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Zusammenfassung

Ubergangsmetall-Dichalkogenide (TMDs) reprasentieren eine stetig wachsende Klasse von
Schichtmaterialien, die zweidimensional (2D) und van der Waals-artig sind. Sie zeigen eine
breite Vielfalt an elektronischen, optischen und mechanischen Eigenschaften und erzeugen
somit ein enormes Forschungsinteresse fur industrielle Anwendungen. Aufgrund ihrer
Schichtstruktur und ihres stark oberflachenabhangigen Charakters hangen die Eigenschaften
von 2D-Materialien stark von ihrer Umgebung ab. Einerseits bietet dies eine Vielzahl von
Madglichkeiten fir Oberflachenchemie-Modifikationen und Funktionalisierung, um spezifische
Materialeigenschaften anzustreben. Andererseits ist die freiliegende Oberflache sehr anfallig
fir Kontaminationen, wie zum Beispiel umweltbedingte Adsorption von Kohlenwasserstoffen
oder Polymeren, die wahrend Verarbeitungsschritten wie Materiallagerung, Verpackung,
Versand oder Strukturierung eingefiihrt werden. Deshalb ist die vollstandige Kontrolle tber die
Materialoberflache entscheidend und kann nur durch eine umfassende Oberflachenanalyse
erreicht werden. Unter den Materialcharakterisierungstechniken werden Réntgen-
Photoelektronenspektroskopie (XPS) und Raman-Spektroskopie weit verbreitet fir die
Untersuchung von 2D-Materialien angewendet. Diese Techniken haben jedoch instrumentelle
und physikalische Nachteile, die die erhaltenen Materialdaten einschranken kdénnen. Zum
Beispiel konnen nur Raman-aktive Schwingungen detektiert werden und die laterale Auflésung
ist durch die Lichtbeugung begrenzt. XPS bietet eine elementare Analyse und kann sogar
Bindungszustande der Atome bestimmen, aber die Detektion ist auf Konzentrationen von ~1%
beschrankt. Time-of-Flight-Sekundérionen-Massenspektrometrie (TOF-SIMS) ergénzt diese
konventionellen analytischen Techniken und bietet Uberlegene
Konzentrationsdetektionsgrenzen bis hin zu ppm-Level fur anorganische und organische
Materialien. TOF-SIMS kann eine laterale Auflésung von ~100 nm erreichen und insbesondere
flr einlagige, dinne Materialien eine Tiefenauflésung von 1nm waéhrend der
Tiefenprofilierung ermoglichen. In dieser Arbeit mit dem Titel "Untersuchung von
zweidimensionalen Ubergangsmetall-Dichalkogeniden mit Time-of-Flight-Sekundarionen-
Massenspektrometrie” mdchte ich die Anwendung von TOF-SIMS in der Untersuchung von
2D-Materialien prasentieren und vorantreiben. Bislang ist die Anwendung von TOF-SIMS in
der Analyse von 2D-Materialien selten, hier zeige ich analytische Studien, bei denen diese

Technik hilft, die wahre Chemie von reinen und funktionalisierten 2D-Materialoberflachen,



sowie Heterostrukturen und den tieferliegenden Schichten und Substraten auf der Nanoskala zu

identifizieren.

Die erste Studie beschaftigt sich mit der Untersuchung der reinen Oberflacheneigenschaften
des reprasentativen TMD MoS;, das entweder durch mechanische Exfolierung oder chemische
Gasphasenabscheidung hergestellt wird. Hier wird der Einfluss verschiedener Hilfsmaterialien
auf die Oberflachen- und Kontaktflachenreinheit untersucht. Auch werden unterschiedliche
Lagerbedingungen verglichen und die Adsorption von Kohlenwasserstoffen aus der Umgebung
oder Verpackungsmaterialien Uberprift. Weiterhin wird der Umfang von Riickstanden nach der
Ubertragung von MoSz-Monolagenfilmen mit verschiedenen unterstiitzenden Polymeren
untersucht und verschiedene Heizverfahren auf ihr Potenzial zur Entfernung von polymeren

Rickstanden untersucht.

Um das Potenzial von 2D-Materialien voll auszuschopfen, sind reine Oberflachen und
Kontaktflaichen mit den Substraten erforderlich. Insbesondere fiir Anwendungen in
elektronischen Geréten konnen diese Oberflachen weiter modifiziert und funktionalisiert
werden, um spezifische Eigenschaften anzusteuern. Zu diesem Zweck untersucht die zweite
Studie in dieser Arbeit die nicht-kovalente Funktionalisierung von 2D-Materialien,
hauptséchlich MoS,, mit Perylenbisimid (PBI)-Molekilen. Die Funktionalisierung erfolgt
durch die Bildung dlnner, selbstorganisierter Schichten von PBIs auf MoS,. Die resultierenden
anorganisch-organischen Strukturen werden mit Rasterkraftmikroskopie (kombiniert mit
Infrarotspektroskopie) (AFM(IR)) sowie Raman-Spektroskopie untersucht. Die selektive
Abscheidung der polycyclischen Molekile auf der TMD-Materialoberflache wird durch TOF-
SIMS bestétigt.

In der dritten Studie wird die Fahigkeit von TOF-SIMS-Tiefenprofilierung zur Untersuchung
von Kontaktflachen genutzt. PtSeo-Filme auf SiO2/Si-Substraten, die durch thermisch
unterstitzte Umwandlung (TAC) hergestellt wurden, werden mit besonderem Augenmerk auf
die potenzielle Diffusion von Pt-Metall in das Substrat untersucht. Verschiedene Experimente
werden durchgefthrt, um zu untersuchen, ob Pt-Metall im Substratoxid vorhanden ist und ob
es wahrend des Metallaufdampfungs/sputter- oder Selenisierungsprozesses bei hohen
Temperaturen diffundiert. Der Knock-On Effekt wéhrend der TOF-SIMS-Tiefenprofilierung
erschwert die Analyse und wird weiter untersucht, um zwischen diesem Effekt und der
potenziellen Pt-Diffusion zu unterscheiden. Es wird eine zusétzliche XPS-Studie vorgestellt,
die die Fahigkeiten von TOF-SIMS ergdnzt, indem sie Informationen Uber die
Bindungszustande der Atome in den untersuchten Proben gibt.



Zusammenfassend kann TOF-SIMS als eine groRartige Erganzung zu konventionellen
analytischen Techniken im Bereich der 2D-Materialforschung wie Raman-Spektroskopie, XPS,
AFM und Sekundérelektronenmikroskopie (SEM) verwendet werden. Es kdnnen nanoskalige
Merkmale auf Oberflachen und Kontaktflachen sichtbar gemacht werden, die durch andere
Techniken nicht immer erkennbar sind. Diese Arbeit zeigt, wie TOF-SIMS eingesetzt werden
kann, um Spuren von Umwelt- oder prozessbedingter Kontamination, aber auch absichtlich
eingefuhrte Oberflachenmodifikationen und Funktionalisierungen auf 2D-Materialoberflachen
zu identifizieren und wie eingebettete Kontaktflachen mit einer sub-Nanometer-Auflésung
zuganglich gemacht werden konnen. Die erzielten Ergebnisse ermutigen zur weiteren
Verwendung dieser Technik fir Untersuchungen im nanoskaligen Bereich von
Schichtmaterialien mit der Option neuer technologischer Entwicklungen, wie sanfterer
Sputterionenkanonen und der MS/MS (Doppelmassenspektrometer)-Technik fur eine

verbesserte lonisierung und Fragment Identifikation.






Abstract

Transition metal dichalcogenides (TMDs) represent a steadily growing class of layered,
two-dimensional (2D) van der Waals materials, exhibiting a broad variety of electronic, optical
and mechanical properties, thus rising tremendous research interest for device applications.
Due to their layered, highly surface dependent nature the properties of 2D materials strongly
depend on their environment. On the one hand, this offers a wide variety of platforms for
on-surface chemical modification and functionalization to target specific material properties.
On the other hand, the exposed surface is highly susceptible to contamination, such as
environmentally adsorbed hydrocarbons or polymers introduced during processing steps, such
as material storage, packaging, shipping or structuring. Therefore, full control over the material
surface is crucial and can only be achieved by exhaustive surface analysis. Amongst material
characterization techniques, X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy
are widely applied for the investigation of 2D materials. However, these techniques have
instrumental and physical drawbacks which limit the material data they can provide. For
example, only Raman active vibrations can be detected due to selection rules and the lateral
resolution is limited by the diffraction of light. XPS offers elemental analysis and can even
determine binding states of the atoms but the detection is limited to concentration levels of
~1%. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) complements these
conventional analytical techniques, offering superior concentration detection limits down to
ppm levels for inorganic and organic materials. TOF-SIMS can achieve a lateral resolution of
~100 nm and, especially important for monolayered, thin materials, a depth resolution of 1 nm
during depth profiling.

In this thesis, entitled “Investigation of Two-Dimensional Transition Metal Dichalcogenides
with Time-of-Flight Secondary lon Mass Spectrometry” | want to present and advance the
application of TOF-SIMS in 2D material investigation. So far, the application of TOF-SIMS in
2D material analysis remains scarce but | showcase analytical studies, where this technique
helps to identify the true chemistry of pristine and functionalized 2D material surfaces on the
nanoscale, as well as buried interfaces of the layered materials and their substrates.

The first study addresses the investigation of the pristine surface nature of the representative
TMD MoS;, prepared either by mechanical exfoliation or chemical vapor deposition. Here the
influence of different exfoliation tape materials on the surface and interface cleanliness is

examined. Also, different storage conditions are compared and the adsorption of hydrocarbons



from the environment or packaging materials is inspected. Further the extent of residues after
transfer of MoS; monolayer films with different assisting polymers is investigated, and different

annealing procedures are examined with a view to their potential to remove polymeric residues.

To fully harness the potential of 2D materials preserved pristine surfaces and interfaces with
the substrates are necessary. Especially for applications in electronic devices, these surfaces
can be further modified and functionalized to target specific properties. For this purpose, the
second study in this thesis examines the non-covalent functionalization of 2D materials,
represented mainly by MoS, with perylene bisimide (PBI) molecules. The functionalization is
realized with the formation of thin, self-assembled layers of PBIs on MoS,. The resulting
inorganic-organic structures are investigated with atomic force microscopy (combined with
infrared spectroscopy) (AFM(-IR)), as well as Raman spectroscopy. The selective deposition

of the polycyclic molecules on the TMD material surface is confirmed by TOF-SIMS.

In the third study the ability of TOF-SIMS depth profiling to examine buried interfaces is
exploited. PtSe> films on SiO2/Si substrates, grown by thermally assisted conversion (TAC) are
examined with special attention to the potential diffusion of Pt metal into the substrate.
Different experiments are conducted to investigate whether Pt metal is present in the substrate
oxide and whether it diffuses during the metal evaporation/sputtering or selenization process at
high temperatures. The problem of knock-on during TOF-SIMS depth profiling complicates
the analysis and is further investigated to differentiate between this effect and the potential Pt
diffusion. An additional XPS study is presented, complementing the abilities of TOF-SIMS by

giving information on the binding-states of the atoms in the examined samples.

Summarizing, TOF-SIMS can be used as a great addition to more conventional analytical
techniques in the field of 2D materials research, such as Raman spectroscopy, XPS, AFM and
secondary electron microscopy (SEM), revealing nanoscale features on the surfaces and
interfaces which are not always evident by the other techniques. This thesis demonstrates how
TOF-SIMS can be applied to laterally resolve and identify trace amounts of environmental or
process-related contamination, as well as deliberately introduced surface modifications and
functionalization on 2D material surfaces and how buried interfaces can be accessed with
sub-nanometer resolution. The demonstrated results encourage the use of this technique for
further investigations in the nanoscale field of layered materials with the option of newly
invented technological features, such as soft sputter ion guns and the MS/MS (double mass

spectrometer) technique for improved fragment ion identification.
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| Introduction

Two-dimensional (2D) materials commonly refer to isolated monolayers of bulk crystals. First
reports of thin carbon materials date back to the last century but it was not until the exfoliation
and identification of a single atomic layer of carbon by Geim, Novoselov et al. in 2004 that the
extraordinary electrical properties of graphene were introduced.™ It was discovered that the
properties of 2D materials are strongly structurally dependent, which intensified research
interest in their physical, electrical and optical phenomena, soon leading to a growing family of
materials. Transition metal dichalcogenides (TMD), with the general structure MXz, where M
is a transition metal and X a chalcogen of the sixth group in the periodic table are naturally
layered materials like graphene. This made them candidates of interest with MoS> being the
most studied and primary representative of this group. While graphene is a zero-bandgap
material, thin TMD layers can have a direct or indirect bandgap. Due to their ultra-high specific
surface areas the band structures are sensitive to external perturbation and matter, making them
suitable for many electronic and optoelectronic applications, as described by Herbert Kroemer
“The interface is the device.”? This all surface nature offers a playground for manipulating the
materials to tailor certain properties but also demands a strong awareness and control when

thinking about integration of the materials in devices.

2D materials are characterized by strong in-plane covalent bonds and weaker out-of-plane van
der Waals (vdW) forces, allowing the relatively easy separation of individual layers from a bulk
crystal. The intact layer surface has no dangling bonds and is therefore relatively chemically
inert. Material functionalization is an important key to modify the 2D materials surface
chemistry to target specific functionalities and fully harness their properties. Numerous routes,
including doping, phase-engineering, covalent and non-covalent functionalization have been
developed for this task. Especially, non-covalent functionalization with self-assembling organic
molecules has shown great potential, since it avoids bond-breakage and defect introduction into

the lattice, which could potentially compromise the electrical properties of the materials.

Since minor modifications can have a dramatic effect on the properties of nanoscale confined
structures, there is a need for dedicated high resolution analytical techniques capable of
resolving such changes with appropriate detection limits for both organic and inorganic species.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is an extremely surface sensitive

technique with the ability to reveal the surface and interface chemistry of most solid materials,
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including metals as well as insulators. With its ppm range detection limit, lateral resolution of
about 100 nm and sub-nanometer in-depth resolution it overcomes many of the limitations of
conventional optical spectroscopy and other analytical techniques. The simultaneous detection
of all elements on a surface or in depth, as well as lateral representation of their distribution

make it a powerful tool for 2D material surface and depth profile analysis.



Il Thesis Overview

This thesis deals with the extensive investigation of the surface and interface chemistries of
pristine, as well as further processed 2D materials, exploiting the inherent advantages of
TOF-SIMS, supported by other analytical techniques, such as optical, scanning electron and
atomic force microscopies (SEM and AFM), Raman and photoluminescence (PL) spectroscopy
and X-ray photoelectron spectroscopy (XPS).

In Part I - “Introduction”, the motivation for the research is laid out and in Part 11 - “Thesis
Overview” an outline of the conducted work is provided. This is followed by
Part 11 - “Theory and Background” on the properties and applications, as well as synthesis
and functionalization routes of 2D materials, specifically graphene and transition metal
dichalcogenides (TMD). Continuing from this, the theoretical background and methods for all
analytical techniques utilized in this work are presented in Part IV “Characterization
Methods”. An extended chapter on the theoretical background of the TOF-SIMS technique,
including the working principle, instrumental setup and measurement modes, as well as a
literature review on the current state of TOF-SIMS investigations on 2D materials, is provided.
The main research results of this work are presented in four core chapters in Part V - “Results
and Discussion”.

In the first core chapter, V6. - “General Synthesis and Analysis of CVD-grown TMD
Materials”, an introduction is given to the chemical vapor deposition (CVD) for TMD
synthesis and subsequent characterization by conventional analytical techniques, as used in this
thesis, such as SEM and AFM, Raman and PL spectroscopy and XPS.

The second core chapter, V7. - “Investigation of Organic/Polymeric Contaminations on 2D
Materials - Insights from the Nanoscale TOF-SIMS Perspective”, contains a study on
pristine 2D materials, i.e. as prepared without modification or functionalization, made by the
different routes of mechanical exfoliation and vapor deposition techniques. TOF-SIMS
analyses demonstrate the problematic reality of surface contamination from environmental
hydrocarbon, as well as polymeric species during storage or further processing with regards to
future device implementation.

In the third core chapter, V8. - “Preparation and Characterization of On-Chip,
Non-Covalent Perylene Bisimide Functionalized TMDs - Analysis of the Surface

Chemistry by TOF-SIMS”, a method for the non-destructive, specific and non-covalent
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functionalization of 2D materials with polycyclic organic molecules is demonstrated,
developing a method for targeted chemical functionalization of 2D material surfaces. The
successful functionalization and selectivity of the reaction is monitored by laterally resolved
and surface sensitive TOF-SIMS and atomic force microscopy combined with infrared
spectroscopy (AFM-IR).

In the final core chapter, V9. - “Revealing the Interfaces of TMD Films on Substrates by
TOF-SIMS Depth Profiling”, the ability of TOF-SIMS to investigate buried interfaces with
~1 nm in-depth resolution is demonstrated with a case study on depth profiles of TMD materials
grown on oxide, revealing the composition on the oxide/2D material interface.

The thesis is concluded in Part VI - “Conclusions and Outlook”, which provides a brief

summary on the attained results and possible future developments in this field.



11 Theory and Background

1. 2D Materials

1.1. Graphene

Early theoretical studies indicated that low-dimensional crystals were unstable due to
displacement of lattice atoms upon thermal fluctuations and 2D crystals were considered
non-existent. This led to the assumption that such materials could only be grown epitaxially on
bulk single crystals with matching crystal lattices.®51 After early studies on carbon
nanomaterials, such as ultrathin graphite, carbon nanotubes and fullerenes, the discovery of
graphene via exfoliation to a single layer by Geim, Novoselov et al. in 2004M, revived the

research interest and enabled the study of the material’s unique physical phenomena.

Figure 1 Illustration of the atomic structure of graphene. The hybridized sp? and p, dumbbell shaped
orbitals (blue and purple) of the carbon atoms (grey spheres) are responsible for the formation of

o- and 7-bonds, respectively.

Graphene is a single layer of sp?-bonded carbon atoms arranged in a honeycomb lattice with
each carbon atom bonded with three others and a carbon-carbon distance of 1.42 A
(Figure 1).1%1 The hybridization of three atomic orbitals (2s, 2p, and 2p,) per carbon atom
results in a trigonal planar structure and ¢ bonds between the covalently bound carbon atoms.
Carbon atoms have a total of six electrons, two in the inner shell and four valence electrons on
the outermost shell. While three of the four valence electrons form the ¢ bonds, the last electron

creates © bonds by half-filled 2p, orbitals normal to the hexagonal lattice, freely available for
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electronic conduction. The fully filled lower energy levels result in a fully filled valence band
according to the Pauli principle. The strong covalent ¢ bonds account for the mechanical
strength and structural robustness of the monoatomic thin lattice, reaching an exceptional
tensile strength of 130 GPa and a Young's modulus of 1 TPa, exceeding those of any other
material ever measured.l’! In addition, the material is extremely light, weighing only about
0.77 mg/m?. The half-filled p, orbitals from neighboring carbon atoms can bind covalently to
form the electronic = band, which governs the physical properties of graphene. Its electronic
band structure displays a zero bandgap, resulting from the conduction and valence band meeting
in a single point around which the wavefunctions of electrons are described by the Dirac
equation, therefore known as the Dirac point. In high quality graphene charge carriers can be
tuned continuously between electrons and holes with high concentrations ~10'% cm due to the
ambipolar electric field effect, resulting in mobilities over 200000 cm?/V's even under ambient
conditions.[®! The high charge carrier mobilities are associated with the unique electronic
transport due to mainly electron-electron, rather than electron lattice interactions in graphene.
On a substrate the carrier transport is limited by scattering, which can be due to lattice defects
and grain boundaries formed during growth or charge impurities and interface roughness,
cracks or wrinkles introduced during the growth or transfer processes. Due to its gapless band
structure graphene can absorb a broad spectrum of light in the ultraviolet, visible, infrared and
terahertz regions. In the visible region graphene absorbs about 2.3% giving rise to interesting
applications like transparent electrodes, touch screens and solar cells. By tuning the Fermi
energy of graphene, by electrostatic gating or doping, the absorption can be controlled, making
it suitable for dynamic optical device applications. In the mid-infrared it becomes more
transparent and in the far infrared it can even metal-like reflect light.

Due to its unique mechanical, electrical and optical properties, graphene is important for
numerous applications in mechanical and electrical engineering, micro-electronics and
sensorics.* Example applications include uses in organic light emitting diodes (OLED) for
electronic device display screens, where graphene can replace indium electrodes. The cheaper,
thinner and conductive material allows lower power consumption and better recyclability of
touch-screens for smartphones.*?l Also, lithium-ion batteries can benefit from the use of
graphene on the anode surfaces, making them super-fast rechargeable, due to the materials large
surface to volume ratio.[*3 The surface is also exploited in ultracapacitors for electrical power
storage through electrons on the graphene sheets. Transistors based on graphene, despite not
being a natural semiconductor, were realized in higher frequency operation due to the higher
speed of electrons moving in graphene as compared to silicon.[®! Very different applications are
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graphene membranes for low-cost water desalination, filtering certain particles and gases, as
well as corrosive coatings in metallurgy. In addition, to its electrical properties, the
all-surface nature and catalytical properties make it a popular choice for sensor-based
applications. A tunable electrochemical potential and fast electron transfer make graphene a
good candidate for electrochemical sensors.*> With additional modifications of the surface to
enable specific reactions, like enzymatic reactions, sensors for e.g., glucose, cholesterol or
hemoglobin have been demonstrated.!*8! Graphene Field-Effect-Transistors (GFETs) have also
been shown to have great sensitivity in bio-sensing along with low response time and
production costs. In strain sensors graphene shows the generation of a pseudo-magnetic field
due to Dirac point shift, therefore a change of electronic structure upon strain can be monitored

and exploited for pressure sensors, as well as in different (wearable) healthcare devices.[*]

1.2. Transition Metal Dichalcogenides

Semi-metallic graphene was only the first of an emerging class of new materials soon followed
by 2D semiconductors, such as transition metal dichalcogenides (TMDs), black phosphorus
(BP) and insulators such as hexagonal boron nitride (h-BN).

Transition metal dichalcogenides have the general structure of MX> (where M is the transition
metal: Mo, W, Ti, Nb, Re, Pt etc. and X is a chalcogen element: S, Se, Te). Oxygen and
radioactive representatives of the transition metal group can be neglected due to their very
diverging properties. Here all studies were conducted on TMDs of the group VI transition
metals and their sulfur and selenium chalcogenides, MoS2, MoSe2, WS, and WSe>. The group
VI TMD derivatives are generally the most studied with the sulfur representatives also being
non-toxic, while the selenium and especially tellurium ones are more of a concern in terms of
toxicity especially during production. The relatively new members of the noble metal
dichalcogenides are represented by PtSe; in this thesis.

Transition metal dichalcogenides exhibit a layered bulk structure, and are sometimes also
abundant as naturally occurring minerals, e.g., molybdenite. A monolayer of TMD can be
described as a layer of transition metal atoms sandwiched between two chalcogen atom layers
with an overall thickness of less than 1 nm. In the bulk material these 3-atom thick layers are
stacked together. While the intralayer bonds between metal and chalcogen atoms are of strong
covalent nature, the stacked layers are held together by several magnitudes weaker van der
Waals forces. This difference between the forces holding together the bulk material is
responsible for many anisotropic behaviors and a characteristic mechanical property, which
made MoS: one of the first studied TMDs, for its use as lubricant, in the 1900s.
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Figure 2 Schematic of the atomic structures of TMDs. a) Top-view of the monolayers and b)
polymorphic structures of the octahedral 1T and trigonal prismatic 2H phases, with the transition
metal atoms presented as blue and chalcogenide atoms as yellow spheres and c) the corresponding
density of states and d-orbital splitting for both structural polymorphs with electrons filled for the

example of MoS..

Generally, in the bulk all metals are bound to six chalcogen atoms, while each chalcogen atom
is bound to three metal atoms and the metals are charged +4, the chalcogens -2. The sp3
hybridized chalcogen atoms have one lone pair of electrons in an orbital out-of-plane of the
layer, which results in a fully saturated surface above and below each TMD layer. This
configuration leads to the difference in interlayer and intralayer bonding and remarkable
stability. Whenever the structure is disturbed by defect sites, grain boundaries or edges of the

crystal unsaturated dangling bonds occur, lowering the material stability.

The specific structural phase heavily depends on the coordination sphere and number of valence
d-electrons of the respective transition metal. The most common phases are trigonal prismatic
(2H) and octahedral (1T) coordination. The 2H phase can also be described as ABA stacking
of the atomic layers of a monolayer (chalcogen-metal-chalcogen), where the chalcogen atoms
are aligned to each other normal to the layer plane, whereas the 1T phase represents an ABC
stacking. Apart from the stacking, the order between adjacent layers in multilayer or bulk
samples is also factor for consideration. Distortions within these stackings can lower

periodicity, lead to metal-metal bonds and dimerization of the 1T to a 1T’ phase.['8]

Figure 2 a, b represent the top-view of a 2H and 1T coordinated TMD monolayer, as well as
the stacking order in the bulk. The scheme for the ligand-field splitting of the d-orbitals and
corresponding density-of-states for each phase is shown in Figure 2 c. For the example of

MoS;, the orbitals for the trigonal prismatic 2H phase are split in three energetically distinct
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states, starting with the fully occupied d,,2, followed by un-occupied d,_,2 and d,,, and lastly
d,, and d,,, with increasing energy. In the octahedral 1T configuration only two energy states
are present, the lower-energy d.,.,, d,, and d,,, filled with two electrons and the higher-energy,
un-occupied d,2 and dxz_yz.[lg] The two degenerate, singly-filled orbitals in the 1T phase are

energetically higher than the fully-filled orbital for the 2H phase. This makes the 2H structure
energetically favorable for many common group VI TMDs, such as MoS;, MoSez, MoTez, WSy,
WSe,. The 1T phase can be obtained as a metastable phase and is metallic instead of

semiconducting.

Energy

r MK I'T MK I'T MK I T MK T

Figure 3 Calculated band structures of MoS,. The gradual change from an indirect to a direct
semiconductor going from a) bulk, b) quadrilayer, c) bilayer to d) monolayer is represented by the
arrows pointing from valence band (blue) maxima to conduction band (red) minima. Graphic

reproduced from Splendiani et al.l?°!,

The multitude of structural phases and compositions leads to a broad variety in the electronic
properties and the associated band structure. In this thesis a focus on TMDs from group VI
transition metal Mo and W combined with S and Se is placed. MoS2, MoSez, WS, and WSe;
all exist in their stable 2H form and exhibit semiconducting properties, which makes them
particularly interesting for electronic devices.

Due to its robustness, MoS: is the main and most studied representative of the TMD family,
with a theoretical bandgap of 0.88 and 1.71 eV in the bulk and monolayer respectively (2.16 eV
for the monolayer experimentally).l*321 Going from the bulk material the band structure
changes from an indirect bandgap to a direct bandgap semiconductor in the monolayer.
Figure 3 a-d represent the calculated band structures of bulk, gquadrilayer, bilayer and a
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monolayer of MoS». For the bulk material the direct transition at the K point is at higher energies
than the indirect transition from top of the valence band at the I" point. While reducing the
number of layers, the direct excitonic transition at the K point barely changes, while the indirect
bandgap becomes larger. For the monolayer, the material is a direct semiconductor with the
valence band maximum and conduction band minimum located at the K point. This transition
Is accompanied by numerous changes in the materials properties, like for example a strong rise
of the photoluminescence efficiency for the monolayer.[?>??1 States near the I' point and the
indirect bandgap were found to originate from a linear combination of Mo d orbitals and
antibonding S p, orbitals. They possess a strong interlayer coupling and their energies are very
sensitive to the layer number. On the other hand, conduction band states at the K point are
relatively insensitive to the layer number, as they are characterized by strongly localized
d orbitals of Mo atoms in the middle of the S-Mo-S unit cell, which have minimal interlayer
coupling.[?! Also, the 2H TMD monolayers lack inversion symmetry, which results in spin
splitting of the electronic bands driven by the spin-orbit interaction. This phenomenon, referred
to as the spin-valley coupling, can be exploited in spintronic devices.
The described properties and large variety of TMDs launched an enthusiastic search for possible
applications including (opto)electronics, sensing and energy devices. 2325
Field effect transistors (FET), being the primary electronic device for many purposes of
semiconductor technology, can be realized with TMD materials as atomically thin channels.
While graphene exhibits extraordinary electron mobilities, its application for FETS is restricted
due to the lack of a bandgap, which is naturally present in thin TMDs. Thin film transistors
built from MoS; exhibit on/off current ratios as high as 108.126] Constant improvement of device
design e.g., by the use of high dielectric constant gates, like HfO2, and h-BN as substrate or
encapsulation, has led to increased performance, for example electron mobilities in the order of
10% cm?/Vs.1281 Even devices on flexible substrates with electron mobilities of ~50 cm?/Vs and
current densities of ~250 uA/um have been demonstrated. 2728l
Optoelectronic devices, such as phototransistors have been demonstrated for example for
monolayer MoS, with on/off ratios of ~10° and carrier mobilities of 0.11 cm?/Vs, switching on
and off within ~50 ms,?® which is much higher than single-layer graphene based devices, that
are switching in the picosecond range. Also, the photoresponsivity of MoS; phototransistors
exceeds that of graphene. Layer number control of the bandgap can also be used for wavelength
dependent detection selectivity, for example green light for mono- and bilayers and red light
for trilayers of MoS2. Another potential application in the optoelectronics field are light emitting
diodes (LEDs).E%!
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Due to their atomically layered structure, high surface to volume ratio and electrochemical
properties TMDs also became interesting for energy storage applications as electrode materials,
supercapacitors and Li-batteries, just as graphene did before.®! Recently, sodium-ion batteries
were considered as replacement for their Li analogues, rising the need for TMDs over graphene
due to the larger spacing between the adjacent layers, needed for intercalation of the larger Na
ions.l%2

The large surface to volume ratio also makes thin TMDs efficient for sensitive, selective and
low power consuming sensor applications, including gas, chemical and biosensing. As an
example, MoS: sensors from exfoliated flakes were shown to measure NO> gas with detection
limits down to 20 ppb while being selective due to the proposed mechanism of N substitutional
doping of S vacancies in MoSz, showing p-type behavior.*®l MoS, monolayers were applied as
sensors for various analytes including nerve gas agents, solvents like dichlorobenzene,
dichloropentane, nitromethane, nitrotoluene and water vapor.34

Lastly, biosensing by immobilization of large numbers of biomolecules per unit area of TMD
is efficient for detection of e.g., DNA, glucose, dopamine, hydrogen peroxide just to name a

few. MoS; was also demonstrated for pH-sensing.[®!
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2. Synthesis of Graphene and 2D TMDs

In general there are two fundamental possible approaches for 2D TMD material preparation,
the first of which is top-down, this encompasses methods like the mechanical and liquid phase
exfoliation from bulk crystal material. The other option is bottom-up, for example synthesizing
the materials in chemical vapor deposition techniques.

Each method has its advantages and deficiencies, e.g. in terms of scalability or material quality
and therefore it is necessary to choose a method of preparation according to the desired needs
of the resulting material. If the material is going to be used for prove of concept or a
demonstration of specific physical property limited to small scale, it is likely the material
quality will be a main concern. While for preparation of devices or applications for statistical,

reproducible device performance, the scalability of the process is crucial as well.

2.1. Mechanical Exfoliation (ME)

In (mico)mechanical exfoliation (ME) advantage is taken of the fact that TMDs are van der
Waals materials with strong covalent in-plane bonds but weak interlayer vdW forces. Therefore,
individual layers can be separated from the bulk, thinning the resulting material down to even
a monolayer. The isolation of graphene by the scotch tape method in 2004 was the first
demonstration of this method for 2D materials and presented the simplicity of the process.[2%"]
The initial bulk material crystal for this process can be synthetically produced in high quality
by chemical vapor transport (CVT) methods. Precursors (e.g. Mo and Se for MoSe;) are mixed
in stochiometric ratios and a transport agent (l2, Brz or IClz) is added in an evacuated ampoule
inside a multi-zone furnace with temperature gradient. At the colder part, the transported
material starts to crystallize forming the bulk TMD crystals.

For the exfoliation process a bulk crystal is pressed onto an adhesive tape, leaving behind
multilayer thick flakes. The tape is then repeatedly applied onto other adhesives and carefully
peeled apart again, resulting in thinning of the layers due to exfoliation. When a sufficiently
thin layer has been isolated the tape can be placed onto any desired target substrate and released
again, leaving the final exfoliated TMD flakes on the substrate. Due to the anisotropic bond
strength distribution the process of layer separation is mostly preferential over layer tearing, so
that still reasonable flake sizes can be achieved but the resulting flake size and thickness
distribution is still largely uncontrolled and subject to significant statistical variation. Therefore,
manual inspection and selection of the flakes on the substrate is needed, making it a rather

time-consuming procedure. Despite the simplicity, low equipment requirements, substrate
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independence as well as high crystallinity and layer quality this method remains not scalable to
large layers. Therefore, these mechanically exfoliated flakes are mostly used for the study of
physical properties of the materials and also device preparation in small scale but not in scalable

production.

2.2. Liquid Phase Exfoliation (LPE)

Liquid phase exfoliation is a method to exfoliate bulk material in liquids by applying
lateral/shear force by sonication or shear mixing. This method is significantly more scalable
compared to mechanical exfoliation but also more complex when a desired size/thickness
distribution with sufficient yields has to be achieved. The appropriate force modulation and
solvent choice decides over the yield of this process. Also the addition of surfactants can benefit
the preparation of a stable dispersion, avoiding reaggregation of the particles. On the other hand,
all additional chemicals need to be efficiently removed from the final material by washing and
centrifuging to gain a clean, high quality material. The initial dispersion yields a broad
distribution of flake sizes and thicknesses. Although this result can be tailored by choosing the
right synthesis conditions, a centrifuging cascade is still needed to achieve narrow size and
thickness distribution. Overall this is a more scalable process but the main disadvantage of the
resulting flakes is the relatively small lateral size (decreasing with thickness). The solvent or
added surfactant in addition makes application of these materials in electronic devices very
challenging as they must be purified, dried and deposited. In other composite applications or

catalysis this method finds great applicability.

2.3.  Chemical Vapor Deposition (CVD)

Most reported data on the fundamental physical properties of TMDs heavily relies on exfoliated
materials, due to their high crystal quality. However, there are critical limitations in control
over the flake size and thickness, as well as the lack of scalability. In contrast, CVD has evolved
as method of choice for reproducible and thickness selective growth of large scale TMDs on
different substrates e.g., for nanotechnological device preparation in electronics and
optoelectronics. The nature of this process also allows growth on the standard substrates used
in the semiconductor industry, such as SiO2/Si and AlOx/sapphire and even pre-patterning of
the desired TMD structure on a substrate, making device implementation even more feasible.
More recently other methods beyond the classical CVD have been developed for even better

growth control, including atomic layer deposition (ALD), metal-organic-CVD (MOCVD) and
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direct deposition methods (sputtering, pulsed laser deposition (PLD), e-beam). This thesis
focuses on the classical CVD approaches.

In its simplest form, CVD is the co-evaporation of metal oxides and chalcogen precursors at
elevated temperatures in a quartz-tube furnace, assisted by a carrier gas flow towards the
substrate where a stable 2D TMD layer is formed. The main characteristic of CVD is the
transport of vapor phase precursors, which only react with each other directly at the growth

surface. Many processes in literature are still called CVD even though this definition is not

strictly met.
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Figure 4 Schematic of the common ways of vapor phase synthesis of TMDs. The growth is conducted
directly on a substrate in a quartz tube furnace setup with one or multiple temperature zones (T1, Tz,
Ts), a carrier gas flow and a) the metal and chalcogen precursors in powder form, b) gaseous form or

the metal pre-deposited on the substrate and c) a chalcogen powder or d) gas added to the system.

Figure adapted from reference.8

There are many factors that may influence the CVD growth process, starting with the choice of
metal and chalcogen precursor type and supply, as well as the growth substrate. Additionally,
process related parameters, such as the temperature and atomic gas flux are customizable. In
terms of the substrate the morphology, terminating atomic planes and their lattice mismatch
against the grown TMD should also be considered. Very rough surfaces or a too high lattice
mismatch can naturally lead to higher distortion in the grown film, such as grain boundaries or
3D island growth instead of 2D layers. The temperature influences the diffusion of adatoms on
the surface. Temperatures that are too high lead to fast diffusion and loss of material from the
surface, the atoms move to the energetically most favourable places, resulting in 3D island
growth and failed nucleation, while a temperature that is too low will result in less diffusion
and no arrangement of adatoms at low potential sites, yielding polycrystalline or amorphous

material. Lastly the atomic gas flux needs to be fine-tuned by adjusting the pressure and the
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flow rate to enable transport of the precursors to the substrate but also prevent undesired side
reactions in the gas phase.

CVD processes can be categorized by the type of supplied precursor in the experimental setup
(as shown in Figure 4). The most common option for the chalcogen precursor is a powder,
which is then heated near or above its melting point to be transported to the substrate in the
vapor phase by the carrier gas. Alternatively, a gaseous chalcogen precursor can be injected e.g.
H>S. Analogously the metal precursor can be supplied as powder to be heated to evaporate
and/or decompose e.g. MoOs or as gas e.g. MoCls. Since the metals” melting points are typically
higher than the actual TMD growth temperature, they can also be pre-deposited by sputtering
or evaporation and even pre-patterned with techniques like lithography or shadow masks. This
approach is especially attractive for device preparation, for example the channel structures for
FETSs can be predefined before the actual TMD growth. For all CVD approaches the main goal
is controllable large-area growth of preferably large grain, highly crystalline films with
definable thickness, ultimately even with homogeneous monolayer coverage.

As one of the early reports in 2012, Lee et al. showed the growth of large-scale MoS: layers,
using MoOs and sulfur powder as precursors at a temperature of ~650 °C, where the MoQO3 is
initially reduced into a sub-oxide MoOzs.x, which then reacts with the vaporized sulfur to form
MoS..B% While the synthesis of large scale, even monolayer films with this method is possible
it also often results in multilayers or randomly distributed flakes rather than continuous films.
Where flakes laterally merge together, grain boundaries can be produced, resulting in poorer
quality materials in terms of crystallinity, electrical conductivity and other physical properties.
In 2013 two reports simultaneously demonstrated the growth of large-scale monolayer MoS;
on SiOz. These kinds of MoS; films still have randomly oriented domains forming grain
boundaries with room-temperature field-effect mobilities in the order of 5cm?/Vs.[*041
Numerous studies have been conducted to understand, control and direct the nucleation of TMD
flakes to accomplish continuous (monolayer) film growth with less or oriented grain boundaries
to improve electrical properties. For example atomically smooth c-plane sapphire was used to
promote epitaxial growth of CVD MoS,.[?43

The much simpler process where a metal thin film is pre-deposited on the substrate, which is
then placed in the CVD furnace together with the chalcogen precursor and converted to form a
TMD is referred to as Thermally Assisted Conversion (TAC). Here the coverage, continuous
film production and thickness control are predetermined by the initial metal layer, with correctly
adjusted process parameters, but the films are rather polycrystalline with small grain sizes and

for thin layers point defects and multilayer islands are commonly formed.
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The first reports on large-area MoS; growth, following the metal-conversion process, relied on
the sulfurization of pre-deposited Mo as a metal thin film or by dip-coating the substrate into
(NH4)2MoS4 solution, following annealing in gas flow. Other metal precursors such as MoQOs,
WO3 and MoO; can be pre-deposited on the substrate and converted.

The process for the CVD growth of some samples, used for this work, is a variation of
previously discussed methods developed in 2014 by O’Brien et al.*. TMD monolayers were
synthesized by this method, using a close-proximity precursor supply in a CVD microreactor.
Liquid phase exfoliated MoOs nanosheets act as precursor on a substrate and a second
growth-substrate is placed face down on top, creating a microcavity. Sulfur powder is then
evaporated and transported towards the microcavity, where nucleation of MoS> occurs on the
growth substrate.[*4]

Due to its advantages, CVD growth is promising for implementation in large-scale industrial
processes, with the primary disadvantages being relatively high reaction temperatures
(~400-1000 °C) and toxic and potentially volatile precursors and by-products.
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3. Modification and Functionalization of 2D Materials

After the synthesis of 2D materials the functionalization of their surface is considered a
powerful tool to further tailor their properties and performance in device applications.

In their pristine form most 2D TMDs are considered relatively stable in ambient conditions.
The lone-pair electrons in the out-of-plain orbitals of the chalcogen atoms create a fully
saturated surface above and below the layer, resulting in a lack of dangling bonds and chemical
inertness. On the other hand, the 2D size confinement and all-surface nature makes
functionalization a very effective way of manipulating and controlling the materials’ properties,
making them extremely sensitive to their environment. Such modifications can simply include
the addition of a functionality to a material’s surface such as a chemical functional group or
directly interact with the 2D material itself to change its electronic state or optical response.
Control over charge-carrier doping is essential for implementation in (opto)electronic
semiconductor devices. In the case of 2D materials this task cannot be accomplished by
traditional semiconductor industry doping techniques, like ion implantation and dopant
diffusion, which would be likely to harm the structural integrity of the atomically thin 2D layers.
Therefore, specialized approaches for 2D material functionalization have been developed,
including alloying, transition metal substitution, plasma assisted doping, defect engineering by
chalcogen substitution as well as charge transfer by interaction with electroactive
donor/acceptor molecules via covalent or non-covalent bonding.

In the following discussion, the general functionalization approaches will be classified,

focusing on substrate-supported 2D TMD functionalization.

3.1. Physisorption

Physisorption comprises all functionalization routes which lead to non-covalent binding of
molecules on the top or bottom surface of TMDs. As previously discussed, the lone pair
electrons in out-of-plane chalcogen orbitals form a fully saturated electronic surface above and
below the single TMD layers, which makes the sheets chemically relatively inert, lacking any
dangling bonds. Therefore, molecules can be electrostatically attracted to the surface, giving
rise to two main molecular doping mechanisms, allowing charge transfer or dipole interactions.
Under physisorption electroactive donor/acceptor molecules can non-covalently exchange
charges with the TMD, resulting in p-type doping (electrons transfer from the TMD to the
molecule) if the molecular redox-potential lies below the Fermi level of the TMD layer or

n-type doping (electron transfer from molecule to TMD) if the potential levels are reversed. In
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the case of charge carrier doping by a molecule with strong permanent dipolar moment an
electrical field is generated, especially if many such molecules are aligned on the TMD surface,

leading to shifts in the Fermi level and therefore changes of the electrical properties.

3.2. Chemisorption

Chemisorption processes always include covalent bond formation, which is challenging on the
dangling bond free surface of TMDs and requires well elaborated chemical routes. This
approach typically includes breakage and formation of new bonds, thus being more structurally
damaging to thin TMD layers than non-covalent binding. Most reports on covalent
functionalization have been focusing on solution-processed TMDs, especially MoS; as the
prototypical material. Nevertheless, progress has been made in recent years, concentrating on
substrate supported materials and mild covalent functionalization routes. As an example, direct
covalent functionalization of unmodified MoS, was accomplished using aryl diazonium salts,
which results in covalent C-S bonds and enables attachment of different functional groups.!
Other examples are the covalent functionalization of the 2H-MoS, and WS, basal planes
through “Michael addition” of maleimide derivatives, exploiting the soft nucleophilic nature of
sulfur.l*8! Also the reaction of liquid-exfoliated 2H-MoS, with M(OAc), salts (M=Ni, Cu, Zn;
OAc=acetate), was reported, with the metal cation acting as a binding site for organic

carboxylate ligands.[*"]

3.3. Defect and Phase Engineering

The reactivity of the relatively inert TMD surfaces can also be enhanced by controlled
generation of point defects such as chalcogen vacancies, deliberately introducing dangling

bonds, which then enable covalent binding of molecules with functional groups.

Another method of activating the inert TMD surface is phase engineering, which exploits the
phase tunability of certain TMDs, e.g., for TMDs of the group VI elements (Mo, W with Se
and S) from semiconducting 2H to the metallic 1T/T’ phase. Conversion from the 2H to 1T/T’
phase was reported to occur during the chemical exfoliation of MoS; with n-butyllithium and
was also found to work on substrate supported materials. Chhowalla et al. then found that a
reaction of the metallic phase with iodide and iodoacetamide electrophiles leads to functional

groups covalently bound to sulfur.[]
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IV Characterization Methods

4. Theoretical Background

4.1. Raman Spectroscopy

This section will introduce the main principles of Raman spectroscopy and its utility for the
investigation of 2D materials, with some contents based on books by A. Jorio et al.**l and
S.-L. Zhang et al.%

Raman Spectroscopy is one of the most widely used techniques in the characterization of 2D
materials, relying on the interaction of matter with photons of incident light. When light
interacts with a sample many kinds of optical effects and phenomena are produced, such as
reflection, transmission, absorption, emission (fluorescence, luminescence) and scattering. The
proportion of light, which is scattered or interacts with the matter is determined by its physical
properties, such as its roughness, as well as electronic and vibrational properties.

The typical scattering processes are illustrated in the Jablonski diagram in Figure 5 a. The main
process is elastic light scattering, also called Rayleigh scattering, where a photon is virtually
absorbed (not real absorption). The photon, corresponding to an oscillating electric field just
“shakes” electrons, which then scatter the energy back to another photon with the same energy

and frequency w, as the incident one.
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Figure 5 a) Jablonski diagram and b) schematic of an idealized Raman spectrum. The energy

transitions for Rayleigh, Stokes and Anti-Stokes scattering are included.
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The less probable inelastic scattering effect, occurring for only 1 in every 107 photons includes
a change in energy from incident to scattered photon and is characteristically related to the
material’s properties. This effect was first discovered in 1927 and named the Raman effect after
its discoverer Sir Chandrasekhara Venkata Raman (1888-1970), an Indian scientist. In
accordance with the laws of energy conservation, the material must either gain or lose energy
in an inelastic scattering process. In a molecular material system, the molecules are typically in
their ground state and when an energetic incident photon, with frequency w, interacts with a
molecule it can transfer energy resulting in molecular vibration, consequently the scattered
photons then have a lower energy, and a reduced frequency w, — w,. This process is known as
Stokes Raman scattering.

For the less probable Anti-Stokes Raman scattering process, a molecule in the excited state (not
the ground state), hit by an incident photon, transfers energy to the photon, increasing its
frequency to w, + w,. For both Raman scattering processes the transferred energy will
correspond to a molecular vibration, which can be used to identify and characterize these
materials.

Molecular vibrations are considered Raman-active, only if the light can change the polarization
of the molecule. In classical Raman theory the atoms are regarded as harmonic oscillators and
the photons can induce an oscillating electromagnetic field. This can result in a dipole moment
in the molecule and its polarization, causing Raman active scattering.

When the laser excitation energy matches or is close to an electronic excitation state of the
molecule the resonant Raman effect also arises, increasing the overall Raman signal intensity.
In a typical Raman spectrum, the scattered photon energy is represented in wavenumbers (cm™)
relative to the frequency of the incident light w,, which is set as zero on the x-axis. The
frequency of scattered light relative to the incident light is called the Raman shift. The strong
signal at 0 cm™ originates from all the reflected and Rayleigh scattered light, while the Raman
signals associated with molecular vibrations appear to left and right at the same (positive and
negative) absolute values for Stokes and Anti-Stokes signals, respectively (Figure 5 b).
Raman spectroscopy is a fast and non-destructive way to study 2D materials, their crystal
quality, layer number and orientation and to gain information on defects, strain and doping
levels. Due to their distinct atomic composition and crystal symmetry TMDs have characteristic
Raman spectra. Theoretical calculations, taking into account the materials unit cell point/space
groups, together with phonon dispersion curves can predict the estimated Raman active

vibrations and shifts for a given material.
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Figure 6 Schematic of Raman active vibrational modes in TMDs. The metal and chalcogen atoms are
presented as blue and yellow spheres, arrows indicate the direction of the vibrational motion and the
corresponding relative odd/even/bulk symmetry labels are included. Adapted from reference.[Y

As previously discussed, many TMDs, such as MoS2, MoSez, MoTez, WS, WSe> primarily
exist in the thermodynamically stable 2H polytype. This polytype displays two main vibrational
modes, which are the E', E;, E;, and A3, A; 4 in-plane and out-of-plane vibrations of metal and
chalcogen atoms, represented in Figure 6.The different labeling corresponds to changing layer
number and therefore symmetry of the point group from D5, (odd layer number) to D5, (even
layer number) to Dg, (bulk). To simplify the description and in agreement with most
publications, henceforth only the bulk annotation will be used to refer to all layer numbers.
These Raman-active modes can for example be used to determine the layer number of TMDs,
as the peak positions change with the number of layers. Higher layer numbers lead to the
suppression of atomic vibrations due to van der Waals forces. For example, the out-of-plane
A;4 mode becomes blue-shifted ~2 cm! from monolayer to bilayer in MoS; due to the strong
influence of vdW forces between the layers.

Beyond the main discussed Raman modes, low-frequency Raman modes can also be observed
below 50 cm™. The shear modes (SMs) and layer breathing modes (LBM) are associated with
movements of the layers relative to each other and are also known to change their Raman peak

position drastically with layer number, thus are helpful in layer number identification of TMDs.
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4.2. Photoluminescence (PL) Spectroscopy

Every semiconductor possesses a bandgap, characterized by the distance between its valance
band maximum and conduction band minimum. If both are aligned at the same wavevector the
bandgap is direct, otherwise its indirect. The size of the bandgap determines the energy of

photons, which will be absorbed by the material leading to photoluminescence.
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Figure 7 Schematic of the three-step photoluminescence process in semiconductors. a)
Photoexcitation of an electron from the valence to the conduction band (VB/CB), followed by b) the
non-radiative relaxation of this electron to the CB minimum and c) recombination of the electron-hole

pair under photon emission.

Photoluminescence in a semiconductor can be described in three steps, first a photon with
energy greater or matching the bandgap is absorbed and excites a valence band electron of the
material into a higher energetic level in the conduction band (photoexcitation, Figure 7 a). If
the resulting hole in the valence band couples to the excited electron due to coulombic attraction
of opposite charges, creating a so-called electron-hole pair, an exciton is formed. In the second
step, the excited electron loses energy in the form of phonons, ending up at the energetically
lowest point of the conduction band (non-radiative relaxation, Figure 7 b). Finally, in the third
step, the electron-hole pair recombines and a photon is emitted (Figure 7 c). The efficiency of
light absorption and emission depends on the semiconductor type, as well as other intrinsic
properties, such as the binding energies and density of states. Extrinsic properties of the crystal,
like the density and type of defects or external factors like the temperature or strain can also
have a major impact.®? Therefore, photoluminescence can be a powerful, non-contact,
non-destructive spectroscopic tool in the analysis of thin 2D material to the monolayer limit.

Similar to Raman, photoluminescence spectroscopy shows dependence on the 2D material
thickness due to the accompanying bandgap changes. For example, MoS; undergoes a transition

from indirect to direct bandgap, going from its bulk to the monolayer form. As a result, the
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photoluminescence is very pronounced for the monolayer but drastically decreases for two or
more layers and is completely absent in the bulk material. For the monolayer two components,
the A exciton at an energy of ~1.85 eV (670 nm) and the B exciton at ~2 eV (627 nm) have
been established as direct excitonic transitions. Their splitting in energy is explained by the
spin-orbital splitting of the valence band at the K point, as a consequence of the broken

inversion symmetry of the 2H structure (see chapter 1111.2).120:53-5]
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4.3. X-ray Photoelectron Spectroscopy (XPS)

XPS, sometimes also referred to as electron spectroscopy for chemical analysis (ESCA), is a
surface sensitive technique, allowing for the identification and relative quantification of
elements and their chemical states in a sample. The method relies on the photoelectric effect.
Photons of a specific energy (monochromatic X-rays, Al Ka line in this work), above a certain
threshold, are used to excite electrons within atoms, resulting in photoelectron emission.
According to the IUPAC nomenclature and the Rutherford-Bohr model the orbitals (1s, 2s, 2p
and so on) are referred to as K, L and M levels. When a photon scatters one of the energetically
well-defined core-level electrons of an atom, a hole is left in the former position of that electron
and the atom is ionized (Figure 8 a). The scattered electron has a characteristic kinetic energy
(KE), which is detected after it passes through the analyzer to the detector. The KE is defined
as
Exg =hv—Epg — ¢

where hv is the photon energy, Eg the binding energy of the electron on the specific orbital of
the atom it was ejected from and ¢ is the spectrometer workfunction. ¢ is a setup related
parameter which accounts for further energy loss of the electron on its way to the detector
through the analyzer. The detected kinetic energy reveals which atom/element and electronic
state the electron came from. The number of counted scattering events/electrons of specific
energy arriving at the detector is a measure for the number of atoms of a particular element in

a sample, allowing for relative quantification.
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Figure 8 Schematic of the basic principle of the photoelectric effect. During a) the photoemission an

a) Photoemission b) Relaxation
[ ]

electron of an atom is excited by a photon, emitted and a hole is formed, followed by b) relaxation of
an electron from a higher energetic level into the hole, resulting in c) the loss energy in form of
emission of another photon (X-ray fluorescence) or interaction and emission of another electron of the

atom (Auger electron).
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After photoemission a loss of energy occurs, which involves an electron from a higher-level
state filling the core-hole (Figure 8 b). This process involves energy loss, which can be
sufficient to form another X-ray photon. This photon can than interact with another electron of
the same atom and emit it, schematically illustrated in Figure 8 c. The IUPAC notation for such
a, so-called Auger process would be e.g. KLL (standing for the core level, the first and the
second emitted electron levels). The Auger electron binding energies (BE) are independent of
the experimental X-ray source and are therefore directly relatable to their kinetic energy, adding

valuable information to the chemical analysis of a sample.
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Figure 9 A sample XPS survey spectrum of MoS.. The typical shape of peaks, background, as well as
spin-orbit split peaks and Auger lines are included.

The output of such an electron energy survey is presented as an XPS spectrum by an example
shown in Figure 9. The presented survey spectrum is acquired by recording the intensity while
changing the selected energy at which electrons arrive at the detector. Consequently, a
histogram of intensity as a function of energy (binding energy) is plotted. Due to the energy
losses of the electrons leaving the sample before arriving at the detector, the detected kinetic
energy cannot be directly related to the binding energy of the electrons in the atom, therefore
calibration of XPS spectra is always necessary. When electrons leave the sample surface
without additional interactions (with other electrons), those scattering events show up as peaks.
These signals of characteristic intensity and position allow for elemental identification. The
specific BE of a peak gives additional information on the chemical state, meaning the atomic
orbital, chemical environment and binding state of an atom. Inelastically scattered electrons
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appear at different energies, accounting for the background in an XPS spectrum. For correct
interpretation it is therefore important to understand the photoemission peaks, as well as their
background shapes.

The emitted electrons have a mean free path of only few nanometers, which makes XPS a
surface sensitive technique, perfectly applicable for the study of 2D materials. The
concentration detection limit is ~1% and therefore largely sufficient for verifying the chemical
integrity of a material.

For most experiments a survey spectrum over a large binding energy range is conducted as
overview and to help identify all elements present on the sample. Subsequently, high resolution
scans of peaks of elements/core-level orbitals of specific interest are conducted. The kinetic to
binding energy correction is achieved by shifting the spectrum, often calibrated to a standard
value for the C 1s peak. The peaks are then background subtracted and fitted to extract the
required chemical binding state information. Fitting is often performed using
Gaussian-Lorentzian functions with the exact curve shapes dependent on the element, chemical

state and instrumental setup.
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4.4. Atomic Force Microscopy (AFM)

AFM is a form of scanning probe microscopy, which uses the near-field forces between a sharp
tip and a sample surface to probe and map the topography. With this technique nanoscopic
topographical features can be imaged with a lateral resolution of few nanometers even atomic

resolution, and angstrom scale vertical resolution, depending on the system setup.

Photodiode
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and “—

feedback

electronics
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L with sharp tip
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Figure 10 Schematic of an AFM setup. A red laser diode beam is directed onto the back-side of a
cantilever and reflected towards a position-sensitive photodiode (PSPD), connected to a feedback-loop
detection system. A sharp tip, on the bottom of the cantilever scans over the sample surface, while the

cantilever bending upon surface topography changes results in laser beam deflection, detected on the
PSPD.

Figure 10 shows the schematic setup of an AFM. Every AFM setup includes a cantilever, with
a sharp tip at its end. The force detection principle relies on a beam deflection method, where a
beam is directed onto the rear side of the cantilever, while the tip is rastered across the sample
line by line. The force between tip and sample generates elastic bending of the cantilever, which
deflects the beam. The deflection is then monitored on a position-sensitive photodiode (PSPD)
with four quadrants. The two principle operating modes of AFM are the contact and tapping
modes, which will be briefly explained.

In the contact mode, a feedback loop is implemented to control the height of the tip above the
surface. Without a feedback loop the z-height of the cantilever would remain fixed, while the
cantilevers angle and deflection would continuously change (Figure 11 a). This option has
disadvantages for height detection, such as a small z-range, variable tip/sample force, individual
z-calibration for each probe and laser alignment. Therefore, a feedback loop is implemented,

which continuously adjusts the cantilever height to maintain the deflection signal at a constant
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value (the setpoint), as illustrated in Figure 11 b. This is done by comparison of the actual
deflection with the setpoint and adjustment in z-direction to align those values. The z-position

of the probe is then recorded as the height data for the sample.

Contact mode Tapping mode

a)

—:———i———:—->
e e e Amplitude varies

Laser spot on PSPD

Feedback OFF

Feedback ON

‘\r .
e @ e Amplitude constant

Laser spot on PSPD

Figure 11 Schematics of the relative cantilever motion towards the sample in AFM. Operation in a)

contact mode without or b) with feedback loop and ¢) tapping mode without or d) with feedback loop.

In the tapping mode, generally less force is applied between tip and sample and it is not in
constant contact with the sample but the cantilever is mechanically oscillated by a small piezo,
creating an AC deflection signal. The tip is only in contact with the sample during the “tapping”,
during the trough portion of each cycle. Its amplitude is then used to generate the z-height value
of the sample at each x and y position. According to the same detection principle, as for the
contact mode, without a feedback loop, the z-height would be held constant, while the
amplitude would change in response to the topography (Figure 11 c). At positions with high
features on the sample the amplitude would be dampened, and correspondingly for smaller
features it would increase. Again, a feedback loop is normally used to keep the amplitude and
setpoint (here the amplitude, instead of deflection) on the detector constant, while adjusting the

z-height, as schematically shown in Figure 11 d.
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4.5. Atomic Force Microscopy combined with Infrared Spectroscopy
(AFM-IR)

The theoretical background on the AFM-IR technique provided in the following is mainly taken
and reproduced from the comprehensive review by Dazzi et al.[%l.

AFM-IR combines atomic force microscopy, as described in section 1V4.4, with infrared
spectroscopy, enabling spatially resolved IR spectra and high-resolution chemical mapping
collected at specific IR wavenumbers. Conventional IR spectroscopy in the 500-4000 cm™
range (mid-IR) is a direct probe of molecular vibrations in a sample and therefore allows
identification of chemical species. The combination with microscopy enables chemical
identification and mapping of the sample with enhanced lateral resolution of 50 to 100 nm,
limited by the tip apex and not the diffraction of light (3-30 um in the case of IR), like in
conventional optical methods.

The AFM setup, schematically shown in Figure 12, includes an additional, pulsed and tunable

IR laser source, which is directed onto the sample surface, beneath the cantilever tip position.

Photodiode Laser
Detector
and -
feedback
electronics
Pulsed, tunable IR laser ., Cantilever

with sharp tip

Sample

Figure 12 Schematic AFM-IR setup. Analogous to the basic AFM setup, with an additional pulsed,

tunable IR source directed directly onto the sample, underneath the cantilever tip.

For site specific local spectra collection, the tip is brought into contact with a feature of interest
on the sample. If a certain wavenumber is absorbed by the locally present material, heat is
transferred to the sample, resulting in local photothermal expansion, which is proportional to
the absorption coefficient of the sample. Each absorbed laser pulse and following thermal
expansion induces a brief force impulse on the tip, causing ringing at the cantilever’s resonant

frequencies. This cantilever ring-down oscillation signal is recorded by the laser beam deflected
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off the rear side of the cantilever onto the PSPD. The amplitude of the cantilever oscillation as
a function of the source wavelength gives local absorption spectra as the laser source is stepped
through the spectral region of interest. The IR spectrum is then plotted as laser wavenumber on
the x-axis and cantilever ring-down amplitude on the y-axis.

Alternatively, the laser can be set at a constant wavenumber and the tip is scanned over an area

on the sample and an absorption image at this wavenumber on that specific area is collected.
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4.6. Scanning Electron Microscopy (SEM)

The following section on SEM is adapted from Materials Characterization Introduction to

Microscopic and Spectroscopic Methods by Yang Leng.P]
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Transmitted / diffracted / scattered
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Figure 13 The types of signals generated upon primary electron beam impact in SEM. Secondary,

backscattered, Auger electrons and X-rays are ejected from different volumes of a material.

Electron microscopy is an analysis technique overcoming the limits of light diffraction, thereby
enabling even the imaging of nanomaterials, providing morphological and crystallographic
information, as well as material contrast (even elemental information with additional Energy
Dispersive X-ray (EDX) analysis) on a sample. For SEM, a focused, high-energy, 1-30 keV
electron beam is directed onto a sample surface by magnetic lenses and gets rastered with
scanning coils. A number of interactions of the incident electrons with the sample can be used
for detection and analysis. Figure 13 illustrates the different interactions occurring on the
sample surface and below, including elastic or inelastic scattering. Firstly, elastic scattering of
incident electrons by atoms in the specimen is referred to as backscattered electrons (BSE).
BSE are deflected from the surface at large angles with high remaining energies and originate
from depths of 50-300 nm in the pear-shaped interaction zone of the specimen. They can be
used for image formation and also give some contrast for elements of higher/lower atomic
number, as they have a greater/smaller backscatter cross section. Inelastic scattering of the

impinging electrons can result in electron emission from the atom, the so-called secondary

31



electrons (SE). They are usually emitted at small angles and originate from a region closer to
the surface (5-50 nm) due to their lower energy as compared to BSE. They provide a more
surface sensitive image but no elemental contrast. Even chemical identification can be
additionally performed using EDX, which makes use of the X-rays produced as a result of the

incident electron beam.
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4.7. Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)

The application of TOF-SIMS in 2D materials analysis is a main focus of this thesis. The
advantages of TOF-SIMS over other analytical techniques will be highlighted in the different
sections of this work. In this chapter a comprehensive introduction on the principles of this
technique, the instrumental setup, the different measurement modes and settings used in this
work are provided. Sections of the theoretical background of this technique are adapted from

the books by John C. Vickerman and David Briggs,™® as well as Alan M. Spool.l>]

4.7.1. Principle

TOF-SIMS is an ultra-high vacuum (UHV) technique, based on the detection of ionized atoms,
molecules and molecular fragments, commonly referred to as “secondary ions”, generated
during bombardment of a solid sample with a focused “primary ion beam”. The ionized species
are then extracted from a sample surface by an electric field and directed into a field free drift
region of the analyzer, where the ions are separated according to mass and therefore differ in

their time-of-flight to the detector.

Analysis beam Dual sputter beam

Secondary ions .
(Ga* primary ions) .ry (Cs™ ions)

Figure 14 Schematic of the basic working principle of a dual-beam TOF-SIMS. A Liquid metal ion
gun (LMIG), filled with Ga* ions is used as primary ion source, bombarding the sample and extracting
secondary ions from the sample surface, directed towards the analyzer. An additional Cs*
sputter/erosion gun can be applied in the dual-beam mode to erode the sample layers during the

measurement to produce depth profiles.

33



Thus, measurements of the mass spectra, revealing the chemical composition of a sample
surfaces, are produced. An additional sputter gun can be applied in a dual-beam mode to erode
the sample surface during measurement to produce depth profiles (Figure 14), revealing the
in-depth elemental/molecular composition of a sample. TOF-SIMS, also referred to as static
SIMS, gained importance in surface science in the late 1960s as a consequence of the
developments by Alfred Benninghoven and his group in Minster. This variation of SIMS
technique, uses extremely low primary ion doses (< 102 ions/cm?) to reduce the impacts and
therefore the damage on the examined sample, thereby preserving molecular information. In
contrast, dynamic SIMS can only yield elemental information as it uses high ion doses,
sputtering the sample much faster and resulting in more damage. Therefore, the latter method
was originally used in the analysis of doping-profiles in wafers in the semiconductor industry,
providing in depth information of the materials but lacking the surface information. Staying
below the so-called “static limit”, in TOF-SIMS only ~1% of the surface atoms are impinged
by primary ions and therefore the surface chemistry is preserved during analysis. Beyond these
developments, metal cluster or polyatomic primary ion beams were used instead of metal
atomic beams to improve secondary ion yields and reduce ion beam induced damage to the
sample. Electron-flood guns were applied to avoid charging of the sample during
measurements, opening up the possibility of organic and insulating sample analysis. TOF-SIMS
is generally capable of analyzing the first monolayer (1-2 nm) of a sample with a lateral
resolution around 100 nm and concentration detection limits down to ppm levels, depending on
the sample. Also, depth profiling can be done in the “dual-beam mode” and 2D and 3D imaging
of the chemistries within the examined areas can be achieved.

4.7.2. lon Solid Interaction: Sputtering

The fundamental requirement for any TOF-SIMS analysis is the formation of secondary ions,
which mainly consists of two parts, the sputtering and the ionization processes. During the
sputtering only a small fraction (10 — 10%) of particles emitted from the sample surface are
ionized and can be used for secondary ion detection and the exact mechanism is not yet
completely understood. The most common model to describe ion sputtering, the linear cascade
theory, was developed by P. Sigmund.%% It proposes that when a single ion hits a surface, it
transfers its energy to the atoms of the material, causing a cascade of collisions and energy
transfer between atoms of the sub-surface layers. The energetic movement of these subsurface
atoms will eventually direct some atoms towards the surface, while the initial primary ion is

implanted in the material. Close to the impact site the energy of moving atoms is highest, so
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that atoms directed back toward the surface might exceed the energy necessary for bond
breaking and be emitted as elemental ionized species (Figure 15).

Primary ion

Secondary ions

Figure 15 Linear collision cascade upon primary ion impact on a sample in TOF-SIMS. The blue and
rose balls represent the atoms of the top and sub-surface layers, the orange balls are atoms, which were

directly hit by the primary ions (red) and got energy transferred from the recoiling atoms.

Further, away from the impact site the transferred energy will decrease, so that fragments with
partially preserved bonds can be emitted and at a certain distance even fully intact molecules

might be detached from the sample surface.

4.7.3. Different Primary lon Beams

For different material systems the choice of the primary ions used to impinge on the samples
surface ultimately determines the output of the TOF-SIMS analysis. The liquid metal ion source
or gun (LMIS/LMIG) commonly used, is a metal cluster primary ion beam or atomic primary
beam source. For many years atomic sources with gallium were the intuitive choice due to the
beneficial flow properties and low melting point of gallium (29.8 °C), heavier atomic species
and cluster primary ions from gold Aux (x = 1-5) and bismuth Biy* (y = 1-7) showed improved
secondary ion yields and took over in the late 1990s. Naturally, heavier projectiles will result
in higher sputter yields, since they transfer more energy and remove more material per impact.
Also, they lead to desorption of larger fragments and molecules, thus being less damaging to
the sample chemistry, which is less intuitive but can be explained by their larger volume and
the lower energy per atom in the cluster ion beams. The schematic in Figure 16 represents the

energy distribution on the surface during primary ion bombardment.
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Elemental Cluster
primary ion primary ion

Figure 16 Energy distribution on a sample upon elemental or cluster primary ion impact. The blue and
black dashed curves depict the respective energy distribution. The red area depicts the direct point of
primary ion impact, where mainly elemental secondary ion species are ejected from the surface, while
compounds and small fragments or even intact molecules and oligomers can be ejected from the
orange and yellow areas farther away from the trajectile impact. The scheme was adapted from

Robinson et al ./,

While atomic primary ions have a sharp energetic maximum at the impact site, quickly
decreasing in the surrounding area, the cluster primary ion has a softer, shallower energy
profile, distributing over a wider area around the projectile impact. Therefore, at the point of
impact (red area) mostly atomic and small organic species (polymers and contaminants) are
ejected, while in the less damaged “fingerprint region” (orange zone) also coupled and
rearranged monomer fragments may be ionized, for example giving information on co-polymer
distribution. The “oligomer mass region” (yellow region) yields the most structurally
informative fragments in their original arrangement state on the sample.

Besides the size of the impacting particle, the area on the surface covered by atoms also plays
a role in the sputter process. When a small ion impacts the surface, it is more likely to pass
through the first layers of the surface before actually colliding, while for bigger cluster ions the
collision will happen directly at the surface, dissipating the whole energy of the cluster on the
uppermost layer. Conversely, if the overall atomic number of atoms on a surface is low, they
will more easily let impacting ions pass through to sub-surface layers, than if the atoms have
higher atomic numbers. This effect is encapsulated within the “scattering cross section”

parameter, which will be much higher for the cluster metal ion sources than the atomic primary
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beams, therefore the whole collision cascade will move closer to the surface, producing more
sputtering. Also, the low energy collisions, further down the cascade will more likely happen
close to the surface, again yielding more sputtering with bigger fragments being released from
the surface due to reduced subsequent scattering. Garrison and Postawa 2008 also postulated
that molecular dynamics simulations show a cooperative motion of atoms in the collision
cascade upon cluster ion impact on a surface, so that collision events are no longer independent
like for atomic ion impact. These larger, coordinated atomic movements in the material are then
more likely to displace and release larger fragments and molecules from the surface.

In general, the advantages of LMIS are their stability and consistent operation, along with
simple servicing. They provide the highest current densities and smallest spot size of all sources
and have an ion beam which can be easily adjusted in terms of pulsing, mass filtering, scanning
and focusing. The only persistent problem with LMIS is the damage of underlying chemistries
upon impact of primary beams. Even though for clusters the depth of the collision cascade and
therefore the damage to underlying chemistries is diminished with respect to atomic primary
ion beams, the effect is confined to the limited, small number of atoms in a cluster and therefore
a certain level of damage is inevitable.

The effect of cooperative motion even intensifies when large cluster beams, such as Ceo, Arn
(n =100-3000) or [H20]n clusters are applied. The cluster energy is still in the keV range but
each of the individual cluster atoms holds only a very small portion of that energy.
Fragmentation into atoms becomes less prominent, upon impact of the huge volume the
sub-surface layers seem to compress and when they rebound, they push complete molecule
sections and large fragments off the surface. Gas cluster ion beams are especially beneficial to
analyze polymers, since they promote fragmentation of their backbone and avoid cross-linking

or degradation.

4.7.4. Requirements of the Analysis Beam

The discussion here will focus on the atomic gallium LMIG which was the primary ion beam
used in the nanoTOF 11 instrument for this work. The atomic LMIG with gallium is also used
in FIB tools, where a constant flux of ions with the same energy is focused and directed from
the tip of the source to the sample. There are three main differences for the application of LMIG
in TOF-SIMS.

First, when using an LMIG for TOF-SIMS, in contrast to FIB tools, the ion beam needs to be
pulsed to create tightly spaced ion packets for good mass resolution of the resulting spectra.
Second, bunching of the ions must be applied to produce short pulses with sufficient ions.
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Lastly, a separation of different ion species (for sources that produce more than one) has to be
done, so that only ions of the same mass arrive at the sample (this will not be discussed in detail,

since gallium LMIS produces only Ga* ions).
i) Static Limit

When working with damaging primary ion beams, the influence of the impact extends on the
surrounding surface, as well as into the depth of the sample. The typical primary ion energy of
1 keV to 25 keV is enough to break any chemical bond and damage the molecular structure and
crystallinity of a sample in a radius of several nanometers. Therefore, the essential point in
static SIMS is operation with extremely low primary ion doses (< 10 ions/cm?). In this way
one can assume that no area will be repeatedly impinged upon by primary ions, as less than 1%

of surface atoms receive any ion impact at all. Overall, the obtained spectral information then

comes from fresh, undamaged areas and represents the chemistry.

i) Duty Cycle
To calculate the time needed to reach the static limit, the duty cycle needs to be taken into

account. For TOF-SIMS instruments the primary ion beam is pulsed and the duty cycle depicts

the ratio of beam-on time to real time of an analysis cycle.
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Figure 17 Diagram of a TOF-SIMS surface analysis cycle. A short primary ion pulse is followed by
an extraction period and a charge neutralization phase for insulating samples only. The spectrum is
collected in the period after the primary pulse and until the end of one cycle, before the next starts,

indicated by the blue dashed line.

Figure 17 presents a schematic of the analytical sequence. A sub-ns analysis gun pulse strikes
the sample, followed by only 5-10 us of secondary ion extraction, which then travel through
the TOF analyzer to the detector for up to 100 ps (depending on the highest mass to be
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detected). During this final phase the extraction field is switched off, charge neutralization is
applied for insulating samples only and the mass spectrum is collected until the end (dashed
line) of the cycle, before the next sequence starts.
The primary ion pulse length, repetition rate and the duty cycle determine the time until the
static limit is reached. Considering a 1 nA unpulsed beam scanning a 100x100 um area, the
static limit would be reached after only 0.01 seconds. If the same beam was for example pulsed
at 10 kHz with 10 ns pulses the actual beam-on time would be only 10 seconds per 1 second
of real time, thereby increasing the time until the static limit is reached to 100 seconds (example
from the book of John C. Vickerman p.27758)). The time in seconds until the static limit is
reached can be calculated by

_ Axqx10%

IXfXxt

where A4 is the analysis area in cm?, I is the current of singly charged ions in nA, t is the pulse
length in ns, f is the repetition rate in Hz and q is the electronic charge, equal
1.602x107° Coulombs.

iii) Mass Resolution and Bunching

One of the main quality characteristics of a mass spectrum is the mass resolution m/Am, which
is a measure of the ability to distinguish between two adjacent peaks. A high value for the mass
resolution indicates better peak separation. The two signals of masses m, and m, + Am can
only be separated, if the time difference At of their arrival at the detector is sufficient. Therefore,
the mass resolution improves when the ion flight time is increased, for example for higher
masses and longer spectrometer length. Other influences are the primary ion pulse width and
speed of the detection timing system, especially for low mass ions and the voltage stability and
detector itself for higher mass ions. The pulse width can be influenced by the choice of a
bunched or unbunched analysis setting, which is briefly discussed: A good mass resolution in
the TOF-SIMS spectrum heavily relies on the correct time-resolution of the arriving secondary
ions from the sample. These secondary ion pulses in turn depend on the impact of primary ion
pulses. The duration of a primary beam pulse adds a certain error to the overall temporal
aberration of the system. For the best mass resolution the pulses have to be shortened. Simply
sending very short pulses of 1ns would give high mass resolution but this would be
accompanied by the negative side-effect of reduced lateral resolution and significantly
increased time to reach the static limit, leading to excessively long analysis times. A common

way to avoid this issue is the use of a buncher unit in the primary ion column, which shortens
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the raw pulse in time by compressing it in space through the application of voltages. This way
for example a 20 ns raw pulse in the column can be compressed to a 1 ns pulse reaching the
sample surface. This allows high mass resolution without reduction of the number of primary
ions. The tradeoff is poor spatial resolution of typically a few microns introduced through an

energy spread of the beam of several hundred volts (see chapter 1VV4.7.8).
4.7.5. Possibility of depth profiling with additional erosion gun

Depth profile analysis in SIMS is often referred to as “dynamic SIMS” as in contrast to the
“static” surface analysis of the uppermost layer. For TOF-SIMS the information depth during
profiling is ~1-2 atomic layers with sub-ppm detection limits. TOF-SIMS tools are usually
equipped with an additional erosion beam, which is applied simultaneously with the analysis
beam to ablate material from the surface of the sample, while secondary ions, created by the
primary beam impact, are detected, the so called “dual beam depth profiling”. To guarantee a
homogeneous removal of material in the analyzed area during depth profiling, the erosion beam
is rastered over an area of several hundred pum and the area for secondary ion analysis is located

in the middle of this crater. In this way crater edge effects are avoided (Figure 18).
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Figure 18 Illustration of the dual-beam mode operation in TOF-SIMS. The erosion gun sputters a
large area on the sample and the analysis area, bombarded by primary ions, is located in the middle of

the sputter crater to avoid secondary ion ejection from ununiformly sputtered crater edges.

An important parameter in depth profiling is the depth resolution, which is commonly
investigated in ultrathin delta layers. The depth profile of such a delta layer is ideally described

by one Gaussian and two superpositioned exponential functions. These result in the response
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function, which is defined by three parameters, the up-slope and decay length of the two
exponentials and the FWHM of the Gaussian. During experiments those parameters are related
to physical properties of the sample or the analysis. The up-slope is mainly given by the
information depth of the technique, which is about one monolayer in TOF-SIMS. The width is
correlated with the initial or introduced (during sputtering) sample roughness. The decay length
is mainly influenced by the experimental conditions, such as the sputter energy, which is
typically reduced from several keV to hundreds eV for better depth resolution e.g. in the
microelectronics industry. In instrumentation with only a single beam switching between
several keV for analysis (short ns pulses for high mass resolution) and sub-keV for sputtering
(DC operation for high depth resolution) is required. Each of these phases needs a few seconds,
therefore the simplified instrumentation suffers from long analysis times and current stability
difficulties.
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Figure 19 Diagram of a dual-beam TOF-SIMS depth profile analysis cycle. The interlaced/interleaved
(left) and non-interlaced/phased mode (right) both include short primary ion pulses, followed by
extraction periods and charge neutralization. In the interlaced/interleaved mode sputtering and charge
neutralization is simultaneous, the spectrum is collected in the period after the primary pulse and until
the end of one cycle, before the next starts, indicated by the blue dashed line. In the
non-interlaced/phased mode the sputtering starts only after the charge neutralization and spectrum

collection ends and a new cycle begins only after the sputtering ends.

In the “dual beam mode”, parameters for analysis and sputtering are decoupled, solving the
problems of the “single beam mode”. Both gun settings can be optimized for their respective
purpose and be operated in ‘“non-interlaced/phased” or “interlaced/interleaved” mode.

Figure 19 shows a diagram of the analytical sequences for the two modes, both including short

41



primary ion pulses of > 1 ns, followed by the secondary ion extraction (5-10 us) towards the
analyzer and a charge neutralization period for insulating samples only. In
“non-interlaced/phased” operation the sequence/interruption of analysis and sputtering within
one phase is analogous to the “single-beam mode” (except for the use of two determined guns
and not just one switchable). Meaning, that the sputtering begins only after the analytical cycle
ends, and the next cycle starts only after the sputtering ends. Therefore, no information of the
sample is collected during the sputtering phase and detailed chemical composition can be lost.
On the other hand, in the “interlaced/interleaved” mode both guns are operated
quasi-simultaneously. The sputtering takes place at the same time as the charge compensation
for insulating samples and the next analytical sequence starts directly thereafter. In this way a
much higher information density can be collected and the risk of overlooking chemical details
in the sample is reduced. This mode is advantageous and the preferred analysis type in this

thesis due to its optimum data acquisition rates, detection limits and quasi-continuous sampling.
4.7.6. lonization Mechanisms in TOF-SIMS

As previously noted, the largest fraction of species ejected from the sample during sputtering
are neutral and only a small portion < 1% is ionized and can be utilized for TOF-SIMS
detection. Furthermore, ionization is dependent on various factors, like the electronic affinity
or ionization potential of elements on the sample, or the composition of the surrounding matrix
(matrix effect). The electrostatic affinity of an element accounts for the negative or positive
charge of the created ion and therefore the choice of the appropriate polarity is essential for the
analysis. Dependent on the chosen polarity, the extraction field is adjusted and only negative or
positive ions are detected within one analysis cycle. Obviously, the ionization probabilities and
mechanisms for inorganic and organic samples vary and each need adjustment of the analytical
conditions. In this work only Ga* was used as the primary ions of the LMIG and Cs" as erosion
material for depth profiling. The discussion on ionization will focus on these analytical
conditions. In contrast to oxygen, caesium bombardment favors the production of negative ions,
as it is a highly reactive element with low electronegativity and a strong reducing agent. With
Cs, ionization can occur on different routes:

(1) Reduction of target atom: M + e~ - M~

(2)Reduction of macromolecules: Fragment + Cs = Fragment™ + Cs~
(3)Dimer MCs; process: M + Cst - MCs™
(4)Trimer MCs;fprocess: M~ + 2Cs* —» MCsj
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where M is the target ion and gets reduced according to equation (1). Equation (2) describes the
reduction of a macromolecule, such as a polymer, being fragmented during ionization. And the
processes in (3) and (4) are recombinations of the impacting, reactive Cs* with a neutral
species, resulting in the formation of a MCs;} compound.

Apart from the primary source and erosion gun, used for sample bombardment, the surrounding
environment, defined as the “sample matrix”, also plays a role in the ionization probability. The
same chemical species may be differently ionized in different matrixes. This matrix effect is
also the reason why TOF-SIMS is only classified as a ‘“semi-quantitative” method.
Consequently, quantitative analysis can only be done with strict calibration of standard samples,
which match the composition of the sample to be analyzed, and so it is difficult to implement
this for a broad variety of samples. Therefore, usually qualitative comparison of samples with

similar compositions is applied instead.
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4.7.7. The Instrumental Setup

A schematic of the nanoTOF Il (Physical Electronics GmbH) instrument is shown in
Figure 20 a. A gallium liquid metal ion gun (LMIG) for monoatomic Ga* primary ion
generation and a Cs* sputter gun used for depth profiling are both positioned at 45° to the
surface of the sample. The instrument also has an electron gun/flood gun for charge
compensation and an O2/Ar gas gun, which can be used for sputtering or neutralization. The
TOF analyzer is positioned normal to the sample surface. At the end of the triple focusing
electrostatic analyzer (TRIFT) a multi-channel plate detector (MCPD) is located. The whole
analysis chamber is maintained at ultra-high vacuum at a pressure of around 10~ Pa. The main
components of the tool are indicated in the photograph (Figure 20 b) of the instrument located

at University of the Bundeswehr Munich.
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Figure 20 The nanoTOF Il instrument at the University of the Bundeswehr Munich.

i) Primary ion beam: “analysis beam” and “etching beam”

The liquid metal ion source or gun (LMIS/LMIG) is often used as metal cluster primary ion
beam source. In the described setup only an atomic gallium primary source is installed.
Figure 21 shows the ion gun construction with a reservoir and a needle, filled and coated with
a low boiling metal, such as gallium, both welded to a heater filament. Electrical contacts in
form of two supporting legs, placed in an insulating base, are attached to the filament and an
extraction electrode is placed close to the needle tip. The primary ions are produced, when a
high extraction field is generated by applying a potential of typically -5 to -10 kV at the
extractor with respect to the source. This causes the formation of a metal, so-called, Taylor cone

at the needle tip, since the positive metal ions at the tip are dragged in the extractor direction,
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while negative electrons are driven back. This produces steady ion emission from the metal

cone apex, acting as a point-emitter with a constant focused high current density ion flow.
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Figure 21 Schematic of the Liquid metal ion gun (LMIG) - TOF-SIMS primary ion source.
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Figure 22 Schematic of the LMIG column in the nanoTOF Il TOF-SIMS instrument. Adapted from
the TOF-DR software (version 3.0.0.13, Physical Electronics Inc., USA).
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Figure 22 shows the primary ion beam column of the nanoTOF Il instrument, including the
Ga" source in the top part, followed by the beam positioning and focusing path with lenses,

beam steering plates, blanker and apertures, as well as a buncher.
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Figure 23 Schematic of the (un)bunched pulsed primary ion beam path.

The buncher, as noted in section 1V4.7.4.iii), is an essential part for increasing the mass
resolution of the measurements at the cost of reduced lateral resolution. A buncher is built from
two or more plates with concentric central apertures in the distance equal to the spatial length
of a raw primary ion pulse. A voltage (few hundred volts) is applied to the rear plate, when the
pulse is exactly between two plates, this accelerates the ions from the back to the front of the
buncher unit. This way the potential difference in the buncher compresses the pulse to a shorter
duration with the same number of ions and all ions within one pulse should reach the sample at
effectively the same time. Figure 23 illustrates a pulsed primary ion beam as red dashed line.
In the case illustrated in the top half of the schematic no bunching is applied, which results in
laterally more confined ion packets with a longer pulse duration. In case of bunching (bottom)
the ion pulses are compressed to a shorter duration but result in worse lateral resolution.
Therefore, the unbunched mode is applied whenever a high lateral resolution for imaging is
required, while the bunched mode is preferred for high mass resolution spectra. If both pieces
of information are equally relevant a compromise between the two situations can be found by

adjusting measurement parameters.

i) TOF Analyzer

The time-of-flight spectrometer accomplishes mass separation of secondary ions ejected from
a sample and measures the time of arrival of these ions at the detector. The primary ions are
pulsed in very short, tens of nanosecond pulses and the beginning of such a pulse is the starting

point for the spectrometer time measurement. When the primary ion pulse strikes the sample
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surface secondary ions are emitted almost instantaneously and get accelerated by a short
electrostatic extraction section into the field-free drift region, of length L,. The electrostatic
extraction accelerates only ions of one polarity within a single measurement cycle, positive or
negative, to the same nominal kinetic energy. This is accomplished by applying a positive or
ground potential to the sample and a ground or negative to the extractor. According to the
Kinetic energy equation, ions with same energy (e x Ua) after acceleration will enter the field

free drift region with different velocities (v), respective to their masses (m).
1
Ekin=z><m><v2=e><Ua

Therefore, the flight time of the ions through the field-free drift region is described as:

ot « m
Ty 2xexU,

According to this equation the secondary ion time of flight to the detector is longer for heavier
ions and shorter for lighter ones, meaning, lighter ions arrive at the detector first, heavier later
and this way the mass-separation takes place.

The initial output of the measurement is then the secondary ion intensity as a function of time,
which converts to a mass-to-charge ratio as the time is proportional to the square root of the
mass. Furthermore, mass calibration can be easily accomplished by introducing two calibration

constants:

T=A+BXxVm

n- (5

Where A is a constant which corrects for electronic delays. A and B are extracted from a least
square fit using known calibration peaks in TOF-SIMS.

One of the most striking properties of electrostatic TOF-SIMS is the capability of “parallel”
mass detection, which means that same polarity ions of all masses can be detected within one
measurement cycle as they are dispersed only along the spectrometer axis and arrive at the
detector sequentially. It is important to mention that this is not the same as detection of all ions
of all masses simultaneously, which is not yet achievable even with today’s fast pulse counting
detection systems. Still, this is a strong advantage over magnetic sector field SIMS, which allow
only detection of few selected masses at once and therefore mass tuning is required.

The “linear TOF analyzer” is the simplest analyzer design and has just limited mass resolution.
For organic ion spectroscopy around m/Am = 3000 can be achieved. The reason for that is the

well-known fact that the secondary ions are not all emitted at the exactly same energy. The
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energy spread causes a significant broadening of the secondary ion packets traveling from the
sample to the detector and therefore an error in the time-of-flight detection is introduced. To
avoid this, energy compensating analyzer systems are implemented. The commercially
available tools with “grid-less reflectron” and “TRIFT” analyzers can achieve mass resolutions
up to m/Am = 13000 at ?8Si or #Si with high signal-to-noise ratios and even m/Am = 18000 at

higher masses.
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Figure 24 Schematic of the secondary ion path through the nanoTOF Il TRIFT analyzer. The a)
energy focusing of secondary ions extracted at different energies (higher blue curve and lower black
curve) and b) angular focusing of secondary ions extracted from the sample surface without an angle

(black curve), compared with such extracted at an angle (orange curve) and additionally with different
energy (red curve) is illustrated. Image adapted from the webpage

https://www.ulvac-phi.com/en/products/tof-sims/nanotof2/.62

The nanoTOF Il instrument is equipped with a TRIFT analyzer spectrometer, which was
originally designed as a stigmatic imaging TOF ion microscope. It transports a magnified
secondary ion image from the sample to the detector, providing energy focusing for the
time-of-flight detection. At the same time, it acts as microprobe, deriving spatial information
from the position of primary ion raster on the sample and accounts for angular distributions of

extracted ions due to sample roughness.
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Figure 24 presents a diagram of the operating principles of the TRIFT analyzer. The generated
secondary ions of one polarity are electrostatically extracted from the sample in the acceleration
section and focused by the “immersion lens” (collective term for acceleration section and Einzel
lens). Together with the transfer lenses the immersion lens determines the total secondary ion
image magnification. Three almost hemispherical electrostatic analyzers (ESA), arranged 90°
with respect to each other, form the path of the stigmatic image system. Figure 24 a
demonstrates the principle of energy focusing of the secondary ions, where higher energy ions
penetrate the 90° curved ESA farther (blue curve), taking a longer flight path than lower energy
ions (black curve) with the same m/z. Thus, higher velocities of higher energy ions are
compensated, providing energy focusing for the final secondary ions arriving at the detector.
Figure 24 b demonstrates the additional capability of the TRIFT analyzer to focus secondary
ions, extracted from the sample at an angle due to high sample roughness. Those ions extracted
at an angle (orange curve) and with additional energy (red curve) travel a longer path to the
ESA, than the ones without an angle (black curve) but inside the analyzer they take a shortcut,
so that all ions of one mass and energy arrive at the detector simultaneously again. This way
mass resolved secondary ion images can be constructed by a position sensitive detector together

with the time-of-flight measurement.

iii) Secondary Electron Detector (SED)

Between sample and the entrance into the TRIFT analyzer a secondary electron detector (SED)
is located to the side. Secondary ions and electrons can be diverted into this detector by a voltage
pulse applied to a deflection plate. It is primarily used for tuning of the LMIG column settings
but it can also be used for secondary electron imaging in negative polarity (but with relatively

poor resolution).

iv) Contrast Diagram (CD)

The contrast diagram (CD) is an aperture, which can be moved into the path of the secondary
ions before entering the first ESA. Some ions are emitted from the sample with an
angle/momentum, not exactly normal to the sample plane, which alters their flight time and
therefore decreases the overall mass resolution slightly. To block out these effects, the CD can

be used, improving the mass resolution but some transmission is lost.
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v) Energy Slit

After the first ESA there is an energy slit. At this position the secondary ions are energy
dispersed and the slit can be used to define cutoffs in energy, by blocking the path of ions, that

have too low or high energy.

vi) Postspectrometer Blanker

Just before the secondary ions hit the detector, the postspectrometer blanker can be applied to
blank out (by a deflector plate) selected secondary ions. This can be beneficial when the overall
secondary ion intensity is so high that it might damage the detector but still an intense primary
ion beam is needed for proper analysis of the sample. Then secondary ions of less interest or
isotopes with too high intensities (leaving other isotopes with lower intensity) can be removed,

decreasing the overall impact on the detector.

vii) Charge Compensation

Charge compensation is necessary for insulating samples, or in general when charges on the
sample surface, produced by ionizing radiation, cannot dissipate fast enough to provide a
controlled/stable sample potential. Unstable potential at the sample surfaces disrupts the
efficient extraction of secondary ions from the sample surface. Therefore, charge compensation
in TOF-SIMS resolves issues such as initially not entirely neutral surfaces as well as surface
charges, leveling out potential differences. In the nanoTOF Il low energy Ar* ions and low
energy electrons are used. In other instruments only electrons are used but since here an
accelerating potential is applied to the sample during primary ion impact, it needs to be
grounded again before the electrons impact to guarantee they have low energy (otherwise

damage through the electrons would be introduced).

4.7.8. Measuring Modes and Data Treatment

1) Mass Spectra

Mass spectra are usually represented as intensity/counts vs. mass-to-charge ratio (time or cycles
are also possible but less common). The measurement can be conducted in positive or negative
ion mode, never both polarities at once. The spectrum typically presents a very large number
of peaks, as (especially) the atomic ion beam results in strong fragmentation of species on the
sample. All masses from hydrogen (m/z = 1) to many thousands of mass units are detectable.

The peak intensities are usually highest for low masses and decrease towards the higher mass
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region of the sample. TOF-SIMS analysis can be performed on any vacuum compatible
material, including insulators by using charge compensation during the measurement. Imaging
is normally performed simultaneously with the spectral analysis but for high-mass resolved
settings of the LMIG (including bunching of the primary ion beam) the lateral resolution is
poor, therefore imaging is preferably done with different settings, which in turn results in poor
mass resolution. A compromise between both needs to be made if both are required together.
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Figure 25 Comparison of TOF-SIMS surface measurements in (un)ounched modes. The bunched
mode (top) results in a blurred total ion image (middle) and bad lateral resolution (depicted by the
linescan (left) (white lines in the total ion images) but good mass resolution (shown for m/z 32) (right).
The opposite, a clear total ion image, improved lateral resolution and decreased mass resolution is

observed for the unbunched imaging mode (bottom).

A comparison of surface analysis performed in bunched and unbunched modes is shown in
Figure 25 for a CVD-grown MoS; sample on SiO2/Si, as representative example. The total ion
images in the middle were collected from roughly the same 100x100 um area on the sample
for the two conditions. Line-scans, indicated by the white bold line, were performed at the same
position in both images. To determine the respective lateral resolution, the normalized intensity
of the pixels along the scans are plotted and the width at 16-84% of the total intensity is
compared. The “16-84% criterion” is a widely applied and IUPAC accepted method to define
the broadening of a sharp interface.[®® The method was originally developed for depth profile

quality control in 1976 by Ho and Lewis®¥, as well as Honig!®! and Hofmann[©l,
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i) 2D Imaging

For imaging an unbunched primary ion beam setting is applied, resulting in lateral resolutions
down to 100 nm. The images are signal distributions in X and Y direction, displayed in a
false-color scale representing the intensity gradient in signals. The images for separate signals
were reconstructed from the raw data in the TOF-DR software by picking the desired peaks
from the spectra and adding them to a peak list for imaging. Some peaks (indicated in the text),
like isotopes of the same element, were grouped together for imaging to produce more contrast
in the resulting image. In this thesis Origin Lab (version 9.9.0.225 (Academic), OriginLab
Corporation, USA) is used for image preparation with the “Fire” color scale, going from white

for high intensities over yellow, orange, red and black for lowest intensities.
iii) Depth Profiling

Depth profiles can be acquired by adding a second gun to remove material while measuring
with the primary analysis beam. The profiles can be reconstructed from the raw data in the
TOF-DR software by picking the desired peaks from the spectra and adding them to a peak list
for profiling. In this thesis, the resulting depth profiles are presented a number of different ways
for clarity, either as secondary ion counts on a logarithmic y-axis scale or on a linear scale,
sometimes normalized to [0;1] vs. the “sputter time” or “cycles”. All depth profiles were
conducted in the interleaved mode, where a “cycle” refers to a whole analysis cycle as shown

in Figure 19 and corresponds to ~5.25 sec “sputter time”, unless stated otherwise.

iv) Spectral Peak Fitting

TOF-SIMS spectra were first calibrated on appropriate peaks, differing depending on sample
treatment, in the TOF-DR software. To enable further batch spectra analysis in CasaXPS, all
spectra were aligned to the main Mo isotope signal at nominal m/z 98, as slight variations in
the positions are obtained after calibration in the TOF-DR software. For detailed peak analysis
of the Mo, MoS and MoS: isotope patterns the peaks in the ranges of m/z 92-101, 124-134 and
156-168 were fitted, using zero background and the QA line-shape in CasaXPS to extract their
exact positions and intensities. The QA line shape is especially suited for the fitting of
TOF-SIMS signals, it follows the same convolution approach as the asymmetric Lorentzian
(LA) line shape (in detail described in the literaturel®™), with the difference being a quartic

1/(1+x%), instead of a quadratic 1/(1+x2) convolution term.
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4.7.9. State-of-the-Art: Investigations on 2D Materials with TOF-SIMS

TOF-SIMS is very commonly used for analysis in the field of mineralogy and astrology but
nowadays also for semiconductor research and analysis of thin films. With its key ability in
analyzing the uppermost surface, even monolayers, with a detection limit down to ppm levels,
it is predestined as analytical method for atomically thin 2D materials. Nevertheless, to date
only a handful of reports on TOF-SIMS analyses on 2D materials exist. In this chapter a brief
overview over the literature will be given, focusing on graphene and TMDs.

In 2015 Xie et al. gave a good insight into TOF-SIMS analysis of clean graphene. The authors
stated that a clean surface is crucial for further device implementation and good functionality,
for example as sensors. Therefore, they suggest high annealing temperatures of 400 °C and
500 °C to remove polymer residues, e.g. poly (methyl methacrylate) (PMMA) and other
hydrocarbons from the environment, respectively. Due to this procedure a clean graphene mass
spectrum was produced, showing the characteristic ions for the cleavage of graphenes ring
structure (C;f (x = 1,2,3...),C,H*,C,.HS and C;, C,H™), which had previously been disturbed
by other polymer and hydrocarbon peaks.[% Subsequent articles also reported on the mass
spectral analysis of defects in graphene and the interaction with the Cu growth substrate. %0
As early as 2011 Luo et al. used TOF-SIMS to study doping of graphene. The material was
grown by CVD with hydrogen and ethylene on a Cu substrate in presence of ammonia to
modulate the ratio of N and C in the graphene. The domain-like incorporation and distribution
of N was then imaged with TOF-SIMS, taking the CN™ peak as a representative for the
doping.["™1 Other 2D materials like TMDs have also been examined with TOF-SIMS. In 2015
Chen et al. showed imaging/elemental maps of CVD-grown MoS; crystals on SiO. substrate,
with Mo* and S* as the representative species for MoS; and Si* for the substrate.[’?l Other
reports used TOF-SIMS analysis with MoS; in different contexts, as in organic composite
materials or the study of MoS; under tribological conditions.l”®"4 Chemical modifications, like
the intercalation of metal nanoparticles into MoS; crystals was also examined with TOF-SIMS
by Chen et al.. MoS> bulk crystals were pre-intercalated with Li ions using n-BuL.i to convert
from 2H to the 1T’ phase. Then the intercalated Li was diffusion-exchanged with a metal salt,
which reduced to form the intercalated Pt nanoparticles due to the inherent reducing potential
of'the T” MoS> phase. The successful reaction was proven by elemental maps and depth profiles
of the Pt and MoS;, showing a homogeneous distribution throughout the bulk crystal.[”®!
Using depth profiling the thermal oxidation of mechanically exfoliated WS> nanosheets was

examined. The oxidation was found to start preferentially at the edges of the flakes and
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propagate to the center, as well as on some surface areas. TOF-SIMS profiling here revealed
that another early point of oxidation also showed up at the interface of WS> and SiO2/Si
substrate which was not seen in other purely surface characterization techniques.[”®]

In 2018 Abidi et al. demonstrated a new approach of unveiling individual atomic layers of
CVD-grown 2D materials and their heterostructures using TOF-SIMS depth profiling.’’” With
this approach it was possible to reveal the layer-number of a multilayered graphene flake,
transferred onto a SiO»/Si substrate, by monitoring the signal intensity of the C; signal, that
was found to be linearly proportional to the number of layers, while milling away layer by layer
in the depth profile. The versatility of this method was demonstrated with h-BN on Cu, as well
as WS; on SiO2/Si, imaging the 2D material crystals on their respective substrates and pointing
out the contrast of mono-/double- and multilayer areas. Additionally, lateral heterostructures of
graphene and h-BN on Cu were also imaged, and depth profiling on a vertical heterostructure
of graphene/MoS; on a SiO2/Si substrate was performed.

Similar depth profiling experiments of a vertical heterostructure of CVD-grown graphene on
exfoliated h-BN on SiO./Si were already conducted in 2015 by Chou et al., revealing the
in-depth planar chemistry of the prepared structure.[®]

Zhang et al. reported on the depth profiling of a Janus SMoSe monolayer, showing that even
within this three-atom thick layer the correct depth distribution can be monitored with
sub-monolayer precision. The profile clearly shows the consecutive evolution of sulfur, then
molybdenum and then selenium signal.[”®

TOF-SIMS was also applied to analyze the seeded CVD growth of WS, atomic layers. Au
nanoparticle seeds were used to initiate the TMD nucleation, resulting in the typical triangular
WS crystal growth. The presence of Au atoms in TOF-SIMS imaging was then used to
investigate the CVD growth mechanism. ]

Other reports focused on the possibility of direct observation of polymeric contaminations such
as PMMA on graphene with TOF-SIMS, owing to the specific fingerprint mass spectrum of
polymeric components. Also the possibility of removing these residues with a gas cluster ion
beam (GCIB) gun equipped TOF-SIMS was reported. 81821

Finally, reports on enhancement of the secondary ion yield with a graphene overlayer!®l on the
actual sample or with graphene oxide as a continuous phase matrix®* have been published. In
the first case graphene acts as a kind of emitter, producing secondary electrons, which increase
the negative ionization probability of the sample, thus enhancing the secondary ion signal. In a
similar way a continuous graphene oxide matrix can help to increase the amount of intact

molecular ions ejected from biological samples.
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5. Methods

5.1. Raman and PL Spectroscopy

Measurements were carried out with an alpha300 R microscope, operated with the Control
FIVE 5.1 software (version 5.1.13.69, WITec GmbH, Germany). For single spectra acquisition
times of 10 sec and 2 accumulations were applied. For large area scans the number of points
per line (ppl) and lines per image (Ipi) were chosen to be four times the scan width and length,
respectively (e.g. for a 10x10 um scan, 40x40 ppl/Ipi, resulting in one spectrum taken every
250 nm). The green laser, with a central wavelength of 532 nm, was always operated at 0.5 mW,
automatically adjusted and measured by the True Power option of the system. These settings
apply to all measurements presented in this thesis, unless stated otherwise in the text. Data
analysis was conducted in the Project FIVE software (version 5.1.8.64, WITec GmbH,
Germany). For peak fitting the spectra were first background subtracted and cosmic ray spikes
were removed. The peaks were fitted with Lorentzian line shapes. The resolution of the used

Raman mass spectrometer of 0.5 cm™ enables reliable evaluation and comparison of peak shifts.

52. XPS

XPS measurements were performed on a VersaProbe Ill system (Physical Electronics, Inc.,
USA), operated with SmartSoft-VersaProbe software (3.1.2.13, ULVAC-PHlI, Inc., Japan). An
Al Ka X-ray line (1486.6 eV) was used as monochromated micro-focused scanning X-ray
source and a low energy electron flood and Ar* ion gun for charge compensation on the sample.
Survey and core-level spectra were collected with a pass energy of 224 eV and 26 eV,
respectively. The spectra were shifted to a C 1s binding energy value of 248.8 eV, unless
mentioned otherwise, in the MultiPak software (version 9.8.0.19, ULVAC-PHI, Inc., Japan) and
further analysed with the software CasaXPS (version 2.3.24PR1.0, CasaSoftware Ltd., U.K.).
A Shirley-type background was subtracted and the core-level spectra were generally fitted with
Gaussian-Lorentzian line shapes (e.g. GL(60) which is a product of Gaussian and Lorentzian

line shapes (pseudo Voigt).
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53. AFMand AFM-IR

AFM images were acquired using a NanolR2 system, operated with the Analysis Studio
software (version 3.15.7381, Bruker Inc., USA). For most measurements standard tapping
(PR-EX-T125-10) or contact (PR-EX-nIR2-10) probes were applied, with resonant frequencies
of 200-400 kHz and 13 + 4 kHz, respectively. For tapping AFM-IR mode Au-coated probes
(PR-EX-TnIR-A-10) with resonant frequencies of 75 = 15 kHz were used.

The resulting topography images were extracted to Gwyddion software (version 2.52, General

Public License) for analysis and height profile measurements.

54. SEM

SEM images were acquired using a JeolJSM-6700F instrument (JEOL Ltd., Japan), operated
with 2 kV acceleration voltage and a working distance of 7 mm. Images were gathered with the

secondary electron detector.

5.5. TOF-SIMS

TOF-SIMS measurements were performed on a nanoTOF Il instrument (Physical Electronics,
Inc., USA), operated with the SmartSoft-TOF software (version 2.6.1.2, ULVAC-PHI, Inc.,
Japan). For surface measurements the analysis beam (Ga* 30 kV, 3 nA) was scanned over a
pre-defined area together with a low energy electron flood and Ar* ion gun for charge
compensation on the sample. For depth profiling an additional sputter gun (Cs* 0.5 kV/1 kV,
10 nA/30 nA) was used in interleaved dual-beam mode, eroding an area six times larger than
the actual analysis area (which was located in the middle of the sputter crater to avoid edge
effects). Spectra were obtained in negative or positive polarity. The elemental maps and depth
profiles were produced from the spectral raw data files using the TOF-DR software (version
3.0.0.13, ULVAC-PHI, Inc., Japan). For detailed analysis of specific isotope patterns the peaks
were fitted with a modified asymmetric Lorentzian (LA), involving a quartic, instead of a
quadratic term as in the LAPY called QA line shape, using the software CasaXPS (version
2.3.24PR1.0, CasaSoftware Ltd., U.K.).
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V Results and Discussion

6. General Synthesis and Analysis of CVD-grown TMD

Materials

6.1. Introduction

Most of the examinations conducted in this thesis were based on CVD-grown materials. In this
chapter the synthesis routes and conventional characterization analyses for pristine TMDs are
introduced with a strong focus on MoS; as the most studied TMD in literature, as well as in this
thesis. The CVD-grown materials used throughout this thesis were prepared by collaborators
(Niall McEvoy, Conor P. Cullen, Lisanne Peters, Katie O’Neill) in Ireland at the Trinity College
Dublin, further referred to as method#1, and shipped to Germany in protective packaging,
sealed in N2 atmosphere or prepared by colleagues (Siwei Luo, Bart Tywoniuk) directly in our
laboratories at the University of the Bundeswehr Munich, further called method#2. The

materials were subsequently stored in a nitrogen-flow box until needed.

6.2. Experimental Details

Method#1 - CVD-growth of MoSz, WS, and WSe; flakes:

CVD-grown MoS2, WS> and WSe> flake samples were synthesized in a two-zone chemical
vapor deposition furnace, using the close-proximity principle of a micro-cavity reactor, as
previously described by O’Brien et al. for MoS,.14!

Figure 26 displays the general furnace setup with a quartz tube, which was purged by forming
gas Ar 90%/H> 10% with 150 sccm and kept at reduced pressure around 1.5 Torr during the
growth. A quartz boat with the chalcogenide precursor was placed upstream in the low
temperature zone (Ti1), while the “microreactor” with the metal precursor was located
downstream in the high temperature zone (T2). The “microreactor”, consisting of a substrate
with pre-deposited metal precursor, was placed face-down onto the growth substrate. When the
chalcogenide was evaporated and transported towards the microreactor by the gas stream, the
close proximity of the metal precursor facilitated the nucleation of TMD on the growth

substrate.
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Figure 26 Two-zone quartz tube furnace with microreactor for CVD-growth of TMDs. Photograph of
the setup in the laboratory of Trinity College Dublin.

The samples were grown directly on highly p-doped Si substrates with 300 nm thick SiO>. For
the Mo precursor, ~50 pL of exfoliated MoOs dispersed in IPA, were drop-casted onto a heated
substrate at ~120 °C to evaporate the solvent. A sputtered 20 nm layer of W on the substrate,
which was subsequently oxidized (1 h at 500 °C) to form WOy, was used as W precursor. For
the chalcogenide supply, sulfur powder (Sigma-Aldrich, 99.98%) or selenium pellets
(Sigma-Aldrich, >99.99%) were placed 15-25 cm upstream in the low-temperature zone
(~115 °C for sulfur and ~250 °C for selenium) of the furnace. The growth temperature of
700 °C and 850 °C, for MoSz and WS,/WSe:> respectively, was kept for ~1 h, then the furnace
was left to cool for about 4 h. The growth resulted in randomly distributed, differently sized
(one to several tens of micrometer), mostly monolayer flakes, which partly merge to form films

in some areas.

Method#2 - CVD-growth of MoS; films:

MoS, monolayer films were grown by a method previously described by Luo et al.®l in a
quartz tube furnace of 25 mm diameter by chemical vapor deposition. The samples were grown
directly on highly p-doped Si substrates with 300 nm thick SiO2. MoS, powder (Alfa Aesar,
99%) was used as solid precursor, placed in a quartz boat ~15 cm upstream of the substrate.
The quartz tube was purged with forming gas Ar 95%/H> 5%. The growth temperature of
950 °C was reached after ramping for 30 min and kept for 1 h, followed by cooling within 4 h.
The growth yielded almost completely continuous, mostly monolayer MoS; films with

micrometer-sized domains.
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6.3. Results and Discussion

The further discussion on material characterization will focus on CVD-grown MoSy, as it is the
most studied material in literature, as well as in this thesis. Raman and PL spectroscopy, optical
microscopy, AFM and SEM, as well as XPS analyses are presented as the conventional and
mostly used analytical techniques for 2D materials. The characterization results are therefore
specific to MoS: but the general observations each analytical method can deliver are applicable

to all 2D materials discussed in this thesis.

Optical microscopy:

The resulting materials from the two approaches are mainly distinct by their substrate coverage.

Method#1: The CVD-growth of MoS, from MoOs and sulfur precursors yields mainly distinct
flakes of different size and shapes, eventually merging together to form a continuous film with
grain boundaries in some areas. The formation of mainly monolayers can to a certain degree be
controlled by optimized process parameters, nevertheless double-layer seeding and multilayer
formation on nucleating sites cannot be completely avoided.

Method#2: In the case of CVD MoS; growth from MoS: bulk powder precursor, the formation
of fully covered monolayer MoS: films is aimed. The reliability of this process is still under
investigation and process optimization in progress, since the merging of very small mostly

triangular monolayer crystallites is often insufficient and only poor coverage is achieved.

For this study the flakes and films were previously checked to ensure sufficient monolayer
coverage at least in the examined areas. Here representative optical images, Raman, PL, AFM
and SEM characterization of the CVD-grown materials used throughout the whole study are

provided.

Figure 27 shows an optical image of a typical CVD-grown MoS; sample on SiO2(300nm)/Si
substrate by method#1. Islands of separated and merged flakes can be clearly distinguished
from the uncovered substrate, brighter spots present regions with aggregated multilayer growth,
while the majority of the blue area exhibits monolayers with the typical triangular shaped flakes.

Many flakes have multilayer seeds in their center region.

59



1000 pm

Figure 27 Optical microscopy images of a representative CVD-grown MoS; on SiO,/Si. The substrate

appears in violet, as compared to the blue contrast of the TMD flakes.

Scanning Electron Microscopy (SEM):

Figure 28 SEM images of representative areas on CVD-grown MoS; on SiO/Si. Images a) and b)

present many separate, triangular flakes, while in c) they partly merge into a continuous film.

Figure 28 displays the corresponding SEM images from three regions with different
magnification, where the MoS appears in darker and the substrate in brighter contrast.
Figure 28 a and b show areas with mostly distinct, triangular flakes, while in the bottom left
half of Figure 28 c the flakes merge to form a continuous film.

Raman and PL Spectroscopy:

Detailed Raman and PL examination of a typical MoS; flake (the flake in the red square of the
most magnified image in Figure 27) is given here to point out the most characteristic features

of a Raman analysis on 2D TMDs, MoS: being the representative example here.
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Figure 29 a) Raman and b) PL spectra on a CVD-grown MoS; flake on SiO./Si. The inset displays the
magnified spectra with the E21g and A;, modes and the inset images depict the mono-(blue), double

layer (red) and edge (green) regions in false colors.

Figure 29 a shows the averaged Raman spectra of the mono- and multilayer areas of the
examined triangular MoS; flake in blue and red respectively. The color map of the flake in the
inset of the graph depicts the corresponding areas for the respective averaged spectra with the
same color code. As discussed in the introduction the main characteristic Raman signals for
MoS: are the E%g and A, in- and out-of-plane vibrational modes. In literature these modes
were theoretically determined to be located at ~383 cm™ and ~407 cm™ but other reports also
find slightly deviating numbers in the vicinity of ~385 cm™ and ~403 cm™.5281 Here, to
determine the exact mode positions, the signals were fitted with two Lorentzian functions,
resulting in 385.6 cm™ and 406.6 cm™ for the E;; and A;, modes of the monolayer and
384.9 cm™ and 408.5 cm™ for the multilayer region in the middle. The red and blue-shift (to
lower/higher relative wavenumbers) of the Ezlg and A;4, modes respectively are indicative of
the increasing layer number in the center of the MoS;, flake.l®”#l Consequently, also the
separation between the two modes increases from ~21.0 cm™ to ~23.6 cm™, which again
indicates a rising layer number. In addition to these changes, the low frequency modes can help
identifying the exact layer number. In the blue spectrum these modes are absent, confirming
the monolayer nature of the flake, while in the red spectrum two modes at ~25 cm™ and
~40 cm’! for the shear and layer breathing mode are present, which correspond to a double layer
in agreement with the literature.[5*8%%1 Apart from the Raman signal also the PL can help to
confirm the mono- or multilayer nature of the MoS; flake. In Figure 29 b the different PL

spectra of the same flake in the mono- and double-layer region, as well as on the edge of the
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triangular flake are depicted. The charged A exciton signal is clearly more intense on the
monolayer than the double-layer with almost no shift in the position, the edge shows a slightly
weaker intensity and a shift in energy of ~7 meV. The decreased intensity and higher ratio of B

to A exciton supports the double-layer nature of the flake in the central region.
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Figure 30 Raman peak intensity maps of a CVD-grown MoS; flake on SiO2/Si. The maps represent
the E34, A;4 and SiO modes.

Peak intensity maps of Ezlg and A;, modes are presented in Figure 30, showing an increased

signal in the central region of the flake, where the double-layer is expected and on three
additional nucleation sites along the left side of the flake. The middle region also exhibits a
roughly triangular shape for the double-layer. The map of the SiO2 signal shows the lowest
intensity in the center, beneath the double-layer of MoS», while on the monolayer still some

SiO2 Raman signal is detected.
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Figure 31 Raman peak position maps of a CVD-grown MoS; flake on SiO./Si. The maps represent the

E34 and A; ; modes.

The peak position maps for the Ezlg and A;4 modes are shown in Figure 31. Especially the 4,
position map shows a clear peak shift between mono- and bilayer because it is slightly higher

than the one for E3,.
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Figure 32 Raman exciton intensity maps of a CVD-grown MoS; flake on SiO,/Si. The maps represent

the A and B excitons.

The PL intensity maps (Figure 32) show a strong A exciton signal on the whole flake, except
the double-layer region, confirming the monolayer nature of MoSa, the highest intensity of B
exciton on the other hand is found on the double-layer region.

Atomic Force Microscopy (AFM):

The AFM height image in Figure 33 a presents the typical topography of a pristine CVD-grown
MoS: triangular flake on SiO»/Si. The blue, dashed line indicates the position of a profile across
the flake (Figure 33 b) which displays a monolayer MoS; height of ~1 nm. In the literature
variations in AFM step heights of monolayer MoS; range from ~0.6 nm to 1 nm.791-%%1 The
theoretical bulk interlayer spacing would suggest a monolayer height of 0.615 nml®4-%
however possible contaminants, incomplete bonding or different force to the substrate, as
compared to the TMD layers and measurement effects, such as contrast inversion, can lead to
increased monolayer heights.[7]
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Figure 33 AFM measurement of a pristine CVD-grown MoS; flake on SiO,/Si. a) Topography image
with a line scan (black dashed line) and b) the height profile in this position.
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X-Ray Photoelectron Spectroscopy (XPS):
XPS analysis of a representative pristine CVD-grown MoS, sample on SiO>/Si is shown in

Figure 34.
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Figure 34 XPS analysis of pristine CVD-grown MoS; flakes on SiO-/Si. The Mo 3d and S 2p core
regions, fitted with several components, as well as the C 1s and O 1s and the overall survey spectrum

with relevant signals indicated with colored boxes are displayed.
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7. Investigation of Organic/Polymeric Contaminations on 2D
Materials — Insights from the Nanoscale TOF-SIMS

Perspective

7.1. Introduction

Looking towards the incorporation of 2D materials into devices, one major concern is the
preservation of their pristine surface nature and properties to ensure reproducible experiments
and durable devices. Oftentimes the deviation in properties amongst published data is quite
large. For example, carrier mobilities of monolayer materials vary by decades, e.g. for MoS;
field-effect transistors (FETs) a range of 0.5-10 cm?/Vs is covered.*%%! Developments in
device design with top-gating and high-k dielectrics even improved the performance of MoS>
monolayer FETs up to ~150 cm?/Vs at 300 K.[26:99.1001 Sij||, the theoretically calculated values
of 400 cm?/Vsl'® have not yet been achieved.[*%?l Many influencing factors, such as defects,
grain boundaries, contact properties and strain have been identified, but also interfacial
properties and doping are always a matter of debate. Due to the high surface to volume ratio of
the thin layered 2D materials, they are highly exposed to environmental influences. The storage
conditions of 2D materials can cause damage, such as the oxidation in air but also the absorption
of environmental hydrocarbon species have been reported.[!%3104 The method of material
preparation influences the quality and further processing for device fabrication often requires
lithographic structuring or wet chemical transfer to other substrates. The latter process, no
matter done in a laboratory or industrial scale, almost always includes a polymer assisted
step,1*%I posing a potential risk of contamination and therefore alteration and even distortion of
the materials intrinsic properties.[106:07]

Mechanical exfoliation (ME), also known as the “scotch-tape method”, was the first route to
thin or even monolayer films, derived from bulk 2D materials. Starting with the delamination
of a graphene layer in 2004 by Geim, Novoselov et al.[!! this method was widely applied to all
emerging 2D materials. The relatively simple method allows the production of highly
crystalline material with a quality dependent mainly on the starting bulk material and the
exfoliation can be done onto arbitrary substrates. Nevertheless, the size and thickness of the
resulting flakes is randomly distributed and flakes of desired dimensions have to be picked
manually with the help of optical contrast in the microscope or analytical methods such as
Raman spectroscopy. Still, due to the relatively simple production, mechanical exfoliation is

often the method of choice for initial lab-scale production of new materials, preparation of
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heterostructures with new properties, and prove of principle devices without the need for large
scale production. On the downside, the ME process always involves adhesive tapes or
polymeric stamps, often resulting in stress and strain on the resulting material in form of
bubbles, wrinkles and defects but also polymeric residues on the surfaces or trapped between
layers of heterostructures. Over the past years a multitude of alterations, such as the usage of
adhesive metallic layers instead of polymeric tapes or conducting the exfoliation in inert gas
atmosphere in gloveboxes, have been suggested to improve the process.['%-11% Nevertheless,
the cleanliness of the ME process remains imperfect and therefore surface and interface
examination of these materials is inevitable to control their quality.

Due to the risks of contamination and low yield in ME, many researchers rely on grown
materials. The growth is usually conducted at sub-atmospheric pressure, at high temperatures,
with only the process precursors involved, resulting in clean surfaces. Nevertheless, storage,
packaging and shipping can pose a risk to the surface cleanliness. Besides, often transfer to
other substrates is needed and involves contact to chemicals and polymers, complicating the
maintenance of pristine, clean surfaces.

The necessity of 2D material transfer is simply demonstrated in the case of CVD-grown
graphene, which is commonly synthesized on transition metal substrates like Cu or Ni foils.
These metals are hard to implement in most device designs and successful growth reports on
semiconductors and dielectrics still remain scarce.[!*Y Therefore, transferring the material to
insulating substrates like silica for electronic devices remains a major requirement.*'?1 TMDs
on the other hand can be grown directly on a variety of insulating substrates, including for
example silicon dioxide, alumina and sapphire.[**l Nonetheless, some target substrates for
device manufacturing, such as polyimide may not withstand the high temperature CVD process,
thus transfer is mandatory to maintain a high flexibility over the substrate choice.[**® Transfer
may also be applied as a way to structure the film on the target substrate for example by
transferring stripes of TMD material to a larger substrate to be used as channels in FET or other
device fabrication. The production of large-scale heterostructures may also demand transfer of
one layer onto another with controllable stacking order and relative twist angle. For all of the
mentioned applications, the main demands towards the transfer method are the uniform
separation of the film from the growth substrate, as well as maintaining the structural and
physicochemical integrity of the material during and after transfer.

Traditionally, transfer methods are classified as ‘wet’, where the 2D material film is in contact
with water or chemicals to delaminate from the growth substrate or not in the case of “dry”

methods. Mostly, combinations of the two are applied, therefore more accurate assignment of
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the methods is given by whether or not supporting layers are used. Due to their beneficial
flexibility and mechanical stability, polymers are most commonly applied as supporting layers
to control stress and strain on the TMD during the transfer but thin metallic support films also
have been reported.[*%!

The polymer supported transfer method comprises the following general steps: 1) the adhesion
of the supporting layer polymer on the TMD surface by stamping or spin-coating (optionally
with additional heating step to better distribute and stiffen the polymer); 2) delamination from
the original growth substrate by wet-chemical methods such as water-intercalation or etching
with e.g. KOH or NaOH, possibly followed by washing to remove the etchant or ‘dry’ transfer
by detachment of the 2D material layer without the use of water or chemicals; 3) positioning of
the TMD layer on the target substrate, drying and removal of the transfer polymer by solvent,
if applicable.

The atomically thin, fragile films make this process a challenging task, therefore much effort
has gone into the search for the most appropriate polymer support layers to reduce negative
effects such as defect introduction from bubbles, wrinkles, cracks or residues, potentially
leading to strain and doping effects.

In the following a short summary of some popularly used polymer transfer methods is given.
The methods are evaluated, especially with regards to polymeric residues. A complete,
comprehensive review was published by Watson et al.[%]

According to investigations, the polymer choice is determined by the surface energy of the
polymer, the growth substrate and target substrate. For example, a polymer with lower surface
energy will have lower adhesion to the film and will be removed more easily without causing
structural damage to the layer. On the other hand, the surface energy should be higher on the
target substrate than the polymer to enable good adhesion of the transferred film. Other
influencing factors are of course the mechanical stabilities of the TMD materials such as the
Young’s and bending modulus.[95:114]

Certainly, the most popular transfer polymer for large scale CVD TMDs is
poly (methyl methacrylate) (PMMA), which was first used for CVD graphene transfer and
subsequently for MoS;, followed by other TMDs.['*®1 While the use of PMMA itself is
adventitious due to its good robustness, flexibility and adhesive contact, it is also reportedly
one of the high residue polymers after removal with acetone.!%1%¢] Nevertheless, its simple
application, availability, solubility in relatively non-toxic solvents (acetone), make it a popular
choice as supporting layer. For delamination of the PMMA/TMD stack from the growth

substrate usually wet chemical etchants, KOH and NaOH are applied to etch the substrate and
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release the film. The substrate cannot be reused which limits the process practicability in
industry, increasing the overall cost. Other options than wet chemical etching have been
reported, e.g. bubble transfer, where intercalation on the interface releases the 2D layer from
the substrate as well as the use of thermal release tapes (TRT).['®®! Both methods have their own
merits but wet chemical etching remains the simplest and therefore often preferred method.
PDMS, in the form of a stamp, is another popular choice for TMD transfer due to its
hydrophobicity, transparency and high flexibility.**"1181 Due to its low surface energy
(~19-21 mJ/m?) compared to common target substrates such as SiO2/Si (57 mJ/m?) material
transfer is efficient and it can be detached from the target substrate without wet chemicals or
solvents, just by peeling, making it theoretically cleaner.!%! Dry transfer was shown by
Kang et al. by increasing the adhesion to the transferred MoS; by modifying the PDMS stamp
with hydrophilic dimethyl sulfoxide (DMSO) molecules and heating the stamp to 70 °C upon
release to the target substrate to ease the adhesion.[**®! The delamination with water intercalation
has been shown as well by Jia et al., avoiding toxic and harmful chemicals, as well as a heating
step which can also introduce stress and strain to the TMD material.[*2]

Another possibility, shown for the PDMS stamp approach, as well as the PMMA-assisted
transfer is the addition of a secondary polyvinyl alcohol (PVA) supporting layer between the
first polymer and TMD.!*2 In the case of PDMS it is applied onto the stamp and improves the
adhesion to the TMD. In the PMMA-assisted transfer it is spin-coated onto the TMD first,
followed by PMMA. The advantage of PVA besides the good adhesion to TMDs is the
water-solubility, making removal simple and non-toxic. On the downside it can only be applied
as secondary layer, not standalone, due to its low viscoelastic properties.*??!

Gurarslan et al. used polystyrene (PS) as supporting polymer to delaminate hydrophobic MoS;
from its hydrophilic sapphire substrate by introducing water droplets at the interface.l*?¥1 Others
additionally pre-etched the substrate for very short time to speed up the delamination process.
The hydrophobic PS has a higher Young’s modulus (3.5 GPa)*?l than PMMA (8 MPa)[*?],
thus being more robust and preventing wrinkles and folds in the transferred film but also
suffering from brittleness on a larger scale. It can also be dissolved by a wider range of solvents
and has a better solubility in these than PMMA, even though most are more harmful than
acetone, such as toluene and tetranydrofuran (THF).[26]

Less popular examples for transfer polymers are cellulose acetate (CA) used with buffered
oxide etch (BOE, combination of NH4F and HF) at room temperature instead of hot NaOH for

etching and film detachment. CA can be dissolved in acetone, the cost is low, its non-toxic and
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biodegradable but the substrate cannot be reused.?”l CA-butyrate is a variation to this
method. 28]

Polycarbonate (PC) was also reported as clean alternative to PMMA, dissolving in organic
solvents such as chloroform, with no need of post-transfer cleaning procedures.*?°]

Lu et al. used PVA together with polyvinylpyrrolidone (PVP) as all water-soluble bilayer
polymer support for 2D materials.[**%

A dry roll-to-roll process for wafer scale transfer was initially developed for graphene and
adapted for CVD-grown MoS; on glass substrate by Yang etal. using an ethylene vinyl
acetate/polyethylene terephthalate (EVA/PET) plastic support for transfer and as the target
substrate at the same time.[*3! This way, polymer removal was avoided and a scalable process
for flexible electronics was implemented.

An alternative route is metal-assisted transfer, reported for Cu support layers also in
combination with thermal release tapes (TRT).[**21 Metals poses a larger adhesion energy
compared to polymers, but they need to be dissolved using chemical etching and additionally
their deposition (sputtering but also electron beam evaporation) on the fragile 2D material film
can potentially harm its intrinsic properties and the overall process is more costly compared to
the use of polymers.

Finally, very few successful reports on transfer without supporting polymer exist. One report
by Xiaetal. on the transfer of MoSe2,** initially developed for graphene,**4 to grids for
transmission electron microscopy (TEM) and an all-water based delamination process of TAC
grown thin (> monolayer) films reported by Kim et al.,[*3% can be named as examples.

The ultimate goal of any transfer process is to preserve the materials intrinsic structural,
chemical and electronic properties. The issues leading to imperfect transfer, like trapped
bubbles, cracks and wrinkles or polymer residues can negatively influence the properties
needed in certain applications. For example, the PL of TMDs, and their optical applications are
affected by inhomogeneous strain distribution and only to a minor extend from polymer
residues, thus they can be ignored for certain optical purposes. Polymer residues have been
shown to have a large influence on electrical properties, like resistivity and electron mobilities.
As an example, in monolayer MoS; the carrier mobility can be decreased from 8 cm?/Vst*! to
0.8 cm?/Vs[38 after transfer with PMMA. 1%

As a conseguence, an extensive examination and cleaning procedures to improve the materials
cleanliness prior to application development is inevitable.

Numerous post-transfer cleaning procedures were proposed to remove residues from graphene

and TMDs. Zhuang et al. review possible cleaning procedures for PMMA residues on graphene
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which were also widely adapted for TMDs.[**”) Amongst them, annealing in vacuum, inert gas
(Ar, N2), reducing gas (Hz, H2/Ar) and oxidative gas atmospheres (CO., air), or treatments using
organic solvents, plasma, ion and electron beam, light or mechanical treatments have been
suggested. Not all of the methods are directly applicable for graphene and TMDs, as for
example the oxidative gas atmosphere can likely oxidize the TDM faster than graphene.

The characterization of polymeric residues proves to be a challenging task for many of the
commonly applied techniques in 2D materials analysis.

With scanning tunneling and transmission electron microscopy (STM/TEM), polymer layers
are challenging to image due to low z-contrast and potential damage/alteration by the electron
beam, requiring low voltage operation. Moreover, TEM additionally needs laborious sample
preparation, which can itself introduce contamination. Surface sensitive XPS may reveal the
elemental composition and chemical binding states of 2D material layers but is restricted to a
lateral resolution of 10 um and concentration detection limits of 0.1-1%.11%81 Especially for
organic and polymeric molecules this method results in a tedious fitting process of
high-binding-energy carbon species and the distinction between polymeric compounds and
other hydrocarbons present on a surface remains challenging.[**® Conventional optical
spectroscopy methods, like Raman, UV-Vis and IR are often unable to reveal surface
contamination and have diffraction limited resolution. Scanning probe microscopy (SPM)
methods are able to image residual clusters and particles on 2D surfaces, yet fail to reveal the
type of contamination and are unable to detect thin layers of adsorbents. Only relatively
recently, AFM-IR and vibrational sum-frequency spectroscopy (VSFS) were demonstrated as
promising techniques for chemical identification of organic contaminants on surfaces.[**”! The
main drawbacks for these innovative techniques is the need for high levels of contamination to
resolve the polymer, limited local sampling areas and low measurement throughput due to the
complex setup. In contrast TOF-SIMS is an extremely surface-sensitive technique with a
sampling depth of about 1 nm, able to detect even traces down to a ppm concentration of
inorganic as well as organic impurities with a lateral resolution as good as 100 nm on surfaces.
Additionally, depth profiling can be applied to determine the chemical composition along
interfaces. The identification of organic or polymeric contaminants, on the materials surfaces
and interfaces, is possible by fingerprint ionization patterns in the mass spectrum.

In this chapter the strength of TOF-SIMS as sensitive surface and interface analytical tool is
exploited to investigate the cleanliness of differently prepared 2D materials in their pristine
state after preparation, as well as after storage and transfer. Comparison to results derived from

other analytical techniques are driven.
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In the first sub-chapter VV7.3.1, mechanically exfoliated flakes of MoS; are analyzed directly
after preparation or after prolonged storage. In V7.3.2, the extent of contamination from
different exfoliation polymers/stamps is compared. Besides the surface, the interface between
exfoliated MoS; flakes and SiO2/Si substrate is studied by TOF-SIMS depth profiling and
different substrate pre-treatments are compared in terms of improvement of the interface
cleanliness in VV7.3.3.

In V7.3.4, the surface of CVD-grown TMD flakes, such as MoS2, WS, WSe, on Si/SiO;
substrate is investigated. CVD-grown MoS, monolayer films are then analyzed after transfer
with different supporting polymer layers in V7.3.5. The TOF-SIMS data is supported by
statistical Raman spectroscopy to examine the chemical intactness of the transferred MoS». The
presence of residues is shown by TOF-SIMS imaging on the example of PMMA transferred
MoS; flakes in V7.3.6. Finally, in VV7.3.7, different annealing procedures are compared for

removal of residues from the transfer process.
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7.2. Experimental Details

7.2.1. SiO2/Si substrate pre-cleaning procedures

SiO2/Si substrate pre-cleaning using piranha solution:

Piranha solution was prepared by the slow addition of 25 ml of H.O: (30%) to 75 ml of
H2SO4 (96%) under stirring. The SiO2(300 nm)/Si substrates were then immersed in the fresh
solution for 5 min before rinsing in a large excess of DI water (18 MQxcm) and drying under
N2. The substrates were then directly used for the mechanical exfoliation of MoS,.

SiO2/Si substrate pre-cleaning using the PVA TePla plasma etcher:

The SiO2(300 nm)/Si substrates were plasma treated with a flow of 500 sccm Ar and 500 sccm
O, at 0.05 bar and 500 W for 30 sec in the TePla plasma etcher (PVA TePla AG, Germany).
The substrates were then directly used for the mechanical exfoliation of MoS..

SiO2/Si substrate pre-cleaning using the Oxford plasma etcher:

The SiO2(300 nm)/Si substrates were plasma treated with a flow of 100 sccm Ar, 200 sccm O>
and 0.6 sccm He at 0.05 bar and 500 W for 10 min in the PlasmaPro 100 Cobra (Oxford
Instruments, U.K.). The substrates were then directly used for the mechanical exfoliation of
MoS..

7.2.2. Mechanical exfoliation methods

Method#1: Mechanical exfoliation of MoS; using Nitto tape:

A bulk MoS; crystal (HQ Graphene, > 99.995%) was mechanically exfoliated several times
between adhesive tape (Nitto 150E-KL). The SiO2 (300 nm)/Si substrates were cleaned by
O/Ar plasma treatment at reduced pressure for 10 min (Oxford Instruments PlasmaPro 100
Cobra) prior to flake deposition to remove any organic surface contaminations. The MoS;
covered Nitto tape was then pressed onto the substrate and slowly peeled off with
predominantly few-layered MoS crystals remaining on the substrate.

Method#2: Mechanical exfoliation of MoS; using the PDMS method:

The PDMS stamp was prepared by mixing the two components provided in the silicone
elastomer kit (SYLGARD™ 184) in a 10 to 1 ratio by stirring with a glass rod until a
homogeneous mixture was produced. The mixture was then placed in the desiccator at 0.8 bar
to remove air bubbles for 45 min and subsequently poured into a glass petri dish, resulting in a
~2 mm thick layer. The layer was backed at 80 °C for 30 min in a convection oven. For ME, a

piece of ~1 cm? was cut. MoS; was exfoliated using Nitto tape and peeled onto the surface of
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the PDMS stamp. The MoS2/PDMS was brought into contact with the substrate and slowly
withdrawn to leave the MoS; on the substrate surface.

Method#3: Mechanical exfoliation of MoS; using the PVA/PMMA method:

The process was adapted from the literature.*%®141 The SiO2(300 nm)/Si substrate was first
spin-coated with PVA (Sigma-Aldrich, M.W. ~160 kg/mol, 6 wt% dissolved in water) at
3000 rpm for 60 sec and subsequently baked at 120 °C for 5 min. Then an additional layer of
PMMA (Microchem, 495 PMMA A4 resist in Anisole, M.W. ~950 kg/mol) was spin-coated on
top at 3000 rpm for 60 sec and baked at 120 °C for 2 min. MoS; was exfoliated using Nitto tape
and peeled onto the surface of the polymer coated substrate. Suitable flakes were identified
using optical microscopy and the surrounding area was scribed to expose the PVA layer beneath
the PMMA. The PVA film was dissolved in DI water (18 MQ-cm), releasing the hydrophobic
PMMA/MoS: layer onto the water surface. This was then transferred onto a metal ring and
deposition of the MoS, flakes was carried out onto a SiO2(300 nm)/Si substrate using a
homebuilt heated transfer system. The MoS,/PMMA was brought into contact with the heated
substrate (80 °C) and the PMMA was slowly withdrawn to leave the MoS; on the substrate

surface.
7.2.3. CVD growth methods

CVD-growth of MoSz, WSz and WSe; flakes:

MoS2, WS, and WSe; flake samples were grown in a microcavity in a two-zone chemical vapor
deposition furnace at 700 °C and 850 °C, as described in the literature.[*+14? For experimental
details see chapter V6.2.

CVD-growth of MoSz monolayer films:

MoS. monolayer films were grown as previously described by Luo et al.®l. For experimental

details see chapter V6.2.

7.24. Transfer methods of CVD-grown MoS:2

Transfer of CVD-grown MoS, monolayer film onto SiO/Si substrate using PMMA:

For transfer, PMMA solution (7-fold dilution, AR-PC-504 in AR 600-01, Allresist) was
spin-coated on a 1 cm? sample of CVD-grown MoS; film on SiO2(300 nm)/Si at 500 rpm for
10 sec, followed by 4500 rpm for 60 sec and a soft bake at 120 °C for 15 min in air. The edges
of the sample substrate were then firmly scratched with a scalpel to remove overlapping
polymer. The underlying SiO, was etched in 50 mL of KOH solution (2 M in DI water
(18 MQcm), VWR Chemicals, 85.0-100.5% AnalaR NORMAPUR® Reag. Ph. Eur.). The
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detached film was then transferred to DI water with a glass slide and allowed to soak for 30 min.
This wash was repeated once after which the film was transferred onto a SiO2(300 nm)/Si
substrate and left to dry in air for ~15 min, then placed in a desiccator at 0.8 bar overnight.
Following drying the sample was immersed in 30 mL acetone (Honeywell, > 99.5%) for 30 min
to dissolve the PMMA layer, which was repeated twice before rinsing (IPA, Honeywell,
> 99.5%) and drying under Na.

Transfer of CVD-grown MoS, monolayer film onto SiO2/Si substrate using PVA/PMMA: 1221
An aqueous polyvinyl alcohol (PVA) solution was prepared by dissolving 150 mg of PVA
(Sigma-Aldrich, partially hydrolyzed, M.W. ~160 kg/mol) in 20 mL DI water and stirring at
120 °C for 2 h. The PVA solution was spin-coated on a 1 cm? sample of CVD-grown MoS;
film on SiO2(300 nm)/Si, at 1000 rpm for 10 sec and 3000 rpm for 60 sec, followed by a soft
bake at 100 °C for 60 sec in air. Following, a layer of PMMA (7-fold dilution, AR-PC-504 in
AR 600-01, Allresist) was spin-coated on top, at 1000 rpm for 10 sec and 3000 rpm for 60 sec.
The sample was then transferred using the same KOH etching procedure described above. For
removal of the PVA/IPMMA membrane, the sample was immersed in DI water, placed on a
hotplate at 130 °C and stirred for ~30 min allowing the water-soluble PVA to be removed
together with the PMMA film. The sample was then dried under No.

Transfer of CVD-grown MoS; monolayer film onto SiO»/Si substrate using PS: [2]

A polystyrene (PS) solution was prepared by dissolving 0.9 g of PS powder (Sigma-Aldrich,
M.W. ~280 kg/mol) in 10 mL of toluene (Sigma-Aldrich, >99.0%) and stirring at room
temperature (RT) for 30 min. The PS solution was then spin-coated on a 1 cm? sample of
CVD-grown MoS; film on SiO2(300 nm)/Si, at 3500 rpm for 60 sec, followed by a soft bake at
80 °C for 15 min in air. Again, the film was transferred by etching the underlying SiO. using
the KOH procedure above. After transfer, the assembly was heated on a hotplate at 80 °C for
1 h followed by 30 min at 150 °C, to dry the film and remove wrinkles. The PS was then
removed by immersing the sample in toluene for 30 min, which was repeated twice before
rinsing (IPA, Honeywell, > 99.5%) and dried under No.

Transfer of CVD-grown MoS: flakes onto samples with pristine CVD-grown MoS;:

The transfer process of CVD-grown MoS, monolayer flakes onto samples with pristine
CVD-grown MoS; was analogous to the previously described transfer on SiO2/Si by PMMA.
The only deviation was in transferring the film onto a substrate with pristine, uncoated,
CVD-grown MoS; on SiO2/Si, instead of a bare SiO,/Si substrate.
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7.3. Results and Discussion

7.3.1. Mechanically exfoliated MoSz — Influence of storage conditions

Three samples of MoS; flakes on SiO»/Si were prepared by mechanical exfoliation (according
to Method#1 in the experimental section V7.2.2), using adhesive tape (Nitto 150E-KL, mass
spectrum of the tape included in Appendix 1) and subsequently compared after different
storage conditions. The TOF-SIMS spectra (Figure 35 a, d, g) are normalized to the main Mo”*

isotope signal at m/z 98.
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Figure 35 TOF-SIMS analysis of ME MoS; flakes on SiO,/Si after storage in different conditions.
Positive polarity spectra (left) and chemical maps (right) of the combined isotopes of Mo* and ion
fragments of PDMS of a)-c) a clean MoS; sample, extracted from the center of a depth profiled ME
flake, d)-f) a freshly exfoliated and g)-i) a flake stored in a Gel-Pak®#0 for 1 month in laboratory
environment. The spectra are normalized to their respective ®Mo* isotope peak intensity. The y-axis of

all spectra is multiplied by a factor of 2, starting at m/z 90. Scale bar is 10 um in all images.

A “clean MoS>” reference spectrum was obtained from a portion of a depth profile through a
bulk crystal, excluding the surface and interface regions, presented in Figure 35a. The
spectrum displays the pure Mo* isotope pattern, including signals at m/z 92, 94, 95, 96, 97, 98,
100 in the relative ratios of their natural abundancy (pink indicated area). An additional strong
signal at m/z 72 originates from the SiO> substrate and a high background starting at higher m/z
from the Cs" sputter ion signal, which was cut off at m/z 133 for clear representation.

The spectrum in Figure 35 d is from a freshly exfoliated and directly measured MoS, sample.

It displays strong Mo" isotope signals but also contains additional peaks for molybdenum
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hydride species at m/z 93, 99, 101 (form ®2Mo+H, *®Mo+H, *®®Mo+H), indicated with red stars.
The hydride compounds indicate the presence of some contamination on the material surface,
which is not present in the “clean MoS2” spectrum. An additional signal at m/z 73 is present.
The third sample, which was stored in a Gel-Pak®#0, shows even higher intensity peaks for the
molybdenum hydride species and again the signal at m/z 73, as shown in the spectrum
(Figure 35 g). Additionally, a strong peak at m/z 147 is evident. Signals at m/z 73, 147 and 207
are found to be SiC3Ho", Si2CsH1s0" and SisCsH1503", all fragments building up during
decomposition of polydimethylsiloxane (PDMS). The most pronounced positive ion fragments
of PDMS building up during ion bombardment in TOF-SIMS, are presented in Figure 36 (a
complete presentation of the chemical formulae of all negative and positive PDMS ion
fragments is shown in Appendix 2). PDMS is a common surface contaminant also present in
the tape used for exfoliation (Appendix 1), as well as in the Gel-Pak® used for storage in this
experiment (according to the technical datasheet!*l). The higher counts/intensities for hydride
species and PDMS fragment peaks also indicate stronger contamination of the Gel-Pak® stored
sample when compared to where the MoS; was directly measured after exfoliation.

Figure 35 b, e, h display intensity maps of the combined Mo* isotope signals. The Mo* signal
represents the MoS; flake area for all samples (the weaker contrast in Figure 35 b is due to the
depth profiling mode and lower lateral resolution as compared to the other two measurements).
Figure 35 ¢, f, i, represent maps of the combined ion fragments of PDMS. The “clean MoS”
reference sample shows no signal, due to the absence of contaminants on the surface. The
freshly exfoliated sample has weak but clearly visible PDMS signals mainly in the flake region
and some small level on the surrounding substrate region. The Gel-Pak® stored MoS; flake,
after one month, clearly shows a high level of PDMS contamination located on the flake. The
intensity variation over the flake can be explained by the primary ion impact angle, which
results in more extraction of secondary ions and therefore higher measured signal intensity from
the left edge of the flake.

CHy CHy CHy CHs c|:|-|3 (|3H3 C|2H3
+ + + + .+ +
Si  'SH=—CH, 'Si—CH, ?i—o—Si—CH3 o Sg SifO—Sl;i—O—Sli—CHs
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Figure 36 Main positive polarity ion fragments of PDMS building up during ion bombardment in
TOF-SIMS.
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This demonstrates that, even after a relatively short exposure to adhesive tape during the
exfoliation process, a notable contamination of the flake with PDMS is detectable. It should
also be noted that the polymeric tape was never in direct contact with the investigated surfaces,
due to cleavage during repeated exfoliation before and during deposition. The higher intensity
of PDMS on both contaminated flakes, compared to the SiO; substrates, clearly shows that the
contaminants preferentially adsorb on the MoS; surface. The PDMS contamination is more
pronounced due to storage over time, showing the strong tendency of 2D material surfaces to

adsorb hydrocarbons, in this case preferentially.
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7.3.2. Mechanically exfoliated MoS2 — Influence of different exfoliation
polymers/stamps

In the following two exfoliation techniques, using different exfoliation polymers/stamps
(according to Method#2 & #3 in the experimental section \VV7.2.2) are compared in terms of the
cleanliness of the exfoliated MoS: flakes on SiO2/Si substrate.

According to Method#2, MoS; was exfoliated using Nitto tape and deposited on the surface of
a PDMS stamp. The MoS,/PDMS was brought into contact with the substrate and slowly
withdrawn to leave the MoS: on the substrate surface.

For Method#3, MoS, was exfoliated using Nitto tape and deposited on the surface of a
PMMA/PVA polymer on a SiO2/Si substrate. The MoS> supported on the PMMA layer was
then released in DI water and the flakes were transferred onto a heated target substrate (80 °C)
by slowly withdrawing the PMMA.

After the transfer the bottom and top surface of the exfoliated MoS: flakes is presumably clean,
while the surrounding substrate might have been in contact with the PDMS or PMMA polymer,

potentially leaving behind residues.
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Figure 37 a) Positive and b) negative polarity TOF-SIMS spectra of ME MoS; flakes on a SiO,/Si
substrate using PDMS or PMMA/PVA polymer. The spectra are normalized to their respective total
ion counts. The y-axis is multiplied by a factor of 50 and 500 starting at m/z 80 and 103 for the positive
and a factor of 10 and 1000 from m/z 25 and 80 for the negative polarity spectrum. Isotopic peak
patterns of special interest (Mo, MoC, MoO, MoS, MoSz, MoS;0) are highlighted in pink. Peaks of

special interest are labeled in red.

After exfoliation, suitable flakes were found using optical microscopy and subsequently
introduced into the UHV chamber of the TOF-SIMS. Figure 37 displays the positive and
negative polarity spectra for the PDMS and PMMA/PVA transferred samples. The secondary
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ion counts were normalized to the respective total ion counts of each measurement, still the
signal intensities of the two measurements are not directly comparable due to the differences in
flake size and flake to substrate ratio. Nonetheless, qualitative comparison of the measurements
can be conducted.

The positive spectra in Figure 37 a show pronounced peaks for Mo*, MoC*/MoO* and MoS*
isotopes, highlighted in pink. Due to the larger size of the PDMS transferred flake (see optical
images in Figure 38 and Figure 39), all of the aforementioned signals have higher intensities
as compared to the PMMA transferred sample. On the other hand, the ratio of pure Mo* and
MoS* species to the contamination associated MoC* and MoO™" species appears higher in the
PMMA case than the PDMS one. This seems to indicate higher contamination in the PDMS
exfoliated MoS,. This assumption is supported by the pronounced signals at m/z 28 (Si*), 43
(SiCHs") and 73 (SiCsHg"), labeled in red, associated to specific fragments of PDMS (see
typical PDMS fragment ions in Figure 36 and Appendix 2). In contrast the PMMA transferred
sample does not show any contamination from PDMS. The negative polarity spectrum
(Figure 37 b) does not show typical PMMA fragment peaks either, typically located at m/z 31
(CH30), 55 (C3H30"), 71 (C3H30x2), 85 (C4Hs027), 141 (CsH13027) and 185 (CoH1304) (see all
fragments in Appendix 3). Also, the relatively pronounced signals of MoS", MoS>" and
MoS20>" isotopes, highlighted in pink, show a relatively clean surface of the PMMA transferred
sample. In contrast, for the PDMS sample, the isotope signals are extremely weak, shielded by
the high contamination level of PDMS on the surface. The PDMS signals in negative polarity
mode, located at m/z 41 (SiCH’), 75 (SiCH302), 89 (SiC3sHq0O"), 91 (SiC:H-07), 149
(Si2C3Hy037), 223 (SizCsH15047), labeled in red, show high intensities. From this surface
analysis the ME Method#3 with PMMA/PV A shows clear advantages over the Method#2 with
PDMS in terms of cleanliness of the resulting exfoliated flakes.

Besides the surface analysis, TOF-SIMS can also provide depth profiles, opening up the unique
possibility to examine the buried interfaces between mechanically exfoliated flakes and the
substrate. Previous reports on mechanical exfoliation have demonstrated the presence of
interface contaminants in form of bubbles and wrinkles, especially in heterostructures. AFM
measurements, showing a flat topography but exceeding the actual flake layer height, indicate
the formation of contaminant layers at MoS,/substrate interfaces. These contaminants were
assigned to either inclusions of water, hydrocarbons from the environment or

polymers/organics from the exfoliation process itself.[*0810%]
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Figure 38 TOF-SIMS negative polarity depth profiles of a ME MoS; flake on SiO./Si, prepared via
the PDMS method. a) Depth profiles of selected ions extracted from the whole flake region and b)

from specific ROIs on the flake, depicted by the black lines in the optical image (inset).

Figure 38 a provides the depth profile of a mechanically exfoliated MoS; flake, using PDMS,
measured in negative polarity. The white dashed line in the optical image (Figure 38 b inset)
depicts the flake area, from which the profile was extracted. This way, substrate contamination
is excluded from the analysis. On the y-axis, the secondary ion counts/signal intensity and on
the x-axis the analysis cycles are represented (one cycle corresponds to ~5.25 sec sputter time).
The MoS», MoO, and Sz signals represent the MoS: flake region, while Si and Oz signify the
SiO2/Si substrate beneath the flake and C for contaminants. A complete depth profile, including
additional ion species is shown in Appendix 4. The turquoise, blue and grey bars on top indicate
the approximate MoS;, interface and substrate regions, crossed during profiling. Layer
boundaries are generally determined by the sputter time/cycle at half of the maximum ion count
intensity of a representative signal of a certain layer.[53%°] |t is important to keep in mind, that
the signal intensity is always dependent on the area examined and the area emitting the specific
ion of interest. Therefore, a larger flake will give more MoS: signal and higher intensity in the
profile than a smaller one.

Following the depth profile, the S, and MoS; signals gradually decrease when crossing the
interface, while the substrate signals increase. Interestingly, the contamination-associated
carbon signal shows two to three (local) maxima during the profile. Each maximum indicates
the crossing of an interface. This can be explained by different layer thicknesses/numbers within
one flake. Thinner flake regions are sputtered away first, while the thicker regions follow. The
blue bar indicates only the last crossed interface. Each carbon signal maximum is also

accompanied by a drop in Sz and MoS; signal intensity and the Si and O signals increase, since
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the substrate area beneath the removed flake gets exposed. The MoO signal follows the trends
of the MoS and S; signals and locally increases in intensity where the interface is crossed due
to higher amount of available oxygen at the SiO, substrate interface.

Figure 38 b presents the detailed carbon signal depth profile from different areas on the flake
(regions of interest = ROI). The ROIs are indicated with black lines in the optical image. Each
ROI covers about one optical contrast area in the optical microscopy image of the flake. This
way the total interface C signal can be separated into its components from different areas of the
flake with different layer numbers/thicknesses. The C signal from ROI 4 has its maximum
intensity at about 250 cycles and is therefore the thinnest region on this flake, followed by
ROI 3,2 and 1.
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Figure 39 TOF-SIMS negative polarity depth profile of a ME MoS; flake on SiO./Si, prepared via the
PMMA method. a) Depth profiles of selected ions accumulated from the flake region, indicated by the
black dashed line in b) the optical image.

Figure 39 displays the depth profile for a ME MoS; flake on SiO>/Si, prepared via the PMMA
method. The black dashed line in the optical image depicts the flake area, which was used for
the depth profile reconstruction. A complete depth profile, including more ion species is shown
in Appendix 5. This flake has higher number of smaller regions with different layer numbers
as compared to the previous flake, therefore the C signal in the depth profile shows many rises
in intensity at each interface to the substrate. The last rise gives indication for the last crossing
from flake (turquoise bar) to substrate (grey bar) at the thickest region on the flake.

While the surface spectra (Figure 37) of PMMA exfoliated MoS; did not show any obvious
contamination from polymer, the interface clearly presents contamination in the form of

different low-mass hydrocarbon species for both, PMMA and PDMS exfoliated samples. Due

81



to stronger fragmentation during depth profiling with the Cs* sputter gun, no high-mass,
specific polymer fragments are produced. Therefore, the origin of the interface contaminations

cannot be directly assigned to a polymer or other trapped hydrocarbons and water.
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7.3.3. Mechanically exfoliated MoSz — Influence of substrate pre-treatment

Further experiments were conducted to identify the origin and nature of interface contamination
after mechanical exfoliation. Three different substrate pre-treatments were applied prior to
mechanical exfoliation and deposition of MoS; onto SiO./Si to eliminate any organic and
polymeric species on the substrate surface. This way the possible origin of the interface
contamination from the substrate may be excluded.
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Figure 40 a) Positive and b) negative polarity TOF-SIMS spectra of an untreated and plasma cleaned
(20 min, 100 sccm Ar, 200 sccm O, 0.6 sccm He, 50 mbar, Oxford plasma etcher) SiO./Si substrate.
The spectra are normalized to their respective total ion counts. The y-axis of the negative polarity

spectrum is multiplied by a factor of 5 starting at m/z 20. Peaks of special interest are labeled in red.

The first substrate pre-cleaning includes plasma treatment with 100 sccm Ar, 200 sccm O2 and
0.6 sccm He at 50 mbar and 500 W for 10 min (Oxford plasma etcher). Figure 40 displays the
positive and negative polarity spectra of a pre- and uncleaned SiO2(300 nm)/Si substrate to
demonstrate the efficiency of the cleaning process. In the positive polarity spectrum of the
uncleaned sample, high intensity peaks at m/z 28, 43 and 73 are prominent. The peaks can be
assigned to Si* and more specific fragments of PDMS, namely SiCH3" and SiCsHg*. After the
O, plasma treatment, the peaks are no longer apparent, indicating efficient cleaning of the
surface. The main remaining signals at m/z 28 and 45, assigned to Si* and SiOH", are related
to the substrate. The increase of the hydroxylated silicon species peak can be explained by the
oxygen bonds introduced during O2 plasma treatment. In the negative polarity spectrum of the
uncleaned SiO2/Si the main peaks are at m/z 12, 13, 16, 17, 28 and 60 for C*, CH", O, OH",
Si”and SiO2". After the plasma treatment, the carbon species and Si signals are reduced, due to

removal of PDMS, as already seen in the positive polarity spectrum. Also, the O, SiO>" and
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SiO3” signals at m/z 32, 60 and 76 increase, which is again attributed to the introduction of
oxygen during plasma treatment.

Further, an exfoliated MoS, flake on this substrate was examined by depth profiling.
Figure 41 a and b present the negative polarity depth profiles on the areas covered by the flake
and the surrounding substrate, further referred to as “flake only” and “substrate only”,

respectively.
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Figure 41 Negative polarity TOF-SIMS depth profiles of a ME MoS; flake on a plasma pre-cleaned
(100 sccm Ar, 200 sccm O, 0.6 sccm He, 50 mbar, 500 W, 10 min, Oxford plasma etcher) SiO./Si
substrate. a) Depth profiles of selected ions on the flake (“flake only”) and b) the surrounding

substrate (“‘substrate only”).

The depth profile on the flake is reduced to four main signals for clear representation. The MoS>
associated signals, such as MoO, MoS, MoSO, MoS;0, S, S, follow the same trend and are
represented by the MoS; signal (turquoise), while the SiO2 signal (grey) represents the
substrate. The C signal (blue) stands for low mass hydrocarbon fragments (m/z 12 — 26), such
as CH, CH, CHs, C», CoH, CN, and CzHs (red) stands for carbon fragments of higher mass
(m/z 27 — 45). At the interface, an increase of the carbon signal intensities (blue and red) is
evident, while MoS; associated signals drop and substrate associated signals rise in intensity.
The low-mass hydrocarbon fragments intensity reaches its maximum first, before the higher
mass fragments. Similarly, in the first few sputter cycles on the SiO> substrate, a decrease of
the low-mass carbon associated species (blue) is followed by the higher mass fragments (red).
The other signals, associated with the substrate, such as Si, Oz, SiO3, stay constant throughout
the whole depth profile. The overall carbon signal intensities at the flake/substrate interface
exceed the signal intensities from the “substrate only” area up to a factor of 100. This confirms,

that the pre-cleaning of the substrate was efficient, removing most organic contaminations. The
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residual contaminants are probably associated with re-adsorbed hydrocarbons from the
laboratory environment in the short period (< 5 min) after cleaning and exfoliation and before
introduction of the sample into the TOF-SIMS UHV chamber. The carbon and hydrocarbon
contamination, accumulated at the interface, are probably associated with the exfoliation

process itself and not with existing contamination on the substrate.
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Figure 42 Negative polarity TOF-SIMS depth profiles of a ME MoS; flake on a plasma pre-cleaned
(500 sccm Ar, 500 sccm O, 50 mbar, 500 W, 30 sec, TePla plasma etcher) SiO./Si substrate. a) Depth
profiles of selected ions on the flake (“flake only”) and b) the surrounding substrate (“substrate only”).

The second SiO>/Si substrate pre-cleaning method uses plasma treatment with 500 sccm Ar and
500 sccm Oz, at 50 mbar and 500 W for 30 sec (TePla plasma etcher). Compared to the previous
treatment, the gas flow rates are higher, while the process is shorter. Figure 42 a and b present
the negative polarity depth profiles on the “flake only” and “substrate only”, respectively. The
depth profiles on the substrate and flake areas lead to analogous observations as in the previous
plasma pre-cleaning case.

The last treatment includes cleaning of the SiO»/Si substrate with piranha solution. Different
from the plasma cleaning methods this poses the risk of introducing other contaminations from
the wet-chemical process, but on the other hand, piranha solution is highly-oxidative and known
to efficiently remove organic and metallic contaminations.[***! The resulting depth profiles on
the “flake only” and “substrate only” in Figure 43 a and b, respectively, show the same
observations as for the plasma cleaning procedures with no additional contamination.
Summarizing, the comparison of cleaned and uncleaned substrate spectra clearly shows, that
the plasma cleaning is efficient in removing surface contaminations such as PDMS.
Nevertheless, the depth profiles on the flakes on all pre-cleaned substrates still show

hydrocarbon contamination at the interface. For better comparability of the different
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pre-cleaning procedures, the extent of contamination at the interface needs to be quantified.
Therefore, the ratio between carbon and MoS: signal at the interface was compared. This ratio
should be comparable due to the similar sample matrix in all samples and not be influenced by

the different flake sizes.
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Figure 43 Negative polarity TOF-SIMS depth profiles of a ME MoS; flake on a piranha pre-cleaned
SiO,/Si substrate. a) Depth profiles of selected ions on the flake (“flake only”) and b) the surrounding

substrate (“substrate only”).

Table 1 lists the secondary ion counts at the carbon signal maximum at the interface, as well as

the MoS; signal counts in the same position (cycles) and the ratio between them.

Table 1 Ratio of carbon to MoS; signal at the interface of ME MoS; flakes on differently pre-cleaned
SiO,/Si substrates, extracted from TOF-SIMS depth profiles.

Maximum secondary ion counts at the
Substrate )
_ interface
pre-cleaning
method MoS; C ratio C/MoS;
Oxford plasma
409 1817 ~4
etcher
TePla plasma
41 218 ~5
etcher
wet-chemical
) _ 78 1251 ~16
piranha solution
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According to Table 1 the highest ratio of carbon to MoS; signal at the interface is found for the
piranha pre-cleaned substrate sample with a value of ~16, while the two plasma cleaning
procedures resulted in much lower ratios of ~4 and ~5. Since a high ratio points towards higher
hydrocarbon contamination, the wet-chemical piranha procedure seems to result in a more
contaminated interface with MoS, compared to plasma cleaned samples. The best cleaning
result is found for the Oxford plasma etcher cleaned sample. While the interfaces still show the
presence of contamination, the substrates present lower hydrocarbon signal intensities and
therefore seem comparably less contaminated. On the one hand, this may be a matrix effect,
which leads to overall higher signal intensities on the interface than the substrate surface but it
can also indicate, that a majority of the contamination comes from the exfoliation process rather
than the substrate itself. This finding is surprising, since the adhesive tapes used during
exfoliation are more likely to have direct contact to the substrate than the exfoliated flake
bottom or top surface. Nevertheless, the TOF-SIMS depth profiling reveals hydrocarbon

contamination buried on the flake/substrate interface.
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7.3.4. CVD-grown, pristine TMD flakes

For further investigation of TMD surfaces, CVD-grown, predominantly monolayer TMD flakes
on SiO2/Si substrates were examined. It is well accepted that CVVD-grown TMDs offer a clean
surface directly after growth, %1461 however storage, shipping and additional processing steps
such as transfer or structuring can lead to contamination. The samples examined here, were
shipped in standard polystyrene (PS) sample boxes (see TOF-SIMS reference spectrum of box
material in Appendix 6) in vacuum sealed packaging and stored in N2 flow boxes before

examination.

m/z 147 m/z 207
Si,CsH450" SizCsH1505"

Figure 44 TOF-SIMS elemental maps of CVD-grown MoS; flakes stored in a nitrogen box
environment. a)-d) Mo*, 32S, representing the MoS; flakes and 28Si-, 180, representing the SiO;
substrate and f)-h) the PDMS contamination fragment ions and e) an optical image of the area on the

sample examined with TOF-SIMS. Scale bar is 10 um in all images.

The following TOF-SIMS analysis of CVD-grown MoS; uses high lateral resolution
(unbunched mode) for the imaging to identify the type of contamination and determine its
location on the sample. Spectra in positive and negative mode were collected and elemental
maps reconstructed from the raw data.

The flake in the center, as well as many others on this sample show a darker blue area in the
middle of the triangle, corresponding to a multilayer region, while the majority of the flake area
is @ monolayer, as seen in the optical microscopy image in Figure 44 e. The TOF-SIMS maps
(Figure 44 a-d) of Mo* (all isotopes combined) and *2S™ both clearly highlight the triangular
shaped MoS; flakes with brighter areas with more counts in the middle, multilayer areas. In
contrast, the maps of 28Si- and %0, have their highest intensities on the surrounding substrate.
In addition to the MoS; and substrate associated signals, the spectrum of this sample displays a

number of distinct, intense signals at mass-to-charge ratios of 73, 147, 207, imaged in the
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TOF-SIMS elemental maps in Figure 44 f-h. These signals are absent in a “clean” MoS>
sample. Appendix 7 shows the TOF-SIMS spectrum of the present CVD-grown sample in
direct comparison to a clean MoS; spectrum, which was extracted from a portion of a depth
profile through a mechanically exfoliated flake, this way avoiding any signals from the surface
or interface of the flake, providing a clean MoS: spectrum under normal experimental
conditions. The additional signals belong to the specific components SiCzHg", Si.CsH150™ and
SisCsH1503*, previously identified as fragments of PDMS (see image Figure36 &
Appendix 2). Interestingly the maps of these signals show the highest counts and therefore
most of the contamination appears to be located on the MoS; flakes with less contaminants
present on the substrate, as presented in Figure 44 f-h (also confirmed by the ROI analysis in
Appendix 8). Analogous results were found for the positive polarity, unbunched TOF-SIMS
imaging and spectra of CVD-grown WS, and WSe,, showing high PDMS fragment intensities
in the spectra, located mainly on the flakes compared to substrate as shown by the elemental
maps (Appendix 9 and Appendix 10).

The Raman analysis (see Raman analysis of the same sample in V6.3) does not show any
additional peaks or major shifts/broadening of the material signals as compared to literature
values, which would indicate any type of contamination on the material. Apart from Raman
spectroscopy, XPS is commonly used to confirm 2D materials quality. Nevertheless, this
method is limited to a certain concentration limit and organic contaminants, mainly consisting
of carbon species make a straight forward analysis quite complicated, including fitting of
several components into one core-level region.

Therefore, the presented results on seemingly pristine MoS, CVD flakes clearly demonstrate
the strength of TOF-SIMS, being a highly surface sensitive technique, having the potential in
unveiling the hidden chemistry on these nanoscale material surfaces with a superior lateral

resolution over conventional analytical methods.
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7.3.5. CVD-grown, monolayer MoSz films — PMMA vs. PVA/IPMMA vs. PS

polymer supporting layer transfer method

In the following, CVD-grown monolayer MoS: films were examined after transfer from their
initial growth substrate to a fresh SiO./Si substrate. This is highly relevant as a large amount of
research focuses on the most beneficial transfer method for high quality 2D material devices.
More recent work is focused on dry transfer methods, aiming for better reproducibility and
scaling but the most common way of transfer, especially in the lab scale, is wet-chemical
transfer with the use of a polymer supporting layer. For this study, three of the most commonly
used polymer-assisted transfer approaches from literature were chosen and compared to each
other. Statistical Raman spectroscopy was used to examine the crystal quality and chemical
intactness of the transferred films. TOF-SIMS was applied to investigate the type and extent of
residues left behind after the different transfer approaches. PMMA assisted transfer is still one
of the mostly used approaches but also is suspected to leave high levels of contamination after
removal and yields relatively poor transferred material quality.[195147.148] A PVA and PMMA
combined transfer is suggested to be superior in terms of residues, as the PVA is water soluble
and therefore enables better protection for the material, while itself being easily dissolved from
the surface in water.'??1 The third chosen method uses PS as supporting layer, which is claimed
to provide more intimate contact to MoS; therefore being superior for the intact transfer of a
monolayer TMD material.[*?]

Raman spectroscopy:

For qualitative analysis of the transfer process of CVD-grown monolayer MoS;, Raman
analysis was performed prior to and after transfer. In order to extract reliable absolute peak
positions, the Raman data was collected on relatively large areas of 100x100 um on each
sample before and after transfer in the same positions. The data acquisition yielded 225 spectra
per analyzed area with acquisition times of 10 sec and 0.5 mW laser power with a central
wavelength of 532 nm. Consecutively, the spectra were background subtracted and cosmic ray
spikes in the spectra were removed from the data, the A;, and E;, peaks were fitted with
Lorentzian line shapes in the range of 355 to 420 cm™. The further discussion focuses on the
observed differences in 4,, and Ezlg peak positions, ratios, FWHM as well as their splitting,
comparing the MoS, monolayer films before and after transfer with different supporting
polymers. The Raman spectra in Figure 45 a are averaged, baseline corrected and normalized

to the out-of-plane A, 4 peak as before transfer. Additionally, the results from peak fitting of the

positions of the 4,4 and Ef}g modes are presented in the graph in Figure 45 b.
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Figure 45 a) Raman spectra and b) main mode peak shifts of MoS; on SiO,/Si substrate before and

after transfer with different polymers. The spectra were collected and averaged over a large area of
100%100 pm before (dashed lines) and after transfer (bold lines) with PS (blue), PVA/PMMA (green)
and PMMA (red), in the same region. b) Raman shifts of the Ezlg and A;, Raman modes before (grey)

and after transfer (red) resulting from peak fitting and statistical analysis.

Table 2 Fitting results for the positions of the main Raman modes, their respective FWHM and the

peak splitting A on the same position on a MoS; film on SiO./Si prior to and after transfer with PS,
PVA/PMMA and PMMA.

E3, position | A4 position | FWHM E7, | FWHM A, | A= A5 — Ej,
(rel. cm™) (rel. cm™) (cm™) (cm™) (cm™)
PS 384.96 £0.07 | 404.31+£0.06 | 3.25+£0.10 | 5.18£0.12 19.35+£0.11
transfer 386.87 £0.07 | 403.91+0.10 | 296+0.13 | 7.16 £0.20 17.01£0.10
PVA/
385.08 £0.07 | 404.28 £0.08 | 3.26 £+0.11 | 536 £0.11 19.67 £ 0.09
PMMA
transfer 386.29 £0.16 | 403.54 £0.07 | 3.19+0.09 | 6.61+£0.18 17.21+£0.11
PMMA 384.72 £0.05 | 404.40 £ 0.07 | 3.18+£0.10 | 4.89+£0.12 19.18 £0.13
transfer | 385.84+0.05 | 404.49+0.05 | 2.99+0.11 | 484+0.09 | 18.64+0.08
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Table 2 displays the peak fitting results for the position of the A, to Ezlg modes, as well as
their respective FWHM and splitting (A = A4 — E%g) values.

Before transfer, the pristine MoS; films have very similar Raman characteristics. The dashed
line spectra in Figure 45 a, collected with the same conditions on different pristine MoS: films,
have a narrow distribution of A;, and Ef}g mode positions, located at about 384.9 and
404.3 cmt, respectively, resulting in a peak splitting of 19.4 cm™ and FWHM around 3.2 and
5.1 cm™, in good agreement with literature values for monolayer MoS,.5%#8 The similar
parameters speak for a uniform film coverage of similar crystallinity in the used pristine MoS>
films. The Raman shift plot in Figure 45 b presents a slightly higher variation in the Ez}g than
the A;, mode position of the pristine films (depicted with the grey points in the grey dashed
areas), which could be explained by the stronger influence of grain boundaries on the in-plane
mode Raman shift. Grain boundaries are randomly distributed on the monolayer MoS; films,
therefore slight deviations in the different film areas are unavoidable but the respective Ezlg
mode position distribution on the film is still negligible compared to the influence on the mode
positions from polymer assisted transfer.

After transfer, Raman maps were collected in the same areas as before transfer, to eliminate
such influences as the grain boundary distribution or other local differences in the crystallinity
on the peak positions. All Ezlg peak positions undergo a considerable blue-shift (to higher
wavenumbers) after transfer with all polymers of about 1.0 cm™ to 2.0 cm™ going from PMMA
to PVA/PMMA and PS. On the other hand, the A;, mode only slightly red-shifts (to lower
wavenumbers) for PS and PVA/PMMA about 0.5 to 1.0 cm™, while the A, 4 peak position for
PMMA transferred MoS; is almost unchanged. The presented Raman shift numbers are
considered representative and reliable, as they were derived from averaged and fitted data as
stated before and lie within the resolution of the used Raman spectrometer of ~0.5 cm™™.

In general, the vibrationally distinct in-plane E;, mode and the out-of-plane 4,, mode can be
influenced in their position in the Raman spectrum by different factors, such as interface effects,
which create stress and strain, charge doping and defects. The peak positions are influenced by
these factors to different extents. The A;, mode is more affected by surface charges or the
surface itself, re-straining of flakes, surface adhesion and only slightly by defects, while defects

and strain mainly affect the £, mode position.[**]
The E;, mode was reported to be sensitive to strain in TMD materials and shifts of 2.1 cm?

and 4.7 cm™ were experimentally observed per % of applied uniaxial and biaxial strain,
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respectively.[**151 Increasing uniaxial strain on MoS; was shown to lead to red-shift and
splitting of the E7, mode.[****¥1 CVD-grown materials were found to incorporate intrinsic
strain, caused by the last fast-cooling step in the CVD process, due to the difference in
coefficient of thermal expansion between substrate and TMD material. Hence, the transfer from
growth substrate to another substrate can result in strain release and can be seen by the blue-shift
of the in-plane E3, mode.l*>¥ The relatively strong blue-shift for the MoS films transferred
with PS, PVA/PMMA and PMMA can therefore mainly be attributed to a strain release upon
transfer of the MoS; film from the SiO2/Si growth substrate, in agreement with previous
reports. [155:1561
The A;, mode typically shows less sensitivity to strain but a stronger dependence on electron
density from different substrates or charged impurities,[*>" as well as charges from residues and
induced doping.***1 The influence of different substrates can lead to induced doping in the TMD
layer due to charged impurities at the dielectric substrate/TMD interface. Reduced electron
density can for example be associated with stiffening and blue-shifting of the A;, mode. In the
case of transfer from a SiO/Si growth substrate to an identical SiO2/Si substrate this effect
could influence the Raman mode frequency, as chemical differences in the transfer and the
growth substrate surface were previously reported.*>* Another possible reason for A;4 mode
stiffening would be a change in the strength of the dipolar interaction between substrate and
TMD layer.[*57]
Influences from polymeric residues after transfer on the TMD surface have been previously
attributed to shifts of the Raman A;, mode. For transfer with PMMA, residues were found to
lead to p-doping and blue-shifting of the 4, mode.[*! In Figure 45, the PMMA transferred
MoS; presents only a sub-wavenumber blue-shift of the A;, mode. Other reports also claim
that real doping on the MoS; layer should yield much higher Raman shifts. The polymer
transfers with PVA/PMMA and PS resulted in red-shifting of the A, , peak position which, as
discussed, can be attributed to numerous effects.
For all transfers, the splitting between Ef}g and A;, mode decreases after transfer, due to the
respective blue and red-shift of the peaks. For PS and PVA/PMMA the reduction is ~2.5 cm™,
which is another effect from strain release in the TMD film through transfer.
Another characteristic of Raman peaks is the line width (or FWHM of the fitted Lorentzian),
which can be related to the crystal quality of the examined material. For the Ezlg mode after
transfer a slight decrease of the FWHM for all polymers is observed, while the A;, mode
broadened for PS and PVA/PMMA and stays the same for PMMA. The narrowing in the
93



Ezlg mode is negligible except in the case of PVA/PMMA where the effect is accompanied by

an increase of the mode intensity, which can likely be attributed to non-uniform strain
distribution. The broadening of the A;, mode for PS and PVA/PMMA indicates influence of

the transfer on the out-of-plane vibration, which could be attributed to strain from surface
contaminants or interaction with the substrate, as well as changes in the crystal lattice. The
mode ratio in PS is only slightly changed, the A;, mode is broadened and decreased, while the
mode ratio and intensity in the PMMA transferred film persists.

Defects would be another influencing factor on peak position and FWHM. Mignuzzi et al.
studied the effect of disorder on the Raman scattering in single-layer MoS,, Parkin et al.
performed similar studies on electron-irradiated MoS,. Both find that with decreasing
interdefect distance (higher defect density) the Ez}g mode red-shifts, while the A;, mode
blue-shifts and both modes broaden.*58%°1 Despite the slight mode broadening, the shift was
not found for either of the transferred films in our study, therefore the influence from defects

can be considered minimal.

Time-of-flight secondary ion mass spectrometry:

TOF-SIMS surface analysis of the transferred MoS2 monolayer films was performed. Spectra
were collected from relatively large 400x400 um areas in high resolution mode (with
m/Am > 5000 for all peaks) in negative and positive polarity and normalized to the total ion
counts of each spectrum to enable better comparability.

To ensure the data from transferred films is representative and no local inhomogeneities
(different MoS: film quality, contaminants, matrix effects) influence the spectral outcome, 5 to
7 spectra were collected and averaged on identically treated samples, unless stated otherwise.
Figure 46 depicts the spectra of the monolayer MoS: films transferred with PS, PVA/PMMA
and PMMA polymer collected in positive polarity mode. The y-axis presents the counts
normalized to the total ions of the respective spectrum and the x-axis depicts the selected m/z
range. The insets show enlarged areas of the spectra in certain m/z regions. For all three spectra,
the counts were multiplied by a factor of 5 starting from m/z 103 for better visibility of the high

mass peaks. The isotopic patterns of Mo*, MoC™* and MoS™ are highlighted in pink.
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Figure 46 Positive polarity TOF-SIMS spectra of monolayer MoS; films transferred with PS,
PVA/PMMA or PMMA onto SiO,/Si substrates. The spectra are hormalized to their respective total
ion counts. The insets depict enlarged spectra in specific m/z regions. The y-axis of all spectra is
multiplied by a factor of 5 starting at m/z 103. Isotopic peak patterns of special interest (Mo*, MoC*,
MoS™) are highlighted in the pink colored boxes. Peaks of special interest are labeled in red.

For the positive polarity spectra, the assignment of specific polymer fragments, which would
identify the material, is rather challenging, since many of the carbon fragments are ubiquitously
present also from environmental hydrocarbon and oxygen adsorbents and specific polymer
fragments are rather rare and have weak intensities in the spectrum. Nonetheless, peaks at m/z
41(CsHs"), 77 (CeHs™), 91 (C7H7™), 105 (CgHg™), 117 (CoHg™), 128 (CioHg") are generally
ascribed to PS fragmentation.[*6°-1641 Reference spectra of all the used polymers on SiO2/Si are
presented in Appendix 11. The highest intensity peaks are located at m/z 39 (CsHs"), which is
excluded from analysis in the transferred samples because it can originate from K* from the
potassium hydroxide etch solution used during transfer, 51 (CsH3s"), 77 and 91. In the PS
transferred sample the spectrum shows only low intensity peaks at m/z 51 and 77 and a higher
intensity of the 91 signal. Higher mass signals at 105, 117 and 129 are present but overlap with
the isotope patterns of MoC* and MoS" and therefore are not distinct to the polymer. For
PVA/PMMA, more specific fragments of PMMA could be identified, therefore these are

95



primarily discussed. In the reference spectrum of PMMA on SiO2/Si in Appendix 11, signals
at m/z 15 (CHs"), 41 (CoHO™), 59 (C2H30,") and 69 (CsHs0™) are most dominant, where the
last two are more specific and were also analyzed in detail to contain also small contributions
from C3H;O* and CsHo".581 These signals are also present in the PVA/PMMA and PMMA
transferred MoS, samples but many of the theoretically relevant higher mass fragments of
PMMA cannot be clearly distinguished due to very low intensities. Generally, PMMA is known
to produce more specific and intense negative ion fragments, which will be discussed later.
Obviously, the distinction and identification of specific polymer fragments is relatively
complicated in the positive polarity mode and cannot lead to a definite conclusion on the
materials cleanliness after transfer. On the other hand, the positive polarity spectrum is rich in
molybdenum ion species in combination with hydrogen, carbon and sulfur. The isotopic ratios
of those ion fragments can be therefore used, to comment on the cleanliness of the transfer
method indirectly.

In the first pink highlighted region the seven Mo™ isotope peaks with high abundance, namely
Mo, **Mo, *Mo, **Mo, *’Mo, %Mo, ®Mo are located. Additionally, molybdenum hydride
ions MoH™ are present and complicate the peak analysis as the metal and metal hydride peaks
may be very close (for example ®*MoH and **Mo differ by only 0.00707 amu) and not
resolvable even with highest mass resolution settings.[*%! Isotope/hydride overlap occurs at
nominal m/z values of 95, 96, 97 and 98, while peaks at 92, 94 and 100 are purely from Mo*
and 93, 99 and 101 are from MoH™ isotopes only. A more detailed look into this isotope pattern
will be given in the later discussion.

The second pink colored region highlights the same seven Mo isotopes in combination with C,
adding a mass of 12 for *2C or 13 for the less abundant **C isotope to every isotope of Mo,
resulting in prominent peaks at 104, 106, 107, 108, 109, 110 and 112 and peaks with very low
counts at 105, 111 and 113 originating solely from the Mo'3C* species. Again, the addition of
H to these isotopes leads to an even more complicated peak pattern.

In the last highlighted region, MoS* isotopes are present at nominal m/z of 124, 126, 127, 128,
129, 130, 132 for the more abundant combinations with 32S and at 125, 131, 133, 134 for the
low count fragments with 33S/34S. Besides the intermixing with hydride species, these fragments
are also less likely to be ionized in positive polarity and therefore produce only relatively low
count peaks.

Comparing those three main isotopic patterns for the PS, PVA/IPMMA and PMMA transferred
MoS>, one can clearly observe stronger peak intensities for the PS transfer approach, especially
for the Mo/MoH™ and the MoS* isotopes. This finding leads to the assumption that the PS
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transfer is in a way adventitious over the other ones, since the resulting material yields a more
pronounced mass spectrum of the relevant ionic species. Even though this mass spectrum does
not provide direct quantitative analysis, the higher intensity of fragments with Mo and S atoms
suggest that the surface is relatively clean and the relevant peaks are not shaded by contaminant
peaks and the combination with those fragments. For PVA/PMMA and PMMA a higher amount
of contamination on the surface could be responsible for lower yields of Mo* and especially
MoS™ species. Nevertheless, a certain degree of contamination, even just from the environment,
is always present when no special treatments are applied to the surface, therefore MoC* species
are ubiquitously present in the spectrum. In the following, a more detailed look onto the
pronounced Mo*/MoH™ fragments in the positive polarity spectrum is given.

Figure 47 depicts a histogram for a more detailed look onto the pronounced Mo*/MoH*
fragments in the positive polarity spectra of the differently transferred MoS; films. Peak
intensities for the MoS: films transferred with PS are depicted in blue, for PVA/PMMA in green
and PMMA in red. For comparison data from a clean MoS; on SiO2/Si spectrum was added.
This spectrum was extracted from the middle of a depth profile through a mechanically
exfoliated MoS; flake. All peaks in the range of m/z =92 to 101 were each fitted with an
exponentially modified Gauss function (EMG) to extract their intensities. The theoretical ratios
for pure Mo isotopes, from literature!*®®l are depicted with the black line.
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Figure 47 Mo isotope ratios extracted from the positive polarity TOF-SIMS spectra of pristine (grey),
PS (blue), PVA/PMMA (green) and PMMA (red) transferred MoS, samples on SiO»/Si. The peaks in
the range of m/z 92 to 101 were fitted, the peak-to-peak ratios extracted and normalized to 100% to
present the relative intensities. The black curve represents the theoretical values for Mo* isotopes from

literature.[166]
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As mentioned before the overlapping of Mo™ and MoH™" species leads to an intermixing of peaks
and their intensities. In a report from Gelb et al. the resulting intensities in the spectrum are

described as:

Mo* 1(92) = 1(**Mo) 1)
Mo*/MoH* 1(93) = r x I(**Mo) (2)
Mo* 1(94) = 1(**Mo) 3)
Mo*/MoH?* 1(95) = I(**Mo) +r x I(**Mo) (4)
Mo*/MoH* 1(96) = 1(°*Mo) + r x 1(**Mo) (%)
Mo*/MoH* 1(97) = 1(*"Mo) +r x 1(*°Mo) (6)
Mo*/MoH* 1(98) = 1(*"Mo) +r x 1(*°Mo) (7)
Mo*/MoH* 1(99) = r x I(**Mo) 8
Mo* 1(100) = 1(**°Mo) (9)
Mo*/MoH* 1(101) = r x I(***Mo) (10)

where 1(*Mo) stands for theoretical intensities, I(X) for the experimentally measured and r is
the ratio factor between them. In their experiment, where they measured MoS; powder without
special treatment, the ratio factor r was calculated to be 0.145, assuming the same ratio for each
isotope.[*%1 Using equation (2) in this series, a ratio value r can be calculated for the transferred
films, resulting in 0.220 for PS, 0.309 for PVA/PMMA and 0.276 for PMMA. All ratio values
measured here by far exceed the literature value of 0.145. Even though this value is from a bulk
powder sample and not directly comparable to CVD-grown material, the high r values still
indicate the higher extent of contamination going from PS to PMMA to PVA/PMMA. The
perfect ratio is zero for a theoretical Mo isotope ratio with no hydride species present. The clean
MoS; spectrum data results in the lowest experimental r value of 0.047. This is seen in
Figure 47 from the ratio of the first bar at m/z 92 to the second bar at m/z 93. Overall, for the
transferred films differences in the ratios are present but the overall trend of abundances is in
accordance with the theoretical data and the highest abundant peak is also located at m/z 98.

In Figure 48 three negative polarity spectra for PS, PVA/PMMA and PMMA assisted transfer
of MoS; onto SiO»/Si are displayed in the region of m/z 10 to 235. For better visibility of low
intensity peaks, the y-axis is expanded by a factor of 50 and 250 starting from m/z 40 and 60,

respectively. In the insets, ranging from m/z 100 to 220 specific isotope patterns of prominent
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atomic combinations, such as MoC", MoO", MoS", MoSO", MoSz", MoS;0O;" are highlighted in
pink.
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Figure 48 Negative polarity TOF-SIMS spectra of monolayer MoS; films transferred with PS,
PVA/PMMA or PMMA onto SiO,/Si substrates. The spectra are normalized to their respective total
ion counts. The insets depict enlarged spectra in specific m/z regions. The y-axis of all spectra is
multiplied by a factor of 50 starting at m/z 40 and 250 from m/z 60 on. Isotopic peak patterns of
special interest (MoC-, MoO-, MoS", MoSO-, MoS;, M0S;0>) are highlighted in the pink colored

boxes. Peaks of special interest are labeled in red.

In the negative polarity spectra, more specific polymer fragments can be identified, labeled with
their m/z in red. Low mass fragments are usually present on any surface, coming from
environmental hydrocarbons. In the case of PS, the identification of polymer fragments is
complicated by the fact that very few higher mass fragments are produced. Nonetheless, peaks
at m/z 13 (CH), 25 (C2oH"), 27 (C2H3Y), 36 (C3), 49 (CsH"), 73 (CeH), 77 (CeHs), 97 (CsH),
104 (CgHg’), 109 (CoH’), 121 (CyoH") are generally ascribed to PS fragmentation. These
fragments are also most prominent in the reference spectrum of PS on SiO2/Si (Appendix 11).
In the transferred sample, all typical fragment ions can be identified but mostly only with low

intensities. For the PVA/IPMMA and PMMA transferred samples, the pronounced negative

99



fragment ions of PMMA are clearly distinguishable with high intensities, speaking for relatively
high residual polymer on those samples. lons at m/z 13 (CH"), 16 (O"), 25 (CzH"), 41 (C.HO)),
45 (CHO") are unspecific, while 31 (CH30"), 55 (C3Hz0"), 71 (CsH302), 85 (CsHs02), 101
(CsH9O2), 141 (CgH13027), 185 (CoH13047) are specifically ascribped to PMMA
fragments.*601671 All of the fragments are also represent on the reference PMMA sample on
SiO2/Si (Appendix 11). As a result, clearly a relatively high contamination can be identified on
the PMMA transferred MoS,, as well as the PVA/PMMA transferred samples. It is commonly
assumed, that the PVA acts as a interlayer barrier to the PMMA, but in contrast nearly as much
contamination from PMMA can be found on this sample as the one transferred with PMMA
only. Therefore, the PVA seems to be inefficient in terms of protective against PMMA
contamination on the MoS; film. In the case of PS, less polymer-specific contaminant fragments
were detected, indicating a cleaner transfer process. Still, one needs to keep in mind that a direct
comparison of differently ionized species is not conclusive in TOF-SIMS.

In addition, the fragment combinations of Mo with carbon, oxygen and sulfur are analyzed,
similar to the Mo hydride and carbon species in the positive spectrum.

In the second and fourth pink highlighted m/z region the isotopes of MoS™ and MoS;™ can be
seen. The patterns are most intense for the PS transferred sample, followed by the PMMA one,
while in the PVA/IPMMA the relevant signals are extremely low in intensity. The
sulfur-containing isotope patterns with additional oxygen, MoSO™ and MoS20," show the same
trend of higher intensity signals in the PS transferred than the other samples. Lastly the
MoO/MoC- signals are present in every sample with different ratios between the peaks.
Figure 49 depicts histograms for a more detailed look onto the pronounced MoS/MoS;" isotope
ratios in the negative polarity spectra. Peak intensities for the MoS; films transferred with PS
are depicted in blue, for PVA/PMMA in green and PMMA in red. For comparison data from a
clean MoS; on SiO2/Si spectrum was added (grey). All peaks in the range of m/z = 124 to 134
and m/z = 156 to 167 were fitted with an exponentially modified Gauss function (EMG) to
extract their intensities. The theoretical ratios for pure Mo isotopes, from literaturel*®®! are
depicted with the black curve.

Again, as previously in the positive polarity spectra, the natural isotope distribution of Mo and
S is perturbed by the addition of hydrogen, resulting in MoSH™ and MoS2H" species in an
unknown ratio to the pure fragments, therefore the relative intensities do not correspond to the
pure MoS™ and MoS; species but are slightly modified.
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Figure 49 a) MoS and b) MoS; isotope ratios extracted from the negative polarity TOF-SIMS spectra
of pristine (grey), PS (blue), PVA/PMMA (green) and PMMA (red) transferred MoS; samples on
SiO2/Si. The peaks in the range of m/z 124 to 134 and 156 to 167 were fitted, the peak-to-peak ratios
extracted and normalized to 100% to present the relative intensities. The black curves represent the
theoretical values for MoS™ and MoS;" isotopes, calculated from literature values. ¢!

This contribution from hydride species is partly naturally present on the surface due to
ubiquitous atmospheric absorbents but can also be influenced by polymeric contamination of
the surface when the intensity is strongly increased. Pure MoS™ isotopes have high intensities at
m/z 124 (59.5), 126 (39.7), 127 (64.1), 128 (69.0), 129 (41.6), 130 (100.0) and 132(42.9) with
the relative intensities given in brackets in %. The counts at m/z 125, 131, 133, 134 in the
measured data can therefore be generally assigned to the hydride species. Analogously
MoS>" has high intensity peaks at 156, 158, 159, 160, 161, 162, 164, while the peaks at m/z
157,163, 165, 166 and 167 are mainly attributed to the hydride compounds. For both m/z ranges
of MoS™ and MoS>™ the high peaks at m/z 125, 131, 133, 134 and m/z 157, 163, 165, 166 and
167 show the strong contribution from hydride species which is attributed to stronger
contamination on the surface. In contrast, the intensities of the experimentally measured, clean
MoS: are almost identical to the theoretical values (with the exception of a high intensity peak
at m/z 133, which can be discarded as it originated from Cs in the depth profile sputtering
process). The highest deviation from the overall isotope pattern (indicated by the black curves)
is found for the PVA/PMMA transferred sample, especially obvious in the MoS; isotope
pattern. Therefore, in combination with the findings from the positive polarity spectra, highest
contaminations are clearly identified on the PVA/PMMA transferred MoSo.
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7.3.6. CVD-grown, monolayer MoS: flakes — PMMA polymer supporting
layer transfer method

To confirm the identification of residual contamination from transfer, CVD-grown MoS; flakes
were transferred onto a sample with pristine CVD-grown MoS; flakes by standard PMMA
transfer, thereby creating areas with pristine and transferred MoS: flakes directly next to each
other or partially overlapping (see schematic representation in Figure 50 a).

a) [ F100%
PMMA transferred
. MoS,

AV g

-85

\/ 70
pristiné MoS,
- . -55
m/z 141 m/z 185 |8
CgH1305 CgH1304 40
25
10

Figure 50 TOF-SIMS surface analysis of CVD-grown MoS; flakes transferred with PMMA
supporting polymer onto a Si/SiO- substrate with pristine MoS, CVD flakes. a) Schematic of the layer
stack, b) an optical microscopy image from the examined area analyzed with TOF-SIMS elemental
maps of ¢)-e) 32S” representing the MoS; flakes and Si-, 1O, representing the SiO, substrate and f)-j)
the PMMA contamination fragment ions distribution on the examined area. Scale bar is 10 um in all

images.

TOF-SIMS elemental mapping (Figure 50) was performed on one sample surface, directly
comparing the chemical difference between the flakes. The map of the 2Si- signal
(Figure 50 d), representing the SiO> substrate, clearly shows a high contrast between the MoS>
flake covered and uncovered area. Interestingly, the 80" signal map (Figure 50 e) does not
exactly follow the 28Si- signal, which would be expected for a pristine sample where an oxygen
signal can only originate from the substrate. In this case the highest oxygen signal intensity
(yellow) is found on the SiO- substrate, followed by slightly lower intensities (red-orange) on
some MoS: flakes (on the right side and left top corner). The flakes, distributed in the middle
to right bottom corner of the imaged area, appear black in the %0 signal. The flakes which
show some oxygen signal, have much lower to none 325" signal, as can be seen in the sulfur
signal map. The flakes which are oxygen free in contrast show high intensity sulfur signal, as
expected for pristine MoS; flakes (Figure 50 c-e). According to this, two types of chemically
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different flakes can be identified on the imaged area. To further examine the origin of this
discrepancy, other intense signals from the negative polarity spectrum of this sample have been
imaged. A striking difference was observed in the signal intensities at mass-to-charge rations
of 31, 55, 85, 141, 185, corresponding to the PMMA polymer fragments CH3O", C3H3O,
C4Hs027, CgH1302™ and CoH1304 in negative polarity, previously assigned. The flakes which
were transferred appear to have residual polymer on their surface, which in some cases even

obscures the sulfur signal in the TOF-SIMS surface map completely (Figure 50 f-j).
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7.3.7. CVD-grown, transferred monolayer MoS: films — cleaning annealing
procedures

After the assignment of contaminant fragments by TOF-SIMS analysis, in the following,
different annealing procedures were tested in terms of their effectiveness for removing
polymeric contaminants from the MoS; surface, characterized by TOF-SIMS.

In Figure 51, positive and negative polarity, high mass resolution TOF-SIMS spectra of a
CVD-grown monolayer MoS; film on SiO>/Si substrate are shown prior to any transfer
procedures. The same films were examined after a mild heating procedure at 150 °C in N2
atmosphere for 2 h to observe any differences in the surface chemistry. The examined sample

was stored in a nitrogen flow box in laboratory environment prior to analysis.
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Figure 51 a) Positive and b) negative polarity TOF-SIMS spectra of CVD-grown pristine MoS; films
on SiO,/Si substrate before and after annealing at 150 °C in N for 2 h. The spectra are normalized to
their respective total ion counts. The y-axis is expanded where necessary for better representation,
indicated by blue arrows with the respective factors. Prominent signals, typical for PDMS

contaminants are indicated in red. The insets depict enlarged areas of the original spectra.

In both positive and negative polarity spectra, prior to annealing (Figure 51 top), the typical
peaks for molybdenum and sulfur species are observed but also a high abundance of additional
signals. Those peaks can be assigned to silicon characteristic species, such as Si* (m/z=28),
SiICHT™ (43), SiC3Hg" (73), Si2CsH150" (147), SizCsH1503" (207) and SizC7H2102" (221), as well
as SiCH™ (41), SIiCH3O" (59), SiO2" (60), SiOH" (61), SiCoHsO™ (73), SiCH302 (75),
SiC3H30™ (89), SiC2H702™ (91), Si2CsHgO3™ (149), Si>CsH1502™ (163), Si2CsH1303™ (165) and
Si3CsH1504™ (223). These fragments were found to be specific for PDMS, which is a common
polymeric contaminant on surfaces, originating from various sources as packaging material or

containers with PDMS stored in the lab environment (compare chapter VV7.3.1).
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Figure 51 (bottom) presents the positive and negative TOF-SIMS spectra after annealing at
150 °C in N2 for 2 h. In the positive polarity spectrum the PDMS signature peaks significantly
decrease, assuming that the Si* signal from the substrate is constant. In the negative polarity
spectrum, the signals are strongly reduced (see insets Figure 51). It is noteworthy that the
ionisation of PDMS fragments is more efficient in positive mode, which partly accounts for the
stronger decrease of these signals in negative mode. In both polarities, the peak intensities of
MoS; associated peaks increase due to reduction of the surface contamination. It can be
determined that the annealing does clean the surface to a certain extent but is still insufficient
to completely re-establish the TMDs pristine nature.

Further, the effects of three different annealing procedures on the PS, PVA/PMMA and PMMA
transferred MoS; films on SiO2/Si were investigated with TOF-SIMS. Annealing was
performed for 2 h in each case, in the first approach in N2 atmosphere at 150 °C, the second in
forming gas (FG) at 300 °C and lastly in N2 at 450 °C. The conditions were chosen based on
previously used procedures from the literature. (681371681 Annealing at 150 °C in N, atmosphere
for 2 h can be used for ME flakes and should improve the adhesion and release trapped residues
from the adhesive tape at the flake substrate interface.[*®8] These conditions are considered
rather mild due to the inert gas atmosphere and low temperature, since MoS, was previously
reported to be stable up to ~300 °C even in ambient.!5%17°1 On the other hand, the second
annealing approach is considered harsh due to the higher temperature of 300 °C, close to the
oxidation and decomposition temperature of MoS> in ambient, with the addition of a reducing
forming gas atmosphere, which should eliminate organic residues but can also lead to
decomposition of MoS; due to loss of sulfur, forming H2S.[*8 The final method, with a high
temperature annealing at 450 °C/500 °C was previously reported to be necessary for removal
of organic/polymeric contaminations on graphene. Xie et al. demonstrated the efficiency of this
anneal on transferred graphene with TOF-SIMS and claimed that high temperatures are
necessary for complete removal of polymers, such as PDMS.[68]

Figure 52 a/b, c/d, e/f display the positive/negative polarity spectra of the three different
transfer samples (PS, PVA/IPMMA, PMMA) before and after the three different annealing
approaches (150 °C N2, 300 °C FG, 450 °C N). Isotope patterns of interest are highlighted in
pink and labeled in the graphs. The y-axis of the positive polarity spectra is expanded by a
factor of 10 starting from m/z 103, while the y-axis in the negative polarity spectra is expanded
by a factor of 50 from m/z 40 and 1000 (500 for PMMA) from m/z 90 for clearer visibility of

the low count signals.
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Figure 52 Positive (left side) and negative (right side) polarity TOF-SIMS spectra of CVD-grown
monolayer MoS; films transferred with PS, PVA/PMMA or PMMA onto SiO»/Si substrates and
annealed at different conditions of 150 °C in N2, 300 °C in FG and 450 °C in N». The spectra are

normalized to their respective total ion counts. The y-axis of all positive polarity spectra is multiplied

by a factor of 10 starting at m/z 103, the one of negative polarity spectra by a factor of 50 and 100

from m/z 40 and 90. Isotopic peak patterns of special interest (Mo, MoC, MoO MoS, MoCO, MoS,

MoS;0; ) are highlighted in the pink colored boxes.
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In the positive polarity spectra the most pronounced signals are the Mo*, MoC*/MoO" and
MoCO*/MoS™ isotope patterns. For the PS transferred sample (Figure 52 a) the Mo™ isotope
relative intensities were previously found to be close to the theoretical values (see
chapter V7.3.5), which is still apparent after the three different annealing procedures. The
overall Mo™ isotope intensities slightly increase after the 300 °C/FG and 450 °C/N. anneal,
while no change is observed after the 150 °C/N2 anneal. The following MoC*/MoO* and
MoCO*/MoS™ isotope patterns show similar intensities and ratios after all treatments. In the
negative polarity spectra the main signals of interest are the MoS™ and MoS;™ isotope patterns.
For the PS transferred sample (Figure 52 b) close to theoretical relative intensities are again
observed for both isotope patterns. Similar ratios and intensities are observed after the
150 °C/N2 anneal, while the intensities of all highlighted isotope patterns are extremely
decreased for the other annealing approaches. In both polarities the 150 °C/N2 anneal has little
influence, while the other annealing procedures increase Mo species signals but decrease S
containing signals.

This finding leads to the observation, that the very mild anneal at 150 °C has almost no
influence on the surface chemistry of the PS transferred film because either it is already
considered low in concentration, or the temperature is insufficient to remove remaining
residues. The MoS: film stays chemically intact after the procedure according to the collected
TOF-SIMS data. On the other hand, the high temperature 300 °C reductive forming gas
atmosphere, as well as the even higher temperature anneal at 450 °C in N2 inert gas seem to
degrade/decompose the film in a way that less sulfur species can be detected in TOF-SIMS.
Assumingly the high temperatures or reductive gas lead to the loss/evaporation of sulfur,
leaving behind a sulfur deficient MoSy surface.

Figure 52 cand d present analogous data for positive and negative polarity spectra of
PVA/PMMA transferred MoSz on SiO>/Si. For the as transferred sample, the relative ratios of
the Mo* isotopes are correct but less intense as for PS and the negative polarity isotopes of
MoS/MoS;™ are extremely low in intensity, which was previously attributed to higher
contamination of this sample as compared to the PS one (V7.3.5). Again, the anneal at
150 °C/N2 appears to be unable to change the surface chemistry efficiently. The 300 °C/FG
anneal leads to a slight increase in Mo™ and MoS/MoS;" signal intensities. The 450 °C/N>
anneal results in almost complete reduction of the MoS, associated signals. The starting
material, after PVA/PMMA transfer, seems to be already compromised and therefore annealing

cannot help to efficiently recover the as-grown material.

107



Figure 52 e and f demonstrate the results for the PMMA transferred MoS: on SiO./Si. As for
PS, the PMMA sample shows correct relative isotope ratios in positive as well as negative
polarity and decent intensities right after the transfer. The mild anneal at 150 °C/N; slightly
increases the Mo* and MoS/MoS; isotope signal intensities. The 300 °C/FG treatment
increases the intensity of Mo™ but decreases MoS/MoS;’, probably due to sulfur loss, as for PS.
Here, the anneal at 450 °C/N: yields the best surface cleaning results with increased Mo*
isotope but also highly increased MoS™ and especially MoS>  signal intensities with

approximately the theoretically expected isotope ratios.
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Figure 53 Molybdenum hydride isotope ratios of CVD-grown MoS; films processed with different
polymer transfers and annealing procedures. ®2Mo+H, ®Mo+H and ®Mo+H relative isotope ratios
extracted from the positive polarity TOF-SIMS spectra of as transferred (grey), 150 °C in N (orange),
450 °C in N2 (green) and 300 °C in FG (violet) annealed samples of MoS; transferred with PS (top),
PVA/PMMA (middle) and PMMA (bottom) onto SiO./Si. The peaks were fitted, the peak-to-peak

ratios extracted and normalized to 100% to present the relative intensities.

Figure 53 displays histograms for the relative intensities of selected positive polarity isotopes
of the PS, PVA/PMMA and PMMA transferred samples immediately after transfer (grey) and
after the three annealing treatments. The selected isotopes, *Mo+H, ®Mo+H and *®®Mo+H are
all hydride species of the Mo isotopes, representing the contamination of the sample surfaces
(compare V7.3.5). The more intense the hydride signals are, the higher organic/polymeric
contamination of the surface can be assumed. In the top graph of Figure 53 the effects of the
three different treatments on the PS transferred sample is examined, resulting in the lowest
contamination levels for the 300 °C/FG treatment, little effect from the 450 °C/N. and no
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improvement after the mild 150 °C/N. annealing. In contrast the other two samples from
PVA/PMMA and PMMA transfer show best cleaning results for the 450 °C/N. anneal,
followed by the 300 °C/FG and again no effect after the 150 °C/N2 annealing. Overall, the
lowest metal hydride levels are achieved for the PMMA transferred sample after 300 °C
annealing in FG.

In Appendix 12 and Appendix 13 the relative intensities for the complete Mo*, MoS™ and

MoS;" isotope patterns for all transferred and annealed samples are presented.
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7.4. Conclusion

In this chapter, an analytical study on the surface and interfaces of differently prepared 2D
materials is presented. The focus is placed on the identification of chemical species which
adsorb onto the surfaces from the environment or during processing steps. The influence of
different storage and packaging conditions, as well as further processing steps, such as
polymer-assisted transfer are examined as possible causes for hydrocarbon and polymeric
contaminants. The identification and distribution of the contaminants, is demonstrated with
TOF-SIMS surface and depth profile analysis and supported with Raman and AFM analysis.
First, the influence of different storage conditions on identically prepared, mechanically
exfoliated MoS; flakes was examined with TOF-SIMS surface analysis. In contrast to freshly
exfoliated material, flakes stored in Gel-Pak® for prolonged time showed pronounced PDMS
signals in the spectrum. The chemical maps revealed preferential adsorption of the polymeric
contamination on the TMD surface, as compared to the substrate. This finding supports earlier
reports, stating the strong tendency of hydrocarbons to be adsorbed on 2D material surfaces.[%!
Furthermore, TMD flakes exfoliated with different adhesive tapes were examined, showing a
clear advantage of PVA/PMMA over PDMS in terms of cleanliness of the resulting flake
surfaces. The interface to the substrate showed contamination in form of low-mass
hydrocarbons for both cases in the TOF-SIMS depth profiles. To exclude the possible origin of
these contaminations from the substrate surface, pre-cleaned substrates were applied and
investigated after exfoliation. Still, contamination at the TMD-substrate interface was found,
suggesting their exfoliation related origin. Due to the severely higher fragmentation of the
secondary ions during depth profiling, as compared to the surface measurements, the original
molecule, fragmenting into these hydrocarbon species, cannot be determined. For future
experiments TOF-SIMS depth profiling, using softer sputter guns with e.g. Ceo or cluster Ar*
ions, can be considered to enable less destructive depth profiling, producing molecular and
more specific fragments, which might allow the identification of these interface-trapped
species.

As an alternative to mechanically exfoliated TMD materials, CVD-grown flakes, mainly MoSy,
were examined. While the standard surface analyses, such as Raman, XPS and AFM did not
indicate the presence of contaminants on the surface of pristine flakes, TOF-SIMS revealed
PDMS contaminations. The seemingly pristine flakes were stored in nitrogen flow boxes in
lab-environment with no obvious origin of the contaminant, nevertheless the polymer was

found to adsorb preferentially on the 2D material flakes over the substrate. These findings show,
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that the hydrocarbon species not only preferentially adsorb onto the TMD material but also
appear to form a sub-nanometer thin film, instead of agglomerates or clusters, which is not
necessarily observable with topographical measurements, such as AFM, but can be visualized
with surface sensitive TOF-SIMS imaging.

Furthermore, different polymer-assisted procedures were compered in terms of the cleanliness
of the transferred MoS> material after complete polymer removal following a standard protocol.
A Raman study was conducted on MoS> monolayer films transferred with PS, PMMA/PVA
and PMMA as supporting polymers, analyzing the Raman peak positions and FWHM to detect
potential residues and derive influences from the different materials. It was shown that the broad
variety of influencing factors on the Raman peak intensities, FWHM and positions make it
difficult to drive definite conclusions from the measured spectra. In addition, a detailed
TOF-SIMS analysis was conducted, with special attention paid to the contamination-related
molybdenum hydride isotopes. The latter enabled to compare the extent of residues on the TMD
surfaces left behind from the different transfer polymers. Finally, different cleaning procedures
via annealing of the transferred films were compared with TOF-SIMS, to find the most
beneficial method to reduce polymer contaminants. Here an improvement of the surface
cleanliness could be achieved, though there was no complete removal of the polymeric residues
at the chosen conditions. Concluding even higher temperatures, up to 500 °C and potentially
vacuum conditions could improve the cleaning protocols but the risk of TMD materials
decomposition stands against such measures.

The described study demonstrated that special attention must be paid to the cleanliness of TMD
material surfaces and interfaces, especially when further device implementation is planned. The
ubiquitously present hydrocarbon contaminations from environment and processing steps pose
a risk of alteration of the materials properties. TOF-SIMS was demonstrated as a helpful tool
to identify and visualize these contaminations, helping to control and reduce or even avoid their

presence on pristine and processed 2D material.
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7.5. Appendix
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Appendix 1 Positive polarity TOF-SIMS spectra of the adhesive tape (Nitto 150E-KL) used for
exfoliation of MoS; flakes, including the sticky side and back side of the adhesive blue tape and the
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Appendix 2 Negative (top) and positive (bottom) polarity ion fragments of PDMS building up during

ion bombardment in TOF-SIMS.
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Appendix 3 Negative ion polarity fragments of PMMA building up during ion bombardment in
TOF-SIMS.
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Appendix 4 TOF-SIMS negative polarity depth profile of a ME MoS; flake on SiO»/Si, prepared via
the PDMS method, accumulated from the flake region only.
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Appendix 5 TOF-SIMS negative polarity depth profile of a ME MoS; flake on SiO»/Si, prepared via
the PMMA method, accumulated from the flake region only.
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Appendix 6 Positive polarity TOF-SIMS spectra of a) the typically used plastic petri dish sample box

for storage, consisting of PS and b) a PS on SiO»/Si reference. The spectra are normalized to their

respective total ion counts. The y-axis is multiplied by a factor of 2 from m/z 100. Prominent signals,
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Appendix 7 Positive polarity TOF-SIMS spectra a) in unbunched mode (high lateral resolution) of a

CVD-grown MoS; flake on SiO»/Si substrate and b) in bunched mode (high mass resolution) of a ME

MoS; flake on SiO,/Si substrate, extracted from a portion of a depth profile, avoiding the surface of

the flake and interface of flake to substrate. Both spectra are normalized to the total ion counts,

collected from a 100x100um area, with expansion factors at m/z 50, 90 of 100, 1000 and m/z 50, 140

of 10, 100, respectively; the red colored labels depict specific PDMS fragments and the pink colored

boxes and insets show the enlarged m/z region of all Mo isotopes.
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Appendix 8 a) Result of the subtraction of the positive polarity, normalized TOF-SIMS spectra from
ROI 1 (flake) and ROI 2 (substrate) on a pristine CVD-grown MoS; flake on SiO-/Si. The top half of

the spectrum represents peaks and species mainly present on the flake, including the pink highlighted

Mo* isotope pattern and red labeled PDMS fragments. In the negative half signals more prominent on

the substrate are presented. b) Total ion image of the pristine MoS; flakes on SiO,/Si and the ROIs for
the flake (ROI 1) and substrate (ROI 2) regions.
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Appendix 9 TOF-SIMS positive polarity, unbunched (high lateral resolution) spectrum of
CVD-grown WS, on SiO>/Si, normalized to the total ion counts. The y-axis is expanded by a factor of
”10” from m/z 80. Prominent PDMS fragment peaks are labelled in red, the W* isotope pattern is
highlighted in pink and also shown in the inset in more detail. The spectrum was collected on a
100x100 um area. Below, elemental maps from TOF-SIMS imaging are shown, a)-d) W*, 32S,
representing the WS; flakes and 2Si-, 180", representing the SiO, substrate and f)-h) the PDMS
contamination fragment ions on the WS flakes and e) an optical image of the examined sample area.

Scale bar is 10 pum in all TOF-SIMS elemental maps.
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Appendix 10 TOF-SIMS positive polarity, unbunched (high lateral resolution) spectrum of
CVD-grown WSe; on SiO,/Si, normalized to the total ion counts. The y-axis is expanded by a factor
of ”5” from m/z 80. Prominent PDMS fragment peaks are labeled in red, the W* isotope pattern is
highlighted in pink and also shown in the inset in more detail. The spectrum was collected on a
100x100 um area. Below, elemental maps from TOF-SIMS imaging are shown, a)-d) W*, 8Se-,
representing the WSe; flakes and %Si-, 10O, representing the SiO; substrate and f)-h) the PDMS
contamination fragment ions on the WSe; flakes and e) an optical image of the examined sample area.

Scale bar is 10 pm in all TOF-SIMS elemental maps.
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Appendix 11 Positive (left side) and negative (right side) high mass resolution reference TOF-SIMS
spectra of a, b) PS, ¢, d) PVA and e, f) PMMA spin-coated on SiO-/Si substrate. The spectra are

normalized to their respective total ion counts. The y-axis is expanded where necessary for better

representation, indicated by blue arrows with the respective factors written on the arrows. Prominent

signals, typical for the respective polymers are indicated and listed in red.
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Appendix 12 Mo* isotope ratios extracted from the positive polarity TOF-SIMS spectra of monolayer
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MoS: films transferred with a) PS, b) PVA/PMMA or ¢) PMMA onto SiO2/Si substrates, after

different annealing treatments: 150 °C in N2 (orange), 450 °C in N2 (green) and 300 °C in FG (violet).
The peaks in the range of m/z 92 to 101 were fitted, the peak-to-peak ratios extracted and normalized

to 100% to present the relative intensities. The black curves represent the theoretical values for Mo*

isotopes, from literature. 168!
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Appendix 13 MoS" (left) and MoS; (right) isotope ratios extracted from the negative polarity
TOF-SIMS spectra of monolayer MoS; films transferred with a)+b) PS, c)+d) PVA/PMMA or e)+f)
PMMA onto SiO/Si substrates, after different annealing treatments: 150 °C in N2 (orange), 450 °C in
N> (green) and 300 °C in FG (violet). The peaks in the range of m/z 124 to 134 and 156 to 168 were
fitted, the peak-to-peak ratios extracted and normalized to 100% to present the relative intensities. The
black curves represent the theoretical values for MoS™ and MoS;" isotopes, calculated from literature

values.[268]
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8. Preparation and Characterization of On-Chip, Non-Covalent
Perylene Bisimide Functionalized TMDs — Analysis of the
Surface Chemistry by TOF-SIMS

8.1. Introduction

The modification of the properties of 2D materials by functionalization to target specific
applications was previously discussed in chapter 1113. The different routes for incorporating
functionality onto the materials surface are divided into physisorption and chemisorption,
doping and defect engineering as the main approaches. In this chapter, physisorption of organic
molecules via non-covalent functionalization is carried out to tailor the TMDs surface
chemistry enabling the introduction of functional groups to the 2D surface.[?3171.172]
Additionally, some of the challenges of in-depth chemical characterization of these
organic-inorganic nanostructured assemblies are addressed by the application of TOF-SIMS

surface analysis, combined with Raman spectroscopy and AFM.

Non-covalent functionalization of 2D materials offers wide applicability and is preferable
wherever the in-plane bonding of the 2D layers should be preserved, as it allows the crystal
structure to remain intact. It can be carried out in both solution e.g. for liquid-phase exfoliated
TMDs,['®l as well as on substrate-supported layers from CVD growth or mechanical

exfoliation.[*7417]

For on-chip functionalization, directly on the growth substrate, possible routes include
physisorption of molecules from vapor phase or the formation of molecular assemblies from
solution, via drop-casting, spin-coating or dip-coating of molecules onto the 2D materials.[*7
1791 The formation of self-assembled monolayers (SAM) using these methods is widely studied

due to the self-controlled and -limited process resulting in well-defined organic layers.

In the literature, the SAM formation of polycyclic aromatic compounds on graphene has been
reported. The non-covalent binding mechanism occurs through n-n interactions through the
extended aromatic core of the molecule and the graphene basal plane.*®°81 One prominent
example for such polycyclic organic molecules are perylene bisimide (PBI) derivatives, which
are commonly applied for SAM formation, due to their structural versatility and ability to form

stable structures on 2D material surfaces.
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Previously, water soluble PBI dendrimers with an aromatic core unit, symmetrically substituted
with negatively charged carboxylic end-groups, have been reported to build stable SAMs on
graphene. The PBI was shown to adsorb as a SAM on graphene with the short core axis
perpendicular to the surface.l*82181 Commonly the interaction between an electron-poor PBI
derivative and the m-system of the graphitic material is expected to lead to a face-on attachment
(with the molecular core plane parallel to the surface (n-m stacking)[t818 but other influences,
like the molecular design and its pre-orientation and assembly in solution can alter the
arrangement on a surface. Also, with higher molecular packing densities the hybridization of
neighbouring perylene cores can lead to a tilt angle between core plane orientation and
substrate. 85188 This alteration of the molecular arrangement has been shown to lead to changes
in the film’s physical characteristics such as light adsorption, charge transport and energy level
alignment.*¥7] Successful functionalization with PBI derivatives was also demonstrated for
other nanomaterials such as carbon nanotubes,*8181 antimonene!*® and black phosphorus
(BP),1181 showing multifunctional performance as both a general surfactant agent and
passivating layer.[*#1%1 Fyrthermore, PBI SAMs can also be used as seeding layers on top of
MoS; for high-k dielectric Al.O3 deposition in field-effect transistor (FET) devices.[145146]
Many studies focus on molecular deposition with techniques such as evaporation in UHV
conditions, providing uniform deposition of molecules but no selectivity over the target

material, unless lithographic structuring is additionally applied.[*!]

One of the main challenges in the functionalization of 2D materials is the characterization of
the formed organic-inorganic nanostructures. Common optical analytical methods, such as
Raman spectroscopy, can give information on the presence and local distribution of vibrational
modes of the 2D materials, as well as organic molecules, although these methods have limited
lateral resolution due to the diffraction limit of light, typically less than 300 nm, and are also
limited by selection rules. Scanning probe microscopy (SPM) technigues, such as AFM can be
applied to study the topology and homogeneity of 2D materials and organic layers. More
advanced setups, such as AFM-IR,1%271%1 kelvin probe force microscopy (KPFM)1! and
others like chemical force microscopy!'®’l, have been applied in molecular nanostructure
studies, giving insight into the local chemical information on a sample. Often, these techniques
operate on the nanoscale on the sample and can suffer from imaging artifacts as they rely on
probe-sample interactions to perform the measurements. STM and TEM allow for atomic
resolution but at the same time require very tedious sample preparation and laborious

measurements, also providing only small-scale imaging, typically in the nanometer range.
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TOF-SIMS surface analysis can provide chemical information of the sample surface on
relatively large scale areas of several hundreds of um and lateral resolution in the range of
~100-500 nm, depending on the sample, with concentration detection limits down to ppm,
exceeding techniques such as XPS (~1%).

In this study, different PBI derivatives were used for the formation of SAMs on TMDs and
were subsequently analyzed using several analytical techniques, including TOF-SIMS. As the
most studied, prototypical TMD material, CVD-grown MoS; was chosen as a template to
deposit the molecules via drop-casting or immersion in agueous or organic solution of different
concentrations. In addition, heterostructures with a graphene top-layer were produced. The
physisorption of the PBIs onto the 2D material lattice was monitored by Raman spectroscopy
and AFM to determine the height and uniformity of the formed SAMs. The capabilities of
relatively large scale TOF-SIMS surface analysis and depth profiling along with the innovative,

combined AFM-IR technique were applied for an extensive material system characterization.
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8.2. Experimental Details

8.2.1. Preparation of PBI solutions:

All PBI molecules were provided as bulk materials by our collaboration partners Corinna Weifl3
and Kathrin C. Knirsch from the group of Andreas Hirsch at the Friedrich-Alexander
Universitat (FAU) in Erlangen-Nurnberg.

Stock solutions of 1 mM concentration were prepared from PBI-COOH in a sodium-phosphate
buffer solution (0.1 M, pH 7) and PBI-CH3z and PBI-NH: in tetrahydrofuran (THF) (VWR
Chemicals, 99%) by adding the appropriate amount of liquid to the bulk material and mild
sonication until all the bulk was dissolved. The bulk solutions were stored in sealed glass
containers at RT. Other dilutions of the PBI solutions were freshly prepared when needed, by

mixing the appropriate amount of stock solution with the respective solvent.

8.2.2. Functionalization of CVD-grown MoS2 on SiO2/Si with PBI:

The samples used for functionalization, were CVD-grown MoS; flakes, grown directly on
highly p-doped Si substrates with 300 nm thick SiO», in a microcavity in a two-zone chemical

vapor deposition furnace at 700 °C, as described in the literature**42l and in chapter V6.2.

Functionalization of CVD-grown MoS; on SiO>/Si by drop-casting of the PBI solution:

A PBI solution of the desired concentration was freshly prepared from the stock solution. A
droplet (~100 pL) of the solution was dispensed directly onto the CVD-grown MoS; on SiO>/Si
sample. The sample was covered with a glass lid to avoid evaporation of the solvent and left
for 1 min. Subsequently the sample was gently rinsed with few mL of fresh solvent (THF in the
case of the THF solved PBIs, otherwise DI water) and IPA and dried under No>.

Functionalization of CVD-grown MoS; on SiO2/Si by immersion in the PBI solution:

A PBI solution of the desired concentration was freshly prepared from the stock solution. The
whole CVD-grown MoS> on SiO./Si sample was immersed in 10 mL of the PBI solution for
~16 h. For the second step the same sample was immersed in 10 mL of fresh solvent (THF or
DI water) for additional 16 h. The sample was then gently rinsed with a few mL of fresh solvent
(THF/DI water) and IPA and dried under Na.
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8.2.1. Sample preparation for AFM-IR:

PBI functionalized MoS; on a template-stripped Au substrate (AU.1000.SWTSG, Platypus
Technologies, LLC, USA) was prepared by polymer-free transfer. The functionalization was
carried out in the same way as previously on CVD-grown MoS; on SiO2/Si. For the transfer,
the sample was then immersed in DI water (18 MQ-cm), where the functionalized MoS: flakes
partly separated from the SiO2/Si substrate, floating on the water surface. The flakes were fished
onto the Au substrate, left in air for drying and placed in the desiccator at 0.1 mbar overnight
to remove trapped water. This procedure is not completely damage-free for the MoS; as
compared with typical transfer methods, including polymer supporting layers and etching
methods, but at the same time it is completely free from polymer and therefore potential

contamination, which would disturb the AFM-IR measurements.

8.2.2. Preparation of the heterostructures MoS2 — PBI — graphene:

CVD-growth of graphene on Cu-foil:

Graphene was grown by CVD on a 25 um thick copper foil (Alfa Aesar, 99.8% on metal basis).
Without further pre-treatment, the Cu-foil was heated up to 1060 °C in a CVD quartz tube
furnace under O2. A reduction step for 1.5 h in H> atmosphere was followed by 30 min of

growth at ~0.2 Torr with CHg as carbon source.

Preparation of the heterostructure MoS; — PBI — graphene:

For the bottom part MoS; was functionalized with the respective PBI as described in the upper
section. For the top layer, CVD-grown graphene on Cu-foil was transferred. A droplet of
PMMA solution (Allresist, AR-PC-504 in AR 600-01, 7-fold dilution) was spin-coated on a
0.3x0.3 cm cut-out piece of graphene on Cu-foil at 500 rpm for 10 sec, followed by 4500 rpm
for 60 sec. The samples were annealed at 120 °C for 15 min on a hotplate. The sample was then
placed in a 1 M solution of ammonium persulfate (APS) (Sigma-Aldrich, 98%) to etch the
copper. After the etching process the PMMA-covered graphene was transferred to DI water
(18 MQ-cm) for washing for 1 h and finally fished onto the PBI functionalized MoSz on SiO2/Si
substrate. The sample was left in air for drying and placed in the desiccator filled with silica gel
at 0.1 mbar overnight to remove trapped water. The sample was immersed in 30 mL acetone
(Honeywell, > 99.5%) for 30 min to dissolve the PMMA layer two times. After that, the sample

was gently rinsed in isopropanol (Honeywell, > 99.5%) and dried under No.
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8.3. Results and Discussion

To investigate the organic-inorganic molecular assembly, functionalization was carried out on
CVD-grown MoS, on SiO2/Si substrates. Different perylene bisimide derivatives and
concentrations were applied onto the TMD surface on-chip (directly on the substrate) by either
drop-casting or immersion of the whole sample in the solution for prolonged time. The
influence of perylene solvent, concentration and application method were further studied with
AFM, Raman spectroscopy and TOF-SIMS. Water soluble perylene bisimide derivates produce
stable monolayers on the surface,!2451731821831 and in this work, the experiments are extended

to their organic solvent soluble analogues.

HO 0
HO
Q
OH
HO
o)
o) OH
CHg
CHs
CHg
CHs

Figure 54 Chemical structures of perylene bisimide derivatives a) PBI-COOH b) PBI-CHs and ¢)
PBI-NHo..

The three derivatives used in this study are depicted in Figure 54, all consisting of a PBI core
unit and different side-chains bonded to the core-imide positions. PBI-COOH is a water-soluble
derivative, kept in a sodium-phosphate buffer stock solution (0.1 M, pH 7), PBI-CH3z and
PBI-NH: are soluble in organic solvents, such as toluene and THF (used in this study). The
water-soluble PBI-COOH was previously used in a study of Berner and Winters et al.[82181 g

graphene and a very similar derivative on MoS,,[1451%1 demonstrating the formation of
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self-assembled monolayers when drop-casted onto the TMD surface for 1 min at a
concentration of 0.001 mM and subsequently rinsed off with DI water. A modified approach
was applied to reproduce these results, where the MoS; on SiO./Si substrate was immersed in
a 0.001 mM PBI-COOH solution overnight (approximately16 h), and subsequently rinsed with
DI water and blow-dried with N2. The SAM formation was then tested for four different
concentrations of PBI-CHs, extending the concept to organic solvents. For the lower
concentrations of 0.001 mM, 0.01 mM and 0.1 mM, again immersion in the solution overnight
was applied, while for the highest concentration of 1 mM the solution was drop-casted, left on
for 1 min and directly rinsed off with THF. The latter method was also tested with PBI-NH..
Table 3 summarizes the experiments conducted in this work for perylene functionalization of
MoS..

Table 3 Summary of the experiments conducted for PBI functionalization of CVD-grown MoS; on

Si04/Si, including the used deposition technigque, PBI derivative, solvent and concentration.

Deposition method
Perylene _
Concentration [mM] i i
(solvent) Immersion | Drop casting
overnight 1 min
PBI-COOH
) 0.001 X
(ag. sodium-phosphate buffer)
0.001 X
0.01 X
PBI-CHs
THF
( ) 0.1 X
1 X
PBI-NH:2
1 X
(THF)
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8.3.1. AFM analysis of PBI functionalized CVD-grown MoS: flakes on
SiO2/Si:

To study the topography and height of the perylene functionalized MoS; on SiO2/Si, AFM

analysis was performed.
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Figure 55 AFM analysis of pristine and PBI functionalized CVD-grown MoS; on SiO,/Si.
Topography images and height scans before (black lines) and after functionalization (blue lines) with
a) 0.001 mM PBI-COOH, b) 0.001 mM PBI-CHjs, ¢) 0.01 mM and d) 0.1 mM PBI-CH3 with
additional washing step (red lines), e) 1 mM PBI-CHs and f) PBI-NH>.
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Figure 55 shows AFM height scans and profiles on representative flakes before (black) and
after functionalization (blue) with the respective perylene derivative and concentration.
Measurements on additional flakes are presented in Appendix 14. A monolayer MoS; flake
height of <1 nm is found for most flakes before functionalization, represented by the black
dashed lines. In the literature typical MoS2 monolayer heights in the range of ~ 0.6 nm to 1 nm
are reported.l¥"9-%31 Some measurements are slightly exceeding these values, which might be
due to contamination or water at the flake surface or interface to the substrate.’”1 Mostly, the
flakes and substrates show a clean and flat surface. In some cases, particles on the substrate
appear, which are probably due to sulfur from the CVD-growth or small MoS: crystals, forming

as growth seeds during the CVD process.

Table 4 AFM height measurements on CVD-grown MoS; flakes on SiO./Si functionalized with
different PBIs and concentrations.

Perylene Height before func. Height after func. Height before wash
(concentration) (nm) (nm) (nm)
PBI-COOH
1.12+0.07 2.15+0.15 -
(0.001 mM)
PBI-CH3
- 1.74+0.14 -
(0.001 mM)
PBI-CH3
0.70£0.10 2.70+0.24 5.48+0.30
(0.01 mM)
PBI-CHj3
1.00+0.17 2.97+0.43 4.54+1.13
(0.1 mM)
PBI-CH3
0.51+0.14 1.32+0.10 -
(2 mM)
PBI-NH:2
- 1.76+0.07 -
(2 mM)

For the flakes after functionalization heights ranging from ~2 nm to 3 nm are measured. Slight
deviations of these values can be found between the different perylenes and concentrations, as
seen in Table 4.

After immersion of the MoS: in 0.001 mM PBI-COOH aqueous solution overnight, a final layer

thickness of ~2.2 nm is measured. With the same method and concentration of PBI-CHz3 a layer
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thicknesses of ~1.7 nm after functionalization is observed. For the immersion in higher
concentrations of PBI-CHs of 0.01 mM and 0.1 mM, the height after functionalization is ~ 5 nm
(depicted by red dashed lines in Figure 55) but is reduced after an additional washing step in
THF overnight. The final layers result in < 3 nm, which is around 1 nm higher compared to the
lower concentrated perylenes. The highest concentrated solutions of PBI-CHs and PBI-NH: of
1 mM are applied by drop-casting for 1 min and subsequent rinsing with THF. This results in
~1.2 nm thickness after functionalization with PBI-CH3 and ~1.8 nm with PBI-NH,. The
topography shows a relatively flat surface post functionalization on all flakes, which suggests
a homogeneous organic layer formation without islands on the flakes. In some cases, wrinkles
on the flakes are formed after functionalization, which can be explained by solvent penetrating
between the flake and substrate or at defect sites. Particles can be seen to form on the flakes or
substrate, which can be due to leftover sulfur from the growth, present already before
functionalization, or due to the formation of perylene aggregates. Especially for the
functionalization with 0.01 mM and 0.1 mM PBI-CHs, PBI aggregates form after the first
functionalization step (see Appendix 14 for height scans) and are mostly but not completely
removed in the second washing step.

In the literature, different arrangements of perylene derivatives on substrates are discussed.
Together with the perylene packing density this leads to variations in the final SAM thickness.
The packing density is influenced by the perylene structure, such as its side chains, which can
be bulky and sterically hinder close packing of perylene cores, or they can arrange in a way that
the side chains interdigitate and allow closer contact between the cores.!!%-2%1 The crystal
lattice of the substrate may also have an influence on the arrangement and especially
contamination on the surface can hinder dense perylene packing, as shown for transferred
graphene by Berner et al.[*®a. The orientation can also be influenced by the side chains of the
respective PBI derivative. For example, Kampen et al. find that
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) lies flat on a S-passivated GaAs
semiconductor substrate, while N,N’-dimethylperylene 3,4,9,10-dicarboximide
(DiMe-PTCDI) arranges with the short core axis perpendicular to the substrate, with a 50° tilt
angle.?°!l Studies with a face-on orientation of the unsubstituted PTCDA perylene, where the
core lies flat on the substrate, report monolayer heights of ~0.4 nm.[2%21 For other derivatives,
this value is also dependent on the side chains, which might be oriented more towards the
surface or facing upwards and be stretched or crumbled, dependent on the energetically most
favourable state. Other reports assume that the short core axis is oriented perpendicular to the

surface, resulting in monolayer heights of ~1 nm, again varying with the different steric
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properties and orientations of the side chains.['%®! For the functionalization of graphene with
PBI-COOH, the perpendicular orientation of the short core axis to the surface was shown with
STM and is therefore undoubtedly a favourable orientation.[*®?] Nevertheless, one must keep in
mind, that different areas on one sample might also present different molecular orientation,
which cannot all be shown in the restricted scan size of an STM measurement. Besides, driving
conclusions from one perylene derivative and substrate combination onto others is misleading,
since other factors, such as the solvent, concentration and functionalization method also have a
great influence on the organic layer formation. Nevertheless, previous studies, [14518]
presenting monolayer or close-to-monolayer coverage of PBI derivatives with relatively
sterically complex side chains, on substrates, state layer thicknesses of approximately 1 nm,

which is in agreement with the findings in this study.
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8.3.2. Raman analysis of PBI functionalized CVD-grown MoS: flakes on
SiO2/Si:

Raman spectroscopy was performed on selected flakes prior to and after functionalization to
examine the deposition and distribution of the respective perylene on the sample. For all graphs,
the Raman and PL data was averaged over the relevant areas (flake or substrate region) of the
Raman/PL maps with a point spectrum taken every ~250 nm.

Figure 56 shows the background subtracted and normalized spectra of MoSz on SiO2/Si
functionalized with the three different perylenes in direct comparison. The chosen perylene
dilutions are 0.001 mM PBI-COOH, 1 mM PBI-NH; and 1 mM PBI-CHa.
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Figure 56 Raman spectra of CVD-grown MoS; on SiO-/Si functionalized with different PBI
derivatives. Normalized and background subtracted spectra of a) 0.001 mM PBI-COOQOH (green curve)
by immersion overnight, 1 mM PBI-NH- (red curve) and PBI-CHjs (black curve) by drop-casting,

respectively and b) magnified area of the spectrum, showing the main perylene signals.

In all spectra, the typical in-plane and out-of-plane vibrational modes of the MoS, monolayer

are observed at 384 cm™ (E3,) and 405 cm™ (A, ,), respectively."*#2%3] The characteristic

Raman signature for PBI molecules resonantly excited at 532 nm is also clearly visible. The
peaks at about 1300 cm™, 1380 cm™, 1450 cm™ and 1590 cm all correspond to in-plane ring
“breathing”, ring bending, stretching and deformation vibrations of the perylene bisimide core.
It was found that the three most prominent modes split into doublets when examined in higher
resolution. Chiang et al. analyzed the origin of each vibrational mode, corresponding to specific
deformations of each perylene ring with superior precision, theoretically with time-dependent

density functional theory (TDDFT) and experimentally with tip-enhanced Raman spectroscopy
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(TERS).124 Additional peaks between 2500 cm™ and 3000 cm™ originate from the end-groups
of the specific PBI derivative.[?®® For the functionalization with PBI-COOH and PBI-NH, the
perylene bisimide mode intensities by far exceed the MoS; vibrational mode intensities. The
PBI-CH3 sample on the other hand shows weaker perylene signals as compared to the MoS>
modes. The lower intensity perylene peaks in the PBI-CH3 case might be associated with a
lower packing density of the molecules on the 2D material lattice. Previously, Winters et al.
found that, for the deposition of PBI-COOH on graphene a higher packing density on
pre-cleaned graphene yields higher intensity perylene peaks, while lower packing densities
result in weaker signals.[!®¥l PBI-COOH and PBI-NH; also show a higher background in the
raw spectra (Appendix 15 & Appendix 16), originating from the perylene fluorescence.
Additionally, the fluorescence in the substrate spectrum also indicates some residual perylene
molecules. In contrast for PBI-CHs (Appendix 17), no fluorescence is observed neither on the
flake nor the substrate area but the onset of the MoS, photoluminescence at higher
wavenumbers, which was not present for the other two perylenes due to quenching. The

fluorescence and photoluminescence quenching will be discussed at a later point.

To investigate if the perylene concentration influences the intensity of the perylene peaks,
1mM, 0.1mM, 0.01mM and 0.001 mM concentrations of PBI-CHz were tried for

functionalization.
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Figure 57 Raman spectra of CVD-grown MoS; on SiO»/Si functionalized with different PBI-CHs
dilutions. Normalized and background subtracted spectra of a) 0.001 (blue curve), 0.01 (green curve),

0.1 (red curve) and 1 mM (black curve) solutions of PBI-CH3 and b) magnified area of the spectrum,

showing the main MoS; and perylene signals, normalized to the E%g mode of the MoS..
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Figure 57 presents the spectra of MoS; on SiO./Si functionalized with four different
concentrations of PBI-CHzs in direct comparison. The spectra were background subtracted and
normalized to the Ezlg mode of MoS; to enable comparison of the PBI signal intensities (raw
spectra are shown in the Appendix 16-Appendix 20). It becomes clear, that the
functionalization with 0.001 mM yields the most intense PBI signals in the spectrum. Also, the
graph shows, that the PBI signal intensity does not linearly follow the concentration. For the
1 mM drop-casting approach lowest intensities are found, followed by 0.01 mM, 0.1 mM and
finally 0.001 mM. It is noteworthy, that an additional mode at 1250 cm™ is visible for the
0.0l mM and 0.1 mM concentration, which might also influence the ratios and overall
intensities of the perylene peaks.

The relevant MoS; and PBI Raman peaks were further fitted with Lorentzian functions to
extract peak intensities. The peak intensity ratios of the A, mode, standing for the MoS; and
the normally most intense PBI mode at 1301 cm™ are shown for all PBIs and dilutions in

Figure 58.
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Figure 58 MoS; to PBI Raman mode intensity ratios of MoS; on SiO./Si functionalized with

PBI-COOH (green), -CHs (black), -NH; (red) and different dilutions. The datapoints represent the A;,

(MoS;) to 1301 cm™ (PBI) peak ratios, derived from fitted Raman spectra, including a) all PBI

derivatives and dilutions and b) only the PBI-CH3 dilutions in detail.

The ratios for PBI-COOH and PBI-NH: are significantly higher than for all dilutions of
PBI-CHzs, which reflects the low perylene signal intensities already seen for PBI-CHs in
Figure 56. The ratio in the case of PBI-COOH functionalization is highest but one needs to
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keep in mind, that high fluorescence background was observed in the PBI-COOH and PBI-NH>
functionalized samples, overlapping and possibly adding onto the intensity of the perylene
Raman modes. Figure 58 b presents a magnification of the ratios for the PBI-CHz3 dilutions
only. It becomes clear, that the 1 mM PBI-CHjs dilution results in the lowest peak ratio and the
0.001 mM in the highest, which reflects the peak intensities seen before (Figure 57). The peak
ratios do not follow a linear dependency on the dilutions, since the peak ratio for the 0.001 mM
dilution is lower than the one for 0.1 mM. To drive more reliable conclusions on the dependence
of peak intensity ratios and PBI solution concentrations, more experiments would be necessary.
Previously, higher intensity perylene Raman modes were associated with higher packing
densities of the molecules and therefore more efficient functionalization.™*® Therefore, the
lowest 0.001 mM PBI-CHs concentration seems to lead to the most efficient functionalization

in this comparison.

The Raman mappings in Figure 59 display the distribution of the E;, and A, ; modes for MoS;,
as well as the perylene modes at 1250 cm™ and 1380 cm™ (additional Raman maps are shown
in the Appendix 15-Appendix 20). While the mode at 1380 cm™, represents the perylene
distribution, the mode at 1250 cm™ is only present in some experiments and needs to be
examined separately. Homogeneous intensity distribution over the flake is found for the
out-of-plane A;, mode in all cases. The same accounts for the in-plane Ezlg vibrational mode,
except for the sample with 0.01 mM PBI-CHs functionalization, which shows higher signal
intensity at the flake edges. The perylene signals appear only on the flakes, not on the substrate.
This indicates a preferred deposition of the perylenes on the 2D material surface although the
fluorescence observed on some substrates indicates residual molecules on the substrate as well
in some cases. In Figure 59 the sample functionalized with 0.001 mM PBI-COOH shows
inhomogeneous distribution of the 1380 cm™ mode over the flake with small areas of higher
and lower intensity and no 1250 cm™ signal. In contrast, the 1 mM PBI-NH2 sample shows a
homogeneous distribution of the 1380 cm™ mode over the flake and no signal intensity for the
1250 cm™ mode as well. Both samples showed some perylene associated fluorescence on the
flake and substrate areas in the spectra, still the distinct perylene signals only appear on the 2D
material. Similar to PBI-NH., the 0.001 mM PBI-CH3 shows homogeneous perylene
distribution over the flake and no 1250 cm™ signal. The 0.01 mM PBI-CH3 sample shows
homogeneous 1380 cm™ mode intensity over the flake and the 1250 cm™ mode is visible,

mainly in the flake center, and weaker on the flake edges, directly opposite to the Ezlg intensity,

which is higher on the edges and weaker in the center. The 0.1 mM PBI-CHz sample shows a
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fluctuating signal intensity of the perylene on the flake with large areas of variable 1380 cm™
intensity and the same intensity distribution for the 1250 cm™ mode but no correlation in the

Ezlg map. Finally, the 1 mM PBI-CHs sample shows only extremely weak perylene signals.
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Figure 59 Selected Raman maps of CVD-grown MoS; flakes on SiO-/Si functionalized with different
PBI derivatives and dilutions. The samples with 0.001 mM PBI-COOH, 0.001 mM, 0.01 mM and
0.1 mM PBI-CHz were prepared by immersion overnight and 1 mM PBI-CH3 and PBI-NH; by

drop-casting. The E%g and A; ; mode maps represent the MoS;, the 1250 cm™ and 1380 cm™ modes

are related to the PBI molecules.

The appearance of the additional 1250 cm™ mode was previously described by Zahn et al. for
PBI films covered with In metal. In this study, PTCDA and DiMe-PTCDI layers of 15 nm or
~0.4 nm thickness, attributed to the organic monolayer, were covered with Ag or In metal to
study charge transfer between the organic and inorganic layer and their suitability as ohmic or

rectifying contacts. The appearance of a Raman mode at 1243 cm™ was observed, accompanied
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by an increase of the relative mode intensity at 1338 cm™ while the band at 1606 cm™ was not
well resolved.[?2 Following this study the band around 1250 cm™ may be an indicator for
charge transfer but no definite conclusion can be derived for the presented study.

In general, the main PBI signals are observed exclusively on the 2D material, which would
suggest selective molecular deposition as compared to the substrate. Nevertheless, in some
cases a residual fluorescence indicates the presence of PBI molecules on the substrate. Also,
the 2D material can have an enhancing effect on the molecular Raman bands, so they appear
more pronounced on the 2D materials.[?%! Still, the functionalization is considered to lead to
preferential adsorption of the molecules on the 2D material lattice and residual molecules on
the substrate are attributed to insufficient rinsing after the deposition process. The preferential
deposition and self-assembly of PBI molecules on the 2D material lattice could also be
explained by the potential orbital hybridization, which in turn can result in new electronic states.
The 2D materials surface is dominated by the chalcogen p orbital character, while the d electron
transition metals lie inside the monolayers and therefore have little contribution on the surface.
The molecular © orbitals can have overlap with the TMDC wave function, making the
adsorption energetically favourable.?%7]

The homogeneity of the PBI Raman signal intensity on the flakes is found to vary dependent
on the PBI derivative and used dilution, which is attributed to differences in the layer formation
in terms of molecular packing density and orientation. Inhomogeneous intensity distribution
can possibly be explained by PBI multilayer formation, which could also be an explanation for

the incomplete fluorescence quenching in some cases.
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Figure 60 Quenching of the PBI fluorescence in the Raman spectrum and of the MoS; PL in PBI
functionalized MoS; on SiO,/Si. a) Raman spectra of PBI-CHjs deposited on SiO; (red) and MoS; on
Si0O./Si (blue) via drop-casting and immersion in a 0.001 mM solution overnight, respectively, the
inset displays a zoomed in region of the original plot; b) PL spectra of pristine (red) and PBI-CHs
functionalized MoS; on SiO,/Si (blue) via drop-casting and immersion in a 0.001 mM solution

overnight; all graphs are averaged over the flake area of the respective Raman mapping.

Figure 60 a shows the Raman spectrum of pure PBI-CHs, deposited onto SiO2/Si (red curve)
by drop-casting from a 0.001 mM solution in direct comparison to MoS: functionalized with
the same concentration of PBI-CH3 by immersion in the solution overnight (blue curve). A
striking difference is apparent in the higher wavenumber region, where the pure PBI shows a
broad, high intensity signal, which is related to the molecule’s intrinsic fluorescence. On the
MoS: this fluorescence is completely quenched, the residual background in the same region
originates from the MoS; B exciton PL. The PL of the MoS; is also quenched when
functionalized with PBI as compared to pristine MoS,. Figure 60 b shows this effect on the
example of the 0.001 mM PBI-CHjs functionalized MoSz on SiO2/Si (blue curve) in comparison
to the pristine MoS: flake (black). The same effect is demonstrated for 0.01 mM and 0.1 mM
PBI-CHjs functionalized MoS; (Appendix 21 & Appendix 22).

Numerous studies have examined the intermolecular interaction in PBI aggregates and
self-assembled 7t-7 stacks, leading to changes in the fluorescence and photoluminescence.2%8-
2101 Many efforts were made to design PBI derivatives in a way to prevent aggregation and the
- interaction, to avoid fluorescence quenching and enhance the quantum yield.[*%-2%1 Recent
computational explorations of perylene bisimide aggregates have shown that the fluorescence

of some derivatives can be essentially quenched in dimers, self-arranging in

138



higher-concentrated solutions.!?*!l Experimental investigations of the interaction between
covalently linked PBI derivative dimers and monomers also showed significant fluorescence
quenching, attributed to charge transfer from the monomer to the dimer.[?*?1 This is a possible
explanation for the fluorescence quenching observed in the Raman spectrum of the PBI on
MoS, since the molecular arrangement on the substrate increases the local concentration of
PBI and decreases the intermolecular distance, leading to non-covalent linking and interaction
between the molecules and potentially charge transfer. Analogously, the MoS;
photoluminescence intensity is decreased for the heterostructure with PBI as compared to the
pristine MoS,. This observation indicates possible energy or charge transfer between the
organic SAM of PBI and the MoS;. The effect of photoluminescence quenching on a similar
heterostructure, namely N,N’-Diphenyl-3,4,9,10-perylendicarboximid (PTCDI-Ph) on MoS;
was previously reported and assigned to an electron donating effect occurring at the
heterointerface. Accordingly, the PL quenching indicates the separation of photogenerated
electron-hole pairs.[*%%

Hybridization effects at organic-inorganic interfaces also play a crucial role in the developed
electronic properties. Krumland et al. presented a first-principle theoretical DFT study,
identifying the potential orbital hybridization between TMDs, namely MoSz, MoSe,, WS, and
WSe;, and physisorbed perylenes, pointing out the influence of molecular arrangement on the
electronic interaction. "]

Nevertheless, no tangible conclusions can be derived for the type of interaction between the 2D
material and PBI derivative used in this study, as more detailed measurements on the molecular
arrangement and theoretical investigations of the band alignment at the heterointerface are

required.
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8.3.3. AFM-IR investigation of PBI-CHs functionalized CVVD-grown MoS:
on SiO2/Si:

The distribution of the PBI molecules on the MoS; flakes was further investigated by nanoscale

infrared analysis using AFM-IR. The functional principle is illustrated in Figure 61 a and
explained in 1V4.5.[56.193.194]
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Figure 61 AFM-IR investigation of PBI functionalized MoS:. a) Illustration of the AFM-IR functional
principle. b) FT-IR spectrum of PBI-CHs; (red) and AFM-IR spectrum of PBI agglomerate on Au
template-stripped substrate (black) with labels for the main vibrational modes of the molecule,
highlighting the wavelengths used for the AFM-IR mapping with grey dashed lines. ¢c) AFM-IR
acquired micrograph of the MoS; flake topography, and d) corresponding infrared amplitude response

at 1694 cm. Graphic reproduced from Tilmann et al.[?*%],

The FT-IR spectrum of the PBI derivative (Figure 61 b, red spectrum) exhibits vibrational
modes at 1657 cm™ and 1694 cm™, which are assigned to symmetric and antisymmetric C=0
stretching modes, respectively, while C=C and C-N stretching modes are at 1574 cm™ and
1340 cm'%, respectively, all parallel to the chromophore ring.[?** The IR spectrum collected
with AFM-IR on an area of higher PBI concentration on an Au template-stripped substrate
(Figure 61 b, black spectrum) is in good agreement. To investigate the lateral distribution of

the molecule on the MoS:; flakes, intensity maps at specific wavelengths were produced. For
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sample preparation, the CVD-grown MoS> was first functionalized with PBI-CHz and then
transferred by a polymer-free transfer method to a super-flat template-stripped Au substrate to
achieve enhanced signal from IR absorption. The topography micrograph in Figure 61 ¢ shows
four functionalized MoS; monolayer flakes on a template-stripped Au substrate, with a height
of 1.8 nm each, associated with a monolayer loading of PBI. Corresponding infrared amplitude
maps were acquired at 1694 cm™ and 1184 cm™ (Figure 61 d and Appendix 23, respectively).
The antisymmetric C=0 stretching at 1694 cm™, as one of the strong absorptions of this PBI,
was chosen to map the lateral molecular distribution. The micrograph shows the presence of
the molecule on the flakes, uniformly distributed across the whole MoS; area, except for some
defective sites or areas which were most likely damaged by excessively powerful laser
illumination during laser alignment. A clear contrast between flake area and substrate is
observed, whereas other IR frequencies, which do not correspond to a strong absorption of the
PBI, show no distinct features. This ensures that the IR maps are not affected by topology of
the sample.
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8.3.4. TOF-SIMS investigation of PBI functionalized CVD-grown MoS2
flakes on SiO2/Si:

To continue the investigation of the functionalized MoS;, spatially resolved TOF-SIMS
analysis was used. The sub-monolayer surface sensitivity of the technique, and detection limits
down to the ppm level for various elements, allow for further insights into the composition of
the organic-inorganic monolayer assembly. Elemental maps with sub nm vertical and
approximately 100 nm lateral resolution can be obtained. In Figure 62, maps of negative
secondary ions *2S, 28Si-, 10", C*, CH", CHy", C" and C2H" collected from a sample with pristine
CVD-grown MoS; flakes on SiO2/Si are displayed. The map of 32S” ions shows a pattern in the
typical triangular shape of CVD-grown MoS; flakes on the right side and several very small
seeds of MoS; on the left. In contrast, the area around the flake shows no signal from *2S ions,
but high signal intensities for 28Si- and 0" ions, representing the SiO2 substrate. The carbon
fragments show relatively weak or no contrast between the MoS; and substrate area. The
present carbon fragments on the sample are unavoidable adsorbates of hydrocarbons from the

environment (V7.3.4).
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Figure 62 High-resolution (unbunched mode) TOF-SIMS surface analysis of pristine CVD-grown
MoS; on SiO/Si. The elemental maps of ¥S-, Si-, 1°0-, C-, CH-, and CH,", C;" and C,H" secondary

ions represent the planar distribution of the main elemental species on the surface. The *2S signal

represents the MoS; flakes and 28Si-, as well as O can be assigned to the substrate. Scale bar in all

images is 25 pm.

Figure 63 presents the negative polarity TOF-SIMS maps of relevant elements on the
CVD-grown MoS; flakes on SiO»/Si, functionalized with PBI by immersion in 0.001 mM
PBI-COOH solution overnight.
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Figure 63 High-resolution (unbunched mode) TOF-SIMS surface analysis of CVD-grown MoS; on
Si0O,/Si functionalized with 0.001 mM PBI-COOH by immersion in the solution overnight. The
elemental maps of %S-, %Si-, *0-, C-, CH", and CH", C,, C;H and CN- secondary ions represent the
planar distribution of the main elemental species on the surface. The *2S- signal represents the MoS;

flakes and %Si-, as well as O™ can be assigned to the substrate. Scale bar in all images is 25 um.

As before, the map of 32S- ions represents the MoS; flake area and the 2Si- ion, the surrounding
substrate. The %0 ion distributes over the whole area, since the deposited PBI molecule also
contains oxygen, thus this ion is no longer specific to the substrate only. In detail, the
distribution of PBI molecules on the functionalized sample can be derived from the abundance
of carbon fragments C°, CH", CH", C2,, CoH and CN". The maps of these ions show a clear
contrast between the substrate and MoS», with high intensities detected at the MoS: flake area.
In contrast, pristine MoS, samples do not show a higher carbon content compared to the
substrate, as shown in Figure 62. It is also apparent, that the less specific low mass fragments,
C, CH and CHy still show some signal on the substrate, originating from the previously
mentioned ubiquitous hydrocarbons from the environment. In contrast the slightly higher mass
fragments, Cz7, CoH and CN°, more specific to the PBI molecule, mainly appear on the MoS;
flake area. This finding supports the previous observation that the PBI molecules deposit
preferentially on the MoS; surface instead of randomly distributing on the sample. Noticeably,
the examined flake shows some rupture on the edges, coming from the water as solvent in the
functionalization procedure, which tends to delaminate and rip the flakes by diffusion at the

interface of flake edges and substrate.

Similar observations of selective deposition of PBI molecules on MoS: can be derived from the
TOF-SIMS maps of CVD-grown MoSz on SiO2/Si functionalized with PBI-CHs by immersion
in 0.001 mM solution overnight and PBI-NH by drop-casting of 1 mM solution for 1 min.
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Figure 64 displays the negative polarity TOF-SIMS maps of relevant elements on the
CVD-grown MoS; flakes on SiO>/Si, functionalized with PBI by immersion in 0.001 mM
PBI-CHjs solution overnight.

Figure 64 High-resolution (unbunched mode) TOF-SIMS surface analysis of CVD-grown MoS; on
SiO2/Si functionalized with 0.001 mM PBI-CHs by immersion in the solution overnight. The
elemental maps of *2S-, 2Si-, 180, C, CH-, and CH,, C;, CoH and CN- secondary ions represent the
planar distribution of the main elemental species on the surface. The 32S- signal represents the MoS;

flakes and %Si-, as well as O™ can be assigned to the substrate. Scale bar in all images is 25 um.

The overall observations are analogous to the functionalization with PBI-COOH of same
concentration. Main differences are, that the 80" signal is much weaker, almost absent, on the
MoS: area and the carbon signals appear with lower intensities. The lower intensity oxygen
signal can be explained by less than half the amount of oxygen atoms in the PBI-CHs molecule
as compared to PBI-COOH. Additionally, the weaker carbon signals indicate lower
concentration of PBI-CHz molecules on the MoS, in comparison to the PBI-COOH
functionalized sample. The ionization probability in both cases is considered similar, therefore
the lower signals can be directly connected to concentrations on the sample. This observation
is in good agreement with the weaker Raman PBI signals for all PBI-CHs functionalized
samples, indicating lower packing density of PBI-CH3 molecules on MoS», as compared to
PBI-COOH and PBI-NHs.

In Figure 65 the corresponding negative polarity TOF-SIMS maps of relevant elements on the
CVD-grown MoS; flakes on SiO>/Si, functionalized with PBI by drop-casting of 1 mM
PBI-NH: solution for 1 min are presented.
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Figure 65 High-resolution (unbunched mode) TOF-SIMS surface analysis of CVD-grown MoS; on
Si0./Si functionalized with 1 mM PBI-NH; by drop-casting. The elemental maps of *2S-, 2Si-, 180, C,
CH-, and CHz, Cy, CoH", CN"and CHO" secondary ions represent the planar distribution of the main
elemental species on the surface. The %S signal represents the MoS; flakes and Si-, as well as O can
be assigned to the substrate. Scale bar in all images is 25 pm.

The PBI-NH2 molecule contains the least amount of oxygen atoms of the three used PBls, still
the 10" map shows some signal on the flakes. The hydrocarbon fragment signals appear
strongest on the flakes and compared to the other functionalized samples. This can be explained
by the used deposition method and solution concentration. Instead of immersion in 0.001 mM
solution drop-casting of 1 mM solution was performed and lead to strong signals in the Raman
and about monolayer PBI coverage of the flakes according to AFM height measurement.
Therefore, the strong TOF-SIMS signals associated to PBI-NH> on the flakes indicate a very

efficient and high-density packing deposition of this molecule.

To examine the PBI deposition on another type of TMD material, TOF-SIMS analysis of
CVD-grown WSe; on SiO2/Si substrate, functionalized with PBI-CHz by immersion in
0.001 mM solution overnight, was carried out. Appendix 25 presents the Se”, 2Si- and O™ ion
maps, representing the WSe; flake on the SiO substrate, while the signals of the carbon
fragments, which can be related to PBI functionalization, are distributed solely on the flake,
while the surrounding SiO> substrate is not functionalized. These findings demonstrate, that the
selective deposition of PBI-CH3 can be realized on MoS;, as well as WSe, and can likely be

extended to other members of the TMD material family.
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8.3.5. Realization and investigation of an organic-inorganic heterostack of
PBI functionalized MoSz on SiO2/Si with top graphene layer (Gr/MoSz+
PBI-CHs stack):

The previous results reveal that the non-covalent functionalization of MoS; on SiO/Si with
PBI from organic solvent is a selective and self-limiting process, forming a SAM on the TMD
surface. Modulation of the material’s electrical properties due to charge transfer, as well as
changes of the optical properties, such as the photoluminescence and fluorescence were
discussed. Further, these compounds will be applied for the formation of inorganic/organic
heterostacks. These structures showed potential for the application in electronic devices, such
as gate-tunable p-n heterojunctions. Previously, antiambipolar transistors were realized by
combining n-type MoS; and p-type semiconducting molecules, such as pentacene, with metal
contacts.?!1 Similar structures could be considered using 2D material contacts, such as
graphene, applied for contacting of TMDs in previous studies, helping to further miniaturize

the devices.[2€]
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Figure 66 Raman analysis of a heterostack of PBI-CH3 functionalized MoS; on SiO./Si substrate with
graphene toplayer. a) Schematic of the layer sequence, b) optical image of the heterostack with the
grey dashed line depicting the graphene edge, ¢) Raman spectra on the MoS; flake (blue) and graphene
(grey) area (zoomed in area of the main PBI Raman modes in the inset) and d) Raman maps of MoS;,

PBI and graphene and their overlay image.

As a first step towards selective construction of nano-scaled organic-inorganic heterostructures,
a heterostructure was fabricated from PBI functionalized MoS; and graphene as top-layer. First,

a sample of CVD-grown MoS,, mostly monolayer triangular shaped flakes, on SiO2/Si substrate
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was functionalized with 0.001 mM PBI-CHz by immersion in the solution, as described before.
Subsequently, a CVD-grown monolayer of graphene was transferred from the initial
growth-substrate onto the top (see experimental section V8.2.2 for details).

Figure 66 a presents a schematic of the layer sequence in the resulting heterostructure. In the
optical image (Figure 66 b), the typical triangular MoS; shape, as well as the edges of the
transferred graphene monolayer (highlighted with dashed lines for better visibility) are
distinguishable. The structure was examined with Raman spectroscopy. Spectra on the
graphene (grey curve), as well as the MoS2/PBl/graphene heterostructure (blue curve) are
shown in Figure 66 c. Pristine graphene possesses two main vibrational modes at ~1580 cm™
and ~2700 cm?, the so-called G- and 2D-peaks, both overlapping with the Raman modes of the
perylene. Additionally, the D-peak at ~1350cm™ is usually related to defects in
graphene.?*"2181 The graphene spectrum shows the main G- and 2D-peaks at 1588 cm™,
2687 cm™ and a low intensity signal around 1350 cm™(see inset Figure 66 b). It is noteworthy
that the graphene peak positions may be influenced by the PBI, as well as possible polymer
residues from the transfer. Additionally, extremely low intensity peaks around 1303 cm™ and
1384 cm™ are distinguishable at high magnification, probably originating from residual PBI
molecules on the SiO2/Si substrate. In comparison the MoS2/PBl/graphene heterostructure
spectrum shows additional peaks for the MoS, monolayer around 388 cm™ and 408 cm™ and
clear peaks for the PBI modes around 1304 cm™ and 1383 cm™. The PBI signals at 1450 cm™,
1600 cm™ and at higher wavenumbers are not distinguishable due to the overlap with the
graphene signals. In the graphene spectrum no fluorescence from the PBI molecules is
observed, while the spectrum on the heterostructure shows broad, high intensity signals at
higher wavenumbers, mainly related to the MoS2 A and B exciton photoluminescence.

False color Raman maps of representative peaks for MoS: (4, 4, 408 cm™), PBI (1303 cm™) and
graphene (G-peak, 1588 cm™) and a color overlay image are presented in Figure 66 d. The
graphene distribution is homogeneous over the area of the flake, with some spots of higher
intensity due to wrinkles or folds in the graphene. The MoS: signal, assigned to a monolayer
flake, shows homogeneous distribution. The PBI signal also shows homogeneous intensity
distribution over the MoS; flake and no PBI signal on the substrate, again indicating selective
deposition. In the resulting structure, the PBI layer is encapsulated within the bottom MoS; and
top graphene layer, representing a monolayer vertical stack of MoS,/PBI-SAM/graphene. The
main Raman modes of MoS; were further fitted with Lorentzian functions to compare the peak
positions of the heterostructure with respect to a pristine CVD-grown MoS; flake and a PBI

functionalized one.
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Table 5 Fitting results for the main Raman mode positions of CVD-grown MoS; prior to and after

functionalization with PBI and the heterostructure with top graphene layer on SiO,/Si substrate.

Ej4 [rel cm™] Ay [rel cm™] A
pristine MoS, 387.77+0.03 408.70+0.01 20.91
MoS, + PBI-CH3 388.98+0.04 409.21+0.02 20.20
MoS, + PBI-CHz + Gr 386.93+0.04 407.88+0.01 20.83

Table 5 summarizes the fitted Raman mode positions for pristine MoS2, MoS; functionalized
with 0.001 mM PBI-CHz by immersion in the solution overnight and the heterostructure with
graphene. Both modes, E;, and A, 4, blue-shift from pristine to the PBI functionalized sample
and then red-shift to the stack sample with graphene. The blue-shifting due to PBI assembly on
the MoS; surface could possibly be explained by charge transfer of electrons from the MoS; to
the delocalized electron system of the molecules. Charged impurities, residues or reduced
electron density due to p-doping were previously related to a blue-shift of the MoS> Raman
modes.[**%151 The red-shift of the MoS, Raman modes after application of the top-graphene
layer on the other hand can possibly be explained by introduction of strain on the MoS: layer,

which was previously found to lead to red-shifting, especially of the £}, mode.[*0*%%

Further, a TOF-SIMS depth profile of the MoS2/PBI-SAM/graphene 2D heterostructure was
collected by accumulating specific elemental signals along the sputtering depth (Figure 67).
With this analysis the layer-stacking and buried interfaces could be examined in detail. For ease
of interpretation, one specific signal was chosen for each layer. The C> signal is considered to
correspond to graphene, as it appears only on the graphene area (compare optical image
Figure 66) in the reconstructed elemental map from the first 50 sec of depth profiling. The
S2” was chosen to represent the MoS: distribution as it is not overlapped with any other signals,
while the elemental S signal might be intermixed with O2™ at the same mass-to-charge ratio.
The combined image from both signals, for increased image contrast, shows the appearance of
the triangular shaped MoS: flake in the first 50 sec of sputtering (Figure 67 a). Figure 67 b
shows the normalized depth profiles for Cz", S2” and SiO2" representing the graphene, MoS: and

SiO; substrate, respectively. Since Cs* was used as sputtering source the fragmentation of the

148



perylene molecule was very high, therefore, no specific PBI signal can be derived from the

depth profile, so the further analysis focuses on the graphene and MoS: layers.
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Figure 67 TOF-SIMS depth profile analysis of a heterostack of PBI-CHj3 functionalized MoS; on
Si0./Si substrate with graphene toplayer. a) TOF-SIMS maps of C,” and 32S- representing the planar
distribution of the main elemental species during the first 50 sec of depth profiling and b)
corresponding normalized depth profiles, where C,™ represents the graphene, 32S,” the MoS; flake and

SiO;" the substrate. The scale bar is 10 um in all images.

For layer identification in the depth profile the general assumption is applied that a layer ends
at the full width of half maximum of its representative signal. In the beginning of the depth
profile the Cy signal increases and reaches its maximum after about 30sec of
measurement/sputtering, consequently the graphene layer can be determined to end at around
45 sec. The Sy signal is following the top graphene layer, increasing in an analogous manner
and reaching its maximum at about 35 sec, ending shortly after the graphene layer at about
50 sec. Since the 2D materials do not cover the whole analysis area, the SiO2" signal,
representing the substrate, starts rising together with the graphene and MoS; layer signals but

much slower, saturating at about 120 sec of depth profiling. Accordingly, the SiO2 substrate
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signal beneath the actual heterostructure begins, after the MoSz layer ends, at the crossover of
the two signals, at around 50 sec. Together with the sputter time, these specific signals could
give information on the layer thickness (if calibration was performed before), as well as its
cleanliness, revealing any kind of buried, unwanted organic/polymeric residues from the
process.

In the future this kind of depth analysis could be applied to examine the exact nature of
heterostructure formation. Using milder sputter gun species and settings for sample erosion

would allow the formation of specific fragments of the PBI layer or other organic layers.
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8.3.6. Realization and investigation of an organic-inorganic heterostack of
PBI functionalized MoS2 on SiO2/Si with top graphene layer (Gr/MoS2+
PBI-NH: stack):

The inorganic/organic heterostructure was also realized with the PBI-NH2 perylene,
demonstrating the versatility of this system. A top graphene layer was deposited onto the MoS;
on SiO,/Si sample (see schematic and optical image in Figure 68 a, b), which was previously

functionalized with 1 mM PBI-NH: by drop-casting.
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Figure 68 Raman analysis of a heterostack of PBI-NH; functionalized MoS; on SiO,/Si substrate with
graphene toplayer. a) Schematic of the layer sequence, b) optical image of the heterostack, ¢) Raman
spectra on the MoS; flake (blue) and graphene (grey) area and d) Raman maps of MoS,, PBI and
graphene and their overlay image.

The Raman spectra in Figure 68 ¢ were averaged over the flake region (blue curve) and the
surrounding graphene region (grey curve). The MoS2/PBl/graphene spectrum (blue curve)
displays the typical modes for MoS; at ~388 and 407 cm™. Considering the spectrometer
resolution of ~0.5cm™, these values are consistent with the first heterostructure. All
representative PBI Raman modes at 1256, 1301, 1383, 1460, 1576, 1588 and ~2500-3000 cm*
are clearly distinguishable and appear with increased intensity as compared to the first
heterostack, which was already observed for the comparison of the PBI-NH> and PBI-CH3
functionalized MoS, samples before (compare Figure 56). The spectrum shows some
guenching of the background fluorescence from the PBI but, in contrast to the first heterostack,
qguenched photoluminescence of the MoS,. Both observations were also made for the
functionalized MoS, samples with the respective PBIs and without graphene toplayer

(Appendix 16 & Appendix 20), therefore not considered specific to the MoS,/PBIl/graphene
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stack. Still, the enhanced PBI signals, together with the complete PL quenching of MoS,,
indicate that the PBI packing density is higher in the structure with PBI-NH: than PBI-CHa.
The higher packing density possibly also leads to a different arrangement of the molecules and
better interaction with the MoS, resulting in complete PL quenching. The graphene layer might
facilitate the arrangement of the PBI molecules or interact in possible charge transfer. In
contrast to the previous heterostructure, high intensity PBI signals are present on the
surrounding graphene area as well (grey curve). These molecules are likely residuals on the
substrate, left over after the functionalization and rinsing of the MoS;. This assumption was
already made, mainly for the PBI-NH> and PBI-COOH functionalized MoS; without top
graphene layer (Appendix 15 & Appendix 16), since the Raman spectra on the substrates
showed a background assigned to the PBI fluorescence. In the heterostructure with top graphene
layer these substrate areas are now covered with graphene and the PBI molecules’ Raman
signals are enhanced. At the same time the fluorescence is completely quenched, which leads
to the assumption that the PBI molecules at the bottom of the graphene layer rearrange and
build some kind of self-assembled layer and interact with the top graphene layer, causing the
fluorescence quenching. Another observation is the presence of the 1250 cm™ mode in the
MoS: area (blue spectrum), which was not there on the examined flake with only PBI-NH:
functionalization (Appendix 16) and its complete absence in the graphene area (grey
spectrum). The 1250 cm™* mode was seen before in the functionalization of MoS; with 0.1 and
0.01 mM PBI-CHs but was not clearly related to any specific perylene or concentration. It is
possible that this mode indicates charge transfer, in agreement with literature.[2%2 It is likely
that the appearance or absence of this mode depends on the perylene packing and arrangement
on the sample though definite conclusions would afford further investigations, such as
theoretical calculations of the band structures.

The corresponding false color Raman maps in Figure 68 d demonstrate the MoS; (44,
408 cm™), PBI (1303 cm™) and graphene (G-peak, 1588 cm™) distribution and an overlay
image of these maps. The maps present a clear triangular shape of the MoS: flake with
homogeneously deposited PBI, preferentially on the flake with lower intensity on the

surrounding area, and graphene covering the whole area of the Raman map with few tears.
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8.4. Conclusion

In this chapter, three different PBI derivatives, PBI-COOH, PBI-CHs and PBI-NH> were used
for functionalization of CVD-grown TMD materials to form self-assembled layers on their
surface and thereby introduce additional functionalities to the material.

For functionalization, the previously reported method of drop-casting 1 mM aqueous-solution
of PBI onto the TMD surface was reproduced. The approach was extended for the organic
solvent soluble derivatives PBI-CHz and PBI-NH2 by immersion of the TMD material directly
on-chip in a low-concentrated solution of the PBI for prolonged time. The formation of the PBI
layer was then monitored with AFM to study the thickness of the formed film. Raman
spectroscopy and TOF-SIMS were used to investigate the deposition and homogeneity of
distribution of the PBI molecules on the sample.

Several criteria were considered in the investigation of the SAM PBI films on 2D materials,
including the selectivity of the deposition towards the 2D material over the substrate, the
efficiency/packing density and distribution over the flakes.

AFM measurements were conducted to determine the organic layer height. It was found to be
about 1 nm on the TMD flakes. This result was achieved using drop-casting, as well as
immersion in the functionalization solution overnight, with subsequent rinsing. The
functionalization was realized with the water soluble PBI derivative, as well as two PBIs in
organic solvent THF. Various dilutions of PBI-CH3z were investigated, where the higher
dilutions needed an additional washing step after immersion in the organic solution overnight
to result in similar PBI layer heights. The measured organic layer heights of ~1 nm suggest the
formation of self-assembled monolayers, though it is clearly pointed out, that varying
arrangements of the molecules could result in different monolayer heights. The exact molecular
arrangement could only be proved with methods, such as STM, which was not part of the
investigations in this study.

The efficiency of the PBI functionalization was further tested with Raman spectroscopy. The
appearance of the main vibrational Raman modes of the PBI solely on the TMD material,
indicated a preferential deposition of the molecules on the flakes vs. the substrate. Though in
some cases a fluorescence background in the spectra on the substrate areas was seen, originating
from residual PBI molecules. Still, the absence of individual vibrational modes indicates, that
the residual molecules are not bound but probably aggregate on the substrate and might be
washed away by thorough rinsing procedures. The homogeneity of the molecular distribution

on the flakes was examined, showing variance for different dilutions of PBI-CHzs. The signal
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intensities of different perylenes were compared, showing high intensities for PBI-COOH and
PBI-NH> but low for PBI-CHs. Amongst the tested, dilutions of PBI-CHs, the most
homogeneous PBI deposition was found for the lowest dilution of 0.001 mM. Overall, only
small changes were observed for differently concentrated solutions of PBI.

Effects, such as the PBI packing density, arrangement and hybridization to form dimers/trimers
and other aggregates were discussed as influencing factors for the organic-inorganic interaction
at the interface, causing charge transfer, leading to effects such as fluorescence and
photoluminescence quenching.

AFM-IR was applied as additional technique allowing local examination of the organic
molecules on the nanoscale, overcoming the limitation of light diffraction by local probing of
the sample at the nanoscale.

TOF-SIMS measurements visualized the distribution of hydrocarbon fragments, which are
representative for the PBI molecules, fragmenting during the ion bombardment. The elemental
maps confirmed the selective deposition of PBI on the TMD material, if sufficient rinsing was
applied after functionalization, removing unbound molecules from the substrate.

Finally, heterostructures of PBI functionalized MoS: with top graphene layer were realized as
organic-inorganic heterostacks. TOF-SIMS can be applied to examine the surfaces and
interfaces of these stacks, aiding the characterization of buried interfaces or surface chemistries,
enabling the implementation in future technological developments. These structures can
potentially be applied in electronic devices, such as antiambipolar transistors, exploiting the
ability of the PBI molecules to induce charge transfer from or to the TMD layer, dependent on
the used PBI derivative. A first step towards the future goal of device implementation would
be controlled structuring of these heterostructures and contacting for proof of principle

electrical measurements.
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8.5. Appendix
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Appendix 14 AFM topography and height scans on CVD MoS; flakes on SiO2/Si before (black lines)
and after functionalization (blue lines) with a) 0.001 mM PBI-COOH, b) 0.01 mM PBI-CH3 by
immersion overnight and additional washing step (red lines), ¢) 1 mM PBI-CHs and d) PBI-NH; by
drop-casting, respectively.
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Appendix 15 a) Raman spectra of CVD-grown MoS; on SiO./Si functionalized with 0.001 mM
PBI-COOH by immersion overnight, extracted from the flake (blue curve) and substrate area (black
curve) and b) maps of the E3 g and A;; modes of MoS,, SiO; signal and the main perylene peaks at

1250, 1301, 1381, 1456, 1588 and 2500-3000 cm.
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Appendix 16 a) Raman spectra of CVD-grown MoS; on SiO>/Si functionalized with 1 mM PBI-NH;

by drop-casting, extracted from the flake (blue curve) and substrate area (black curve) and b) maps of

the E%g and 4,4, modes of MoS;, SiO; signal and the main perylene peaks at 1250, 1301, 1381, 1456,
1588 and 2500-3000 cm™,
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Appendix 17 a) Raman spectra of CVD-grown MaS; on SiO,/Si functionalized with 1 mM PBI-CHjs
by drop-casting, extracted from the flake (blue curve) and substrate area (black curve) and b) maps of

the E%g and A, 4 modes of MoS,, SiO; signal and the main perylene peaks at 1250, 1301, 1381, 1456,

a)

Intensity [a.u.]

1588 and 2500-3000 cm™.

b)

flake

substrate

o

1807
CCD cts

0
CCD cts

Asg CCD cts

3pm I

CCD cts

E29 CCD cts

CCD cts

- 615
CCD cts

366
CCD cts

335
CCD cts

T T T T T
500 1000 1500 2000 2500
Raman shift [rel cm™]

T
3000

T
3500

Appendix 18 a) Raman spectra of CVD-grown MoS; on SiO2/Si functionalized with 0.1 mM PBI-CHz

by immersion overnight, extracted from the flake (blue curve) and substrate area (black curve) and b)

maps of the E%g and A, 4, modes of MoS;, SiO; signal and the main perylene peaks at 1250, 1301,

1381, 1456, 1588 and 2500-3000 cm™™.
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Appendix 19 a) Raman spectra of CVD-grown MoS; on SiO./Si functionalized with 0.01 mM

PBI-CHs by immersion overnight, extracted from the flake (blue curve) and substrate area (black

curve) and b) maps of the E3 g and A;; modes of MoS,, SiO; signal and the main perylene peaks at

1250, 1301, 1381, 1456, 1588 and 2500-3000 cm.
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Appendix 20 a) Raman spectra of CVD-grown MoS; on SiO-/Si functionalized with 0.001 mM

PBI-CHs by i

mmersion overnight, extracted from the flake (blue curve) and substrate area (black

curve) and b) maps of the E%g and 4,4, modes of MoS;, SiO; signal and the main perylene peaks at

1250, 1301, 1381, 1456, 1588 and 2500-3000 cm™.
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Appendix 21 a) Raman spectra of four CVD-grown pristine MoS; on SiO-/Si flakes and b) PL spectra
of the same flakes before (bold lines) and after functionalization with PBI-CHs via immersion in a
0.01 mM solution overnight (dashed lines), all extracted and averaged over the respective flake areas.
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Appendix 22 PL spectra of a pristine (black) and functionalized MoS; on SiO>/Si flake via immersion

in a 0.1 mM PBI-CHg solution overnight, averaged over the flake area.
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Appendix 23 AFM-IR acquired infrared amplitude response of MoS; flakes on an Au stripped

substrate measured at 1184 cm™.
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Appendix 24 a) PL spectra of a heterostack of CVD-grown MoS; on SiO-/Si functionalized with
1 mM PBI-NH; and top graphene layer (blue curve) and the surrounding graphene area (grey curve)
and b) maps of the E%g mode of MoS;, G and 2D signal of graphene and the main perylene peaks at

1250, 1301, 1381, 1456, 1588 and 2500-3000 cm.
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Appendix 25 High-resolution (unbunched mode) TOF-SIMS maps of 8Se’, 28Si-, 107, C, CH", and
CHy, Cy, CoH and CN- secondary ions representing the planar distribution of the main elemental
species on the surface of CVD-grown WSe; on SiO-/Si functionalized with PBI by immersion in

0.001 mM PBI-CHjs solution overnight. The %2S signal represents the MoS; flakes and 2Si-, as well as

O can be assigned to the substrate. Scale bar in all images is 15 pm.
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9. Revealing the Interfaces of TMD Films on Substrates by
TOF-SIMS Depth Profiling

9.1. Introduction

Group-10 noble-transition-metal dichalcogenides (NTMD), such as PtS», PtSe,, PtTez, PdS,,
PdSe», PdTe> etc., have become the subject of renewed research interest in the past few years
due to their novel physical properties as 2D materials. The first report on naturally occurring
PtSe> dates back only to 1997, when it was discovered in its rare mineral form, Sudovikovite,
named after a famous Russian petrologist N.G. Sudovikov, in the Russian republic of Karelia.
While the chemical composition of the mineral was found to be PtoggPdoosSezo, its ideal
synthetic formula is PtSe». Studies on the synthetic reaction between platinum and selenium
were conducted by Berzelius as early as 1818.122 The first successful attempts to synthesize
the bulk material were reported in 1909 by Minozzi?®! from the constituent elements.
Subsequently it was prepared by Moser and Atynskit??! by precipitation with hydrogen selenide
in an aqueous solution in 1924 and Wéhler et al.l??? by heating platinum tetrachloride with
large amount selenium in 1933. Recently, PtSe; has joined the scientific field in its 2D material
form. The unique interlayer vibrational behaviours and highly tunable electronic properties
make it a promising candidate for numerous electronic, optoelectronic, catalytical and sensor
applications.?222241 Different from other TMDs, the noble metals d orbitals are nearly fully
occupied and the corresponding p, chalcogen orbitals are highly hybridized, resulting in strong
layer-dependent properties and interlayer interactions.?252261 They exhibit layer-dependent
bandgaps in the range of 0.25 to 1.6 eVI[??>2?"l and PtSe, exhibits phase transition from
semimetal to semiconductor depending on the layer-number, which bridges the properties of
graphene and other TMDs. Calculated, phonon-limited mobility values for PtSe, reach
~1800 cm?V-!s? and exceed many other TMDs, such as MoS; with only ~300 cm?V/-1s1,[228]
Experimentally, FET mobilities of ~200 cm?V-1s™ have been demonstrated for few-layer PtSe;
in back-gated devices on SiO2/Si.[??°1 Due to their tunable bandgaps NTMDs can potentially
find applications in mid-infrared photonic and optoelectronic applications and the materials
have demonstrated high stability in air.??! In this chapter focus will be placed on PtSe,, which
is one of the more studied NTMDs and can readily be synthesized by TAC or even CVD
methods (see chapter 1112.3 for theory on CVD, TAC), which is not necessarily the case for all

members of its group.
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PtSe> possesses a hexagonal 1T crystal structure with P-3m1 space group and the typical TMD
stacking of three atomic layers in the order of Se-Pt-Se, held together by weak Van Der Waals
forces. Within the layers the Se atoms are strongly bonded to the Pt atoms, resulting in an
octahedral coordination and the octahedra are bonded along Se-Se edges.[?3%

When it comes to device integration of PtSe», for example in back-gated FET devices, a clean
interface between the PtSe> layer and gate oxide/substrate is of fundamental importance. The
process leading to a finished device typically includes numerous steps, which can potentially
introduce contamination or unwanted features such as defects into the layered material, the
substrate and interface, which can then compromise the device functionality and performance.
The potential risk of contamination introduction due to environmental hydrocarbon adsorption
or polymer-assisted transfer processes, as well as lithography, has been addressed in chapter
V7. Another issue are changes occurring at the interface between TMD and oxide/substrate
during synthesis and processing of the 2D layers. When it comes to the investigation of such
interfaces many analytical methods can be excluded, as they cannot access the buried interfaces
or their depth resolution is insufficient to provide information on the exact nature of the
interface. However, TOF-SIMS analysis, which was already shown to be powerful as surface
analytical technique, can be applied to examine the intrinsic nature of TMD/oxide/substrate
interfaces using the key feature of depth profiling with high lateral and depth resolution.

In this chapter TOF-SIMS depth profiles of PtSe; films, prepared by TAC via conversion of
pre-deposited Pt metal, are investigated. The effects of different PtSe, film thicknesses,
as-grown vs. transferred films, the analysis with different caesium sputter gun settings and on
different substrates are examined. Conclusions on the intrinsic nature of buried PtSe

(oxide)/substrate interfaces are derived.
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9.2. Experimental Details

The general synthesis approach for TAC TMDs was discussed previously in 1112.3 and in the
literature.[?31-2%% Details for the specific synthesis of PtSe, TAC films are briefly explained
here.

In this study, the standard substrates used were 300 nm thermally oxidized SiO2 on Si. Other
substrates also used were 56 nm Al>Os deposited by atomic layer deposition (ALD) onto Si and
93 nm of SiN deposited by low pressure chemical vapor deposition (LPCVD) on Si, both
provided by Infineon Technologies AG.

Metal films of desired thickness were deposited on the substrates. Either a PECS 682 precision
etching and coating system (Gatan, Inc., USA) or an e-beam evaporator inside a MUM 545
modular UHV chamber (Ferrotec, Corp., USA) were used, with control of the deposition
thicknesses by a quartz-crystal balance.

The TAC process was conducted either in a two-zone quartz-tube furnace or a MOCVD setup.
In the former case, substrates were placed in the primary and a crucible with the selenium
powder/pellet in the secondary heating zone of the tube furnace. The substrates were then
heated to 450 °C under forming gas (90% Ar/10% Hz, 150 sccm) and continuous vacuum
pumping at ~1 mbar. After the substrates reached the synthesis temperature, the selenium was
heated above its melting point, to ~220 °C for a reaction time of 120 min. In the last cooling
step, the furnace was air cooled to room temperature with a 100% Ar flow. The extracted
samples were kept under a N2 flow box atmosphere until needed.

For the alternative MOCVD process the substrates were placed in a custom-made cold wall
reactor fully encapsulated in a glovebox. The selenium powder was placed in a separate quartz
crucible, heated to 200 °C, and the selenium was transported through quartz pipes to the reactor
with a hydrogen flow of 50 sccm. At the same time, the substrates were heated to a reaction
temperature of 450 °C (reached after 5 min) with 4 mbar process pressure. The whole reaction

time was 120 min, after which the reactor was cooled down to room temperature under Ar flow.
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9.3. Results and Discussion

9.3.1. General representation of a TOF-SIMS spectrum and depth profile
of PtSez on SiO2/Si:

o
a) b) Q,@@
1.8x10°2 -
= 5o —rrse 77 S10;
] m 2 (- [——— Pt diffusion/knock-on
= =1 B I,
g K A A VA “A'""‘ M :‘IV o
ke] Se - : i e |‘I \ N —Pt 1nm
5 2 s |V —Se
2 4 25102 1 ] = | Y
o 1 ) \ PtSe,
] - CN
B I —Si
: :
£ o S
5 6.0x10° ]
c 7]
@ €
? |
O'UJ,“.I‘.H‘ 4 bebthrrd ———————
50 100 150 200 250 300 350 400 500 750 1000

m/z [a.u.] Sputter time [sec]

Figure 69 TOF-SIMS spectrum and depth profile analysis of a PtSe; film grown by TAC from a 1 nm
Pt metal layer on SiO./Si. a) TOF-SIMS spectrum reconstructed from the first 20 sputter cycles of b)
the corresponding depth profile. The PtSe, (orange), Se (green), CN (cyan), Pt (red) and SiO- (grey)

signals are normalized. The PtSe;, SiO; and intermixing interface layers, determined by the
half-maximum of the intensity of the corresponding signals, are indicated by orange, grey and hatched
bars above, respectively. The red arrow and dashed line represent the diffusion or knock-on of Pt

signal in the material.

Figure 69 a shows the TOF-SIMS spectrum of a PtSe; film on a SiO/Si substrate, converted
from 1 nm pre-deposited Pt metal, resulting in a 2-3 nm thick TMD layer, extracted from the
first 20 cycles (corresponding to the first 105 sec; one cycle equals ~5.25 sec) of a depth profile
through the material. In the low mass range of the spectrum, hydrocarbon contaminants and the
typical substrate signals appear, while the higher mass region shows pronounced isotope
patterns of Se (m/z 74-82), Se»> (m/z 150-164), Pt (m/z 192-198), PtSe (m/z 268-280) and PtSe>
(m/z 344-362). Figure 69 b depicts the depth profiles of chosen signals, normalized to [0;1] for
better comparability, through the PtSe> layer. The PtSe, Pt and Se profiles were extracted as a
combination of all corresponding isotopes to increase the overall intensity. The x-axis shows
the sputter time during profiling. Layer boundaries are generally determined by the sputter time

at half of the maximum ion count intensity of a representative signal of a certain layer.[6366]
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At the beginning of the depth profile, an organic contamination layer, represented by the rise
of the CN signal, is present. This is rapidly removed within the first two sputter cycles (~10 sec),
followed by the PtSe> layer, which effectively begins at 50% of its maximum intensity (which
is always 1 for the normalized curves) at around 10 sec and ends around 70 sec sputter time
(indicated by the orange bar on top of the graph). The SiO> signal for the substrate starts at
around 200 sec (indicated by the grey bar). Between those layers an intermixing interface forms
(hatched region) due to interface contaminations, represented by the rising CN signal in that
area, but also due to sputter defects and knock-on effects during depth profiling with the Cs*
sputter gun. The Se signal has its maximum overlapping with the PtSe: layer, then decreases
and has another intensity maximum within the intermixing phase, before it fully descends. For
the elemental Pt signal the intensity also rises within the PtSe; layer but to a much lower level
than afterwards, towards the end of the intermixing phase. It decreases slowly already within
the substrate layer region, which implies the incorporation of Pt atoms into the substrate. The
knock-on effect, as well as diffusion of Pt atoms will be discussed as possible causes for this
observation in the further examinations.

In the following sections, other depth profiles of PtSe> layers are discussed, all presenting a
signal distribution similar to the one presented above. Tendencies for different TMD layer
thicknesses and as-grown vs transferred films, Cs* sputter powers and changing substrates are

investigated.
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9.3.2. TOF-SIMS depth profiles of PtSe2 TAC films of different thickness
on SiO2/Si:

Here, studies on three PtSe; TAC films of different thickness on SiO»/Si are described. The
films were prepared by pre-deposition of nominal 1, 2 and 3 nm of Pt metal by metal beam
epitaxy (MBE) on SiO2(300 nm)/Si substrates and subsequent thermally assisted conversion
with selenium pellets at 450 °C in a quartz tube furnace. The Pt metal and PtSe> layers, labeled
1, 2 and 3 L indicating the nominal thickness of the starting metal layer, were measured with
AFM to confirm their thicknesses (data shown in Appendix 26 - Appendix 31). On each film,
at least two step heights at a scratch in the film were measured and the averaged values are

summarized in Table 6.

Table 6 AFM measured layer thicknesses of nominal 1, 2 and 3 layers of Pt metal before and after

conversion to PtSe;.

Pt [nm] PtSez [nm] ratio
1 Layer 1.4 2.6 1.9
2 Layer 1.6 3.9 24
3 Layer 1.9 51 2.7

From these AFM measurements the expansion factor of the metallic Pt layer from before to
after conversion with selenium to PtSe; in the TAC process is found to be ~2-3. A previous
report states an expansion factor of ~3,5 — 4.1241 The expansion factor is subject to relatively
high fluctuations as it can be influenced by the layer arrangement, unaligned layers or bad
crystallinity would intuitively lead to a thicker sample.[?®! Thus, the formation of the TMD is
further checked with Raman spectroscopy. Additionally, a full conversion of the metal to TMD

can be proven by XPS analysis, shown in section V9.3.5.
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Figure 70 Single point Raman spectra on differently thick TAC-grown PtSe; films on SiO./Si. The
spectra are arranged in ascending thickness from nominally one to three layers, labeled 1, 2, 3 L
(black, red and blue curve).

Figure 70 shows the single point Raman spectra on the nominal 1, 2 and 3L (black, red and
blue curves) PtSe; samples. In general PtSe, possesses two prominent peaks, the E; and 4,4
modes at ~178 and 209 cm™ respectively and an additional shoulder at ~233 cm™ from a
combination of the A,,, and E,, longitudinal optical modes.?* For the spectra presented here,
the E; mode blue-shifts from ~177 to 180 cm™ and the A4,, mode from ~206 to 208 cm™
towards thinner layers. All PtSe2 modes show increased intensity with increasing layer
thickness, while the substrate Si peak at ~520 cm™ decreases. The A,, and E, longitudinal
optical modes are especially sensitive to the layer thickness. They show sharper peaks for
thinner films, as for the 1 L sample, merge into a shoulder for thicker ones (2 and 3 L) and are

completely absent for bulk materials.[?3]

Figure 71 presents the depth profiles of three PtSe> TAC films of different thickness. The top
graph presents a depth profile from a PtSe; film, synthesized from 1 nm of pre-deposited Pt
metal, resulting in a nominally 3-4 nm thick TMD film. In the middle the profile of a 5-6 nm
PtSe> film from 2 nm Pt and on the bottom, 7-8 nm PtSe, from 3 nm Pt are displayed. The PtSe>
signals start around 8, 8 and 13 sec and end at 73, 214 and 276 sec sputter time for the films
prepared from 1, 2 and 3 nm Pt, respectively. The PtSe; layers therefore last for 65, 206 and
263 sec. The SiO2 substrate signal starts at 200, 605 and 725 sec, respectively, so the
intermixing interface increases from 127 to 391 and 449 sec towards the thicker TMD layers.

The intermixing phase is governed by a high intensity Pt signal, which decays only within the
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substrate region. The signals half maximum is reached at 284, 964 and 1189 sec, which
accounts for a diffusion/knock-on of 81, 357 and 466 sec within the substrate. This effect can
be ascribed to Pt diffusion into the substrate, which could be either caused during metal
pre-deposition (evaporation, sputtering) or during the high temperature (450 °C) selenization
process. Another possible explanation would be the knock-on effect during depth profiling,
where the highly energetic Cs* sputter ions transfer their energy to the Pt ions, which then get
buried further into the layer, rather than being ejected from the surface. The above profiles
appear to indicate that the Pt diffusion/knock-on also increases (as the decay of the Pt signal

takes longer) for thicker TMD layers.
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Figure 71 TOF-SIMS depth profiles of TAC-grown PtSe; films of different thicknesses on SiO-/Si.
Normalized graphs of films synthesized from 1, 2 and 3 nm of pre-deposited Pt metal are shown on
the top, middle and bottom, respectively. The PtSe; (orange), Pt (red) and SiO- (grey) signals are
presented for each sample. The PtSe,, SiO; and intermixing interface layers, determined by the
half-maximum of the intensity of the corresponding signals, are indicated by orange, grey and hatched
bars above, respectively. The red arrow and dashed line represent the diffusion or knock-on of Pt

signal in the material.
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9.3.3. TOF-SIMS depth profiles of PtSe2 TAC films of different thickness,
transferred on SiO2/Si:

To further investigate the nature of this diffusion or knock-on effect, the same PtSe; films were
transferred onto fresh SiO»/Si substrates, and the depth profiles were repeated on these samples.
The examination of transferred films on new SiO/Si substrates may help to rule out any Pt
diffusion into the substrate due to annealing in the selenization process, since this is only
relevant for the original growth substrate. For transfer the samples were spin-coated with
PMMA, etched in a 2 M KOH solution, washed with fresh DI water and fished onto new
SiO2/Si substrates. After drying in the desiccator overnight, the polymer was dissolved in
acetone, rinsed with IPA and blow dried with a N> gun (for the complete procedure see

experimental details in section VV9.2).
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Figure 72 TOF-SIMS depth profiles of TAC-grown PtSe; films of different thicknesses, transferred
onto fresh SiO,/Si substrates. Normalized graphs of films synthesized from 1, 2 and 3 nm of
pre-deposited Pt metal are shown on the top, middle and bottom, respectively. The PtSe; (orange), Pt
(red) and SiO- (grey) signals are presented for each sample. The PtSe,, SiO; and intermixing interface
layers, determined by the half-maximum of the intensity of the corresponding signals, are indicated by
orange, grey and hatched bars above, respectively. The red arrow and dashed line represent the

diffusion or knock-on of Pt signal in the material.
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Figure 72 displays the resulting depth profiles. A delay in the appearance of the PtSe> signal is
noted, indicating there is greater coating of surface contamination. This can be explained by
greater surface contaminations e.g. from PMMA residues from the transfer. For the first profile
the PtSe> layer lasts slightly longer, for 85 sec, as compared to 65 sec before transfer, while the
second and third last for 207 and 274 sec, comparable to before transfer (206 and 263 sec). The
SiO2 layer starts at 220, 620 and 823 sec for the first, second and third profile, resulting in
intermixing phases of 128, 398 and 475 sec, which are comparable to the values before transfer
(127 to 391 and 449 sec). The Pt signal now reaches its half-maximum after 70, 235 and 378 sec
below the PtSe, layer, which is slightly less compared to the as-grown films at 81, 357 and
466 sec.
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Figure 73 Dependence of the sputter duration during TOF-SIMS depth profiling on the film thickness
of as-grown and transferred PtSe; films. PtSe; layers (red squares), intermixing interfaces (blue
circles) and Pt signals (green triangles) of as-grown (filled symbols) and transferred (hollow symbols)

PtSe; films of different thicknesses (from 1, 2 and 3 nm Pt) are compared.

The summarizing plot in Figure 73 presents the sputter durations of the PtSe> layer, intermixing
interface and elemental Pt signal for the as-grown (filled symbols) and transferred (hollow
symbols) PtSe; films of different thicknesses in direct comparison. It can be concluded that the

time it takes to sputter through the PtSe, layers (red squares) for the same conditions almost
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does not change from as-grown to transferred material. In both cases the sputter time seems to
be proportional to the TMD layer thickness, which was previously reported.[?3%! Analogously,
the sputter time, or depth, for the intermixing interface (blue circles) is largely unaffected by
the transfer process. This indicates that while diffusion during the growth process cannot be
ruled out, defects induced by sputtering are likely the dominant mechanism responsible for
layer intermixing. Specifically, the main signal appearing in the intermixing phase is Pt,
therefore the Pt diffusion/knock-on is the main cause for the intermixing. The thicker the PtSe;
layer, the more Pt it contains and therefore the greater the intermixing effect and thus the
corresponding sputter time increases. The Pt signal (green triangles) decays quicker for all three
transferred films as compared to the as-grown ones. For the transferred films diffusion of Pt
into the substrate can be excluded, as the films were prepared on other substrates. Therefore,
the remaining effect can be ascribed solely to the knock-on effect of Pt ions into the substrate
during sputtering. The difference in the Pt signal decreases from as-grown to transferred films,
would support the theory that both effects, knock-on and diffusion during film preparation, play
arole in TOF-SIMS characterized PtSe; film on SiO3, even though the knock-on effect is most

dominant and complicates a detailed investigation of potential Pt diffusion in the substrate.
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9.3.4. TOF-SIMS depth profiles of Pt metal films of different thickness,
sputtered on SiO2/Si:

To discriminate between the possible causes of Pt incorporation in the substrate during
synthesis, namely during pre-deposition of the metal film via evaporation or sputtering and
selenization at high temperatures, a set of different thickness unselenized Pt films on SiO2/Si
substrates were depth profiled.
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Figure 74 TOF-SIMS depth profiles of Pt metal films of different thicknesses.The normalized graphs,

labeled 1L, 2L, 3L, correspond to nominally 1, 2 and 3 nm Pt on SiO,/Si substrates. The SiO; (dark to

light green) and Pt (scatter plot, circle for 1L, triangle for 2L and square for 3L) signals are presented
for each sample. The signs of the rise in the Pt signal scatter plots are red, while the decay ones are

black and have been fitted with an exponential decay function (red curve).

Figure 74 shows the profiles of three Pt metal layers on SiO», with nominal thickness of 1, 2
and 3 nm. The Pt signals are presented as scatter plots (circle for 1L, triangle for 2L, square for
3L), the respective substrate signals are shown as continuous lines. As expected, the substrate
signals plateau in accordance with overlying film thickness, beginning with the thinnest Pt

layer. Correspondingly, the signals for the Pt layers reach their maximal values in the same
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order. Therefore, just as for the PtSe> films before, it takes longer to sputter the thicker Pt metal
layers than the thinner ones. The descending curves of the Pt signals were additionally fitted
with an exponential decay function to explore whether the rate of decay depends significantly
on the film thickness. The fitted functions all show approximately the same curve course and
gradient, which shows, that the thickness of the sputtered layer and therefore the sputter time,
do not significantly change the depth profile. These fitted decay functions can be compared to
the selenized analogues of these films (Appendix 32), showing, that the gradient is much lower
for the selenized films. These findings allow the following conclusions to be inferred: Firstly,
the incorporation of Pt metal into the oxide during sputtering cannot be entirely excluded, but
since prolonged sputter times for thicker layers do not lead to slower decay of the Pt signal
(smaller gradient in the fitted exponential decay curve), this would appear not to be a significant
issue for the deposition methods used here. On the other hand, the slower decay of the Pt signal
for the selenized samples, as compared to the Pt metal ones, suggests, that the selenization
process at high temperatures might lead to a diffusion of Pt metal into the substrate and therefore
the Pt signal decay in the substrate region appears prolonged in the TOF-SIMS depth profiles.
Nonetheless, these are still hypotheses, since the kinetic knock-on effect in slightly different

environments might have an influence on the outcome of the presented Pt signal decays.
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9.3.5.

Another aspect that needs to be considered during TOF-SIMS depth profiling is the effect of
preferential sputtering. Whenever the sputter yield ratio Ya/Ys of two elements A and B in a

component is not proportional to the ratio of the surface concentrations, this may indicate

XPS analysis of PtSe2 TAC films on SiO2/Si after TOF-SIMS depth
profiling:

non-stoichiometric or preferential sputtering.%82%"]

Figure 75 shows a complete TOF-SIMS depth profile through a PtSe; layer, prepared from

nominally 1 nm of pre-deposited Pt metal. The orange, green, red and grey curves again

represent the signals of PtSe,, Se, Pt and Si during profiling.
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Figure 75 TOF-SIMS depth profile of a TAC-grown PtSe; film on SiO./Si, synthesized from 1 nm of
pre-deposited Pt metal. The normalized PtSe, (orange), Se (green), Pt (red) and SiO; (grey) signals are
presented. The PtSe,, SiO; and intermixing interface layers, determined by the half-maximum of the
intensity of the corresponding signals, are indicated by orange, grey and hatched bars above,
respectively. The thick black bars, labeled 1, 2, 3, 4, mark the end points of four individual depth

profiles, which were each conducted on fresh spots on the film and the resulting sputter craters were
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used for XPS analysis.
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When comparing the signals of Pt and Se during depth profiling of PtSe> it becomes apparent,
that the Se signal has its maximum within the PtSe> layer and decreases within the intermixing
phase, long before the Pt signal. The Pt signal reaches its maximum after the Se is almost
completely sputtered away. This effect can be described as preferential sputtering of Se over Pt
from the PtSe, matrix. Apparently, Se is efficiently ejected from the surface, while Pt remains
and as a result the long intermixing phase and Pt knock-on is produced.

To support these findings with a complementary analytical technique, ex-situ XPS was used to
characterize the sputter craters of TOF-SIMS profiles, at different times during a depth profile.
For that, the samples were first measured in the TOF-SIMS and then directly transferred to the
XPS UHV chamber in the same laboratory with minimal time exposure to the environment.
Figure 75 shows a complete TOF-SIMS depth profile, the thick black vertical lines, labeled 1,
2, 3 and 4 indicate the four points at which the depth profiling was stopped and XPS was
measured. Each of the profiles was conducted on a fresh spot on the sample. XPS was used to
give further insights about the binding states of the individual elemental atoms and fragments
observed with TOF-SIMS.

XPS characterization in general includes the measurement of a survey spectrum with lower
resolution and high-resolution measurements of the most relevant core-level regions. For PtSe>
TAC films these are the TMD metal (Pt 4f) and chalcogen core-levels (Se 3d), as well as the
Si2p, O1s and C 1s for a general insight on the substrate and potential hydrocarbon
contaminants. The core-level regions were fitted, with appropriate fitting parameters to
distinguish between different species/binding-states within one measured region. For clarity,
the spectra are presented with a background subtraction of the fitted components, while the
envelope of the fitted peaks is shown without subtraction along with the raw spectrum. The
spectra require charge correction to shift the position of the peaks to the correct energy position,
which is commonly done by shifting the C-C (sp3) component to ~285 eV. For the reference
spectrum in this study the shift was done at 284.4 eV. The subsequent associated spectra
(collected in the sputter craters of TOF-SIMS depth profiles) were shifted to the Si 2p position

of the reference at ~103.8 eV to avoid mistakes due to different carbon states.

Figure 76 presents XPS characterization of the pristine, unsputtered PtSe> TAC film as
reference for the sputtered films. The main characterized regions of interest include Pt 4f
(~74eV) and Se 3d (~33eV). The Pt4f is fitted in the region ~69-82 eV with two Pt 4f
doublets. The first doublet of Pt 4f;, is at 72.0 eV and corresponds to a sub-stoichiometric

PtSex compound. The presence of this component is supported by the appearance of a correlated
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PtSex component in the Se 3d region. The fitted peak shape was chosen to be slightly
asymmetrical to account for the potentially mixed semi-conducting and metallic phases.[*6%2%
The Pt4f;,, of PtSe; is fitted at 73.2 eV with 3.33 eV splitting. The Se 3d core region is
measured between ~51-63 eV. It overlaps with the Pt 5p5,, state on the low binding energy
side, fitted with a broad single, symmetrically shaped peak at ~53.6 eV. Pt 5p; /, is not included
here, as the splitting is 24 eV. Additionally, two doublets are fitted, the Se 3d;,, for PtSe; at
54.5 eV and at 55.2 eV, corresponding to the sub-stoichiometric PtSex compound. PtOx and
SeOx are sometimes included for PtSe, XPS peak fittings in literature.l*5%1 Such oxides were
excluded from this analysis as they did not improve the fitting results and there was no physical
indication for strong oxidation of the PtSe> film, especially since they were kept in a N2 flow

box or UHV chamber most of the time.
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Figure 76 XPS analysis of a pristine, TAC-grown PtSe; film (from 1 nm pre-deposited Pt metal) on
SiO/Si. The Pt 4f and Se 3d core regions are fitted with several components and the Si 2p, C 1s and

O 1s core regions are shown.

Figure 77shows the results for the XPS measurements in the TOF-SIMS sputter craters of the
four depth profiles, stopped at different moments during the profiling (see Figure 75 black bold

vertical lines, labeled 1-4). The transition metal Pt 4f core region fitting is most informative
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and therefore will be the focus of further discussion. The survey spectra and other core region
measurements of the reference and sputtered film are provided in Appendix 33 and
Appendix 34. The Pt 4f core-level region, corresponding to the first TOF-SIMS depth profile
(Figure 77#1, top) is fitted with four doublets. At high binding energies an overlap with the
Cs 4ds ,level is fitted at 76.1 eV and a splitting of 2.3 eV. The Cs is introduced during depth
profile sputtering with a Cs* sputter gun (core-level regions in Appendix 34). The Pt 4f; , state
for PtSe; is fitted at 72.8 eV and 3.3 eV splitting and found to be drastically decreased in

intensity in comparison to the pristine reference sample in Figure 76.
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Figure 77 XPS analysis of the Pt 4f core region of a TAC-grown PtSe; film (from 1 nm pre-deposited
Pt metal) on SiO,/Si. The core region is fitted with several components. The analysis presents different

stages #1 - #4 during a TOF-SIMS depth profile, measured in the sputter craters.

The Pt 4f; , state for PtSey, fitted at 71.9 eV, is higher in intensity than the PtSe2 compound.
Both doublets show a slight shift in peak position to lower binding energy and are fitted with
the same peak shapes as for the reference sample, symmetrical for PtSe, and slightly
asymmetrical for PtSex. At lowest binding energies, metallic Pt is fitted with an asymmetrical
peak shape at 71.1 eV. The peak shape and position for the metallic Pt matches the ones found

in literature.[*%°1 Although, it is important to bear in mind that peak positions are always subject
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to charge corrections and therefore reported values can deviate in literature. The measured
Se 3d core regions (Appendix 34) show that Se rapidly decreases, already at the first #1 stage
of the profile, as compared to the reference PtSe, sample (Figure 76). The next two Pt 4f
regions, corresponding to sputter craters #2 & #3 (Figure 77#2&#3) are fitted with the same
peaks. They show a further increase of the Cs species, which appear to have saturated and
additionally a decrease in the metallic Pt species. At that point the sub-stoichiometric PtSex
compound is slightly more intense than the PtSe> and metallic Pt, but both are greatly
diminished. At point #4, which is the endpoint of the TOF-SIMS depth profile the only visible
remaining signal is from Cs.

Overall, the results of the XPS fitting are in good agreement with the TOF-SIMS profile in
Figure 75.

As a common conclusion from this merged TOF-SIMS and XPS investigation, one finds that
the sputtering of thin PtSe, films quickly leads to the formation of a sub-stoichiometric PtSex
phase, which supports the assumption of preferential sputtering of Se over Pt from the PtSe>
film. The effect of preferential sputtering was reported for other chalcogenide and transition
metal compounds before. It was seen, that the lighter components will be sputtered
preferentially, as for Se over Pt.%823] Besides the lighter mass, also the higher volatility of the
chalcogenides needs to be considered.l?*® As a result the formation of metallic crystal phases
was observed, for example in the case of Ar* ion bombardment of thin W-S films.[?*] This
finding is applicable to other TMD systems, as the sputtering of chalcogenides presumably
always occurs more readily than of the transition metals. However, differences in the sputter
yield of transition metals exist and other factors like the ionization probability will likely depend
on the specific nature of the TMD probed. In conclusion, preferential sputtering always needs
to be taken into account when performing TOF-SIMS depth profiling experiments. This
complicates studies on the diffusion of metals into layers in addition to the already discussed
knock-on effect. In future examinations, the comparison with other, less destructive sputter

guns, such as the gas cluster ion gun (GCIB) may be beneficial to reduce the discussed effects.
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9.3.6. TOF-SIMS depth profiles of PtSe2 TAC films on SiO2/Si, conducted
with different Cs* sputter gun powers:

To decrease the effect of preferential sputtering and decrease the knock-on effect, TOF-SIMS
depth profiling with lower current Cs* sputter beam was considered. Figure 78 shows profiles
on an as-grown 5-6 nm PtSe; layer on SiO2/Si substrate with a Cs* beam sputter current of 30
(@) or 10 nA (b) (measured at a Faraday cup).
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Figure 78 Influence of different sputter current on a TOF-SIMS depth profile through a TAC-grown
PtSe; film. Normalized depth profiles on the same 5-6 nm thick PtSe; film on SiO./Si, conducted at a
Cs" sputter gun current of a) 30 nA and b) 10 nA. The PtSe; (orange), Pt (red) and SiO> (grey) signals
are presented for each profile. The PtSe, SiO. and intermixing interface layers, determined by the
half-maximum of the intensity of the corresponding signals, are indicated by orange, grey and hatched
bars above, respectively. The red arrow and dashed line represent the diffusion or knock-on of Pt

signal in the material.

On the film, sputtered with the 30 nA Cs* beam (Figure 78 a), the PtSe; signal lasts overall
38 sec, while on the same film with 10 nA sputter current (Figure 78 b) it lasts 128 sec. The
intermixing interface is 60 sec for the higher current and 206 sec for the lower, while the Pt
diffusion/knock-on in the substrate is 66 sec and 184 sec. Apparently the signal decay for all
the layers is roughly three times longer for three times lower sputter current.

Overall, this decrease in sputter current does not crucially decrease the Pt knock-on into the
substrate but only increases analysis time. This experiment also indicates that the higher current
flux does not induce heating and therefore faster evaporation of the PtSe> layer, as the sputter

time of the layer is roughly proportional with the sputter current.
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9.3.7. TOF-SIMS depth profiles of PtSe2 TAC films on different substrates
SiO2, SiN and Al20s3:

As a final experiment to understand the diffusion of sputtered materials into the substrate, PtSe;
films on different substrates, SiO2, SiN and Al,O3 were examined with TOF-SIMS depth
profiling and compared. The films were prepared by pre-deposition of nominally 1 nm of Pt
metal by MBE and a subsequent TAC process at 450 °C in a MOCVD chamber. The PtSe>

films result in a thickness of ~3 nm, based on known expansion (see section V9.3.2).
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Figure 79 Raman spectra on TAC-grown PtSe; films on different substrates. The averaged spectra
(collected on 72x48 um areas with 96 spectra per sample) present PtSe; films on SiO,, SiN and Al,O3
(blue, red and black curve), respectively.

Figure 79 shows the averaged Raman spectra, collected on 72x48 um areas on the film (96
spectra per area), on the three different substrates SiO, SiN and Al.O3 (blue, red and black
curves). All spectra present the typical E, and A;, modes at ~180 and 208 cm respectively
and an additional shoulder at ~233 cm™ from a combination of the A4,,, and E,, longitudinal
optical modes. The PtSe; and Si signal (~520 cmY) intensities slightly deviate due to the use of
different substrates and associated substrate effects.

Figure 80 displays a profile of a PtSe> film on SiO2(300nm)/Si. The curves were not
normalized, therefore secondary ion counts are displayed on the logarithmic y-axis. As before,
the PtSe layer is indicated by an orange bar, the substrate with a grey bar and the hatched
region between them represents the intermixing interface. The profile directly starts with the
PtSe> layer (so the surface is mostly uncontaminated), which lasts for 16 sec sputter time,
followed by a 24 sec intermixed phase and 72 sec Pt diffusion/knock-on into the substrate.
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Again, the Se signal has its maximum within the PtSe, and intermixing phase, decreasing before
the Pt signals maximum. The CN and C; signals, representing possible organic hydrocarbon

contaminants, reach their maxima at the PtSez/substrate interface and intermixed region.
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Figure 80 TOF-SIMS depth profile of a nominally 3 nm thick, TAC-grown PtSe; film on SiO,/Si. The
PtSe, (orange), Se (green), C, (blue), CN (cyan), Pt (red) and SiO; (grey) signals are presented for
each sample. The PtSe,, SiO; and intermixing interface layers, determined by the half-maximum of the
intensity of the corresponding signals, are indicated by orange, grey and hatched bars above. The red

arrow and dashed line represent the diffusion or knock-on of Pt signal in the material.

Figure 80 displays a profile of a PtSe> film on SiO2(300nm)/Si. The curves were not
normalized, therefore secondary ion counts are displayed on the logarithmic y-axis. As before,
the PtSe: layer is indicated by an orange bar, the substrate with a grey bar and the hatched
region between them represents the intermixing interface. The profile directly starts with the
PtSe, layer (so the surface is mostly uncontaminated), which lasts for 16 sec sputter time,
followed by a 24 sec intermixed phase and 72 sec Pt diffusion/knock-on into the substrate.
Again, the Se signal has its maximum within the PtSe, and intermixing phase, decreasing before
the Pt signals maximum. The CN and C; signals, representing possible organic hydrocarbon

contaminants, reach their maxima at the PtSez/substrate interface and intermixed region.
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Figure 81 TOF-SIMS depth profile of a nominally 3 nm thick, TAC-grown PtSe; film on SiN. The
PtSe, (orange), Se (green), C. (blue), CN (cyan), Pt (red) and SiO; (grey) signals are presented for
each sample. The PtSe,, SiO and intermixing interface layers, determined by the half-maximum of the
intensity of the corresponding signals, are indicated by orange, grey and hatched bars above. The red

arrow and dashed line represent the diffusion or knock-on of Pt signal in the material.

The next profile of the same PtSe> material on SiN substrate (Figure 81) shows an equivalent
sputter time of 16 sec for the PtSe; layer, followed by a slightly shorter intermixed phase of
18 sec and slightly higher diffusion/knock-on time for Pt into the substrate of 78 sec. The course
of all curves, also the Se, CN and C: signals, is comparable to the sample on SiO»/Si substrate

with no significant deviations.

The third profile, of PtSe, on Al,O3 (Figure 82) shows a very similar sputter time for the PtSe>
layer of 18sec, followed by a comparable intermixing phase of 22sec and a Pt
diffusion/knock-on length of only 29 sec. The Pt diffusion/knock-on time in this case is less
than half as long as for the samples on SiO; and SiN substrates, even though all other curves
show very similar trends. According to literature on sputter rates of different oxides in relation
to SiO2 with 2 keV Ar, the sputtering of Al,O3 can be about half as fast as SiO,.[?*Y! Assuming
that these values are comparable to the sputtering with Cs* ions, one can argue, that the depth

of Pt diffusion/knock-on on Al20s is only about a quarter of the depth on SiO, since the sputter
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time until the Pt signal vanishes is about half. This appears to indicate, that Al.O3 can act as a
relatively efficient barrier for Pt diffusion or knock-on. Still, the separation between those two
effects is challenging and it remains unclear, whether the Pt ions diffuse less into the Al>Os

matrix during sample preparation or the effect of knock-on during measurement is reduced.
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Figure 82 TOF-SIMS depth profile of a nominally 3 nm thick, TAC-grown PtSe; film on Al;O3. The
PtSe, (orange), Se (green), C, (blue), CN (cyan), Pt (red) and SiO; (grey) signals are presented for
each sample. The PtSe,, SiO; and intermixing interface layers, determined by the half-maximum of the
intensity of the corresponding signals, are indicated by orange, grey and hatched bars above. The red

arrow and dashed line represent the diffusion or knock-on of Pt signal in the material.
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9.4. Conclusions

A series of TOF-SIMS depth profiling experiments were conducted on TAC grown PtSe; films.
The effect of different film thicknesses, as-grown vs. transferred films, the analysis with
different Cs* sputter gun settings and on different substrates were examined. Here, a number of
conclusions on the PtSe; layers, as well as the buried interfaces to the oxide substrate are

summarized and possible future experiments are considered.

The depth profiling of PtSe, TAC films of different thickness shows, that the sputter time of
the layer increases proportionally with the layer thickness. In addition, an intermixing phase is
formed between the layer and the substrate, due to contaminations at the interface or defects
and roughness introduced during sputtering. The sputter time for this intermixing phase is found
to be proportionally longer for thicker PtSe, layers. Lastly, all profiles showed a long decay of
the elemental Pt signal below the PtSe, layer and within the substrate oxide, lasting

proportionally longer for thicker layers.

Pt incorporation in the substrate was attributed to both the knock-on effect due to sputtering
during the depth profile (“measurement-based diffusion’) or introduction of Pt atoms into the
substrate during growth, via sputtering/evaporation of the metal or diffusion of Pt metal into
the substrate during high-temperature conversion (“processing-based diffusion”). The
conducted experiments attempt to clarify the exact origin of Pt diffusion/knock-on in the
profiles. Table 7 summarizes which Pt diffusion process must be considered for each analyzed

material.

The comparison of as-grown to transferred PtSe; films of the same thickness shows
proportional dependency between the sputter time and thickness for the PtSe; and intermixing
layer for both samples. The Pt diffusion/knock-on is shorter for all the transferred films and
even proportionally shorter for thicker layers. This difference in transferred and as-grown films
is attributed to “processing-based diffusion” in the grown film, which is absent in the transferred
samples, while the knock-on effect should remain the same (first and second line in Table 7)
The discrimination between the Pt incorporation due to sputtering/evaporation or diffusion
during high-temperature selenization is still complicated due to the strong influence of
sputtering knock-on. As a future experiment, an examination of the substrates could be
considered, where a PtSe> layer is previously removed by scratching or rubbing (line three in
Table 7). While the “processing-based diffusion” aspects would remain, the knock-on effect

would be essentially reduced to a minimum.
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The comparison of depth profiles of different thickness Pt metal layers (line four in Table 7)
before and after conversion to PtSe, again confirms that the elemental Pt signal decay is
proportional to the layer thickness but also increased for the selenized films. This does not
exclude the contribution of Pt incorporation into the substrate during sputtering/evaporation but
also supports the assumption, that diffusion of Pt ions into the substrate takes place during the

high-temperature conversion.

Table 7 Summary of TOF-SIMS depth profile experiments and possible, respective influences for Pt

incorporation into the substrate oxide layer.

Processing-based diffusion Measurement-based diffusion
Sputtering/ High-temp
) o Knock-on effect
evaporation selenization
as-grown
X X X
PtSe,
transferred
X
PtSe>
removed
X X very much reduced
PtSe,
Pt metal
X X
only

Another factor complicating the analysis of PtSe; films and the investigation of Pt
knock-on/diffusion, is the preferential sputtering of the lighter and more volatile selenium as
compared to platinum. This observation is confirmed by complementary XPS measurements in
the TOF-SIMS sputter craters during profiling. Conducting depth profiling with different Cs*
sputter currents does not diminish this effect, but only increases the overall depth profiling time.
The use of different, gentler sputter guns, such as the GCIB could be considered to possibly
reduce the effect of preferential sputtering as well as knock-on.

As a final experiment PtSe> depth profiling on different substrates was performed and Al2O3
was determined to be an effective barrier against Pt diffusion as compared to SiN and SiOa.
This might also suggest that Al,Osz could be a more suitable substrate for PtSe> growth, when
considering incorporation into devices, where the pristine nature of the oxide layer is of crucial

importance.
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9.5. Appendix
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Appendix 26 AFM height images (left) and profiles (right) on three different areas of a 1 layer Pt
metal film, deposited by MBE on SiO>/Si. The white dashed line indicates the position of the height
profile. The step height was fitted into the profile with a step function to determine the actual film
thickness, as noted in the graph.
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Appendix 27 AFM height images (left) and profiles (right) on three different areas of a 2 layer Pt
metal film, deposited by MBE on SiO>/Si. The white dashed line indicates the position of the height
profile. The step height was fitted into the profile with a step function to determine the actual film

thickness, as noted in the graph.
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Appendix 28 AFM height images (left) and profiles (right) on three different areas of a 3 layer Pt
metal film, deposited by MBE on SiO./Si. The white dashed line indicates the position of the height
profile. The step height was fitted into the profile with a step function to determine the actual film

Height [nm]

Height [nm]

w

N

N

o

— 3L PtArea 1

~1.9 nm

o

0.2 0.4
Length [pm]

— 3L PtArea 2

~1.9 nm|

1 2
Length [pm]

thickness, as noted in the graph.

Appendix 29 AFM height images (left) and profiles (right) on three different areas of a 1 layer PtSe,
TAC film, converted from 1 layer of pre-deposited Pt metal by MBE on SiO-/Si. The white dashed
line indicates the position of the height profile. The step height was fitted into the profile with a step

function to determine the actual film thickness, as noted in the graph.
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Appendix 30 AFM height images (left) and profiles (right) on three different areas of a 2 layer PtSe,

TAC film, converted from 2 layers of pre-deposited Pt metal by MBE on SiO,/Si. The white dashed

line indicates the position of the height profile. The step height was fitted into the profile with a step
function to determine the actual film thickness, as noted in the graph.
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Appendix 31 AFM height images (left) and profiles (right) on three different areas of a 3 layer PtSe;
TAC film, converted from 3 layer of pre-deposited Pt metal by MBE on SiO,/Si. The white dashed
line indicates the position of the height profile. The step height was fitted into the profile with a step

function to determine the actual film thickness, as noted in the graph.
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Appendix 32 Normalized TOF-SIMS depth profiles of PtSe, TAC films, synthesized from Pt metal
films of different thickness, 1L, 2L, 3L, corresponding to nominally 1, 2 and 3 nm, on SiO,/Si
substrates. The SiO; (dark to light green), PtSe; (brown, orange, yellow) and Pt (scatter plot, circle for
1L, triangle for 2L and square for 3L) signals are presented for each sample. The signs of the rise in
the Pt signal scatter plots are red, while the decay ones are black and have been fitted with an

exponential decay function (red curve).
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Appendix 33 XPS survey spectra of a reference PtSe; TAC film and at different stages #1 - #4 ina
TOF-SIMS depth profile, measured in the TOF-SIMS sputter craters. Relevant signals are indicated in
colors, explained in the legend.
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Appendix 34 XPS core level regions of Se 3d, Cs 3d, Si 2p, C 1s and O 1s measured on PtSe; TAC
films at different stages #1 - #4 in a TOF-SIMS depth profile, measured in the sputter craters.
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V1 Conclusions and Outlook

In this thesis the characterization, preservation and modification of the fundamental chemistry
on surfaces and interfaces of 2D materials, prepared by the most common synthesis methods,
was developed. The high surface-to-volume ratio of 2D materials makes the control of their
surface chemistry crucial to target their properties and enable inclusion in future devices.
Functionalization of 2D materials with polycyclic organic molecules was demonstrated as one
way of tailoring their surface chemistry. Dedicated analytical techniques were combined to
reveal the materials’ true, pristine or modified, surface nature, exploiting the respective strength
of each method, such as AFM and SEM for topography inspections, Raman and PL for the
chemical spectroscopy and XPS and TOF-SIMS for elemental analysis. Particular focus was
placed on TOF-SIMS surface and depth profile investigations, emphasizing the advantages of

this type of analysis at the nanoscale.

In chapter V6. - “General Synthesis and Analysis of CVD-grown TMD Materials” the CVD
synthesis of mostly monolayer flakes or films of MoS, as representative material of the TMD
class, is introduced. The fundamental characterization of the pristine MoS; material, including
AFM, SEM, Raman and PL spectroscopy and XPS is presented. The typical triangular shaped
MoS: crystals are visualized by SEM and their surface flatness and monolayer thickness of
about 0.6 nm is confirmed with AFM topography and height measurements. The Raman and
PL spectroscopy are applied to determine the exact layer number and determine multilayer
regions and XPS confirms the elemental composition and binding state of the elements, ruling

out aging phenomena, such as extensive oxidation, of the material.

In  chapter V7. - “Investigation of Organic/Polymeric Contaminations on 2D
Materials - Insights from the Nanoscale TOF-SIMS Perspective” the surface and interface
of unmodified TMD materials, prepared by the most common methods, is investigated.

A comparison of mechanically exfoliated MoS; flakes, stored under different conditions after
preparation showed severe contamination with PDMS after prolonged storage in a Gel-pack®.
PDMS surface contamination was found even on freshly exfoliated material without any
obvious contact to a source. Fragment patterns in the TOF-SIMS spectrum helped to identify

these contaminants as PDMS and visualize them on the sample, revealing a selective adsorption
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onto the TMD surface over the substrate. A TOF-SIMS depth profile analysis also showed
advantage of PVA/PMMA over PDMS as adhesive for exfoliation in terms of less polymeric
residues on the surface. Plasma or chemical cleaning attempts of the substrates did not lead to
improvement in the interface cleanliness. For comparison CVD-grown MoS; was examined,
since it does not involve any contact to polymers during preparation. While the commonly
applied analytical techniques showed no indication for contamination on these materials,
TOF-SIMS revealed hydrocarbon contamination, again identified as PDMS, specifically
adsorbed onto pristine TMD materials. The absence of any cluster or aggregates in the AFM
topography measurements, indicates that these contaminants form atomically thin layers on the
TMDs. Since polymer-assisted transfer is often applied as material processing step towards
device implementation, MoS2 films transferred with different assisting polymers, PS,
PVA/PMMA and PMMA were compared with TOF-SIMS. Specific polymer patterns in the
spectrum were found to be hard to identify and quantify. Instead, the molybdenum hydride
isotopes were used as a measure for polymeric contamination, implying least residues on the
PS-assisted transferred MoS2 film. Annealing procedures, to further reduce the contamination,
were compared, resulting in incomplete cleaning. In conclusion a complete removal of residues
would need high annealing temperatures towards 500 °C, which can potentially harm the
materials, if conducted in environmental conditions.

In chapter V8. - “Preparation and Characterization of On-Chip, Non-Covalent Perylene
Bisimide Functionalized TMDs - Analysis of the Surface Chemistry by TOF-SIMS” 2D
material functionalization with PBI molecules is applied to introduce new functionalities to the
materials’ surfaces and target their properties. Three PBIs with different chemical
functionalities, soluble in aqueous or organic solution were used for direct on-chip
functionalization of MoS2 on SiO2/Si via drop-casting or immersion in the solution. AFM
showed the processes to yield organic layer heights of ~1 nm. Raman analysis demonstrated,
dependent on the PBI derivative and concentration, homogeneous distribution of the PBIs on
the TMD material. Residual molecular fluorescence on the substrate was assigned to aggregated
or clustered molecules not specifically bound to the surface, which could be washed away by
more thorough rinsing in the future. TOF-SIMS elemental maps of carbon fragments,
representing the PBIs proved preferential adsorption onto the TMD material. Taken together,
the analyses indicate a self-organized, limited and selective assembling process of the
molecules on TMDs. Potential charge transfer reactions between the PBI and TMD layer were

concluded from photoluminescence and fluorescence quenching reactions. Additionally,
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heterostructures with top graphene layers on PBI functionalized MoS> were realized as building
blocks for future device implementation.

In the final chapter V9. - “Revealing the Interfaces of TMD Films on Substrates by
TOF-SIMS Depth Profiling”, buried interfaces of PtSe, on an underlying substrate (oxide)
are examined with TOF-SIMS depth profiling. The possibility of Pt diffusion into an underlying
oxide layer during TMD synthesis needs to be avoided for further device implementation.
Therefore, Pt layers of different thickness before and after selenization are compared. The
influence of metal sputtering and selenization at high temperatures is discussed as possible
causes for Pt diffusion. Unfortunately, Pt metal knock-on during the TOF-SIMS depth profiling
disturbs the actual material crystallinity, therefore preventing a proper investigation.
Nevertheless, in a comparison of PtSe; layers of analogous thickness on different substrates,
SiOz, SiN and Al203, less Pt diffusion into the substrate was observed for the Al>Oz, which
indicates that this substrate might be beneficial for growth and subsequent implementation of
PtSe> into devices.

Overall, the studies conducted in this thesis demonstrate methods for TMD material
functionalization and investigation with dedicated analytical techniques, pointing out the
special abilities of TOF-SIMS on the nanoscale. The results presented, should encourage the
application of this technique to help controlling the pristine or modified 2D material surface

and interface chemistry.
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