nanostructures.

Similarly, the application of polytypic WS2 nanoflowers for gas sensing purposes or as
a catalyst towards carbon dioxide reduction could be investigated. Both of these appli-
cations have been shown to benefit from an increased number of exposed edges [7–9].
Improved carbon dioxide reduction has even been observed for the nanoflower mor-
phology in particular [9]. Herein, a sensitivity of the catalytic behavior to the possessed
polytype was also hinted at.
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Lastly, one could investigate the field-emission properties of the polytypic WS2 nanoflow-
ers. Previous work has shown that MoS2 and WS2 possessing a nanoflower morphology
are well-suited for field emitter applications [11–13]. However, to the best of our knowl-
edge, the influence of the stacking sequence on the field-emission properties in these
TMDs has yet to be explored.

Likewise, the structural properties of twisted WS2 specimens also open up interesting
research opportunities. In Chapter 5, we conducted a comprehensive investigation into
the relationship between local thickness, electronic properties, and strain within vari-
ous twisted WS2 specimens. Specifically, two types of structures were examined: 1) a
well-aligned structure composed of two multilayer flakes, and 2) a structure displaying a
spiral-like configuration where each layer is slightly twisted relative to the adjacent ones.

In the well-aligned stacked flakes specimen, we observed conventional behavior regard-
ing the bandgap energy as a function of local thickness. Additionally, uniform strain
fields were observed, suggesting the preservation of a pristine crystal structure in this
stacked specimen. It is important to note that these observations are likely to change
if this structure was instead composed of two flakes of different TMD materials. Such a
structure is known as a heterostructure, and they have been shown to possess unique
optoelectronic properties beyond those of the individual TMD materials from which
they are composed [14–19]. In addition, due to the vast variety of different TMDs, these
properties can be further tuned by selecting the materials that compose the heterostruc-
ture. Hence, TMD heterostructures provide a powerful method by which to design novel
structures with tailored functionalities.

Heterostructures can be fabricated in various ways. The most well-known method is the
manual stacking of the layers using mechanical transfer techniques [14, 20, 21]. How-
ever, despite the lattice mismatch between different TMD materials, it has been discov-
ered that TMD heterostructures can also be epitaxially grown using CVD [16–19, 22] due
to the weak van der Waals interactions between the layers and/or flakes. It is impor-
tant to emphasize here that the lattice mismatch within CVD-grown TMD heterostruc-
tures can cause strain [22], which in turn may further affect the properties of these het-
erostructures. This latter fact also makes these heterostructures uniquely interesting to
investigate using the synergistic methodology discussed in Chapter 5.

The second type of structure studied in Chapter 5 had a spiral-like configuration. This
structure exhibit an unconventional relationship between thickness and bandgap due
to non-uniform strain present within it. In addition to the study of structural and local
electronic properties in the presence of strain, these twisted spiral-like WS2 structures
might also prove interesting for applications in nonlinear optics. As discussed previ-
ously for the WS2 nanoflowers, an absence of inversion symmetry can lead to enhanced
nonlinear optical response. This broken inversion symmetry and corresponding en-
hanced nonlinear optical response have also been reported in twisted spiral-like TMD
morphologies [23]. Investigating whether our structures also possess this broken inver-
sion symmetry and thus an enhanced nonlinear optical response could open doors for
various applications.
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Another potential application for the twisted spiral-like WS2 structures lies in field-effect
transistors (FETs). Research by Chen et al. [24] revealed that spiraling pyramid-like tung-
sten diselenide (WSe2) structures could be used to fabricated FETs. The device perfor-
mance of these FETs was favorably comparable with FETs created from few-layer WSe2.
It is important to emphasize that these WSe2 structures were composed of aligned layers.
In contrast, our structures exhibit natural twisting of the adjacent layers. This twist an-
gle provides an additional degree of tunability of the electron mobility [24, 25], as men-
tioned earlier. Hence, the combination of the spiral-like configuration and the natural
twist makes these twisted spiral-like WS2 structures ideal candidates for investigating
FET performance.

As seen from the above discussion and the work presented in the thesis, the fabrication
of novel nanostructures with unique structural properties yields various new insights
and opens the door to even more science. However, the bottom-up CVD fabrication of
these types of nanostructures possessing a mixed polytype or twisted layers is relatively
challenging. Specifically, the precise control of these unique lateral arrangements is dif-
ficult to achieved. A good example of this has already been shown within this work, as
the experiment yielding twisted WS2 nanostructures provided us with a variety of differ-
ent morphologies within these twisted structures. Hence, highlighting the importance
for future research to strive for improved control. In closing, we would like to provide
some perspectives on ways to achieve this goal.

The first method is specifically applicable to the fabrication of the twisted WS2 speci-
mens. As stated prior, the same experimental conditions led to the synthesis of a vari-
ety of different twisted morphologies. It is important to recall that as a first step in the
fabrication of these structure, we deposited tungsten trioxide (WO3) powder on our sub-
strate. To do this, we suspended the WO3 powder in isopropanol (ISO) and subsequently
deposited a few droplets of this mixture on our substrate, where it was left to dry. One
drawback of this method is that it is unlikely to result in a fully uniform coating of the
WO3 precursor. Importantly, literature reports on the precursor concentration being key
in determining the growth mechanism by which few-layer pyramid-like morphologies
grow [26, 27]. Hence, it can be hypothesized that our method of WO3 deposition results
in local variations in precursor concentration, consequently yielding the various struc-
tures observed within this experiment. In order to gain control over the type of morphol-
ogy grown during the experiment, one should thus explore different methods to coat the
substrate with WO3. This method should provide better uniformity of the precursor, but
care must also be taken that the desired structures are still obtained. For instance, the
sulfurization of a WO3 thin film is more likely to yield WS2 monolayers instead.

Beyond determining the type of twisted WS2 nanostructures to be grown, one can also
propose methods by which the twist angle could be controlled. Zhao et al. [28] suggested
that the twist in such structures occurs due to protrusions on the substrate. Hence, twist
angle manipulation might be attainable through controlled manipulation, for example
via nanofabrication, of the substrate morphology.

If we instead take a step back from these specific structures and look at methods by
which control of twist and stacking can be achieved in general, various more routes
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could be proposed. Beyond the further optimization of the parameters involved in CVD,
one could look to combine CVD with other techniques. One of which that has been men-
tioned before is the manual stacking of the layers using mechanical transfer techniques
such as stamping. Manual stacking of CVD-grown nanosheets by stamping allows for the
precise control of both twist angle and position of these nanosheets. As a result, homo-
and heterostructure can be created with a higher degree of control than is currently pos-
sible with CVD. However, stamping still also comes with challenges. Despite the control
offered, predetermined stacking sequences might still be difficult to obtain as the atomic
scale arrangement of the nanosheets to be stacked cannot be known fully. Commonly,
assumptions are made based on the most stable configuration.

Alternatively, Carr et al. [29] proposes the use of intercalants, in this specific case,
lithium (Li) ions, to controllably induce a relative twist between two layer of graphene.
They revealed through theoretical calculations that in a fully lithiated structure of bilayer
graphene, the relative stability of the stacking sequences (AA and AB) were inverted. It
would be interesting to see if this could be exploited experimentally in fabrication pro-
cesses to facilitate the growth of predetermined stacking sequences.

By achieving the desired improved control over the unique structural properties of poly-
typism and twist in TMDs, we believe nanostructure exhibiting these properties could
reach their full potential. Unlocking this potential will facilitate their application in effi-
cient and high performance devices in the fields of optics, electronics and renewability,
playing their part in revolutionizing the world of nanodevices.
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A.1. STACKING SEQUENCES IN TMD MATERIALS
Transition metal dichalcogenide (TMD) materials exist in multiple polytypes, each of
which is characterized by a unique stacking sequence. Two of these polytypes are 2H
and 3R, using a convention where the number denotes the number of layers in the unit
cell and the letter describes the crystallographic structure. In the monolayer limit, no
difference can be observed between the hexagonal (2H) and rhombohedral (3R) crystal
structures. The reason is that for both polytypes the monolayer is composed of a transi-
tion metal atomic layer sandwiched between two chalcogen atomic layers.

The differences between the two polytypes become apparent for bilayer stacking (Fig-
ure A.1). For the 2H polytype, the second layer is rotated 60° along the c-axis relative
to the first layer, and shifted so the transition metal (chalcogen) atoms of the second
layer are positioned above the chalcogen (transition metal) atoms of the first layer. This
stacking sequence, AA’, is depicted in Figure A.1a and possesses inversion symmetry. For
the case of the 3R bilayer stacking, the second layer is not rotated but there is a shift in
the position which places the chalcogen atoms of the second layer above the transition
metal atoms of the first layer such that the resulting stacking sequence becomes AB. The
3R bilayer stacking is shown in Figure A.1b and one observes how here the inversion
symmetry, which characterized the 2H phase, is now broken.

Figure A.1: Schematic atomic model of the top-view (upper panels) and side-view (lower panels) of the bilayer
crystalline structure associated to the (a) 2H and (b) 3R polytypes. Here the tungsten atoms are indicated in
blue and the sulfur atoms in yellow.
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A.2. CRYSTALLINE STRUCTURE OF THE WS2 NANOFLOWERS
Figure A.2a displays a low-magnification annular dark-field (ADF) scanning transmis-
sion electron microscopy (STEM) image of one representative tungsten disulfide (WS2)
petal. The difference in contrast indicates the difference terraces. Figures A.2b-d show
the corresponding high-resolution ADF-STEM images taken at different regions of this
WS2 petal. As can be seen from Figures A.2c-d, the transition region between terraces
exhibits the same atomic arrangement as the terraces themselves, namely a hexagonal
honeycomb with an atom in its center. To further confirm the specific crystallographic
structure of the various regions studied for this petal, ADF line profiles have been taken
at the different locations marked in Figure A.3a. Note that these profiles cover both single
terraces and the interface region between different terraces. In all cases, the character-
istic three-fold periodicity is clearly observed from them (Figures A.3b-d), highlighting
the presence of the 2H/3R polytype.

Figure A.2: (a) Low-magnification ADF-STEM image of a representative WS2 petal. The difference in contrast
indicates terraces of different thicknesses. (b-d) The corresponding high-resolution ADF-STEM measurements
acquired at different areas of this flake.
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Figure A.3: (a) Atomic resolution STEM image corresponding to a representative WS2 petal, specifically the re-
gion shown in Figure A.2c. (b-d) ADF intensity profiles acquired along the blue lines indicated in (a). The three
profiles display the same three-fold periodicity, further confirming the underlying 2H/3R crystallographic na-
ture of the WS2 flake.
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Parts of this chapter have been published as the supplementary information of Advanced Functional Materi-
als 34, 2307893 (2024) by S. E. van Heijst, M. Bolhuis, A. Brokkelkamp, J. J. M. Sangers, and S. Conesa-Boj.
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B.1. DATA PROCESSING OF EELS SPECTRAL IMAGES

B.1.1. BANDGAP ENERGY UNCERTAINTY ESTIMATION IN TWISTED WS2
As discussed in Section 3.2.2 of Chapter 3 the Monte Carlo replica method is used in or-
der to obtain a faithful estimate of the uncertainties associated to the modeling and sub-
traction of the zero-loss peak (ZLP). Figures 5.2c-d in Chapter 5 depict the local relative
uncertainty of the bandgap energy in the twisted tungsten disulfide (WS2) specimens
yielding from the analysis of their electron energy-loss spectroscopy (EELS) spectral im-
ages via this method. For both these twisted WS2 specimens, a subset of pixels are ob-
served with relatively high uncertainties when comparison to the rest of the specimen.

To investigate the origin of these, and demonstrate their validity within the error estima-
tion approach, three individual subtracted inelastic EEL spectra and their bandgap fit-
ting are inspected. These spectra are extracted from specific regions of the stacked flakes
specimen, as marked in Figure B.1a. More specifically, these regions are located at the
edge (marked by a circle), near the edge (marked by a square), and in the center (marked
by a diamond) of the specimen. While the relative uncertainty near the edge is relatively
large, the other regions present with a smaller relative uncertainty. Figures B.1b-d display
the individual subtracted inelastic EEL spectra (Iinel) within the aforementioned loca-
tions, together with the best-fit and associated uncertainty used to extract the bandgap
energy.

This analysis indicates that higher relative uncertainties in the determination of the
bandgap energy observed in some of the pixels in the region near the edge are associ-
ated to the presence of additional structures in the subtracted inelastic EEL spectrum
which affect the fitting. These could be related to specific electronic transitions or also
be explained to increased levels of stochastic noise. Nevertheless, one concludes that the
somewhat larger uncertainties affecting the determination of the bandgap energy in this
region are genuine and faithfully estimated within our approach, and reflect the large
fluctuations in the subtracted inelastic EEL spectra used for the bandgap fitting.
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Figure B.1: The subtracted inelastic EEL spectra Iinel in three different regions (indicated in (a)) in the stacked
flakes specimen: (b) at the edge (circle), (c) near the edge (square), and (d) in the center (diamond). The best-
fit and uncertainty for the model of Iinel in the onset region, which are used to extract the bandgap energy, are
also given. Note that some pixels near the edge regions exhibit additional structures in this onset region, which
results in larger uncertainties in the bandgap energy determination.
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B.1.2. LOCAL THICKNESS MAPPING OF TWISTED WS2
In addition to the bandgap energy, the EELSFITTER framework also allows for the extrac-
tion of local thickness information from EELS spectral images (Section 3.2.4 of Chap-
ter 3). The spatially-resolved thickness maps of the twisted WS2 specimens discussed
in Chapter 5 are presented in Figures B.2a-b. These maps also include the contribution
from the underlying substrate composed of the 5 nm-thick silicon nitride (Si3N4) film of
the transmission electron microscopy (TEM) microchip.

Figure B.2a displays the thickness map of the stacked flakes specimen shown in Fig-
ure 5.1a in Chapter 5, revealing its layered structure. The base flake exhibits a maxi-
mum thickness of approximately 29 nm. When the smaller flake is stacked on top, the
specimen reaches a maximum thickness of 91 nm. The corresponding map of relative
uncertainty is displayed in Figure B.2c, indicating that these are very small except for
pixels at the very edge of the specimen.

Figure B.2b showcases the thickness map of the twisted flake depicted in Figure 5.1b
in Chapter 5, highlighting its spiraling nature. The map indicates a maximum height
of 60 nm at the center of the flake. Also here, uncertainties associated to the thickness
determination (Figure B.2d) are essentially negligible.

Figure B.2: (a-b) Spatially-resolved maps showing the combined thickness of the twisted WS2 specimens (Fig-
ure 5.1 in Chapter 5) and the underlying 5 nm Si3N4 film substrate. (c-d) Relative errors of the thickness maps
from (a-b). A mask is applied to exclude pixels corresponding to the substrate.
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B.2. MAPPING STRAIN DISTRIBUTIONS IN TWISTED WS2 WITH

4D STEM-EMPAD
B.2.1. ADDITIONAL SPATIALLY-RESOLVED STRAIN MAPS OF A TWISTED

WS2 FLAKE
In Section 5.3.2 of Chapter 5 we discuss the details regarding the extraction of infor-
mation on the strain fields and deformation angle of the twisted flake from its four-
dimensional (4D) dataset acquired by employing 4D scanning transmission electron mi-
croscopy (STEM) coupled with an electron microscope pixel array detector (EMPAD).
The resulting spatially-resolved maps for the shear strain (εx y and εx ′y ′ ) and deforma-
tion angle (θ) are presented in Figures 5.5d-g in Chapter 5. Furthermore, the analysis
provides insights into the strain fields along the x-/x ′- and y-/y ′-directions, which are
depicted in Figures B.3a-b and B.3c-d, respectively.

Remarkably, these spatially-resolved maps exhibit a consistent strain distribution char-
acterized by abrupt transitions near the three corners of the flake, as described in Sec-
tion 5.3.2 of Chapter 5 in the context of the shear strain.

Figure B.3: Spatially-resolved strain maps for the (a-b) εxx and (c-d) εy y strain components obtained using the
clusters denoted as (a,c) A and (b,d) B in Figure 5.5c in Chapter 5. The black square indicates the reference area.
A slight Gaussian filter was applied to the maps to reduce outliers and enhance visualization. The overlaid lines
represents a rough outline of the bandgap map shown in Figure 5.2b in Chapter 5, specifically indicating the
crossing at 0.7 eV (dashed black line) and 0.8 eV (solid black line). The entire flake is outlined by the solid gray
line.
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B.2.2. APPLICATION OF GAUSSIAN FILTER TO SPATIALLY-RESOLVED STRAIN

AND DEFORMATION ANGLE MAPS
The spatially-resolved strain and deformation angle maps, as shown in Chapter 5, were
subjected to a Gaussian filter. This process results in more realistic maps by eliminating
point outliers and smoothing the pixelated nature of the unfiltered maps. To highlight
this functionality, Figures B.4, B.5, and B.6 depict the strain and deformation angle maps
before the Gaussian filtering was applied. These unfiltered maps were obtained using
the same method as their filtered counterparts.

Figure B.4: Spatially-resolved strain and deformation angle maps of the stacked flakes specimen (Figure 5.1a in
Chapter 5), as shown in Figures 5.4d-g in Chapter 5, before the application of a Gaussian filter. The strain maps
are divided into εxx , εy y , and εx y components. Here, εxx and εy y represent strain in the x and y directions
respectively, indicating how much the material has been stretched or compressed along these axes, while εx y
represents shear strain. The black square indicates the reference area.



B.2. MAPPING STRAIN DISTRIBUTIONS IN TWISTED WS2 WITH 4D STEM-EMPAD

B

103

Figure B.5: Spatially-resolved strain and deformation angle maps for the twisted flake (Figure 5.1b in Chap-
ter 5), as shown in Figures 5.5d,f in Chapter 5 and Figures B.3a,c, before the application of a Gaussian filter.
The strain maps are divided into εxx , εy y , and εx y components. Here, εxx and εy y represent strain in the x
and y directions respectively, indicating how much the material has been stretched or compressed along these
axes, while εx y represents shear strain. The black square indicates the reference area.
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Figure B.6: Spatially-resolved strain and deformation angle maps for the twisted flake (Figure 5.1b in Chap-
ter 5), as shown in Figures 5.5e,g in Chapter 5 and Figures B.3b,d, before the application of a Gaussian filter.
The strain maps are divided into εx′x′ , εy ′y ′ , and εx′y ′ components. Here, εx′x′ and εy ′y ′ represent strain

in the x′ and y ′ directions respectively, indicating how much the material has been stretched or compressed
along these axes, while εx′y ′ represents shear strain. The black square indicates the reference area.
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B.3. HAADF-STEM ANALYSIS OF TWISTED WS2: REVEALING

ATOMIC-SCALE STRUCTURE
Various observations related to the correlation between bandgap energy, thickness and
strain were made during the analysis of the twisted WS2 morphologies presented in Fig-
ure 5.1 in Chapter 5. To further investigate these observations, a high-angle annular
dark-field (HAADF) STEM analysis was conducted on both specimens.

First, the stacked flakes specimen is examined. Figures B.7b-c show the resulting HAADF-
STEM images at two distinct regions on the base flake, marked by the white diamond and
circle in the low-magnification STEM image in Figure B.7a, respectively. Both regions ex-
hibit a well-ordered atomic-scale structure, as clearly seen in the HAADF-STEM images.
The corresponding fast Fourier transforms (FFTs), as shown in the insets, also display a
distinctly singular hexagonal diffraction pattern, which is a characteristic feature of the
ordered WS2 structure.

Next, the twisted flake was investigated. HAADF-STEM images were obtained at two
positions marked in the low-magnification STEM image shown in Figure B.7d. These
HAADF-STEM images (Figures B.7e-f) reveal the presence of Moiré patterns within the
studied areas. The multiplicity in the FFTs (insets) corresponding to these HAADF-STEM
images further confirms the existence of these Moiré patterns.

Figure B.7: Low-magnification STEM image of (a) the stacked flakes specimen, and (d) the twisted flake.
HAADF-STEM image and corresponding FFT (insets) of the areas marked in (a) at (b) one of the tips of the
base flake (white diamond), and (c) close to a tip of the smaller flake (white circle), as well as those of the areas
marked in (d) by (e) a white diamond, and (f) a white circle.
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C.1. ACQUISITION DETAILS OF CHAPTER 3
The annular dark-field (ADF) scanning transmission electron microscopy (STEM) imag-
ing and electron energy-loss spectroscopy (EELS) measurements, displayed in Figure 3.2,
were performed on an ARM200F Mono-JEOL microscope. The microscope was oper-
ated at 200 kV with the monochromator ON and a slit of 1.3 µm inserted. A Gatan GIF
Quantum ERS system (model 966) was used for the EELS analyses. The convergence and
collection semi-angles were 19.96 and 14.5 mrad, respectively. The spectral resolution,
defined by the full width at half maximum (FWHM) of the zero-loss peak (ZLP), achieved
under these conditions is around 120 meV. EEL spectra were acquired with an entrance
aperture diameter of 5 mm, energy dispersion of 0.015 eV/channel, and pixel time of
0.5 s. The camera length used for both the EELS analysis and STEM imaging was 12 cm.
Following acquisition, the data was analyzed using the open-source analysis framework
EELSFITTER, yielding the maps shown in Figures 3.3 through 3.5.

The acquisition of the four-dimensional (4D) STEM datasets, as depicted in Figures 3.6
and 3.8, was done using a Titan Cube microscope equipped with an electron micro-
scope pixel array detector (EMPAD) optimized for 4D-STEM. The microscope was op-
erated at 300 kV in STEM nanoprobe mode. Figure 3.6 displays a dataset acquired on
a twisted tungsten disulfide (WS2) specimen. In this case, the convergence semi-angle
was reduced to 2.63 mrad using a 50 µm condenser (C2) aperture and a camera length
of 285 mm. Acquisitions were carried out at 1 ms exposure time for 128 × 128 real-space
pixels (scan positions). For each of these pixels, the EMPAD detector records a nanobeam
diffraction pattern of 128 x 128 pixels. Similarly, for the twisted molybdenum-/tungsten
diselenide (MoSe2/WSe2) heterostructure (Figure 3.8a), the convergence semi-angle was
reduced to 0.53 mrad using a 10 µm condenser (C2) aperture and a camera length of
285 mm. Acquisitions were carried out at 5 ms exposure time. Analysis of the datasets
was performed using the open-source analysis framework STRAINMAPPER, producing
the results reported in Figures 3.6, and 3.9 through 3.11.

The Titan Cube microscope was also used to collect the high-resolution STEM images
shown in Figure 3.8b-c. Again the microscope was operated at 300 kV.

C.2. ACQUISITION DETAILS OF CHAPTER 4 AND APPENDIX A
The low magnification ADF-STEM imaging and energy-dispersive X-ray spectroscopy
(EDS) measurements, presented in Figures 4.1c and 4.1e respectively, were performed
using a Titan Cube microscope operated at 300 kV.

The ADF- and bright-field (BF-) STEM images and the EELS measurements displayed in
Figures 4.1d, 4.2 through 4.5, A.2, and A.3 were instead taken using a JEOL ARM200F mi-
croscope with a cold field-emission gun operated at 60 kV. This microscope is equipped
with an aberration probe corrector and a Gatan GIF Quantum spectrometer. The conver-
gence and collection semi-angles were set to 30.0 and 66.7 mrad, respectively. The spec-
tral resolution (FWHM of the ZLP) achieved under these conditions is around 450 meV.
The EEL spectra of Figure 4.5a were acquired with an entrance aperture diameter of
5 mm, energy dispersion of 0.025 eV/channel, and exposure time of 0.001 s. The camera
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length used was 12 cm. Following acquisition, this data was analyzed using the open-
source analysis framework EELSFITTER, giving the results shown in Figures 4.5b and 4.6.

C.3. ACQUISITION DETAILS OF CHAPTER 5 AND APPENDIX B
The ADF-STEM imaging and EELS measurements of the specimens as displayed in Fig-
ure 5.1, were performed on an ARM200F Mono-JEOL microscope. The microscope was
operated at 200 kV with the monochromator ON and a slit of 1.3 µm inserted. A Gatan
GIF Quantum ERS system (model 966) was used for the EELS analyses. The convergence
and collection semi-angles were 19.96 and 14.5 mrad, respectively. The spectral resolu-
tion (FWHM of the ZLP) achieved under these conditions is around 120 meV. EEL spec-
tra were acquired with an entrance aperture diameter of 5 mm, energy dispersion of
0.015 eV/channel, and pixel time of 0.5 s. For both the EELS analyses and STEM imag-
ing a camera length of 12 cm was used. Following acquisition, the data was analyzed
using the open-source analysis framework EELSFITTER, providing the results as shown in
Figures 5.2, 5.3, B.1, and B.2.

The high-resolution STEM images in Figure B.7 were also collected using the ARM200F
Mono-JEOL microscope. During imaging the microscope was operated at 200 kV. The
convergence semi-angle and camera length were 19.82 mrad and 8 cm, respectively.

The 4D STEM measurements, as reported on in Figures 5.4 and 5.5, were conducted
using a Titan Cube microscope equipped with an EMPAD optimized for 4D-STEM. The
microscope was operated at 300 kV in STEM nanoprobe mode. The convergence semi-
angle was reduced to 2.63 mrad using a 50 µm condenser (C2) aperture and a camera
length of 285 mm. Acquisitions were carried out at 1 ms exposure time for 128 × 128
real-space pixels (scan positions). For each of these pixels, the EMPAD detector records a
nanobeam diffraction pattern of 128 x 128 pixels. Analysis of the datasets was performed
using the recently developed STRAINMAPPER framework, producing the results reported
in Figures 5.4, 5.5, and B.3 through B.6.
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