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Abstract

Nanomaterials play an important role in the flourishing field of nanoscience. Size reduction of
materials results in a broad range of outstanding physical and chemical properties as well as a
wealth of potential applications. A particularly interesting class of low-dimensional
nanostructures are two-dimensional (2D) materials, i.e. individual layers of so-called van der
Waals crystals. The research was triggered in 2014 by Geim and Novoselov through the
isolation and characterization of graphene, a single layer of two-dimensionally arranged sp?
hybridised carbon atoms. 2D nanomaterials can be obtained by various methods including
bottom-up approaches such as chemical vapour deposition and top-down approaches such as
liquid phase exfoliation (LPE) and mechanical exfoliation. In recent years, LPE has gained
increasing attention due to the high production rates and broad applicability to a range of
structures beyond graphene including transition metal dichalcogenides (TMDs), hexagonal

boron nitride, metal phosphorus trisulfides and many more.

In LPE, high energy and shear forces (e.g. through sonication) are applied to reduce the
dimensions of the crystal and the resulting nanosheets are stabilized in the liquid medium
through appropriate solvents and surfactant systems. The resultant nanosheets are extremely
polydisperse in lateral size and thickness so that LPE is typically coupled with size selection,
for example through centrifugation. Due to this additional processing step, it is difficult to
assess the impact of the stabilizer on for example the optical properties of the nanosheets which
will be a function of both size and stabilizer. In addition, the number of pure organic solvents
suitable to prevent reaggregation is very limited which is a bottleneck for further processing
and deposition. The goal of the work conducted within the scope of this thesis is to establish
protocols to make high quality 2D nanosheets from LPE accessible in a range of liquid media
and to achieve a deeper understanding of the impact of the stabilizer on the optical properties
of the nanomaterial. To this end, tungsten disulphide (WS>), a semiconducting transition metal
dichalcogenide was chosen as model substance due to unique optical fingerprints of the

monolayers (e.g. narrow linewidth photoluminescence from exciton only in WS, monolayers).

Throughout this thesis, monolayer-rich dispersions of WS> nanosheets were prepared by
sonication-assisted LPE in a common detergent solution in combination with liquid cascade
centrifugation for size selection. In the first part, a protocol was developed to transfer these

nanosheets into a range of additive/solvent systems. The advantage over a direct exfoliation in



this systems is that dispersions containing nanosheets of the same size/thickness can be
compared. This allowed to assess the impact of various chemical environments on the optical
properties and to study effects associated with the dielectric screening of excitons (e.g. changes
in exciton energy and width). With this foundation established, the nanosheets were transferred
into a range of common pure organic solvents using a modified protocol. This is more
challenging due to aggregation taking place. Nonetheless, this broad screening made it possible
to relate the changes in exciton response to physical parameters such as refractive index and
dielectric constant. Importantly, it was confirmed that monolayers can be stable in solvents that
are not suitable for the exfoliation itself greatly expanding the choice of solvent for further

processing.

The third part focuses on precise deposition of the nanosheets on substrates using spin coating.
Experimental difficulties such as aggregation and restacking of nanosheets in solvents are
addressed in detail together with solutions to improve the colloidal stability of the
nanomaterials. In the optimized samples, monolayer properties, such as exciton
photoluminescence, are retained after deposition. At last, a new route for transferring
nanosheets from water-based WS dispersions into different media is introduced which greatly
facilitates deposition. In this approach, water-insoluble polymers are added to the aqueous
surfactant solution prior to sonication. Through hydrophpobic interaction, the polymer is driven
to the interface between the hydrophobic part of the detergent and the nanomaterial. This
polymer coating on the nanomaterial reduces aggregation after transfer to hydrophobic organic
solvents, suitable for thin-film processing. Such techniques for nanomaterial processing are
highly demanded for the integration of these materials into functional devices.



Zusammenfassung

Nanomaterialen spielen im aktiven Feld der Nanomaterialen eine wichtige Rolle. Durch die
Mdoglichkeit diese Materialen in ihrer GroRe zu kontrollieren entsteht eine breite Vielfalt
uberragender physikalischer und chemischer Eigenschaften und daraus resultierend, eine grolie
Bandbreite an Anwendungsmoglichkeiten. Seit der Isolation und Charakterisierung von
Graphen- einer einzelnen, atomar-diinnen Lage Graphit- in 2004, sind zwei-dimensionale (2D)
Nanomaterialien in den Fokus vieler Forschungsaktivitaten geriickt. Verschiedene Methoden
der Herstellung wurden erforscht und je nach Methode zeigen sich verschiedene Ergebnisse
bezliglich Ausbeute, Reinheit und GroRe der Nanomaterialen. Generell unterscheidet man bei
2D-Nanomaterial-Synthese zwischen ,.Bottom-up“-Methoden wie chemische Gasphasen-
abscheidung und “Top-down“-Methoden wie mikromechanische Exfoliierung oder
Flussigphasenexfoliierung (engl. ,Liquid phase exfoliation, LPE). LPE hat hier die
vergangenen Jahre einen erheblichen Aufschwung erlebt, auf Grund der Skalierbarkeit des
Prozesses und die  Anwendbarkeit auf diverse  Materialklasse, wie z.B.
Ubergangsmetalldichalcogenide  (engl.: ,transition metal dichalcogenides* TMDs),
hexagonales Bornitrid, Ubergangsmetallphosphortrichalcogenide und viele mehr.

In LPE werden hohe Energien und Scherkrafte in Losung verwendet (z.B. durch Ultraschall)
um die Mutterkristalle zu zerkleinern. Ein wichtiger Parameter in LPE stellt das Verhindern
einer Reaggregation der Schichten dar, wozu geeignete oberflichenaktive Stoffe,
Losungsmittel oder Polymere zum Einsatz kommen. Die erhaltenen Nanomaterialien sind
extrem polydispers in Bezug auf deren GrolRe und Lagenzahl, so dass typischerweise eine
weitere Aufreinigung und GroRRenselektion, z.B. durch Zentrifugation durchgefihrt wird. Auf
Grund dieser zuséatzlichen Arbeitsschritte ist es jedoch sehr schwierig den Einfluss des
Stabilisators auf die (optischen) Eigenschaften des Materials zu untersuchen. Zudem sind nur
wenige reine organische Losungsmittel als Medium geeignet, was die weitere Prozessierung
erschwert. Ziel dieser Arbeit ist es LPE Methoden weiterzuentwickeln um qualitativ
hochwertige Nanomaterial Dispersionen auch in organischen Losungsmitteln zugéanglich zu
machen und einen tieferes Verstandnis auf den Einfluss des Stabilisators/Losungsmittels auf
die optischen Eigenschaft zu erhalten. Auf Grund vorteilhafter optischen Eigenschaften (z.B.
schmal-bandige Emission von Monolagen), wurde Wolframdisulphid als reprasentatives

Material gewéhit.



Dazu werden zunédchst Monolagen-reiche Dispersionen von WS, in wassriger Detergenz
Losung mittel LPE und Kaskadenzentrifugation hergestellt und ein Protokoll erarbeitet, die
Nanoplattchen in verschieden Losungsmittel/Additiv Systeme zu tberfiihren. Im Gegensatz zu
einer direkten Exfoliierung in verschiedenen fliissigen Medien wird hier sichergestellt, dass die
zu untersuchenden Nanoplattchen die gleiche Grolle und Dicke haben. Der Einfluss der
chemischen Umgebung spiegelt sich in den optischen Eigenschaften wider (z.B. Variation in
Exzitonenenergie und Breite). Im weiteren Verlauf wurde ein ahnlicher Transfer in reine
organische Losungsmittel durchgefuhrt, der auf Grund von Aggregation der Plattchen zwar
schwieriger zu kontrollieren ist, aber es erlaubt die Anderungen der optischen Eigenschaften
auf physikalische Parameter, wie Brechungsindex oder Dielektrizitdtskonstante zuriick zu
fihren. Zudem wurde beobachtet, dass durch diese Vorgehensweise eine grolRere Bandbreite

organischer Losungsmittel zugéanglich ist.

Im dritten Teil der Arbeit steht die Abscheidung der Plattchen im Vordergrund mit dem Ziel
eine Uberlappung der Schichten auf dem Substrat zu vermeiden. Besonderes Augenmerk bei
diesen Untersuchungen gilt der Aggregation bereits in der Lésung, die sich negativ auf die
Abscheidung auswirkt. Zu guter Letzt wird ein neues Verfahren aufgezeigt, den Transfer der
Nanomaterialen in organische Lodsungsmittel zu verbessern, um die Préparation
hochqualitativer Dispersionen und Filme zu vereinfachen. Hierbei kommen wasserbasierte
WS> Dispersionen und wasserunldsliche Polymere zum Einsatz. Die Nanomaterialen werden
dabei durch das hydrophope Polymer beschichtet und stabilisiert, wodurch es maéglich ist, diese
besser in hydrophoben organischen Ldsungsmitteln zu Gberfihren. Diese verbesserte
Prozessierbarkeit ist ein wichtiger Schritt um die Integration der Nanomaterialen in z.B.

Anwendungen zu ermdglichen.

Vi
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Chapter 1

1 Introduction

Over the past decades, many remarkable properties and a wide range of potential applications of
nanomaterials led to increasing interest in this class of materials. In this work, novel 2D materials
beyond graphene are studied. In the past few years, intensive research on the extraordinary
physical properties of graphene has triggered the interest in 2D materials with unique electronic
and optical properties (inorganic 2D materials). While a single layer of graphene is probably the
only truly 2D material which is atomically thin in one dimension, the term 2D material is
commonly used to describe single or few-layers of so-called van der Waals crystals. These type of
crystals have in common that strong, mostly covalent bonds exist in plane in combination with
weak, mostly van der Waals interactions between the individual layers in the bulk crystal which

enables the exfoliation into two-dimensional nanosheets down to single layered thickness..

In this thesis, layered materials with special consideration of transition metal dichalcogenides
(TMDs) especially WS; (tungsten disulphide) have been studied to obtain deeper insights into their
optical properties and in particular, in which way they are influenced by their chemical
environment. Layer-number dependent physical and chemical properties of TMDs as one big
family of 2D layered materials have attracted attention. Depending on the d-orbital configuration,
TMDs can be semiconducting or metallic. Group VI-TMDs are semiconductors with a direct
bandgap only in the monolayer making the materials an ideal model substances to track the impact

of the environment through optical spectroscopy..

After an introduction to layered materials and their production with focus on the liquid-phase
exfoliation (LPE). The result of the thesis are presented in four chapters. In the first chapter of the
results and discussion section, the impact of the chemical environment on the optical properties of
LPE WS is reported. The second chapter describes a similar study using pure organic solvents
which allows to relate the changes in the optical properties (e.g. exciton energy and width) to
refractive index and dielectric environment, respectively. The third chapter focuses on deposition
of the nanosheets in such a way that monolayer properties are widely retained. Here, aggregation
of the nanosheets in the dispersion is identified as crucial aspect that needs to be prevented. To
this end, chapter four describes a new route to make WS»-polymer composites based on micellar

swelling which greatly enhanced colloidal stability in organic solvents..
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1.1 Background- Two Dimensional Crystals as a New Generation of Materials

Since 2004, 2D layered materials have been introduced as a new class of materials after the first
report on mechanically exfoliated graphite into atomically thin layers, coined graphene by Geim
and Novoselov.!? The unique 2D layered structure of Graphene (hexagonal lattice structure)
represents promising optical, electronic, mechanical and thermal properties which can be used in
a broad range of applications such as solar cells, sensors, spintronics and (opto)electronics.®® The
single layer of graphite shows no band gap between the conduction and valence band for the

monolayer graphene, due to the hexagonal arrangements of carbon atoms in the lattice.

Mechanical or chemical exfoliation of honeycomb graphite layers (from the bulk) leads to
accessing fascinating properties strikingly different from the initial bulk material. By considering
three directions of x, y (in plane) and z (out of plane) in such materials, while the carriers will be
confined in one of these directions for example z, they freely move in other directions of x-y which
results quantum confinement in the direction of e.g., z. Hence, these materials are referred to as
2D materials because there are only two directions in which the carriers can freely move.®’ Put in
other words, they have two freedom degrees. In-plane chemical bonds along the x-y plane and out
of plane van der Waals interactions, along the z-axis are typically observed for layered materials.
Since covalent bonds are stronger than van der Waals bonds, such interaction allows for exfoliation
to produce atomically thin layers. Some examples of such materials comprised of only one element
which have been exfoliated down to a single layer are graphite, hexagonal boron nitride (h-BN),®

black phosphorus® or germanium.°

In addition to such mono-elemental materials, a whole host of layered structures exist with a
combination of elements. For instance, in transition metal dichalcogenides, the transition metal
(M, e.g. Mo, W) is sandwiched between chalcogen (X, e.g. S, Se) atoms. From the top view, a
hexagonal arrangement of the atoms is observed in some of the TMDs (referred to as 2H polytype).
The structure of the two main TMD polytypes, as well as examples of other layered materials are

displayed in Figure 1.1-1.

Two dimensional material with superconducting,!! insulating,'? semiconducting,'® semi-metallic**
and metallic’® properties are known to date which originates in the structural configuration and

chemical compositions of the material in an atomically thin, two dimensional arrangements.
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1.2 Two-Dimensional Transition Metal Dichalcogenides

The family of TMDs consists of roughly 60 different materials with different optical and electronic
properties.t”1® All TMDs have the unit formula MXz, where M and X denote transition metal and
a chalcogen atom respectively. Each TMD possesses its unique sets of properties: Depending on
the combination of elements, different electronic properties arise. For example, TaS; is a semi-
metal, WS, and MoS: are semiconductors and HfS; is an insulator. Different polymorph structures
of two-dimensional TMDs can be formed, This refers to the geometric arrangement of the atoms
in the unit cell. For TMDs, octahedral (tetragonal, T)!82° trigonal prismatic (hexagonal, H) and
distorted (TO) crystal phases are known.1"20-21

Already in the bulk, the TMDs are thus very versatile. In addition, quantum confinement effects
lead to changes in the electronic properties on exfoliation. For the most commonly studied
semiconducting group VI-TMDs, a systematic change of the band gap with layer thickness is
observed. A wide study has been performed on the change of the electronic properties of TMDs
with their layer number, first explored for M0S,.22?® Decreasing the thickness from bulk to a single
layer leads to a shift of the bandgap from and indirect (1.29 eV) to direct (~1.90 eV) band gap
which gives rise to relatively intense photoluminescence in the monolayers. In this thesis, special
attention is given to tungsten disulphide (WS>), where similar effects are observed, i.e. a transition
from an indirect semiconductors in the bulk with a gap of 1.4 eV for the bulk to a direct band gap

5



Chapter 1

of 2.1 eV for the monolayered species.'* 24 In addition to the changes in electronic properties with
layer number, exfoliation of layered materials results in an increase of the accessible surface area
of the material and hence pronounced effects from interaction with the environment. For example,

MoS; on Si/SiO; substrates is commonly n-doped.?®

In addition, theoretical and experimental studies confirm that two-dimensional monolayers and
three-dimensional bulk semiconductors demonstrate different excitonic properties.?®2” Typically,
in semiconductors, photo-excitation generates excitons. These are quasi-particles formed through
the Coulomb interaction between the hole in the valence band and the electron in the conduction
band. In TMD monolayers, an exciton is confined to the monolayer plane which is not the case in
the bulk form. Reduction of the dimensions (2D character) in TMDs leads to an increased Coulomb
interaction?® 28 which results in weak (reduced) screening of charge carrier thus creating strong
excitonic effects. For example, the binding energy of excitons in TMD monolayers is in the order
of a few hundreds of meV, while it is only 40 meV in the bulk.?® Furthermore, the electric field
lines of the bound electron-hole pair extend further into the surrounding environment in
monolayers compared to bulk materials. Thus, varying the dielectric environment has an impact
on the exciton resonance, which is more pronounced for thinner nanostructures not only because
of the increased effective surface area. However currently it is not fully understood in which way

the exciton resonance changes when varying the environment.

The most important excitonic transitions in group VI-TMDs are the lowest energy direct
transitions which are associated with the K-point in the Brillouin zone. Spin orbit splitting results
in two excitons referred to as A- (lowest energy) and B-exciton. In monolayers, recombination of
the hole in the spin-orbit split valence bands with the electron in the conduction band typically
results in a single photoluminescence (PL) peak. However, doping from the environment can lead
to the formation of tightly bound trions, i.e. charged excitons, which are red-shifted compared to
the neutral exciton.? In addition, in substrate supported TMDs, the higher energy emission from
the B-exciton can also sometimes be observed, in particular in earlier works.%° In this thesis, the
focus is on WS, as a model system, since it has some advantageous properties over other members
of TMDs. This includes large spin-orbit splitting between the A and B exciton (0.4 eV) and

electronic transition which show narrow linewidth in both absorption and emission.?® 3!

In brief, the excitonic and electronic properties of these materials are thus strongly influenced by
exfoliation: First, quantum confinement changes the band structure and for monolayers, the band
gap is increased. Second, the binding energy of the exciton is increased through enhanced
interactions between the electron and the hole.
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1.3 Overview of Production Methods

2D layered materials can be produced through several different methods. The fascinating
properties of these materials can only be recognized when they are scaled-down in one
dimension.®3* The production methods are categorized into two groups: bottom-up and top-down
methods. Examples of bottom up methods are chemical vapour deposition (CVD), % Here, 2D
materials such as Graphene and TMDs mono- or few layered nanosheets with uniform thickness
and extensive lateral area can be produced on substrate from precursor molecules. For instance, in
the case of graphene, a copper substrate is heated to a high temperature of about ~1000 °C, which
results in an increasing domain size of the metal. Over the substrate, a precursor molecule,
typically methane (as a carbon-based gas) is passing over the surface and decomposes due to the
high temperature, which leads to the deposition of carbon atoms on the surface of the substrate.®
For TMDs, a similar process can be used with metal oxide precursors as substrate and sulfur
vapours, which results in gas-phase reactions on the oxide-precursor. The resulting materials can
be of high optical quality as well as of a low density of defects which are considered as two major
advantages of the chemical vapour deposition technique. However, the nanosheets are hard to
transfer to substrates other than the material they were grown on, which highly limits their
application potential. Another example of bottom-up techniques is the self-assembly approach,
which includes the principle of molecular self-assembly where molecules spontaneously are
organized under thermodynamic equilibrium conditions which results in the formation of a stable

structure.37-38

The original top-down exfoliation is cleaving the layers mechanically, for example using tape. In
scotch-tape-based microcleavage, the material is mechanically exfoliated from a bulk form
through scotch-tape, transferred to a substrate (typically Si/SiO;) and ultimately, the residue of
scotch tape is removing by suitable solvents like acetone and methanol. This affords the highest
quality material (if high quality bulk crystals are available), but with very limited throughout and

lateral size.

Although TMDs and graphene are commonly produced via micromechanical exfoliation or
chemical vapour deposition as typically larger sizes of nanosheets can be produced, more attention
is drawn to the optimization of liquid exfoliation techniques as they offer solution processing of
the nanomaterial in form of nanosheet inks.®® These also belong to the category of top-down
methods. While many production techniques of high quality nanosheets lack scalability (e.g.
micromechanical exfoliation), other techniques focused on high throughput of the nanomaterial
production which typically lacks in the required optical and electronic properties, as defects are
7
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typically introduced to the system. In the liquid phase, individual layers can be produced by
increasing the layer distance for example through intercalation and subsequent dispersion in
solvents through mild agitation. In the case of TMDs, this is commonly achieved through treatment
with N-butyl lithium® and referred to as chemical exfoliation. This leads to the production of a
large number of monolayers. However, within the intercalation process, structural defects are
introduced and in the case of group VI TMDs, the layers are typically negatively charged and

undergo a transition to the metastable, metallic 1T polytype.*

Layered nanosheets in organic solvents as well as water with an additional stabiliser can be
produced via liquid phase exfoliation methodology (LPE). It was initially developed by Coleman
et al. for graphene*® and later on TMDs*! and other materials. Here, the bulk crystal is subjected
to high energies and shear forces, for example through sonication to break the bonds in the crystal.
The resultant nano-objects are then stabilized against reaggregation through suitable solvents.
While this technique produces laterally relatively small few and monolayered nanosheets (in
solution), it has become increasingly popular to the broad applicability to a range of materials, the
potential for scale-up.*? However, to date it is still challenging to produce materials suitable for

optical applications in this way.

1.4 Production of Nanosheets by Liquid Phase Exfoliation

Among all production methods, the focus of this work is on liquid phase exfoliation and a deeper
look at the mechanics of this approach is given in Chapter 1.4. Graphene and any layered materials
such as (transition metal dichalcogenide (TMDs), transition metal oxide (TMO), (hexagonal boron
nitride (h-BN) and layered 111-VI semiconductors can be exfoliated through this methodology that
first reported by Coleman et al in 2008. Initially, graphite nanosheets were dispersed in N-methyl
pyrrolidone (NMP). The capability of the LPE method to produce nanosheets in solution is
interesting, as it allows post-processing of the nanosheets in a liquid medium. The biggest strength
of this method is that it can easily be scaled up. & #4143 However, the exfoliation mechanism is still

not fully understood.

Layered nanosheets in a liquid medium can for example be produced by sonication of the bulk

crystals which leads to a separation of the material into individual packages of sheet stacks of

decreased thickness. After breaking the starting material into smaller crystallites and eventually

nanomaterials, the dispersion has to be stabilized which is based on solubility parameters. As

already discussed, the quantity and quality of material plays an important role for later
8
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applications. In the bulk materials, there are van der Waals interactions (cohesive force) between
the layers that could be overcome when the energy is exerted on the system by sonication.
However, the supplied energy should be equal to or greater than the interlayer attraction of the
nanomaterials to overcome the van der Waals forces. One of the main disadvantages of probe
sonication refers to decrease the process effectiveness with increasing sample volume, making it
difficult to scale up the process in contrast to other techniques such as shear exfoliation.**

However, on the laboratory scale, sonication is still most widely used.

Using liquid phase exfoliation for nanomaterial production, the exfoliation can be performed in
any appropriate solvent.’® %0 However, it should be considered that the decision if a solvent is
appropriate is based on the nanomaterials surface energy. Few- and mono-layered nanosheets can
be stabilized if the surface energy of the solvent matches the surface energy of the nanomaterial .**
43 The nanomaterial will aggregate if no stabilization is achieved by the solvent. Dispersions can
be stabilized either by using pure solvents like isopropyl alcohol (IPA), N-methyl-2-pyrrolidone
(NMP) and N-cyclohexyl-2-pyrrolidone (CHP), blends or by adding surfactants or polymers as

long to stabilize the dispersion.* Details are given in chapter 1.4.1-1.4.2.

A major issue with LPE is that samples are extremely polydisperse in lateral size and thickness
after the exfoliation making size selection an important post-exfoliation processing step.*® To this
end, centrifugation is typically applied. In the simplest form, dispersions can centrifuged in a
homogeneous centrifugation with a given centrifugal acceleration. The speed and time of the
centrifugation directly affects the nanosheets size with higher speed and longer times producing
smaller nanosheets. It should be noted that other centrifugation-based separations exist, as will be
outlined in chapter 1.4.3. The availability of dispersions containing nanosheets with distinct sizes
and thicknesses is an ideal foundation to investigate size-depending properties. Examples with be
given in chapter 1.4.4.

1.4.1 Stabilization in Solvents in the Framework of Solution Thermodynamics

The solvent-based liquid exfoliation method has evolved since initially introduced by Hernandez
et al. in 2008.%° The initial work built on the previously elaborated theoretic understanding of
related physics that leads to de-bundling and stabilising of carbon nanotubes in the liquid
environment.*8 Prior to the application of LPE to layered materials, it has already been studied that
re-aggregation in dispersions of carbon nanotubes can be prevented by using polymers or
surfactants which results in stabilizing of dispersion. However, without these stabilizers, the
bundles are aggregated and the dispersed samples aggregate and flocculate, which leads to a
9
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sedimentation of the nanomaterial. In 2006, it was described that certain solvents can also lead to

sufficient stabilization.*

The exfoliation and stabilization process can be described in the framework of solution
thermodynamics. In general, the Gibbs free energy of mixing (AGmix) describes the solubility of
materials. 2+ 8 If the Gibbs free energy is below zero, mixing is spontaneous. This principle under

isothermal condition is given by:*°
AGmix = AHmix — TASmix (Eq 1)

where (AHmix) is enthalpy, (AGmix) is the Gibbs free energy of mixing, (ASmix) is the entropy and
T is the absolute temperature in Kelvin. In the case of small molecules, very often, a gain in entropy
results in spontaneous mixing/dissolution. However, in the case of polymers or nanomaterials, the
objects are relatively rigid and the gain in entropy is small. In such cases, it is important to

minimize the enthalpie of mixing.
This is the case, when solubility parameters of solvent and solute match. This is described by the
Hildebrand-Scratchard equation which says that the enthalpy of mixing is given by:*°

AJ‘Tm ~d (1= d). (82— 6b) 2 (Eq. 2)

where da, b are the Hildebrand solubility parameters of solvent and solute (e.g. WS, nanosheets),
respectively and ¢ is the solvent volume fraction. To produce a dispersion of high colloidal stability
and minimal aggregation, it is thus important to match the solubility parameters. The Hildebrand
solubility parameter is defined as the square root of the cohesive energy density of a system.
Another possible descriptor of solubility is the surface energy which is related to the surface

tension.t®

Equation 2 only strictly holds for molecules, but a model was derived “° taking into account the

dimensionality of the objects (rods or sheets). This is given by:

AI'Tmix - 2

( Onanosheet — asolvent) ZCI) (Eq 3)

Vmix Tflake

where Triake IS nanosheets thickness, ¢ = Vnanosheet/ Vmix IS the volume fraction of nanosheets and
in general, 0, IS the square root of surface energy corresponding to phase “a”, which is the solvent

or the solute, respectively.
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While the solubility parameter of solvents are tabulated, the solubility parameters of the
nanomaterial cannot be simply derived. However, it is possible to obtain an experimental estimate
by dispersing a given material in a broad range of solvent and measuring the concentration of
stably dispersed nanomaterial (e.g. through absorbance spectroscopy).®® When plotting the
dispersed concentration as function of solubility parameter, a peak (with a Gaussian envelope is
observed with the centre being the estimate of the solubility parameter of the solute.*® It was found

that only minor differences are seen across different nanomaterials.>*

However, when performing such dispersion screening studies, it is clear that not all solvents with
matching surface tension or Hildebrand parameter are solvents that result in sufficient
stabilization. This is because there are different types of interactions between the solute and
solvent, e.g. hydrogen bonding (EH), polar cohesive energy (EP) and dispersive force (non-polar,
ED) as Charles Hansen identified as the most important interactions. The solubility is increased in
the case that the nanosheets and solvents are matched for all three of the mentioned parameters.
This means that only a limited number of solvents are suitable for LPE. As will be shown in this
thesis (Chapter 3.2), the range of possible solvents can be expanded when performing a solvent

exchange rather than direct exfoliation in different solvents.

1.4.2 Stabilization in Surfactant and Polymer Solutions

Alternatively, it is possible to achieve a stabilization using surfactant or other additives that adsorb
on the nanosheet surface. Examples include detergents in agueous media. These are made of a
non-polar tail and polar head group. In water, these amphiphilic molecules have a tendency to
absorb at the hydrophobic nanomaterial surface through the tail group with the polar, often charged
headgroup pointing into the liquid.>>>® Different types of surfactants can be categorised as non-
ionic, cationic and anionic. A critical parameter to describe detergents is the so-called critical
micelle concentration (cmc), above which the detergent molecules form aggregates with the
hydrophobic parts being shielded from the water molecules through the polar groups. Surfactant
type, as well as pH and temperature of the solution, affect the micelle’s geometry. Micelles can be
differently formed including inverted micelle, ellipsoid, cylinder or sphere.>*->* While it can be
anticipated that this would also have an effect on nanosheet stability/dispersibility, experimental
work showed that the effect of the cmc is not pronounced in the case of 2D materials.> Apparently,
a coating on the nanosheet surface below the cmc of the surfactant results in efficient stabilization

of the colloid through Coulombic and steric repulsion. In the case of charged, small molecule

11
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detergents, Coulombic repulsion which can be described in the framework of the DLVO theory is
the dominant factor.>®

Graphene and other 2D materials can also be stabilized by using a broad range of polymers as a
substitute for small molecular surfactants. Different effects such as electrostatic and lyophilic
interactions can be created by using polymers. However, steric is the main mechanism of
stabilization with the functionality of adsorbing polymers on the surface of nanosheets in an
irregular way which results in sticking polymers tails and loops out the solvents.®’ In general, the
free energy increases (chain confirmations number is lower) when the sticking out polymers
occupy a similar space. This increased energy plays an important role in repulsive energy which
leads to a stabilization of the system.>"-® Observations from a comparative study on exfoliation of
various 2D materials in the presence of different polymers could prove that polymer stabilization
can also be described in the framework of solution thermodynamics: when solubility parameter of
solvent and polymer are matched, an improved stabilization due to the matching of Hildebrand
parameters is observed.®” In addition, a correlation between dispersed nanosheets concentration

and polymer molecular weight is observed.

Overall, this means that nanosheets can be stably dispersed in a range of organic solvents using
polymers as additives, in this case solubility mediating functional groups. Typically, this is
achieved by adding a polymer into a solvent with solubility parameters matching to the polymer
and performing the exfoliation e.g. through sonication. Unfortunately, in the case of TMDs, the
monolayer contents were reported to be lower than in the case of small molecule detergent
stabilization.* In this thesis (Chapter 3.4), a new route towards making a high-quality WS,-

polymer composite is introduced to address this point.

It should be noted, that intrinsic properties of nanosheets can be influenced by doping effects from
the stabilizers. For instance, a sign of doping was reflected in the appearance of trion emission in
photoluminescence spectra obtained from WS> monolayer embedded in a polymer matrix of poly
vinyl alcohol (PVA).*® In contrast, an exciton PL with narrow linewidth is observed when
nanosheets are embedded in a different polymer matrix, i.e. polymethylmethacrylate (PMMA).®
To date, a comprehensive study on the impact of the solvent, or solvent/additive system on the
excitonic properties of LPE nanosheets is missing. This will be addressed in this thesis in Chapter
3.1and 3.2.

12
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1.4.3 Size Selection Methods

As already mentioned, layered crystals of TMDs (transition metal dichalcogenides) can be

exfoliated through the liquid-phase exfoliation approach, but this method of exfoliation produces
polydisperse samples with broad size and thickness distributions. Since the size and particular
thickness determines the properties, specific sizes of nanosheets have to be selected from the
polydisperse mixtures to meet requirements in different application areas, e.g. catalysis, energy
storage, polymer reinforcement or (opto)electronics. Most size selection technique are based on
centrifugation techniques, which separate nanosheets by mass in first approximation. This makes
the selection of thin and large nanosheets a major challenge. This is further complicated by the
fact that small sheets tend to be thin and large sheets tend to be thick so that large/thin sheets are

a minority population.*2

While some centrifugation techniques such as density gradient ultracentrifugation (DGU) can
potentially sort nanosheets by their layer number, the intrinsic relationship between size and
thickness mentioned above implies that sedimentation-based approaches can be equally suitable.
In this regard, the multi-step and versatile approach of Liquid Cascade Centrifugation (LCC) is an
efficient method to select liquid phase exfoliated nanosheets by size in large quantities. This
methodology was also used throughout this thesis. The concept is illustrated in Figure 1.4-1. The
centrifugation speeds indicated are an example and can be adjusted depending on the types of

samples that are targeted.

In brief, LCC is a multistep centrifugation procedure with sequentially increasing speed in each
step. After each run, the supernatant and sediment are separated, the supernatant is transferred to
the next stage at increased centrifugal acceleration and the sediment containing is collected in fresh
solvent. As such, nanosheets in each run are trapped between two centrifugation boundaries (speed
of centrifugation) which removes small/thin sheets from samples where large/thick sheets are
collected and vice versa. The higher the speed of centrifugation, the smaller/thinner the size of
nanosheets in the collected sediment. Hence, the transferred supernatant to the proceeding step
contains the smaller and thinner nanosheets while the left sediment behind contains larger
nanosheets.®®* Comparatively large masses of exfoliated and size selected nanosheets can be
produced by LCC compared to other size selection methods, such as DGU.%2% In addition, the
nanosheet concentration can be increased by redispersing in a reduced volume, the solvent can be
exchanged and it is applicable to both organic solvent and aqueous surfactant systems. While the
separation occurs predominantly by mass, it has been reported, that specific cascades can be

designed to selectively enrich certain nanosheet dimensions, in particular monolayers.5
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Figure 1.4-1: Schematic illustration of size selection by liquid cascade centrifugation. After each
centrifugation step, supernatant and sediment are separated, the sediment collected and the supernatant
subjected to centrifugation at higher centrifugal acceleration. Reprinted from ref. &

1.4.4 Size Dependent Optical Properties

After exfoliation and size selection procedures, dispersions contain different mean sizes of
nanosheets that are well suited to track changes in optical properties with size. When size
distributions and average sizes are quantified by atomic force microscopy statistics, the size
information can be quantitatively linked to the spectral profile. The simplest spectroscopy in this
regard is probably extinction and absorbance spectroscopy. In extinction spectroscopy, the
attenuation of the light intensity through a sample is measured in transmission as function of
wavelength. As such, it contains contributions from both light scattering and absorbance. The
scattering is strongly size-dependent,® so that a size dependence of the spectra profile is expected.
This has been described in detail for 2D platelets in the non-resonant regime, i.e. at energies below

the electronic transitions.®’

In addition, it was shown that the absorbance spectra, which can be acquired in the centre of an
integrating sphere where scattered light is collected, also show a size dependence, in particular in
the case of TMDs.%% ¢ %8 mportantly, it was found that the scattering in the resonant regime
follows the absorbance in shape so that information encoded in absorbance spectra can be extracted
from extinction spectra. In general, the systematic changes in optical extinction/absorbance spectra
are related to both edge and confinement effects that result in different changes of the spectral
profile. This is illustrated in the case of LPE WS; in Figure 1.4.2.

14



Chapter 1

Figure 1.4-2A shows absorbance coefficient spectra of size-selected LPE dispersions of WSo.
Clearly, the intensity (i.e. absorbance coefficient) changes with nanosheet size differently for
different excitation energies, i.e. the intensity profile changes. Empirically, it is found that the
absorbance (and extinction) coefficient is widely constant at 235 nm so that this wavelength can
be used to calculate the nanosheet concentration and yield using the Lambert-Beer law and the

reported extinction coefficient of e235nm = 47.7 Lglecm™.%°
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Figure 1.4-2: A) Absorbance coefficient of size-selected WS, dispersions in agqueous surfactant solution.
The characteristic excitonic transitions are observed and size-dependent changes illustrated. B) Plot of
extinction intensity ratio as function of average nanosheet length (measured from microscopy statistics). C)
Plot of A-exciton energy as function of average (volume-fraction weighted) layer number showing an
exponential dependence of the exciton energy with thickness. The black dots indicate dated from LPE
measured in dispersion, while the cyan symbols show data from individual micromechanically-exfoliated
nanosheets on substrate. Adapted from ref.%

It was suggested that these changes in the absorbance intensity as function of wavelength for the
size-selected dispersions are due to edge effects.®® Since edges are electronically different from
the basal plane, they will have a different absorbance coefficient. At each wavelength, a
combination of both basal plane and edge absorbance is observed, but to a different extent
depending on the average lateral dimension. Therefore, nanosheets length can be calculated from
the peak intensities ratio extracted from optical extinction spectra. This model is described by
equation 4:

Ext;3s  ac(235nm)L + 2x(k + 1)Aa(235nm)
Extyq0 oc(290nm)L + 2x(k + 1)Aa(290nm)

(Eq.4)

Table 1.4-1. Parameters used to calculate nanosheets length from the peak intensities ratio

extracted from optical extinction spectra.
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Symbol Definition

X Thickness of the edge region

Aspect ratio

L Nanosheets length

oc Absorption coefficient of the nanosheets
basal plane

Aa = aE— aC—-> oE is absorption coefficient of

the edge region

The correlation of the extinction intensity ratio at 235nm/290nm as function of average length is
shown in figure 1.4-2B.%8 Fitting the data to equation 4 yields equation 5 which relates the ratio of
peak intensities extracted from optical extinction spectra to the mean nanosheets length, <L>:°8

_ Exty35

L (nm) = __Ft290 (Eq. 5)

EXt235_
Extzgq 0.02 ;23500185

This equation can be used for any WS dispersion to extract the mean nanosheet length, <L> from

optical extinction spectra.

In addition to the obtained information relevant to nanosheet length, mean nanosheet layer number
<N> can be extracted from optical extinction spectra from the A-exciton peak position. This shift
was originally assigned to confinement effects (i.e. changes in the band structure)®, although more
recent work suggested that dielectric screening effects of the excitons (i.e. changes in the binding
energy) also play a role.®® Reduction in thickness results in A-exciton shifts towards lower
wavelengths, i.e. higher energy (Figure 1.4-2C). Empirical fitting with to an exponential decay
yields equation 6, which can be used to extract the mean layer number of WS, nanosheets, <N>

from the A-exciton wavelength, Aa:®

<N > = 6.35 * 10 327 (nm)/8.51 (Eq. 6)

It should be considered that this equation only applies to WS, and for other TMDS like MoS;, the

same qualitative behaviour is observed, albeit with quantitative differences.
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Furthermore, in monolayer-rich WS> dispersions some hidden spectral features are revealed in the
second derivative of the A-exciton absorbance, i.e. a splitting of the monolayer component and the

sum of the few-layers (more information is given in Chapter 3).

In addition to the metrics for nanosheet thickness and length from extinction spectra, a metric that
corresponds to the monolayer content is desired. According to previous work,® this metric can be
extracted from the PL (photoluminescence) of nanosheets. It is reported that the PL can be
measured in a Raman spectrometer (for WSz: dexc = 532 nm), which allows to simultaneously
detect the PL from monolayers and the Raman modes stemming from all WS; units regardless of
their thickness.®® For exfoliated WS, nanosheets, 2461cm™ is the wavenumber where the
monolayer photoluminescence is observed which corresponds to ~611 nm for the 532 nm
excitation. The higher the content of the monolayer, the higher the intensity of the PL peak (with

respect to the Raman mode) and hence the lower the average thickness of the nanosheets.

It has been observed that increasing the speed of centrifugation yields a higher content of
monolayers and hence, the intensity of the PL peak increases with respect to the Raman mode of
the material.®® By quantifying the monolayer content in a range of samples by AFM statistics, it
was found that the monolayer volume fraction vs IpL/Iraman are linearly correlated. The monolayer

volume fraction (in WS, dispersions) can be estimated by the following equation:

Vp= —b— (Eq. 7)

17 IRaman

Where: Vs is the monolayer volume fraction, Ip. is intensity of PL peak and Iraman is the intensity

of Raman mode.

However, non-radiative decay can be observed by edges for small nanosheet sizes if the diffusion
length of the exciton is in the same range as the nanosheet size.® ¢ Furthermore, the PL quantum
yield can also be affected by other parameters, such as defects.”® Therefore, the PL/Raman
intensity ratio should rather be considered as quality indicator of the exfoliated TMDs in
dispersion. As will be shown in the next Chapters, it can also be influenced by the stabilizer due

to doping
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2. Objectives of the Thesis

The main goals of this thesis can be summarized as follows:

e Production of high-quality TMD dispersions suitable to study exciton physics.

e Develop protocols to modify the environment (dielectric screening and chemical doping).
o Identify optical fingerprints of dielectric screening and chemical doping.

e Use knowledge for controlled chemical doping of nanosheet in liquids and in thin films.

To this end, high quality WS, dispersions were first prepared by liquid exfoliation and
subsequently transferred to a range of additive/solvent system. This is described in Chapters 3.1-

3.2 bearing in mind the following fundamental scientific questions.
1. Can the A-exciton be used to track solvatochromism?

2. What is the best indicator to describe the interaction between WS> nanosheets with various
chemical environments? The following options will be investigated: A exciton energy,
Exciton or trion width, Exciton/trion ratio, scaling of A-exciton energy with thickness

3. Isatransfer to pure solvent in the absence of additives possible and allows to correlate the
A-exciton response to physical parameters of the surrounding (static versus dynamic

screening)?
4. Is awider scope of solvents accessible on transfer compared to direct exfoliation?

With suitable organic, additives free solvents identified, the second part of the thesis (Chapter 3.3-
3.4) was devoted to depositing the nanosheets in a controlled way with restacking between the
sheets prevented. Such thin films are the foundation to study chemical doping from substrates.
Here, aggregation that occurred over time was a major limiting factor. In the part, the following

questions are discussed:
1. How can the coverage of deposited sheets be tuned efficiently?
2. How can aggregation and restacking be prevented (in dispersion and films)?

3. How can the optical quality in TMD thin films be improved?
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3 Results and Discussion

3.1 Impact of Various Additives on the Optical Properties of LPE WS,

3.1.1 Introduction

There is a fundamental difference between the excitonic properties of bulk semiconductor and the
2D monolayer of the same material. The electron-hole pair which forms the exciton is strongly
confined to the plane of TMD monolayers. The electric field lines joining the electron and hole
begin to extend outside of the sample which leads to an increase in the quasiparticle bandgap for
monolayers and simultaneously in larger exciton binding energy as electron and hole interactions
are enhanced.?® ™* With this picture in mind, it is clear that the environment will also have an

impact on the excitonic properties which is expected to be more significant in monolayer materials.

In this section, optical properties of tungsten disulfide (WSz) nanosheets in different liquid
environments are investigated. Based on previous works, WS, was chosen for this study due to
some advantages, importantly the large spin-orbit splitting between the A and B excitons of about
0.4 eV which allows us to study the low energy excitons unobscured by features from higher-
energy transitions. Secondly narrow spectral features are observed which facilitates an analysis of
the A-exciton on absorbance spectroscopy in the case of mixtures polydisperse in thickness, as is
the case in LPE dispersions. Solvatochromic and dielectric screening effects are studied by
transferring WS> nanosheets produced by sonication-assisted LPE and size-selected by LCC into
a broad range of additive and solvents systems. The transfer of the same dispersion greatly
facilitates the analysis, as size-dependent effects can be taken out of the picture. Expected
solvatochromic behaviour (e.g. A-exciton shifts and broadening) are probed by UV-Vis and
Raman/PL spectroscopy. These investigations are performed to approach a deeper understanding
of the interaction of WSz nanosheets with different chemical environments. It should also be noted
that further processing such as fabrication of high-quality WS, thin films can be improved by

selecting suitable solvent and additive systems which will be addressed in Chapters 3.3 and 3.4.

3.1.2 Preparation of the Dispersions

WS, dispersions were prepared by probe sonicating WS> powder in an aqueous sodium cholate

(SC) solution in 80 mL batches using a two-step sonication procedure (see methods). This as-

prepared dispersion is referred to as stock dispersion and contains nanosheets with broad size and

thickness distributions which are subsequently narrowed by size selection through liquid cascade

centrifugation (LCC). In this section, the following procedure was applied as also illustrated in
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Figure 3.1-1. In a first centrifugation, unexfoliated crystallites are removed from the stock
dispersion by low speed centrifugation at 400 g. This dispersion contains nanosheets with a broad
distribution of sizes and thickness and a small but nontrivial population of monolayers with
varying lateral sizes.> %°The supernatant after the cleaning step at 400 g is subjected to further
centrifugation at 1,000 g. The material in the sediment after this step contains the largest
nanosheets. The supernatant is separated from the sediment and is subjected to a higher
centrifugation rate at 5 kg to give a sediment with slightly smaller nanosheets. The sediment is
collected in in fresh solvent (H.O-SC at SC concentrations of 0.1 gL?) at reduced volume (3-8
mL) and subjected to 5 minutes bath sonication which leads to an efficient redispersion. Since the
fraction was isolated between centrifugation rates of 1000 and 5000 g, we refer to this sample as
“1-5k g”.

The supernatant after the 5k g step was centrifuged again and the cascade continued for as many
steps as are required with each step using an increasing centrifugation rate. In this work, the final
sediment was collected after centrifugation at higher speeds, either 10,000 or 22,000 g. The
resultant supernatants are more and more monolayer-enriched because the heavier, few-layer
nanosheets are removed in each step of the size selection. As sample nomenclature, the lower and
upper boundary of the centrifugation are indicated, as mentioned above. The final supernatant is
discarded, as it mostly contains free surfactant and extremely small WS, nanosheets. In this
section, four different fractions with narrowed size distribution, labeled as “0.4-1k g”, “1-5k g”,

“5-10 kg”, “5-22k g” were subjected to further analysis.

1
| 400g l Ik Iskq |10(g |72kg X‘

Figure 3.1-1: Schematic illustration of the size selection by liquid cascade centrifugation with the g-force
iterations used in this study. Size-selected dispersions were prepared by redispersing the collected
sediments in 0.1 gL aqueous sodium cholate. The sediment discarded after the first centrifugation contains
unexfoliated layered crystallites while the supernatant discarded after the last centrifugation step contains
extremely small nanosheets.

After the size selection, the WS, nanosheets were transferred to several solvents/additives systems
to investigate in which way solvatochromic effects can be tracked through the excitonic response.
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Therefore, an effort was made to select a set of additives/solvents as diverse as possible including
anionic, cationic and non-ionic molecular additives (surfactants) as well as ionic and non-ionic
polymers.%% ¢ Note that we found that the choice was nonetheless limited, as not all
additive/solvent dispersions yielded stable dispersions. The suitable systems are summarized on
Table 3.1-1. To achieve the transfer, the size-selected dispersions (in 0.1 gL aqueous SC) were
diluted to an optical density suitable for the measurements and split in 1.5 mL aliquots and
centrifuged again at centrifugal accelerations above the initial higher centrifugation boundary.
After this step, the sediments were redispersed in the different liquid media. The detailed protocol

is illustrated in figure 3.1-2.

Transfer Washing step 2 Remove aggregates
High rpm High rpm /i Low rpmﬁ
Initial size selection + Stabiliser/Solvent
of choice

Figure 3.1-2: Schematic illustration of the protocol to transfer WS, nanosheets to a range of additives.
After exfoliation in aqueous sodium cholate and size selection by liquid cascade centrifugation, the
nanosheets in the sediment are redispersed in water. the mixture is distributed to small vials. the resultant
dispersion centrifuged again at centrifugal accelerations above the initial higher centrifugation boundary.
The supernatant is discarded and the WS; nanosheets in the sediment washed again with water and/or THF
consecutively and the sediment redispersed in the stabilizer of choice. In a last step, aggregates are removed
by centrifugation at 100 g.

Specifically, the following centrifugal accelerations were used: 30k g for the 5-22k g sample, 15k
g for the 5-10k g sample, 7k g for the 1-5k g sample and 2k g for the 0.4-1k g sample. After this
step, the supernatant was discarded and the WS> nanosheets in the sediments were washed through
redispersing in distilled water or THF, depending on the solubility of the additive. After
redispersion, the mixtures were sonicated ~3 mins in a sonic bath to account for re-aggregation
and centrifuged again at high centrifugal acceleration (values as in the first step of the transfer see
above). This step was performed twice to remove as much of the initial surfactant as possible. The
washed WS> nanosheet sediment, was then redispersed in the desired solvent/additive mixture by
using three minutes bath sonication. In the last step, aggregates were removed by centrifugation at
low-speed centrifugation at 100 g for 30 min(Figure 3.1-2). All water-soluble additives were used
as aqueous solutions, with the exception of poly(vinyl alcohol) (PVA) which was also tested in
the organic solvents N-methyl-2-pyrrolidone (NMP) and dimethylsulfoxide (DMSO). For other

polymers, either tetrahydrofuran (THF) or NMP were used as solvents. Small molecules were used
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at typical surfactant concentrations of 2 gL, whereas 0.1 gL was used for polymers due to the
lower solubility.
Table 3.1-1: List of all solvent/additive systems including the full name, abbreviation and their

concentration. For some systems (e.g. Polystyrene-Toluene and Polystyrene-chloroform) too much
aggregation appeared after transferring WS, limiting the choice of suitable systems.

Stabilizer Abbreviation Conc. Solvent

Polymers

0.1gL*
Poly(vinyl alcohol) PVA and 20 gL” | H20

1
Poly(vinyl alcohol) PVA 0.1 gL Dimethylsulfoxide-DMSO
Poly(vinyl alcohol) PVA 0.1 gL* N-Methyl-2-pyrrolidone -NMP
Polystyrene PS 0.1 gL* N-Methyl-2-pyrrolidone -NMP
Polystyrene PS 0.1 gL Tetrahydrofuran - THF
Poly(methyl methacrylate) PMMA 0.1 gL* Tetrahydrofuran - THF
Polyvinylpyrrolidone PVP 0.1 gL H20
Hyaluronic acid sodium salt HA 0.1 gL* H.0

Nonionic Surfactant
Polyethylene glycol tert-

Tx-100 2 gLt H.0
octylphenyl ether g 2
Polyoxyethylenesorbitan 1
TWEEN® 20 |2 gL H20
monolaurate
Cationic Surfactant
Hexadecyltrimethylammonium 1
. CTAB 2 gL H.0
bromide
Anionic Surfactant
. SC (as 4
Sodium cholate hydrate 2 gL H.0
reference)
Sodium deoxycholate SDC 2 gL* H,0
Sodium dodecylbenzenesulfonate | SDBS 2 gL* H.0
Sodium dodecyl sulfate SDS 2 gL* H,0

3.1.3 Absorbance/Extinction Spectroscopy

Optical extinction measurements for all transferred WS> fractions in a range of additives and
solvents systems were carried out. As outlined in chapter 1.4.4, optical extinction spectra of LPE
TMDs are rich in information. In the case of the reference system in SC, quantitative metrics were
established which allow to calculate the average lateral sheet dimensions from extinction intensity

ratios and the layer number from the A-exciton energy which was found to blue-shift with
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decreasing thickness.® 8 In this work, the goal is to understand in which way the environment has
an additional impact on the A-exciton energy. Since the same nanosheet dispersions were
transferred to a different liquid environment, the layer number should only vary across the size-
selected fraction, but remain constant within one set of samples in different additive/solvent
systems. Hence, it is known in all samples without the need for microscopy statistics. Similarly,
the nanosheet length should remain constant.

In figure 3.1-1A, a selection of extinction spectra of the same WS fraction (5-22k g) is shown
after transfer to different environments. The overall spectral profile remains similar which
confirms that the nanosheet dimensions do not vary significantly, as differences in peak intensity
ratios are expected otherwise. In addition, it should be noted that no significant contribution from
non-resonant scattering (> 650 nm) is observed which strongly suggests that aggregation effects
are minor. However, as illustrated by the inset, even though it is the same population of the
nanosheets, a slight shift of the A-exciton is observed. To analyze this in more detail, the second
derivative of the A-exciton region was calculated for all samples (see Appendix Figure A6.1). For
samples with a significant monolayer content (isolated at high centrifugation speed > 5k @), it is
composed of two features, as illustrated in figure 3.1-1B. Previous work® ® assigned the A-
exciton resonance at 2.033 eV (612 nm) to WS> monolayers (in aqueous SC), while the second
component at 622 nm relates to the average of all WS, few-layers as indicated in figure 3.1-1B by
the grey and light blue shaded areas, respectively. Due to the relatively narrow linewidth of the
excitonic resonances of LPE WS,,% the monolayer contribution is very well separated from the
few-layer component in the second derivative. Importantly, depending on the additive, a peak shift
is observed. This shift appears more pronounced for the monolayers which results in a reduced
splitting between the monolayer and few-layer component, as clearly observed for WS>-PVP in
figure 3.1-1B. From all data (see Appendix Figure A6.1), the positions and widths of the two
components were determined from a fit to the second derivative of the sum of two Lorentzian as

outlined in ref . The fits are indicated as solid lines in figure 3.1-1B and figure A6.1.
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Figure 3.1-3: A) Selection of normalized optical extinction spectra of same size-selected WS, dispersion
(5-22k g) transferred to different stabilizers. The inset shows a zoom-in to the A-exciton region of the
optical extinction spectra. B) Second derivative of the A-exciton region of the same samples after
smoothing the spectrum. A splitting into two components is observed which can be assigned to monolayer
(ML) and few-layer (FL).

Since the layer number also results in a shift of the A-exciton, it is important to deconvolute the
effect from the stabilizer from that of the layer number. This can be achieved by plotting the A-
exciton energy, Ea, as function of layer number for the different stabilizer systems. For the
different size-selected fractions, the layer numbers were calculated from published quantitative
metrics of the SC reference systems.5% 85 68 A subset of the data is shown in figure 3.1-4A, for all
data see Appendix Figure A6.2. While strictly speaking an exponential correlation of exciton
energy with layer number was revealed,®® the data can be fit well to an empirical power law as
illustrated by the solid lines in figure 3.1-4A. This allows to extract the exponent, Expe-n (i.e. the
slope on the semi-logarithmic plot) and the A-exciton energy of the monolayer, EamL Which is the
intercept with layer number of 1. These two parameters are related to the average WS> layer

number, <N> according to equation 8:

EA_EA,ML)

<N >= 10( Expg_y (Eq. 8)

As can be seen from figure 3.1-4A, the additive changes both the exciton energy of the monolayer
(EamL), as well as the exponent relating the exciton energy with the layer number (Expe-n). This
shows that thinner nanosheets are more affected by the environment, compared to larger

nanosheets, since more of the material is exposed to the surrounding liquid.

We refer to this scenario as solvatochromism, since this is probably the more generalized term
which includes changes in the effective dielectric environment, as well as potential chemical

doping. Regardless of the origin of the solvatochromic effect, we would expect that the monolayer
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exciton energy scales with Expe-n in some way. To test this, the two fit parameters are plotted
versus each other in figure 3.1-4B. Importantly, data points using different stabilizers fall on the
same curve that can be described well be a linear relationship as indicated by the solid line. Figure
A6.3 (Appendix) shows the same plot with the datapoints labelled with the respective
solvent/additive systems. While it cannot be rationalized which system results in a stronger
solvatochromic effect, some details will be pointed out: i) A combination of solvent and additive
can be observed, since there is a stronger red-shift (interpreted as enhanced Coulomb screening)
of the A-exciton in PS-NMP compared to PS-THF. However, this is not necessarily the case as
shown by the data in PVVA, which clusters in the same area ii) The effect is strongest in the cationic
surfactant CTAB and the pyrrolidone-based polymer PVP suggesting a strong interaction with the
nanosheets, i.e. due to chemical doping or dielectric screening, or a combination of the two. iii)
The A-exciton is highest in energy for pure water, as well as the widely used surfactants SC and
SDBS. This agrees well with previous investigations on suspended, free-standing monolayers of
micromechanically-exfoliated MoSz, where it was shown the A-exciton photoluminescence of

monolayer and bilayer MoS2 is red-shifted by only ~10 meV, i.e. solvatochromism is negligible.5°

While this correlation of Expe-n and Eamc IS an interesting finding, it does not improve the
understanding of the physics of excitons in 2D materials, since the exact nature of the surrounding
(refractive index, dielectric constant) is not known in additive/solvent systems For example, it is
unknown how the non-covalent interactions of the additive in the different environment change.
Also we can observe a combination of the effect of solvent and additive. Furthermore, chemical
interactions with the additives resulting in doping cannot be excluded. To achieve a more
fundamental understanding, it is necessary to perform such experiments in neat solvents in the
absence of additives which is more difficult, as there is a risk that dispersions are not colloidally
stable resulting in aggregation of the nanosheets effectively changing the layer number.
Experiments along these lines are described in chapter 3.2. Nonetheless, the data from the
solvent/additive systems is useful for us as this enables to adjust the metrics related to the

nanosheet thickness for different dielectric environments.

To generalize the thickness metrics for different environments, the correlation of Expe.n with

Eamc in Figure 3.1-4B is empirically fit to a linear function yielding the following equation:

ExpE_N [eV] == 1667eV - 0851 EA,ML [eV] (Eq 9)
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Figure 3.1-4: A) A-exciton energy plotted as a function of layer number. B) Plot of extracted fit parameters
from all data shown in the appendix, figure A6.2. A linear relation between the exponent and the and
monolayer A-exciton energy is observed. C) Scaling of the monolayer A-exciton width vs. the energy (eV)
extracted from the width of the A-exciton second derivative.

An A-exciton position dependant-based equation for determining the number of layers is devised
by inserting equation (9) in (8). This equation can be applied to all WS samples, in unknown

environments and is given by:

( Ep [eV] _EA,ML[EV] )
< N > = 0.434 ¢\°167 eV—0.851E4 pyp[eV]

(Eq. 10)

To determine the layer number of WS in liquid environments, the only required input parameters
are the A-exciton energy in the respective sample and the A-exciton of the monolayer which can
be determined from fitting the second derivative of the A-exciton in a monolayer-rich samples
(compare figure 3.1-3B). We note that such fits also yield the width of the monolayer and few-
layer A-exciton response. This is plotted as function of A-exciton energy on figure 3.1-4C. The
few-layer width is cluttered and larger than the monolayer width. This is can be rationalized, as
this is the average value of all few-layers, i.e. the response does not stem from a single, defined
layer number. This is in contrast to the higher energy component in the A-exciton which is
exclusively from monolayers. Here, a rough scaling of exciton width and energy is observed. This
suggests that the redshift associated with solvatochromism is accompanied by a broadening of the

excitonic resonance.

In summary, a robust indicator for the interaction of TMDs with the environment was identified
by evaluating the data obtained from UV-Vis extinction spectroscopy. Solvatochromic effects are
best observed by plotting the A-energy as function of WS, layer number which reveals different
exponents and ML exciton energies. Also, A-exciton width versus energy shows a rough, but
scattered relation (at least for ML). However, probably the error from fitting the A-exciton second

derivative is too large to observe this clearly. Overall, changes in the A-exciton energy-thickness
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relation confirmed that solvatochromism can be observed from the A-exciton resonance. This was
used for an improved quantitative metric to calculate the layer number of WS, from the optical

spectra in various additive systems.

3.1.4 Photoluminescence spectroscopy

The A-exciton response can also be investigated with the aid of fluorescence spectroscopy which
is potentially more sensitive to the environment than the absorbance. Thus, it is investigated how
different additives affect the fluorescence spectra of the WS> nanosheets. Previous work suggested
that the PL/Raman intensity is quantitatively related to the monolayer content as only the
monolayers are luminescent.®® However, it is unknown in which way this quantitative relationship

is influenced by different stabilizers, or indeed different measurement conditions.

For the measurements, a Raman spectrometer (Aexe=532 nm) was used. All samples with the
smallest size of nanosheets (here 5-22k g) were investigated, since they have a sufficient quantity
of monolayers. Samples were measured at high concentration, i.e. after redispersion in minimal
volume after the transfer to eliminate the contribution from solvent to spectra. To avoid
reabsorption and innerfilter effects, the laser was focused above the surface of the liquid droplet.”

It is reported that the PL is very sensitive to the dielectric environment and the defect content in
the samples.” Therefore, in this study it is considered that photoluminescence peak position and
width might be affected by various factors: i) defect content, ii) temperature, iii) dielectric
screening from the different environment. In addition, a PL shift could be attributed to either
doping or strain induced by the different additives.”® In TMDs, doping is expected to result in the
emission from trions, i.e. negatively charged excitons, which are observed at lower energies than
the exciton.?® Furthermore, the laser power will have an impact on the PL quantum yield and hence
the PL/Raman ratio due to exciton-exciton annihilation at high power.” In addition, enhanced
trion emission was reported at higher laser power.”>’® Note that in additive systems, a photo-
induced charge transfer’” can also not be ruled out which is expected to significantly change the
contribution from trions to the spectra as function of laser power (and additive).

To establish suitable measurement conditions, spectra were first acquired in the different
WS,/additive systems for different excitation laser powers. Some examples are shown in figure
3.1-5. The spectra are normalized to the 2LA(M) Raman mode at 355 cm™. In all cases, the feature
at > 2000 cm can be attributed to photoluminescence (from excitons and/or trions). In LPE WS;
suspended in SC, emission from predominantly excitons was reported which is centered at 2525
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cm* corresponding to ~612 nm.% In both Tween and SDBS, a second, red-shifted PL feature
evolves at lower energy (i.e. larger Raman shift) at higher laser power which is attributed to
emission from trions. The laser power threshold for this second component is different for the two
surfactant systems shown and occurs at 5% (0.81 mW spread over ~4 x 35 um?) in Tween and a

factor of 10 lower power in SDBS.
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Figure 3.1-5: Impact of laser power on photoluminescence properties of standard samples. A, B): Selection
of normalized Raman/ PL spectra (excitation at 532 nm) of size-selected WS, (5-22k g) transferred to
different stabilizers (A- Tween; B- SDBS), showing non-systematical changes when the laser power is
varied.

Similar effects have previously been observed in CVD grown WS, transferred by different
techniques.”® The reason for such behavior remains elusive. While different levels of strain were
suggested in the work focusing of CVD-grown and transferred WS, this is unlikely in our case
since the monolayers are laterally very small (< 50 nm) and still suspended in a liquid environment.
If the environment induced any significant strain or doping effect in the WS>, the Ez¢* and Aaq
Raman vibrational modes would shift” as well which is not observed in our data. While this merits
further investigation in the future, in this work, we attempt to avoid this effect as much as possible
and acquire the spectra below the power threshold of this effect, which was found as 1% laser
power in most systems with the exception of SDBS where, the power was further reduced to 0.1%.
We also note that the effective laser power is dependent on the focus of the laser on the surface.
This is much more difficult to control in the measurements on the surface of liquid drops compared
to solid substrates. Thus, the effective laser power cannot be considered identical for all samples.

However, we focus our analysis on PL energies and widths which are widely unaffected to small
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changes in laser power™ (as long as the threshold is low enough to avoid the pronounced trion

emission observable in some cases).

Figure 3.1-6A shows a selection of Raman/PL spectra of monolayer-enriched LPE WS,
dispersions (fraction 5-22k g) transferred to different additive systems normalized to the 2LA(M)
Raman mode (355 cm™). Note that high concentration samples were measured to avoid the
contribution from the water Raman at 3000-3700 cm*. Peak shifts and broadening can be observed
in the PL spectra due to changes of the environment by the different stabilizers. Note that this also
dramatically changes the PL/Raman intensity ratio which had been suggested as metric for the
monolayer content® due to negligible emission from few-layers. This clearly demonstrates that
the PL intensity is strongly affected by the surrounding medium and that the reported metrics®® are

only valid for the WS,-SC reference system that was previously investigated in detail.

While similar changes in position and width have been observed in the A-exciton response in the
absorbance spectra, they are much larger in magnitude in the PL spectra. For example, the A-
exciton energy of WS»-in the absorbance spectra was centered at 2.015 eV, while the PL is
centered at 2970 cm™* which corresponds to 1.96 eV. Therefore, it is likely that the PL response is
not only affected by dielectric screening, but also chemical doping which can result in an increase
of the trion contribution (charged exciton). To analyze this in more detail, the PL spectra of the
WS dispersion transferred to the different additive and solvent systems is fitted to two
Lorentzians, which have been assigned to originate from the radiative combination of the A™ trion
and A exciton,? > ® respectively. Examples fits are shown in figure 3.1-6B-E, for all data see
figure A6.4, Appendix. The black dots represent the measured data, while the red and blue lines
are the fit components of exciton and trion, respectively. In all cases, the measured data is
described well by two Lorentzians as indicated by the envelope function in orange. In some
surfactants, such as the SC reference system (Figure 3.1-6B), it is found that the PL is governed
by excitonic emission as previously reported.®® Other additives, such as the polymer PVA in water
(Figure 3.1-6D) shows a mixture of exciton and trion emission. A previous study has shown that
this is due to doping from adsorbed PVA.*® The polymer PVP as an additive (Figure 3.1-6E) almost
completely suppresses the exciton emission which suggests relatively strong chemical doping.
Interestingly, this system also showed the most red-shifted A-exciton in the absorbance which
might suggest that doping and dielectric screening are somewhat correlated in liquid-suspended

nanosheets.
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Figure 3.1-6: LPE WS; photoluminescence in different additive systems. A selection of spectra of the 5-
22k g sample is shown. A) PL spectra of high concentrated WS, dispersions (532 nm excitation) normalized
to the 2LA(M) Raman mode in four additive systems: H,0-SC (2 gL*), H,O-Tween20 (2 gL™!), H,O-PVA
(0.1 g LY, H,O-PVP (0.1 gL). At Raman shifts between 2000-4000 cm™? (corresponding to 1.8-2.1 eV)
the photoluminescence of WS, monolayers is observed showing significant differences across the samples.
B-E) WS, photoluminescence fitted to two Lorentzian assigned to emission from excitons and trions,
respectively. B) H.0-SC (2 gL™), C) H,O-Tween20 (2 gL™), D) H,O-PVA (0.1 gL™?), E) H,O-PVP (0.1 gL
1).

From the fits, the energy, area and width of exciton and trion, respectively, are extracted. On the
one hand, this allows us to test whether solvatochromism results in similar shifts and broadening
of the response of both types of quasiparticles, i.e. excitons and trions. On the other hand, we can

use the ratio of trion to exciton emission as indicator for chemical doping and test whether
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chemical doping from the surrounding medium governs the shift/broadening. Since the effective
dielectric constant of the environment is not known due to the use of additives, this is useful, as
the presence or absence of correlations are an indication whether it is in principle possible to
distinguish between chemical doping and screening of the excitons due to changes in the dielectric
constant of the environment. Various correlations from fitting the emission of LPE WS; in
different additive systems are displayed in Figure 3.1-7.

It is found that both exciton and trion energy (Figure 3.1-7A) and width (Figure 3.1-7B) roughly
scale with each other, albeit with some scatter. In addition, Figure 3.1-7C shows that the width and
energy of both exciton and trion are well correlated following a powerlaw dependence and all the
fit data for both exciton (red) and trion (blue) fall on the same line. Thus, a red-shift is accompanied
with broadening. We note that the quantitative relation is different from representative data
obtained from the absorbance spectra (Figure 3.1-4C). This could be because we see the mean of
exciton and trion in the absorbance spectra or because we expect a combination of various effects
in the solvent additive system (e.g. dielectric screening of excitons and/or chemical doping) which

is manifested differently in absorbance compared to emission spectroscopy.

At first glance, the data shown in figure 3.1-7A-C suggests that both exciton and trion respond in
a similar way to the different chemical environment. However, the scaling of the trion energy
versus the exciton energy in figure 3.1-7A follows roughly a linear correlation with a slope of ~1.5
in the lower energy regime (indicated by the dashed line) before saturating at an exciton energy of
~2.01 eV. If the shift of exciton and trion was attributed to doping, one would expect an increased
separation of exciton minus trion energy as function of the Fermi level of the TMD.?® In this case,
the saturation occurring at the highest exciton/trion energies (~2.01 eV/~1.985 eV) could be related
to an almost charge neutral state. It should be noted that the observed energy separation between
exciton and trion energy at this point (20-25 meV) agrees well with literature on “charge-neutral”
MoS,?°> which was achieved by reducing the doping from the substrate electrically. Increased
doping, in our case chemical doping, is expected to result in an increased energy separation
between exciton and trion. This is exactly what is observed here: taking the lowest energy data
point from this study, the exciton/trion separation is 30 meV which would be consistent with
relatively mild doping and a shift in Fermi energy of ~10-15 meV.?® This strongly suggests that
the pronounced shifts in the emission of LPE WS in different solvent/additive systems is a result
of chemical doping. With this in mind, it is surprising to see a correlation of exciton/trion energy
and their width in figure 3.1-7C, as the width is often regarded to be governed by the homogeneity
of the surrounding®® and that does not necessarily scale with the strength of doping.
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Figure 3.1-7: Impact of the stabilizer on WS, photoluminescence. Exciton and trion energies and peak
widths are obtained from fitting the PL response as illustrated in figure 3.1-6B-E for all stabilizer systems.
Plots of A) trion versus exciton energy, B) trion versus exciton peak widths and C) width as function of
energy. Empirically we find that red-shifted exciton and trion emission is accompanied by broadening as
indicated by the solid line. D-F) Plots of extracted fit parameters as function of the contribution of the trion
to the overall PL which is indicative for charge transfer between stabilizer and WS;. D) Exciton energy, E)
trion energy and F) exciton and trion width.

While a quantitative analysis of potential chemical doping is not accessible in LPE WS in different
solvent/additive systems, we can qualitatively use the portion of trion emission to the overall PL
response as indicator for doping of the nanosheets and test whether exciton and trion energy scale
with this parameter. A clear scaling would confirm that the shifts in the PL are indeed related to
doping rather than more subtle effects such as changes in the dielectric environment. To this end,
the exciton (Figure 3.1-7D) and trion (Figure 3.1-7E) energy is plotted as function of trion emission
to the overall photoluminescence. A linear relation is observed in both cases as indicated by the
dashed grey lines. The data acquired in SDBS as additive is an outlier in the plot of exciton energy
versus portion of trion emission (Figure 3.1-7D) which can be attributed to the sensitivity of this
WS,-surfactant system to variations in the laser power as discussed above. In addition, figure 3.1-
7F shows a plot of the exciton and trion width as function of the portion of trion emission. While
a detailed analysis is beyond the scope of this work, the data clearly shows that a broadening of
both exciton and trion PL occurs with increasing fraction of the portion of the trion emission to

the overall PL response. Overall, the data suggests that the PL position and widths are sensitive
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indicators for chemical doping. Hence, in the case of PL, doping from the additive/solvent system
governs the optical response and more subtle differences in the environment (dielectric constant,

refractive index of the medium) are hardly discerned in these type of samples.

In spite of this discussion, it should be noted that PL measurements in a Raman spectrometer on
liquid-suspended nanosheets are difficult to perform in a reproducible manner due to effects from
focusing/defocusing, heating, laser power etc. For example, when the water in the sample
evaporates due to heating, it results in broadening of the PL peak and evolution of more of the low
energy components (assigned to trion) which might not be related to the nanomaterial/solvent-
additive system, but to higher trion emission efficiency when the sample is accidently drying
resulting in different heat dissipation. In light of this, absorbance spectra might be more suitable
to reveal subtle differences in the A-exciton response as function of solvent/additive, in particular

in systems with negligible chemical doping.

3.1.5 Conclusion

In summary, the first part of this thesis devoted to the additive/solvent system tracked several
goals: 1- Producing high optical quality TMDs dispersions. 2- Modification of environments
surrounding the material. 3- Investigation of solvatochromic effects on WS as a function of layer
thickness (dimension). 4- Identifying spectroscopic fingerprints for controlled chemical doping of
nanosheets in liquid. It is confirmed that transferring WS> nanosheets from water/surfactant to
different stabilizer and solvent systems gives indeed deeper insights into the effects of the
environment on the optical properties of WS, nanosheets. In addition, the suitability of the transfer

process and size selection method are highlighted.

Solvatochromic effects from the liquid environment are observed in the A-exciton absorbance, as
well as A-exciton emission. However, it is not clear whether this is due to Coulomb screening of
the excitons or other factors such as doping. In absorbance spectroscopy, shifts and broadening of
the monolayer A-exciton are observed, but to a lower magnitude compared to the emission. Since
thinner sheets have higher surface to volume ratio, they are more affected which is manifested by
a change in the exponent relating the exciton energy to the layer number. Interestingly, a linear
correlation between the exponent and the A-exciton energy of the monolayer is observed which
can be used to generalize metrics to determine <N> from optical absorbance/extinction spectra in
unknown environments. The overall photoluminescence can be deconvoluted into emission from
exciton and trion which presents a qualitative measure for chemical doping. Stronger chemical

doping, which can be referred to as increased interaction strength of the environment with WS2
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results in larger shift of both exciton and trion as well as more broadening. A linear scaling of
exciton and trion energy with the fraction of trion emission to the PL response of observed. It can
thus be concluded that the PL fingerprint is dominated by chemical doping rather than physical
parameters of the environment (dielectric constant or refractive index). Currently, it is not clear
whether this is also the case for the absorbance data, in particular for the linear scaling of the
exponent relating the exciton energy with layer number and the monolayer A-exciton energy.

In a nutshell, all observed data confirms that exfoliation in liquids is a good starting point for
subsequent chemical modification of the nanosheets. According to the observed absorbance and
photoluminescence data, changes in exciton energy and width indicate the solvatochromic effect.
It should be noted that the nature of the environment surrounding the materials is not known due
to the presence of a mixture of surfactant and solvent making a more quantitative analysis
impossible. In addition, in the solvent/additive system, it is not possible to distinguish between
chemical doping and dielectric screening of the excitons. Therefore, to gain deeper insights into
the physics behind the solvatochromic effects, further studies on pure solvent systems were

performed which is explained in detail in the next Chapter.
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3.2 Transfer to Additive Free Organic Solvents

3.2.1 Introduction

In this section, it is clarified that when liquid exfoliation and size selection is optimized, nanosheets
can be used to fundamentally study the excitonic properties. The main aim of this study is to
understand what governs the solvatochromic shifts of excitons. As outlined in the previous section,
we initially attempted this approach by transferring WS nanosheets exfoliated and size-selected
in agueous sodium cholate to a range of other water/additive systems. The problem was that it was
not possible to distinguish between chemical doping and dielectric screening of the excitons since
both effects can occur. In addition, the effective dielectric environment in solvent/additive systems
is not known. Therefore WS, nanosheets are transferred to pure solvents without additives in this
section. In such a scenario, chemical doping should be reduced and we can use physical parameters
of the solvent (e.g. refractive index, dielectric constant) to identify the origin of the excitonic

response.

3.2.2 Preparation of the Dispersions

In analogy to the previous section, monolayer-enriched LPE WS dispersions are first prepared by
established protocols. This is important, as it enables the investigation of the monolayer A-exciton
response on both absorbance and luminescence. For this purpose, a centrifugation scheme by
liquid cascade centrifugation is applied to enrich the samples in monolayer. The dispersion goes
through a cascade of consecutive centrifugation steps. After each step, the relative centrifugal force
is increased and the supernatant is separated from the sediment which is redispersed in fresh
aqueous sodium cholate 0.1 gL™1. The stock dispersion is prepared by the same protocol which as
in the previous section by probe sonication of the powder in an aqueous sodium cholate (SC)
solution in a two-step procedure. The size selection was adjusted slightly to produce more fractions
with relatively high monolayer volume fraction. In this section, the following fractions were used:

“1-5k g7, “5-10k g”, “10-30k g” were subjected to further analysis.

In the previous experiments, nanosheets were exfoliated in sodium cholate (in water surfactant) to
prepare a high-quality sample. The sediments collected after LCC were diluted, split into the
desired number of aliquots and transferred to the new solvent/additive system by centrifugation
after centrifugation-based washing steps (Figures 3.1-2). In a last step, low speed centrifugation

was used to remove aggregates.
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A similar procedure was used here with minor adjustments. Specifically, the following centrifugal
acceleration was used for the sedimentation prior to transfer: 35k g for the 10-30k g sample, 15 kg
for the 5-10k g sample. 7k g for the 1-5k g sample. After this step, the supernatant was discarded
and WS, nanosheets in the sediment were washed in 2 steps, with water and IPA consecutively.
After each step, the mixtures were sonicated for ~5-10 mins in a sonic bath to account for
reaggregation and centrifuged again at high centrifugal acceleration (values as in the first step of
the transfer see above). This washed WS; nanosheet sediment, was then redispersed in 21 desired
solvents by bath sonication (~5 minutes). In the last step, a low centrifugal acceleration (100 g)
removal step was applied to remove nanosheet aggregation. In the case of the transfer to solvents,
this step was performed for 60 min.

The following solvents were used for redispersion: Acetonitrile, Anisole, 1-Butanol,
Cyclohexanone, Diethyl ether, Dimethylformamide (DMF), Dimethylsulfoxide (DMSO),
Dimethoxyethane (DME), Isopropanol (IPA), Isopropoxyethanol, N-Methyl-2-pyrrolidone
(NMP), Nitromethane, Methanol, , Propylenecarbonate, Propylene glycol methyl ether acetate
(PGMEA), Terpineol, Tetrahydrofuran (THF), Water. Transfer to the following solvents was
tested, but could not be achieved: Cholorform, Acetone, Ethyl acetate. In addition, the samples
were redispersed in aqueous sodium cholate after the washing procedure as reference.

3.2.3 Colloidal Stability of WS> Nanosheets in Various of Solvents

In the previous section, solvatochromism was investigated in size- selected WS, nanosheets
transferred to different solvent/additives. The environment was reflected in changes of the A-
exciton energy and width which was observed in both PL and absorbance spectra. While the use
of additives improves the colloidal stability of the dispersions and prevents aggregation, the
problem is that the exact nature of the surrounding medium is unknown. Therefore it was decided
to investigate solvatochromic shifts in A-exciton energy and width of WS, dispersions by
transferring nanosheets to pure solvents which allows us to test which physical parameter
(dielectric constant, refractive index...) governs the response. It should be noted, that transferring
to pure solvents is more challenging, as not all solvents are “good solvents”. Here, the term “good”
refers to the temporal colloidal stability of the nanosheets in different solvents. In general,
pyrrolidone-based solvents such as NMP or Cyclohexyl-2-pyrrolidone were found to efficiently
prevent aggregation with > 90% of material remaining dispersed after 100 h.** ! Thus, before
analyzing the A-exciton response, it is important to assess whether the dispersions are colloidally

stable enough.
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The colloidal stability of nanomaterials in pure solvents is generally described in the framework
of solution thermodynamics- for details, see Chapter 1.4.1. In brief, the definition of the free
energy of mixing (AGmix) is used to understand the mixing of solvent and solute. Nanosheets are
considered as solute in these systems. Mixing of two components is favorable when the Gibbs free
energy is negative. Here nanosheets are considered as a large and rigid solute, hence their entropy
contribution is very small compared to small molecules. Therefore, it is of interest to minimize the
enthalpy to favor the mixing. If the solubility parameter of solvents is very close to that of
nanosheets, the energetic cost of dispersing the nanosheets is minimized and the dispersed
concentration is maximized. To predict this maximum dispersed volume fraction the an equation
was derived® which emphasized that dispersed concentration as a function of solvent surface
tension should follow a Gaussian envelope function.®* As suitable solubility parameters, surface

energy, Hildebrandt parameter or Hansen parameter can be considered.5!

To test the model, the dispersed concentration can be plotted as function of the respective solubility
parameter which should result in a well-defined peak, described by a Gaussian envelope. The
maximum of the peak is related to the solubility parameter of the nanomaterial which was found
to vary only weakly across materials.>® It is reported that many solvents give dispersed
concentrations significantly below the (Gaussian) envelope. In addition, there is only a small
number of solvents with surface tension above 45 mJ/m? and surface energy above 75 mJ/m?. Note
that surface tension I is linked to the surface energy (y), by I' = ys - TSs, where Ss is the surface
entropy and TSs ~ 29 mJ/m? for almost all liquids at room temperature. This limitation makes the
right-hand side of the graph hard to be populated.®® In addition, it is unknown whether certain
solvent parameters, such as viscosity or density would affect the exfoliability. For example, it is
known that cavitation, which is the main driving force for exfoliation in sonication is affected by
the viscosity of the medium.®? Such effects can potentially be taken out of the picture by
transferring an already exfoliated dispersion to different solvents, as performed in this study.

To test this, three size selected WS; fractions (10-30k g, 5-10k g and 1-5k g) were transferred from
aqueous surfactant to different solvents (including solvents that are known not to be good solvents
for TMDs or carbon nanotubes) and their extinction spectra measured to assess the nanosheet
concentration and simultaneously analyze the A-exciton response. A selection of spectra of the
reference sample in aqueous SC (after the same washing steps used for the transfer to organic
solvents), isopropanol, anisole and NMP are displayed in Figure 3.2-1A-C, for all data see
Appendix, A6.5. The insets show the region of the A-exciton, which will be analyzed and

discussed further below.
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Figure 3.2-1: Impact of the solvents on WS, extinction spectra and dispersibility of exfoliated nanosheets.
A-C) Selection of spectra of the 10-30k g (A), 5-10k g (B) and 1-5k g (C) samples are shown in 3 different
solvent system (isopropanol, anisole, NMP) compared to WS,-SC as reference sample. Insets: Zoom-in of
the A-exciton. D-F): Dispersed concentration of WS, fractions transferred to different solvents plotted as a
function of Hildebrand parameter for the three size-selected samples.

From the spectra, it can be observed that smaller nanosheets (10-30k g, Figure 3.2-1A) can be

efficiently transferred to some solvents, such as NMP without loss of nanomaterial, which is not
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the case for the fractions containing larger nanosheets. In spite of the centrifugation step at 100 g
after the transfer to remove the majority of aggregates, an elevated non-resonant scattering
background at > 650 nm can be seen in almost all transferred samples. This appears more
pronounced for the WS dispersion2 containing the larger nanosheets (1-5k g, Figure 3.2-1A). This
suggests that larger nanosheets suffer more from aggregation during the transfer process. This will
be discussed further below.

Information based on the transferring efficiency is obtained from the optical density of the
extinction spectra after removal of aggregates. To calculate the relative concentration of size-
selected WS> nanosheets, the optical density of the sample is determined at 400 nm from the optical
extinction spectra, multiplied by the dilution factor and finally divided by the optical density of
the initial sample at 400 nm (i.e. the nanosheets in SC aqueous solution before transferring to the
desired environment). Figure 3.2.1D-F shows the relative dispersed concentration (in %) as a
function of the Hildebrand parameter. As described above, it is suggested that the dispersibility in
pure solvents without stabilizers can be described in the framework of solution thermodynamics
which means that the dispersed concentration should be highest at the point where the solubility
parameter of the material matches that of the solvent. Essentially, what this means is when we
plot relative concentration as the function of solubility parameter we should see a peak if the data

was consistent with solution thermodynamics.

The 10-30k g sample (Figure 3.2.1D) indeed shows a peak at ~22MPa%® which can be described
by a Gaussian envelope function. This suggests that the colloidal stability is governed by solution
thermodynamics after transferring one sample to different environments in this case. Interestingly,
opposed to direct exfoliation in solvents only few data points deviate significantly from the
envelope. However, this is clearly not the case for the size-selected fractions containing larger
nanosheets (Figure 3.2.1E-F). Here, the dispersed concentration after transfer varies only weakly
across solvents. In the case of the 15k g fraction, roughly 60% of the nanosheets are retained after
transfer regardless of the solvent. While this might suggest the presence of some residual solvents,
this means that a broader range of solvents is accessible for further processing when the samples

are transferred compared to direct exfoliation in the respective solvents.

For sake of completeness, the relative nanosheet concentration is plotted as function of various

solubility parameters in figure 3.2-2. In figure 3.2-2A, the relative dispersed concentration is

plotted versus surface tension. There is no clear correlation in both fractions 1-5k g and 10-30k g

which is illustrated as blue stars and black squares, respectively even though solution

thermodynamics predicts the dispersed concentration vs function of solvent surface energy to
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display a Gaussian-shaped peak.! According to literature,® this should be centered at ~40 mN/m.
While the data of the smallest fraction of WS, nanosheets (10-30k g) could evolve to a peak (with

few exceptions) if solvents with higher surface tension were accessible, this is clearly not the case

for the fraction containing larger nanosheets.
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Figure 3.2 -2: Dispersibility of two different fractions of exfoliated WS, nanosheets (1-5k g and 10-30k g
illustrated as blue stars and black squares, respectively) in a range of solvents. A) Relative concentration of
dispersed nanosheets vs surface tension. B) Relative concentration plotted as a function of the Hildebrand
parameter. C-E) Relative concentration as function of Hansen solubility parameters. C) Dispersive
component, D) Polar component, E) Hydrogen bonding component. There are no clearly discernible
correlations in both fractions, whereas it is assumed that the dispersed concentration plotted as a function
of solubility parameter displays a Gaussian-shaped peak.

Also the dispersed relative concentrations as a function of the Hansen solubility parameters (i.e.
the dispersive, polar and H-bonding solubility parameters) are illustrated figure 3.2-2C-E. In all
cases the Gaussian envelope function is not observed. Similar to the surface tension, the data might
evolve to a scattered peak in the case of the 10-30k g sample of more solvents were included. This
further confirms that colloidal stability of the nanosheets transferred to different solvents cannot
well be described in the framework of solution thermodynamics opposed to direct exfoliation and
stabilization in different solvent systems.
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Aside from potentially present small residues of surfactant, different levels of aggregation
occurring during the transfer could be the origin for this. To assess the level of nanosheet
aggregation in the dispersions, the optical density at 800 nm in the extinction spectra, which is
non-resonant with electronic transitions and thus purely attributed to scattering, was divided by
the optical density at 400 nm, where absorbance of WS> is dominant. This nonresonant/resonant
ratio can be regarded as a qualitative measure for the presence of aggregates. In Figure 3.2-3 this
ratio is plotted as a function of surface tension, Hildebrand parameter and solvent viscosity,
respectively for the 1-5k g and 10-30k g fraction. If solvents with matching solubility parameters
were efficiently suppressing aggregation after transfer, we would expect to see a minimum at the
matching solubility parameter in Figure 3.2-3A-B. This is clearly not the case. To test whether the
viscosity has an impact, i.e. due to different sedimentation behavior in the low speed centrifugation
after the transfer that served the purpose to efficiently remove aggregates, the
nonresonant/resonant extinction ratio is plotted as function of solvent viscosity in figure 3.2-3C.
Again, no correlation is observed. As such, the origin for the presence of aggregates could not be
identified. A potential source for experimental error is that it was not possible to acquire all
extinction spectra immediately after the transfer so that different time intervals have passed prior
to the measurement in which aggregation potentially happened to a different extent in the different

solvents.
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Figure 3.2-3: Extinction intensity ratio at 800 nm and 400 nm of size-selected WS, dispersions transferred
to different solvents as indicator for aggregation in the samples plotted as function of the A) the solvent
surface tension, B) the solvent Hildebrand parameter and C) the solvent viscosity.

In summary, solubility theory predicts that nanomaterials are effectively stabilized in solvents with
matching solubility parameters. However, this is only observed for the fraction of smallest/thinnest

nanosheets after transfer. While the origin of this behavior is unclear, it should be noted that
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colloidally stable dispersions could be obtained in a broader range of solvents after transferring
already exfoliated nanosheets. This is potentially useful for further processing.

3.2.4 Excitonic Response from Absorbance

The dielectric environment has been found to strongly influence both, the electrical and optical
properties of low dimensional materials.®® % 884 |n the additive system, it was not possible to
completely understand the nature of the surrounding due to the presence of surfactant. In the
following, the intrinsic influence of the dielectric constant of the chemical environment of the
nanosheets on the exciton behavior of size-selected WS; nanosheets will be discussed. A range of
different solvents were chosen with a maximum spread of dielectric constants from 2.8 to 78.4. As
a second parameter, the polarizability is considered which is a dynamic parameter in contrast to
the static dielectric constant. Some reports®%’ suggest that solvatochromic shifts are primarily
influenced by the polarizability—polarizability interactions and therefore the refractive indexes of
these different solvents are used to calculate the induced polarization which can be described by

the Onsager polarity function:

2(N%*-1)

fm?» = D) (Eq. 11)

Where: 1] is the refractive index of the solvent.

To track solvatochromic shifts, the data of size-selected WS> nanosheets transferred to different
solvents is analyzed in analogy to the data in the additive systems described in Chapter 3.1. First,
the second derivative of the A-exciton absorbance is calculated. Figure 3.2-4A shows a selection
of the second derivative of the A-exciton region after smoothing the spectrum for a subset of the
data of the 5-10k g sample. For all data, see Appendix, Figure A6.6. The A-exciton splits into two
components assigned to monolayers and few-layers. Depending on the solvent, a peak shift is
observed. The data is fit to the sum of the second derivative of two Lorentzian which made it
possible to extract information on the energy and the width of the monolayer and few-layer
contribution. As before, the exciton positions of the few-layer component of the reference system

in aqueous SC was used to calculate the layer number from published quantitative metrics.®% &
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Figure 3.2-4: Impact of the solvents on WS, excitonic properties and investigation of solvatochromic shifts.
A) Selection of the second derivative of the A-exciton region of the same samples (5-10k g) transferred to
different solvents after smoothing the spectrum. The A-exciton splits into two components, assigned to
monolayers and few-layers. Depending on the solvent, a peak shift is observed. The data is fit to the sum
of the second derivative of two Lorentzian (solid lines). B) Plot of the A-exciton energy as a function of
WS layer number. The layer numbers were calculated from published quantitative metrics of the SC
references system. The data is fit to an empiric power law to extract the exponent and the A-exciton energy
of the monolayer. C) Plot of the fit parameters from figure (B) plotted versus each other for all solvent
systems under study. The previously found linear correlation is confirmed as indicated by the solid line. D-
E) Energy (D) and width (E) of monolayers versus dielectric constant of the solvent. It is shown that exciton
energy does not scale with the dielectric constant, unlike the exciton width which scales with this parameter.
F-G) Exciton energy (F) and width (G) versus the Onsager polarity function. The refractive index governs
the solvatochromic shift based on the linear scaling of the energy as a function of the polarity function in
contrast to the width of the exciton where no scaling is seen.

This allows to plot the exciton energy as function of layer number as shown for a subset of the
data in figure 3.2-4B (all data see Appendix, Figure A6.7). While the data is more scattered than
the data after transfer to solvent/additive system, a similar relation is observed even though with
aggregation occurring, an artifical red-shift of the excitonic resonance is expected.?® 8 Overall, a
change in both monolayer A-exciton resonance is observed in combination with a different
exponent relation Ea to the average layer number. The data is fit to an empiric power law to extract
the exponent and the A-exciton energy of the monolayer. As before, the fit parameters (exponent
and A-exciton energy of the monolayer) are plotted versus each other for all solvent systems under
study in figure 3.2-4C. A roughly linear correlation is found, albeit with some scatter. Importantly,

the data quantitatively correlates with the result found for the solvent/additive systems as indicated
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by the grey dashed line which is the empirical fit from Chapter 3.1. While PL spectroscopy of the
solvent/additive systems revealed issues with chemical doping, the quantitative agreement
between the dataset is encouraging and strongly suggests that the relation between exciton energy
with layer number is a manifestation of screening of the excitons, irrespective of doping. This also
implies that the generalized metrics for thickness determination from the A-exciton energy derived
in Chapter 3.1 are also applicable to pure solvent systems.

In contrast to the solvent/additive system, dielectric constant and refractive index of the
environment are known in case of the pure solvents. This allows us to test, which physical
parameter governs changes in exciton energy and width. In figure 3.2-4D, the exciton energy is
plotted as a function of the dielectric constant of the solvents for two batches of monolayer-
enriched WS, (5-10k g and 10-30k g). Clearly, the data shows no clear correlation. Note that this
is distinct from literature reports on the impact of the solvent on the PL spectra of CVD-grown
MoS, which had suggested a scaling of the excitonic shift with the dielectric constant.” This
suggests that the magnitude of the excitonic shift is not related to the dielectric constant. For the
width of the A-exciton monolayer, a similar study was performed (Figure 3.2-41E). In contrast to
the energy, the width seems to scale with the dielectric constant. The higher the dielectric constant,
the more broadening is observed. The two sample batches are offset from each other with smaller
sheets (10-30k g) displaying a broadened linewidth. This is what we often observe and relate it to

different lateral dimensions which can have an impact on the width of the exciton.

Since the static dielectric environment does not seem to determine the magnitude of the shift of
the exciton, it is important to test other possibilities. As outlined above, a reasonable possibility is
the Onsagar polarity function which is related to the refractive index as described above. Note that
a study on single-walled carbon nanotubes suggested that exciton energy scales with the
polarizability® function, even though this is still in debate also for liquid-suspended nanotubes.
The plot of the monolayer A-exciton energy as function of the Onsagar polarity function shows a
reasonable lines scaling (Figure 3.2-4F). Importantly, here, the two-samples fall on the same line.
Note that there is two exceptions that do not follow the linear scaling: the solvents NMP and
DMSO as a solvent. These are known to be quite efficient in stabilizing the nanosheets®® 72 84 8
and as such, it is well possible that there are additional chemical interactions in place which would
explain why NMP and DMSO do not follow the same curve as the other ones. For example, it was
suggested that LPE-MoS: is particularly stable in NMP in the presence of trace water due to an

interaction of NMP with water bound to nanosheet edges.® Further, it is clearly shown in figure
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3.2-4 G, that there is no scaling when plotting the monolayer A-exciton width as a function of the
Onsager function.

Before attempting a discussion on the origin of this behavior, it should be noted that the situation
is rather complex. This is particularly because the exciton energy is determined in the
measurements which is a result from both changes in the binding energy due to Coulomb screening
from the environment, as well as bandgap renormalization. Both effects typically go hand in hand,
but with opposite sign.8 In addition, in polar semiconductors, longitudinal optical phonons
produce a macroscopic electric field which interacts with electrons (and excitons). This coupling,
known as Frohlich interaction, is relatively long range and thus expected to be particularly

sensitive to the environment.

It is important to realize that excitonic relaxations, regardless of potential Frohlich interaction, are
highly dynamic. Exitons are typically pictured as electrons circling around a hole in a quasiparticle.
While dielectric properties of the environment can be described by the static dielectric constant,
many realistic dielectrics are characterized by a dielectric function with a pronounced frequency-
dependence. This is referred to as dynamic screening and better described by the polarizability.
While progress is made in developing an analytical framework for dynamic screening of excitons,
also in the case of 2D materials,®® a full theoretical description is currently lacking. Nonetheless,
awareness is growing that screening of excitons is not a static, but dynamic process, as also
experimentally confirmed in few cases.®>%! That the exciton energy scales with the polarizability
function rather than static dielectric constant is a strong indication that dynamic screening has to
be considered also in the case of liquid-suspended nanosheets. As such, it makes sense that the
exciton energy shifts with the optical index- it is a matter of time scales. We have to consider the
optical index at the frequency corresponding to the binding energy of the exciton. As for the
linewidth, it would be expected that some slower mechanism like the spectral diffusion (spectral
wandering) can contribute to the average linewidth of the system. In that case, the time scale can
extend of 2 micro- or miliseconds.” %! Then the dielectric constant which includes the contribution
of the orientation of permanent dipoles (e.g. in polar solvents can contribute as well). While this
explanation is currently a bit superficial, the results are encouraging. Importantly, the overall
sample preparation and analysis is relatively straight forward and can potentially be applied to a
range of other materials which could be the foundation for a more detailed understanding of

screening of excitons in 2D materials in the future.
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3.2.5 Excitonic Response from Photoluminescence

In contrast to the solvent/additive system described in Chapter 3.1, we expect only negligible
chemical doping from pure solvents (with some exceptions such as NMP). It is thus interesting to
test whether shifts in the A-exciton photoluminescence can also be related to the solvent dielectric
constant or refractive index. According to the Franck—Condon principle,®2-% solvent reorientation
Is too slow to be observed during absorption, but can often be observed in the emission. This could
result in a discrepancy between data from absorbance and PL.

To investigate this in our samples, PL measurements were carried out. Since many solvents are
volatile, the measurements could not be carried out on the surface of liquid drops in the Raman
spectrometer, as solvent evaporation changes the focus of the laser on the sample during
acquisition. Instead, dilute dispersions (maximum optical density at the excitation wavelength 0.4)
were measured in a fluorescence spectrometer (see methods) with 425 nm excitation at room
temperature. Note that such measurements can only be carried out for monolayer-rich dispersions
with appreciable PL (e.g. 5-10k g and 10-30k g WS; fractions).

Figure 3.2-5 shows the impact of the solvents on the luminescence properties of size-selected WS,
nanosheets transferred to different environments. In figure 3.2-5A-D, a selection of
photoluminescence spectra of transferred WS, nanosheets to different solvent systems are shown:
H>O-SC (reference sample), isopropanol (IPA), anisole, N-Methyl-2-pyrrolidone (NMP). For all
data see Appendix, Figure A6.9. The observed PL of WS, monolayers shows significant
differences across the samples after transferring into the different solvents. The PL is at least
partially retained after transferring to a range of solvents such as IPA, anisole or even acetone.
This suggests that a significant portion of isolated monolayers is still present after the transfer,
even in the case of solvents that are not very suitable for direct exfoliation. This is an encouraging
finding and important for the fabrication of thin films with monolayer properties retained. This is
addressed in the next Chapter.

In some cases, such as after the transfer to NMP, which is known to be a solvent very suitable for
nanosheet stabilization, the PL is widely quenched (Figure 3.2-5D). This is in line with a chemical
interaction with the nanosheets as suggested on the basis on the absorbance spectra. The PL
response is fit to three Lorentzians, assigned to emission from excitons (blue) and trions (green)
in addition to a broad background component (red) that stems from the solvent (red). Since the
exciton emission with its narrow linewidth is most characteristic, the position was extracted and

analyzed. Values are summarized in table 3.2.-1. Note that in almost all cases, the trion emission
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is negligible compared to the exciton emission (Appendix, Figure A6.9) confirming a lower degree

of chemical doping compared to the additive systems.
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Figure 3.2-5: A-D) Photoluminescence spectra (excitation wavelength 425 nm) of transferred WS,
nanosheets (10-30k g) to different solvent systems: H,O-SC (A), Isopropanol (B), Anisole (C), N-Methyl-
2-pyrrolidone (D) fitted to two Lorentzians assigned to emission from excitons and trions, respectively in
addition to a broad feature for the background. E and F) Exciton and trion peak positions obtained from
fitted photoluminescence spectra versus E) dielectric constant of the solvent and F) Refractive index. Data
for two size-selected fractions is shown.

To test whether emission responds to the solvent environment in a similar way as absorbance, the

exciton energy from all fit data for both WS fractions (5-10k g and 10-30k g samples) is plotted

as a function of dielectric constant and refractive indexes of solvents (Figure 3.2-5E and F). The
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data is quite scattered and the PL peak position does not scale as a function of these solvent
parameters. While there seems to be an overall red-shift with increasing refractive index (Figure
3.2-5F) which would be consistent with the trend from UV-Vis, the correlation is not clear. This
suggests that the emission responds to additional factors beyond dielectric screening. Hence, it is
confirmed that absorbance data is more suitable to study dielectric screening, while information
of chemical doping can be extracted from PL (as discussed in Chapter 3.1).

Table 3.2-1: Tabulated values of the higher energy photoluminescence peak of the monolayer-rich WS;
dispersions (assigned to the exciton) transferred to a range of solvents.

Solvent PL position (5-10kg) [eV] PL position (10-30 kg) [eV]
SC (reference) 2.055 2.052
1-Butanol 2.038 2.033
Acetonitrile 2.039 2.034
Anisole 2.032 2.03
DMF 1.96 2.028
DME 2.04 No PL
Isopropanol 2.036 2.034
Isopropoxyethanol 2.038 2.034
PGMEA 2.037 2.032
Propylene carbonate 2.04 2.034
Acetone 2.038 2.034
Methanol 2.039 2.039

It is noted that more evaluation has been carried on the obtained PL data to for example investigate
a correlation between PL peak position (energy (eV)) and width or a scaling of exciton energy
with trion energy from both 5-10k g and 10-30k g fractions. However, no obvious correlations
between these parameters were observed.

One advantage of having nanosheets dispersed in a range of solvents is the opportunity of testing
different solvents for nanosheet deposition into thin films, all the properties are explained in detail
in the next section. In this work, the nanosheets are observed when the AFM image of such a spin-
coated WS, dispersion is zoomed in and it is clear that there is roughly near one Layer coverage
with not many aggregates. This (1L coverage) spin-coated WS> thin film could be used for
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example to look at the photoluminescence. Also, properties of deposited WS> thin films on
different substrates (glass and different polymer substrates) are investigated.

3.2.6 Conclusion

Further studies based on transferring nanosheets into different solvent system have been performed
to investigate the nature of the surrounding medium which remained unknown in the additive
system due to the presence of surfactant in the dispersion. Transferring to pure solvent allowed us
to examine some physical parameters such as refractive index and dielectric constant that might
govern the exciton shifts and broadening (dielectric screening). In general, transferring to pure
solvents is more challenging, as matching the solubility parameters of solute (nanosheets) and
solvent, which is believed to be a prerequisite for long term colloidal stability, cannot be achieved
in all cases. Here, three size-selected WS; fractions (1-5k g, 5-10k g and 10-30k g) were transferred
to in total 21 solvents each. In three solvents, no nanosheets remained stably dispersed and only in

15 systems, dispersions were stable enough to allow for a comprehensive analysis.

First, the efficiency of the transfer, which can be considered as measure for the colloidal stability,
was analyzed in the framework of solution thermodynamics which is typically used to describe the
stability of 2D nanosheets in additive-free systems. Solubility theory predicts that the dispersibility
of nanomaterials is improved in solvents with matching surface energy, Hildebrandt or Hansen
parameters, respectively. It is reported, that the dispersed concentration as a function of the
respective solubility parameter is represented by a Gaussian envelope function. In this work, this
Gaussian envelope was observed only for the smallest/thinnest nanosheets (10-30k g). In
dispersions containing larger sheets, no correlation between dispersed concentration and solubility
parameter was found. While this is surprising, it is useful, as it means that solvent transfer is

possible to a wider range of solvents than accessible in direct exfoliation.

The extinction/absorbance confirmed that the shift of A- exciton with layer number follows the
same signature as has already been seen with the surfactant systems. This suggests that the
aggregation that was partially observed has an insignificant impact on the relationship of exciton
energy and layer number. Importantly, the exponent relating the A-exciton with layer number and
the monolayer A-exciton energy again shows a linear correlation that quantitatively agrees with
the surfactant data. This means that the derived generalized equation for the thickness
determination of the nanosheets based on the A-exciton energy can also be applied to pure
solvents. To extract reasons for excitonic shifts in different solvents, the refractive index and the
dielectric constant of the solvent were considered as two physical parameters. The data shows that
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the results for A-exciton energy and width vs refractive index and dielectric constant are in contrast
with one another. The monolayer A-exciton energy was found to scale linearly with the Onsager
polarity function (related to the refractive index), while the width scaled linearly with the solvent
dielectric constant. This scenario is interpreted as dynamic versus static dielectric screening of
excitons. Overall, the data analysis suggests that these changes in the A-exciton response on
extinction/absorbance are a manifestation of dielectric screening rather than chemical doping.

In addition, narrow linewidth PL assigned to emission from WS, monolayers is observed in some
solvent systems, including solvents such as anisole and acetone which give very poor nanosheet
stabilization when used during the exfoliation. This again confirms that more solvents are
accessible when exfoliated nanosheets are transferred. In a subset of the solvents, the PL was
quenched or overlapped from a strong background of the solvent. In the solvent systems that could
be analyzed, only minor emission from trion was observed which confirms negligible chemical
doping in pure solvents with some exceptions (such as NMP). In spite of this, no clear correlation

between PL peak position as a function of such physical parameters of the solvent was found.

Taken together, Chapter 3.1 and 3.2 show that the UV-Vis data seems more suitable and robust to
dielectric screening of excitons compared to the PL data. In turn, PL can give valuable information
on chemical doping. Overall, exciton shifts in absorbance are governed by the refractive
index/polarizability and not the static dielectric constant. The study also showed that high quality
dispersions with monolayer PL retained can be produced in a range of pure organic solvents
including low boiling point solvents such as isopropanol or acetone which will be exploited in the

next chapter for deposition into thin films.
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3.3 Production of WS Thin Films Using Spin Coating

3.3.1 Introduction

Among top-down production techniques to obtain 2D nanosheets, liquid-phase exfoliation (LPE)
has become increasingly popular especially due to its versatility making a whole host of nanosheets
accessible. Major issues such as low monolayer contents and sample polydispersity could be
addressed in the past years. However, one disadvantage of LPE is that nanosheets restack on
deposition losing their monolayer characteristics such as photoluminescence of the single layers
in TMD films. Here, we present progress towards the preparation of thin films from LPE WS> on
arbitrary substrates with monolayer properties of the nanosheets retained. Nanosheets are produced
by sonication in surfactant, followed by size selection to enrich the sample in monolayers
(typically > 60%).%° Following the procedure outlined in Chapter 3.1-3.2, the nanosheets can then
be transferred to a wide range of organic solvents including solvent mixtures such as isopropanol-
THF which is ideal for spin coating. While some aggregation occurs, mild centrifugation can be

performed to remove aggregation.

The spin coater includes a chuck where the substrate is mounted on it and rotating the sample. The
centrifugal force spreads the dispersion across the substrate which results in partial waste of the
dispersion when entirely driving the material outward. The spin coating method consists of several
steps that result in uniform deposition of material on the surface: 1. Fluid dispense, 2. Spin-up, 3.
Stable fluid outflow, 4. Spinoff, 5. Evaporation.®®%” For many materials, the desired thickness of
the thin films is achievable by adjusting the coating parameters (time of spinning, viscosity and
angular speed, surface wettability, solution density, solvent evaporation rate, material
concentration) and a homogenous and uniform coating can be produced by this method without
the need for tuning rheological properties of an ink unlike printing techniques.®® Flat deposition
on the substrate hardly depends on surface tension and viscous forces. Therefoe, spin coating is
considered a simple and direct deposition method that is efficiently able to deposit the

nanomaterial or organic molecule/polymer.

In this work, the goal is to approach controlling the surface morphology (e.g. tuning the network
coverage) as well as thickness of LPE WS> nanosheets by the spin coating technique as relatively
straight forward deposition method. It will be shown that the nanosheet density on the substrate
can easily be tuned by the WS, concentration. In films with higher coverage, the
photoluminescence per WS, unit decreases due to restacking. However, this can be prevented by
adding additional stabilizers such as polymers. Such films will be interesting for integration into
optoelectronic devices as well as to study heterostacks from various 2D materials. The aim of this
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study is not to replace popular printing strategy for device fabrication, but rather the investigation
of optical properties of WS, nanosheet thin films.

3.3.2 Initial Observations

Within this thesis, two series of WS> thin films were fabricated with the aim to tune the coverage
by optimizing the WS> nanosheet concentration. The first series as prototype samples are described
in this Chapter 3.3.2. Characterization by performing AFM measurements yielded the initial
information on the morphology of these films and revealed the need to improve the protocol to
fabricate thin films with less aggregation by applying different removal steps on a second series

of films which will be described in Chapter 3.3.3.
3.3.2.1 Preparation and Characterization of the Dispersions

High quality WS> dispersions were prepared by probe sonication of the powder in an aqueous
sodium cholate (SC) solution and subsequent size selection by LCC using the protocol in Chapter
3.2. The sample monolayer-richest fractions 5-10k g and 10-30k g were used throughout this
section. After the comprehensive study about the transfer of WS, nanosheets in a range of solvents,
isopropanol and THF (volume ratio 8:1) chosen as suitable candidates for the spin coating. The
transfer from surfactant to solvent was performed as described in section 3.1-3.2 and detailed in
the methods section. Here, the 5-10k g WS> fraction was chosen as a suitable candidate for
approaching the goal of tuning the thin-film coverage.

The dispersion was initially characterized by extinction spectroscopy before and after transferring
to the mixture IPA/THF (Figure 3.3-1A-B). The spectrum was measured at room temperature. A-
and B-exciton peaks are seen at 613 nm (2.022 eV) and 513 nm (2.420 eV) in SC and 618 nm
(2.010eV) and 515nm (2.410eV) after transfer, respectively. Some presumably minor
reaggregation occurred on transfer which can be observed as non-resonant scattering background
at >650 nm in the optical extinction spectra. Note that this is in spite of an aggregation removal

step by centrifugation at 500 g for 1 h as part of the transfer protocol.
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Figure 3.3-1: A) Normalized optical extinction spectra of WS, nanosheets trapped in the range of 5-10 kg
in SC (conc: 0.1gL™1)-H,0 based dispersion (before transfer) and in a mixture of IPA and THF (after
transfer). B) Second derivative of the A-exciton peak after smoothing the extinction spectra of the WS,
dispersions before transfer and after transfer to IPA-THF. D) Room temperature PL and Raman spectra
(excitation wavelength 532 nm) of a droplet the high concentration WS; dispersion (5-10k g) in water/SC.
Raman/PL spectra after transfer cannot be measured in a comparable way to the volatility of the organic
solvent mixture.

The second derivative of the A-exciton region after smoothing the optical extinction spectra
typically shows a splitting into two components assigned to monolayers (ML) and few-layers (FL).
The fitted second derivatives provide information based on the energy and width of the ML and
FL nanosheets, as well as their relative population.®® ® It can thus for further investigation of
reaggregation in WS> nanosheets transferred to solvents. Figure 3.3-1B shows that ML and FL
features are separated even after transfer, but the intensity of the ML contribution is decreased due
to reaggregation. The data can be fit to the sum of the second derivatives of two Lorentzian for
both samples. Changes in linewidth and energy are related to solvatochromic effects (Chapter 3.2).
The minimal change in linewidth (both samples ~55-57 meV in the case of the monolayer) is

indicative of a high quality sample and is thus a confirmation of the choice of solvents.

As outlined in Chapter 1.4.4, extinction spectra of LPE WS, are rich in information and in
combination with established quantitative metrics,®® ¢ nanosheet dimensions and concentrations
can be calculated. In brief, the lateral size is obtained by considering extinction intensity ratios,
while nanosheets layer number is extracted from the peak position of the A-exciton of the standard
sample in sodium cholate. The WS, nanosheet concentration before and after transferis obtained
from the size-independent extinction coefficient at 235 nm and the Beer-Lambert equation. Table
3.3-1 summarizes the parameters calculated from optical extinction spectra based on the empiric

equations which were reported previously.
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Table 3.3-1: Extracted information about nanosheet properties (average sheet length <L>, volume-fraction
weighted layer number <N>y+, monolayer volume fraction ML Vf, concentration prior to and after transfer)
from optical extinction spectra. All calculation have been done according to the established metrics.% &

<L> <N>v¢ ML Vf Concentration | Concentration
(from A- prior to after transfer
exciton fit) transfer to solvent

46 nm 2.2 29% ~ 17 g/L ~0.12 g/L

As further quality check, the dispersion was subjected to Raman/PL spectroscopy. In figure 3.3-
1C, the room temperature PL and Raman spectrum of a droplet containing nanosheets in SC-H20
before transfer is shown (excitation wavelength 532 nm). Note that fast evaporation of the organic
solvents under laser excitation made it difficult to record the PL and Raman spectrum for this
sample after the transfer. The PL consists of a single symmetric peak centered at about 613 nm
(2495 cm™ or 2.021 eV) with a small shoulder extended towards higher wavelengths in agreement
with literature.%® The ML content is reflected in the PL/Raman ratios which makes it possible to
assess the quality of the WS, dispersion. Here this ratio was ~ 9:1. The calculated ML volume
fraction in H,O-SC by considering previously established metrics based on Raman/PL spectra® is
~50%, i.e. larger suggested from UV-VIS spectra (table 3.3-1). However, as discussed in Chapter
3.1, the PL is sensitive to additional influences such as defect content, doping, laser power etc.
Hence, the ML volume fraction from UV-Vis is probably the more realistic value. Nonetheless,

the PL/Raman measurement confirms the high optical quality of the dispersion.

3.3.2.2 Initial Trials of Deposition

With this high quality sample, initial attempts of deposition through spin-coating were carried out.
In this study, WS, was deposited on glass substrates by using a spin coater embedded inside a
glovebox with inert nitrogen atmosphere to prevent potential oxidation of the deposited
nanosheets. Deposited nanosheets were characterized by optical microscopy and atomic force
microscopy (AFM) as tool to show the homogeneity and coverage. In an initial trial and error
period, spin coating conditions were varied (rotational speed, deposition of the droplets on the
substrate, dynamic versus static coating, nanosheet concentration) and the homogeneity tested.
Eventually, this resulted in a homogeneous film with a dense coverage of one layer of deposited
mono-and few-layer nanosheets (Figure 3.3-2). This was obtained using a dispersion with an

optical density of 2.3 at 240 nm. Hence, this sample was used as reference for the subsequent
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studies with the aim to tune the WS; coverage in thin films by systematic variations of the WS;

concentrations.

The following spin-coating conditions were established: For the fabrication of each film, 1.5 mL
of the WS; dispersion was used. To prevent the wasting of WS, dispersion in each spinning, 20
pL of optimized WS; dispersion as a droplet was deposited as close to the centre of the substrate
as possible. The spin coater was set on 500 rpm for 2 s and followed by 8000 rpm for the 60 s.

This will be referred to as multistep static dispense spin coating.
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Figure 3.3-2: A) Optical extinction spectra of WS; nanosheets trapped in a range of 5-10k g transferred to
a mixture of IPA/THF. This sample was used for initial spin coating attempts that eventually resulted in
homogeneous films as shown in AFM. B-C) AFM images of the best spin-coated film obtained from the
dispersion shown in (A). Here nearly complete single layer-coverage of the substrate is achieved.

3.3.2.3  Preparation of the First Set of Films With Tuned Coverage

To test whether it is possible to tune the coverage of deposited WS> using the multistep static
dispense spin coating, dispersions with different concentration were produced and tested. Since
initial experiments revealed that an optical density of 2.3 at 240 nm was in principle suitable to
achieve a dense coverage with minimal overlap of sheets, this concentration was used as reference
point denoted as “1L coverage”. We expect a change in concentration to result in a variation of the
coverage. In the following, this will be labelled as coverage 1 (COV1), coverage 2 (COV2),
coverage 3 (COV3), coverage 4 (COV4) and coverage 5 (COV5). Coverage 1 uses the lowest and
coverage 5 the highest WS, concentration in dispersion. The respective optical density of WS, at

240 nm are summarized in Figure 3.3-3.
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Experimentally, after completing the transfer process including two washing steps and collecting
all sediments in 8 mL mixture of IPA and THF, one centrifuge step at 100 g is performed to remove
aggregates. This sample has the highest accessible nanosheet concentration with and optical
density of ~6.9 at 240 nm. This would correspond to a concentration 3 times as high as the “1L”
coverage. 1.5 mL of the sample with the highest concentration is kept, while the rest of this sample
is diluted step by step with a mixture of IPA/THF (8:1) to obtain the lower concentrations. This
procedure is repeated until the lowest concentration is reached with and optical density of 1.2 at
240 nm. All values were extracted from optical extinction spectra (rather than purely relying on
dilution). These five dispersions with systematically varied concentration were used to fabricate
five tuned coverage thin films. Bath sonication is applied for 5 minutes per sample prior to

deposition to remove inhomogeneities or aggregation which might have occurred over time.

Covl Cov2 Cov3 Cov4 Covh

OD240:1'2 OD24O=2'3 OD240:3-4 OD240=4.6 OD24O:6.9

Figure 3.3-3: Schematic of the five different thin films that are produced from different WS2 dispersion
with different concentration. The abbreviation of the resulting film and the optical density of WS, at 240
nm are given. Based on preliminary experiments, we expect COV2 to be dense and homogeneous. This is
also referred to as “1L”. As such, we can also use the nomenclature COV1=0.5L, COV2=1L,

COV3=1.5L, COV4=2L and COV5=3L

As already indicated in Chapter 3.2, aggregation on transfer to solvents can occur. This can have
a negative effect on the deposition which can best be revealed using AFM. Hence, all deposited
WS, thin films were initially characterized by performing AFM measurements to rationalize if the
current protocol is generally a promising way to fabricate thin films with tunable nanosheet
coverage based on the systematically varied concentration of WS; in the dispersions. That it is in
principle possible, was shown in preliminary experiments, but it is not clear whether the production
of smooth films with minimal aggregation and stain is reproducible. The AFM images of this set
of films are shown in Figure 3.3-4 along with photographs of the dispersions used. While the
dispersions look homogeneous with no sign of aggregation visual to the eye, obviously, the AFM

images of these spin-coated WS; thin films show significant aggregation in particular in COV5
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what would have ideally been a “3L” coverage. It is also noted that large gaps are observed in the
case of COV2-1L in contrast to the preliminary data.

A) B) C D) B

Figure 3.3-4: Attempts to tune the coverage of deposited nanosheets via the WS, nanosheet concentration.
A-E) AFM images of the first set of films from different WS, concentration obtained from multistep static
dispense spin coating. The concentration of these five dispersions were systematically varied which is
visualized by. the color of these dispersions in the top row. An explanation of the sample labels is found in
Figure 3.3-3.

The AFM clearly shows that there is a severe issue with aggregation over time leading to poor
reproducibility of the films formation, as the quality of the thin films depends on the quality of
WS, dispersion. Thus, in the following, the systematical removal of aggregated nanosheets by
centrifugation steps on WS»-IPA-THF dispersions is investigated. Note that in this first set of
films, the aggregate removal step was performed on high concentration WS, dispersions.
Apparently, this step was not sufficient to fabricate a high-quality thin film with minimal

aggregation in a reproducible way.

3.3.3 Optimized Thin Films From Additive-Free Deposition

3.3.3.1 Preparation and Characterization of the Dispersions

The goal is to improve the quality of the thin films by applying additional centrifugation steps to
the final dispersion transferred to IPA/THF prior to deposition as will be described in section
3.3.3.2. The initial WS dispersion in aqueous SC was prepared by the same protocol and also a

similar transfer procedure was applied (figures 3.1-1 and 3.1-2). However, the final step of the
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transfer protocol, i.e. the removal of aggregated nanosheets was modified and centrifugation was
performed at 500 g (instead of 100 g) for 60 min. Figure 3.3-5 shows the characterization of the
WS dispersion used for fabricating the second set of WS; thin films through spin coating. Optical
properties of WS, dispersion before and after transferring to the mixture of solvents were
characterized. The normalized optical extinction spectra of WS, nanosheets before and after
transfer are shown in Figure 3.3-5A. No apparent changes are observed suggesting that the average
nanosheet dimensions were not changed on transfer as before. The second derivative of the A-
exciton region after smoothing the optical extinction spectra of both initially prepared and
transferred WS> nanosheets to IPA/THF is depicted in Figure 3.3-5B. As before, the A-exciton
splits into two components assigned to monolayers (ML) and few-layers (FL). Already in the as-
prepared sample in aqueous SC surfactant, the ML content is higher than in previous batches. This
is attributed to an improved decanting after cascade centrifugation used for the size selection.
Energy and width of ML and FL are different in the two liquid environments due to
solvatochromism (Chapter 3.2). However, importantly, after transfer, the ratio between ML and
FL did not change significantly in contrast to the samples described in section 3.3.2.1. This
strongly suggests that nanosheets were not re-aggregated by the time of the measurement and that
the increases in the centrifugal rate in the last step of the transfer protocol is an important

modification to the protocol.

A) 1.6 — WS,-SC B) = WS,-SC C) 16 —— WS,-SC
—— WS,-IPA-THF " WS, IPA-THF > |
0 12+ PL
c o 2 ]
£ X g °7
g & £ |
L %) g
S 4
ML o {Raman
OO T T T T T T T T T T 0 L' T N T T T N T
300 450 600 750 2.0 22 1000 2000 3000 4000
Wavelength (nm) Energy (ev) Raman shift (cm™)

Figure 3.3-5: Characterization of the dispersions used in this section. A) Normalized optical extinction
spectra of WS, nanosheets trapped in the range of 5-10 kg in SC (conc: 0.1gL™?)-H,O based dispersion
(before transfer) and in a mixture of IPA and THF (after transfer). B) Second derivative of the A-exciton
peak after smoothing the extinction spectra of the WS, dispersions before transfer and after transfer to IPA-
THF. D) Room temperature PL and Raman spectra (excitation wavelength 532 nm) of a droplet the high
concentration WS; dispersion (5-10k g) in water/SC. Raman/PL spectra after transfer cannot be measured
in a comparable way to the volatility of the organic solvent mixture.
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The dispersion in aqueous surfactant was also subjected to Raman/PL spectroscopy (Figure 3.3-
5A). The quality of the WS, dispersion is tracked by the PL/Raman ratio which is ~ 14 in this
sample and confirms that it is a good quality sample. The metric for monolayer content suggested
in literature®® would imply a monolayer volume fraction of ~80% which is larger than the value
suggested by the ratio of ML and FL A-exciton resonance in UVVis which gives ~63%. This
agrees with the observation from the previous section and could be a result of different

measurement conditions for the Raman/PL spectra in this work compared to literature.

Table 3.3-2 summarizes several parameters calculated from optical extinction spectra based on
empirical equations (previously established metrics).%> % The lateral size is obtained by
considering extinction intensity ratios, while nanosheets layer number is extracted by considering
peak positions of the standard sample in sodium cholate. In addition the volume fraction of

monolayers is estimated from the A-exciton shape.

Table 3.3-2: Extracted information about nanosheet properties (average sheet length <L>, volume-fraction
weighted layer number <N>y+, monolayer volume fraction ML Vf, concentration prior to and after transfer)
from optical extinction spectra. All calculation have been done according to the established metrics. % &

<L> <N>v¢ ML VT (from | Concentration | Concentration
A exciton fit) | prior to after transfer
transfer to solvent
32 nm 2.2 63% ~15¢9/L ~ 0.23g/L
3.3.3.2  Tracking Aggregation by Repeated Centrifugation

Since an increase in the centrifugation rate from 100 g to 500 g in the aggregate removal step
significantly improved the quality of the dispersion transferred to IPA/THF (i.e. similar ratio of
ML to FL exciton response in UV-Vis in the transferred and original dispersion, Figure 3.3-5B),
the impact of additional centrifugation steps was assessed in more detail. To this end, the
dispersions in IPA/THF at different WS, concentration was repeatedly centrifuged at 1,000 g for

30 min. The WS> concentration was adjusted according to Figure 3.3-3.

After applying each aggregate removal step, optical extinction spectra of all transferred and
optimized 5-10k g WS,-IPA-THF based dispersions with different initial WS, concentrations were
measured (Figure 3.3-6A). The noise in the spectra at extinction >3 is due to detector saturation at
high optical densities. It is clear that concentration is reduced on repeated centrifugation as seen

from a drop in the optical density. It is noted that the size of nanosheets are identical in all
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dispersions with different concentrations (same initial dispersion), therefore no typical changes in
spectral shape with nanosheet size and thickness due to edge and confinement effects are observed.
This is best seen by the comparison in the Appendix, Figure A6.10 which shows the same data,
but grouped by dispersion with different concentrations after each step in one panel. Interestingly,
no significant change in the non-resonant scattering background is observed across all samples.
This suggests that the chosen centrifugation conditions are sufficient to remove larger aggregates.
This in turn implies that the drop in concentration on repeated centrifugation is due to aggregation
occurring over time (e.g. during the time of centrifugation and decanting), but that the

centrifugation simultaneously removes the majority of aggregates successfully under the chose

conditions.
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Figure 3.3-6: Impact of repeated centrifugation (1000 g, 30 min) on WS; (5-10k g) transferred to IPA/THF
at different nanosheet concentration (denoted as COV2-COV5). A) Optical extinction spectra. Some
material obviously sediments after each centrifugation step but there are no changes in spectral shape. The
noise in the spectra at extinction >3 is due to saturation of the detector. B) Second derivative of the A-
exciton region which is extracted from the respective optical extinction spectra after smoothing.

To analyze this in more detail, the second derivative of the A-exciton was extracted from the
smoothed optical extinction spectra to give an indication of potential changes in the monolayer
contents (Figure 3.3-6B). It is observed that the contribution of the ML to the A-exciton is reduced
relative to the few-layer component with repeated centrifugation. This is consistent with the
hypothesis that aggregation occurs (loss of monolayers) during the timeframe of the experiment

(~2 h in each step with centrifugation, decanting, UVVis measurement), but that larger aggregates
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are efficiently removed resulting in no obvious changes in the few-layer component. Note that
aggregates would have a different effective layer number which would result in a significant shift
and broadening of the response stemming from the sum of the few-layers due to the scaling of A-

exciton energy with layer number.®> ©°

These considerations imply that we can use the data obtained after repeated centrifugation to track
the re-aggregation of WS transferred to IPA/THF. To this end, the optical density (OD) of the A-
exciton was extracted because the extinction is well below 2 in the region in all samples, even the
highest concentration sample denoted as COV5 (Figure 3.3-7A), and plotted as function of
centrifugation step in (Figure 3.3-7B). Clearly, any additional centrifugation run resulted in a
decreasing A-exciton optical density due to sedimentation of (aggregated) nanosheets. A linear
scaling is observed and the slope can be interpreted as indirect measure for the aggregation rate. It
is expected that the aggregation rate is faster for higher WS> nanosheet concentration. This is
indeed the case and manifested as a steeper slope when the optical density is plotted as a function
of centrifugation speed. This dependence is best observed when plotting the slopes in Figure 3.3-
7B as function of the initial optical density at the A-exciton (Figure 3.3-7C). This shows that how
much material is lost linearly depends on the initial WS> concentration. This is very problematic

for further processing because the dispersion might not be long term stable enough in IPA.
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Figure 3.3-7: Impact of additional centrifugation on the optical response of WS, nanosheets transferred to
IPA/THF. A) Comparison the extinction spectra in the region of the A-exciton for the highest WS,
concentration used after performing five subsequent centrifugation steps at 1000 g for 30 min. A reduction
of the WS; concentration is discernible after each step. B) Plot of the optical density at the A-exciton as
function of the centrifugation step. A linear decrease in nanosheet concentration is observed. The slope can
be interpreted as indicator of the aggregation rate. C) Loss rate per step (i.e. slopes in panel B) as function
of initial optical density at the A-exciton visualizing that aggregation is concentration dependent.

As indicated above, the second derivative extinction spectra in the A-exciton region were also

analyzed. All relevant extinction spectra were smoothed with the Lowess method before
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differentiating twice. Due to the splitting of the A-exciton into two components, the monolayer
content in the sample can be obtained by fitting the spectra to the sum of the second derivative of
two Lorentzians. This also allows to investigate changes in the A-exciton energy and width after
performing the additional centrifugation steps. In all cases, the data can be well described by the
fit function as exemplarily shown in Figure 3.3-8A (all data, see Appendix A6.11). As illustrated
by the sample set with the highest WS> concentration (COV5) in Figure 3.3-8A, subtle changes in

A-exciton are observed.

It was previously observed (Chapter 3.1 and 3.2) that solvatochromism is manifested in a
simultaneous shift and change in linewidth of the monolayer A-exciton. A redshift was typically
accompanied by broadening. In some sense, aggregation can result in a similar response, since the
solvent in the environment of an individual sheet is replaced by another nanosheet. Since the A-
exciton response is very sensitive to the environment, it might be possible to use such information
to even track beginning minor aggregation that has not yet yielded large enough particles that
sediment under the chosen centrifugation conditions. To test this, the ML A-exciton width is
plotted as function of the energy in Figure 3.3-8B. The data reveals a fairly clean correlation
between width and energy which suggests that aggregation can have a similar effect on the A-
exciton response as induced by different solvent environments. Overall, the higher WS,
concentration samples show a more broadened and red-shifted A-exciton which, according to
Chapter 3.2, implies a higher refractive index of the environment. Bearing in mind that few-layer
nanosheets also show a broadened and red-shifted A-exciton absorbance, this can very well be an
effect induced by aggregation. For completeness, the width of the contribution of the sum of few-
layers to the A-exciton is plotted as function of the few-layer energy in Figure 3.3-8C. A scaling
is also observed in this case, but in the opposite direction, i.e. a red-shift is a accompanied by a
narrowing. This cannot be readily interpreted. Unlike the monolayer A-exciton response, the few-
layers A-exciton is the average of all few-layers in the samples and position and width will
therefore not only depend on the solvent environment, but also the effective number of layers
which changes in the presence of aggregates. As such, various different effects can result in shifts

and changes in linewidth which cannot be deconvoluted.
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Figure 3.3-8: A) Comparison of the second derivative of the A-exciton region at the highest WS;
concentration (COV5) after smoothing the extinction spectra after the first and last iterative centrifugation
step. The A-exciton splits into two components assigned to monolayers (ML) and few-layers (FL). B) ML
and C) FL width as function of energy for all samples. The different initial WS, concentrations are color-
coded.

In summary, the systematic investigation of iterative low speed centrifugation steps showed
aggregation is a severe issue after transferring the nanosheets to IPA/THF. While larger aggregates
can be efficiently removed at 1000 g, 30 min centrifugation, aggregation occurs over the timeframe
of the centrifugation, decanting and measurement. For further processing, it is thus important to
perform the low speed centrifugation to remove aggregations immediately before the deposition.
In addition, it was found that the aggregation rate linearly scales with the initial WS> concentration.
This implies that aggregation might happen too quickly in high concentration samples. It is

therefore of interest to test additional stabilizers as will be discussed in Chapter 3.3.4.

3.3.3.3 Characterization of Thin Films on Glass

As evident from the first set of thin films, it was important to investigate the removal of aggregated
nanosheets systematically to approach the goal of this study which is the fabrication of WS; thin
films with tunable coverage and with retained optical quality and minimal restacking of the sheets
after deposition. With the knowledge gained from Chapter 3.3.3.2, a second set of films was made
by spin-coating using dispersions of WS; in IPA/THF with different concentrations immediately
after centrifugation at 1000 g for 30 min. Note that the concentrations were adjusted according to
the description in Figure 3.3-3 before the additional centrifugation. While the optical density of
2.3 at 240 nm was previously found to yield a dense coverage with minimal nanosheet overlap and
gaps, which was denoted as COV2, we expect a lower coverage from this sample after the

additional centrifugation. Therefore, COV1, with even lower coverage was omitted as sample in
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this section. Note that the labels COV2-5 refer to the optical densities summarized in Figure 3.3-
3 before the additional centrifugation.

The network density and homogeneity was first investigated microscopically (Figure 3.3-9). In
comparison to the first set of films, it is clear that aggregation was significantly improved in the
new set of films by performing the additional centrifugation steps on the WS,-IPA-THF
dispersion. The progression in nanosheet density from sample to sample was observed. Both AFM
and optical microscope images confirmed this improvement with minimal aggregation,
homogeneous distribution of nanosheets on the surface and hardly any stains. Some patterns can
be observed in the optical images due to solvent evaporation during the spin coating process
(coffee ring effect), but these are relatively scarce. Consequently, it is shown that tuning of the
coverage is in principle possible via the concentration of WS using spin coating, although with

restrictions due to aggregation of the nanosheets in dispersion occurring at high concentrations.

A) Cov2 B) Cov3 | ) Cov4 D) Covs b

400 ym
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A

Figure 3.3-9: A-D) Optical microscope images of WS, nanosheets deposited on glass substrates by spin
coating using different concentrations of WS, in IPA/THF. Films were made immediately after a
centrifugation step at 1000 g for 30 min which successfully removed aggregations. E-H) Atomic force
microscopic images on the WS, network density in the thin films.

The WS thin films were also characterized by UV-VIS spectroscopy to measure extinction spectra
(Figure 3.3-10A-B). The extinction in the films increased with increasing initial WS> concentration
from COV2-COV5 (Figure 3.3-10A). This confirms that more nanosheets are indeed deposited
using concentration dispersions, i.e. that the coverage is tunable. In the extinction spectra, a
relatively large area (~ 1 cm?) is probed so that this information is complementary to the
microscopic picture described above. It should also be noted that the non-resonant scattering

background (> 650 nm) is minor in the extinction spectra for all coverages which also confirms
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improved optical quality in the thin films by performing additional aggregate removal steps prior
to deposition. Second derivatives were calculated after smoothing extinction spectra (Figure 3.3-
10B). According to the characterization of WS; dispersions, it is expected that these spectra are
composed of two components as ML and FL. However in films, both features gradually broadened
and merged so that it is not possible to resolve the splitting. This could also suggest restacking of
the monolayers in the films. At the highest WS> concentration (COV5) these components were
red-shifted and broadened the most presumably due to a greater level of restacking which increases

the effective layer number.
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Figure 3.3-10: Optical thin-film characterization. A) Optical extinction spectra of WS, deposited on glass
by spin coating using different initial WS, concentrations in the IPA/THF-based dispersions. There is an
increase of the film optical density with increasing OD of the dispersion. Inset: Zoom-in at the A-exciton.
B) Second derivative of the A-exciton region from films with two different coverages. The splitting between
ML and FL cannot be resolved C) Photoluminescence of thin films measured by Raman spectroscopy
normalized to the 2LA(M) Raman mode of WS,. PL is detected in thinner films however the intensity
gradually decreases in thicker films accompanied with a redshift.

UV-Vis extinction spectra cannot resolve the splitting of the ML and FL components in the thin
films so that it is not clear whether monolayers are still present or whether too much random
restacking occurred on deposition. To test this, Raman/photoluminescence spectroscopy was
performed (excitation 532 nm) to investigate if the optical properties of WS, monolayers in a thin
film are comparable to the dispersion. Note that complete restacking of monolayers would result
in a loss of the PL. As discussed in previous Chapters, the PL peak position and width is influenced
by a range of factors: i) temperature; ii) defect content, iii) doping and dielectric screening from
different environments and iv) acquisition conditions (focus) and v) strain. Here the laser power
kept as low as possible (1%) to avoid heating the sample. Contrary to measurements in dispersions
where single spectra were measured, here roughly thousand spectra were collected from different
spots of the films and averaged (Raman mapping).
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The Raman/PL spectra of the thin films are shown in Figure 3.3-10C. Clearly, the PL is widely
retained in thinner films, unlike the thicker ones where the intensity gradually decreased. The PL
peak consists of a single peak centered at ~ 635 nm which is significantly redshifted compared to
the dispersion (~615 nm) with a small shoulder extended towards longer wavelengths. In the
COV2 film, a PL/Raman ratio of 10.5 could be achieved which is only 25% lower than in the
initial dispersion. This suggests that at least 75% of the monolayers were retained. Note that these
values need to be treated with care and are a lower estimate, since the PL is broadened in the film

compared to the dispersion which effectively decreased the intensity ratio.

As mentioned before, broadening could be observed for different reasons such as reaggregation,
doping, inhomogeneous broadening or heating, interference effects, or mechanical strain which
can influence the electron to photon transition energy. Several studies have been carried out on the
Raman and PL spectra of atomically thin WS> layers on various solid substrates and attributed the
shift of the PL peaks to either doping or strain by the dielectric or metallic substrates.®® If any
strain®®1% or doping” 19! effect was introduced in the WS, the Ez¢* and A1y Raman vibrational
modes would also shift which is not observed here. While strain is often observed in 2D materials
on substrates, the flakes in this work are relatively small (< 50 nm) and can presumably relax more
easily than extended monolayers of tens of microns in lateral dimensions. Further, since the PL
intensity gradually decreases with increasing coverage, we attribute the variations in the PL signal

across the sample predominantly to restacking effects.

To investigate the shape of the PL in more detail, the PL was fitted to two Lorentzians (Figure
Figure 3.3-11). The (gray) dots are experimental data, the red and blue lines are two fitted peaks.
The sum of the fit peaks is represented by the black line, which matches the experimental data
reasonably well. In dispersion, the PL signal originates solely from the monolayer nanosheets and
in aqueous sodium cholate, only a minor contribution from trion emission at higher energy is
observed. Note that the red-shifted trion emission can be significantly enhanced relative to the
monolayer when chemically doping the sample by additives in dispersion (Chapter 3.1). In thin
films, doping can occur on interaction with the substrate. However, as illustrated by Figure Figure
3.3-11, the redshifted PL component increases relative to the monolayer in thicker films with
higher coverage where fewer nanosheets are in contact with the substrate. This is counterintuitive
if the second red-shifted component was indeed due to trions. An alternative explanation is that it
arises from restacked monolayers. In micromechanically-exfoliated TMDs, the PL intensity for a
bilayer WS; is at least an order of magnitude weaker and further decreases with the number of

layers.>® 192 As already reported, the PL signal from multilayers would exhibit contributions from
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the transitions via the indirect bandgap.” These multilayer signature is expected to be red-shifted
by several hundred millielectronvolts, depending on the layer thickness with respect to the
transition of the direct gap. After deposition, in particular for higher coverage thin films, we expect
that random restacking occurs which will certainly have an impact on the PL response, but
restacked nanosheets are not identical to few-layer sheets due to some disorder and increased
stacking faults. As such, it is possible that the lower energy component is from restacked few-

layers rather than trions in the thin films.
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Figure 3.3-11: Fitted PL response of WS, nanosheets deposited on glass. A) Typical PL spectrum of a WS;
dispersion in aqueous sodium cholate dispersion. (B-F)WS, deposited on glass using spin coating with
different initial WS, concentration resulting in an increasing coverage. The black, red, and blue lines are
the three fitted peaks by Lorentzian functions.

The results of the optical characterization is summarized in figure 3.3-12. As shown in figure 3.3-
12A, the optical density of the film is clearly dependent on optical density of dispersion (i.e. the
nanosheet concentration) albeit with in a non-linear correlation. This suggests that it will be
extremely challenging to make thicker films with this technique limiting the practical relevance of
the work. In figure 3.3-12B, the A-exciton peak position is plotted as function of the optical density
of the film. The observed well-defined scaling is consistent with restacking of the sheets in thicker

films which leads to an increased effective average layer number and hence a redshift of the A-
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exciton. Similarly the PL/Raman intensity ratio (Figure 3.3-12C), decreases with increasing
coverage (expressed as optical density at the A-exciton in the film), likely due to a loss in PL when

nanosheets overlap in the film.
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Figure 3.3-12: Impact of WS, concentration on the optical properties of the films. A) Optical density of
the WS, dispersion at the A-excition in dispersion as function of the optical density of the film. B) A-
exciton peak position as a function of the optical density of the film . C) PL/Raman intensity ratio as a
function of films optical density at A-exciton.

In summary, the improvement in the protocol enabled the fabrication of high quality thin films of
WS2 nanosheets on glass through spin coating. A tuning of the coverage was accessible through
the initial WS, concentration. An increase of the coverage is correlated with an increased
restacking of nanosheets can be optically tracked through the A-exciton in response. In thicker
films, a reduction of the intensity and broadening of the PL peak is observed. This can be
considered as an inherent limitation. A possible route forward is the deposition of WS, covered
with an additional stabilizer, such as a polymer to prevent restacking in the thin film which should
retain the optical quality. This is discussed in Chapters 3.3.4 and 3.4.

3.3.3.4  Deposition on Polymer-Coated Glass

The spin coating should allow for deposition in arbitrary substrates with different surface energies.
To test this, the WS IPA/THF dispersion was deposited in glass substrates that were previously
coated with different polymers (also through spin coating). The polymers PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate) and PVK (polyvinylcarbazole) since these are
popular hole injection and transport layers in light emitting devices.%*-1% A summary of the optical
characterization is shown in figure 3.3-13. In Figure 3.3-13A, the optical extinction spectra are
shown of WS, deposited on glass (COV2), as well as glass coated with a few 10s of nm thick layer
of PEDOT:PSS, PVK and PVK on PEDOT:PSS, respectively. In addition to the extinction from
WS, a background from PEDOT:PSS is observed in the spectra, e.g. at > 650 nm. Interestingly,
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the optical density of the film is strongly dependent on the polymer. This suggests significant
differences in surface adhesion of Ws; on the substrate. The film thickness under identical
conditions increases in the order glass < PEDOT:PSS < PEDOT:PSS/PVK < PVK.
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Figure 3.3-13: Optical characterization of WS, deposited on glass, and glass coated with different
polymers. The optimized spin coating conditions of WS, were used in all cases. A) Optical extinction
spectra. B) Raman/PL spectra (532 nm excitation) normalized to the WS, 2LA(M) Raman mode. C)
Normalized PL response of the different samples.

The Raman/PL spectra of WS, deposited on polymer-coated glass are shown in Figure 3.3-13B.
Due to different film thicknesses (according to the optical densities), the PL/Raman intensity ratio
cannot be properly evaluated. However, it is clear that there a significant changes in the PL
lineshape when WS is deposited on the different surfaces. This is further illustrated in the stacked
plot in Figure 3.3-13C. On PEDOT:PSS, the PL of WS> has a dominant signal at ~1.95 eV (where
the PL is also observed in case of the glass substrate) with a weaker shoulder at higher energy at
~2.02 eV. This gradually increases in intensity in WS@ PEDOT:PSS/PVK and becomes the
dominant signal in WS,@ PVK. Importantly, in WS;@ PVK, a symmetric, narrow linewidth PL
is observed similar to the initial dispersion. This suggests that minor doping occurs with PVK and

that the nanosheets are efficiently shielded from the underlying substrate. In addition, the adhesion
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of WS> was improved on PVK which makes this polymer an ideal candidate as stabilizer with the
goal of retaining the optical properties of WS; in thin films.

3.3.4 Thin Films after Deposition in the Presence of Polymer Stabilizer

3.3.4.1 Preparation and Characterization of the Dispersion

As explained in the previous section, although good quality films were fabricated, the preparation
Is tedious and time consuming and there is always a risk of aggregation of the nanosheets in organic
solvents. This encouraged us to examine a better way to prevent the aggregation. In this study, an
additional stabilizer, the polymer (PVK) was added to the medium to make the dispersion long
term stable in solvents. It is reported that polymers present the third main class of potentially
suitable stabilizers for LPE nanomaterials. %" Their main advantage lies in the ability to stabilize
the dispersion in either an aqueous or organic environment, depending on the sidechains!® of the
polymer which govern the polymer’s solubility. > 198109 p\/K was chosen due to the promising

results when depositing WS on PVK-coated glass.

Although PVK is a photoconductive polymer soluble in aromatic hydrocarbons, halogenated
hydrocarbons and ketones and resistant to acids, alkalis, polar solvents and aliphatic hydrocarbons,
the solubility in our solvent system IPA/THF was expected to be poor. However, a change in the
selection of solvents would have made the previous optimization obsolete. Hence, it was tried to
dissolve as much PVK as possible in a mix of IPA and THF (8:1) at a concentration of 10 gL%, by
stirring on a hotplate set to 70°C for 5 minutes. This resulted in a transparent solution without

noticeable Tyndall effect.

For the preparation of the WS> dispersion, the washing and transfer steps based on the established
protocol was used except for the presence of PVK in the mixture of IPA and THF as medium at
the last step of the transfer protocol. The 5-10k g WS; fraction was initially spectroscopically
characterized before and after transferring into the IPA/THF/PVK mixture. Figure 3.3-14A shows
the room temperature optical extinction spectra. In addition to the excitonic resonances of WS>, a
signal from PVK is observed between 300-350 nm and extending further in the UV region. There

IS no obvious non-resonant scattering background after transfer suggesting minor aggregation.
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To confirm this, the second derivative of the A-exciton region of the optical extinction spectra
(1.9-2.1 eV) is analyzed to track the degree of nanosheet reaggregation which might have occurred
after the transfer to the polymer solution. This is shown in Figure 3.3-14B. The ML and FL features
are well separated even after transfer, but the intensity of ML is decreased suggesting that some
aggregation had occurred. According to the 2nd derivative plot, the line width remains relatively
narrow which is a confirmation that PVK does not significantly alter the optical properties. Both
components (ML and FL) are red-shifted compared to water surfactant as a result of

solvatochromism, which is expected as the PVK contributes to the dielectric environment of the

nanosheets.
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Figure 3.3-14: Characterization of the dispersions used in this section. A) Normalized optical extinction
spectra of WS, nanosheets trapped in the range of 5-10 kg in SC (conc: 0.1gL*)-H,O based dispersion
(before transfer) and in a mixture of IPA and THF in the presence of PVK (after transfer). B) Second
derivative of the A-exciton peak after smoothing the extinction spectra of the WS, dispersions before
transfer and after transfer to IPA-THF. D) Room temperature PL and Raman spectra (excitation wavelength
532 nm) of a droplet the high concentration WS dispersion (5-10k g) in water/SC. Raman/PL spectra after
transfer cannot be measured in a comparable way to the volatility of the organic solvent mixture.

Raman/photoluminescence spectroscopy was performed with a 532 nm excitation laser in air
under ambient conditions on a droplet containing nanosheets in a SC-H>O based dispersion before
the transfer (Figure 3.3-14 C). As already explained further above, the PL/Raman ratio is a good
candidate to track the quality of the sample. Here the initial ratio was ~ 8:1 confirming the high-
quality of the sample. The PL consists of a single symmetric peak centered at about 613.5 nm
(2498 cm™ or 2.021 eV) with a small shoulder extended towards longer wavelengths in agreement
with previous samples. The Raman peak of water is not observed due to the high WS;

concentration used for the measurement.

3.3.4.2 Tracking Aggregation by Repeated Centrifugation
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Evaluation of the obtained data from the second set of thin films described above emphasized the
importance of systematic aggregate removal steps to improve the quality of WS> deposited by spin
coating. It was found that aggregation occurred over relatively short time frames (< 2 hours). While
these aggregates could be removed by centrifugation (1,000 g, 30 min) this step had to be
performed immediately prior to deposition. Also, it was clear that the aggregation rate increased
with the initial nanosheet concentration. In this section, it is investigated whether the nanosheets
are stabilized by the adsorbed polymer after transferring nanosheets to a polymer-containing
solvent. To test this, the same iterative centrifugation (5 steps at 1,000 g) was applied to hanosheet

dispersions with different WS, concentrations and extinction spectra measured after each step.

All optical extinction spectra and the respective second derivatives of the A-exciton are displayed
in the Appendix, Figures A6.12-6.13. In analogy to WS, transferred to IPA/THF in the absence of
PVK, the concentration is reduced on repeated centrifugation (according to the optical intensity,
Figure 3.3-1A). The second derivatives show a more significant difference across samples with
different WS, concentration with the highest WS> concentration exhibiting a slight blue-shift,
narrower line width compared to the lower concentrations (Figure A6.13-14). This is probably due
to a different ratio of WS, and polymer in the surrounding. For non-specific interactions between
stabilizer and nanosheet that we anticipate here, one would expect the adsorption/desorption
equilibrium to be concentration-dependent. In this case, shifts and changes in lines width are likely
due to solvatochromic effects stemming from the polymer (in addition to potentially different

aggregation states of the nanosheets).

The most important information that can be extracted from the UVVis spectra in this context is
the change in nanosheet concentration on repeated centrifugation which can be extracted from the
optical density. When plotting the optical density at the A-exciton as function of centrifugation
step (Figure 3.3-1B) the same trend is observed as in the samples in the absence of PVK (Chapter
3.3.3.2). This confirms that PVK as a stabilizer cannot prevent restacking of the nanosheets over
time. In agreement with the data in IPA/THF in absence of PVK, at higher WS> concentration,
more aggregation happened, resulting in a greater loss of WS> nanosheets from step to step which
gives a steeper slope when the optical density plotted as a function of the centrifuge run. As before,
we extract the slope from fitting this data to a linear function which we interpret as characteristic
indirect measure for the aggregation rate. This is plotted as function of initial optical density of
WS:; in figure 3.3-1C showing a linear dependence. The data is compared to the reference system
in IPA/THF in the absence of PVK. We find that the aggregation rate is even higher in the presence
of PVK compared to the pure solvent mixture. This is very problematic because the dispersion is
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even less stable when nanosheets are in the matrix of the polymer. This is surprising and we
attribute this to the relatively poor solubility of PVK in polar solvents. Additional experiments are
required to find a more suitable match of polymer and solvent. Nonetheless, the protocol
established here can be applied in a straight forward manner to investigate this in future work. In
this work, the unsuccessful stabilization through the PVK encouraged us to test a new idea to solve

the problem with reaggregation occurring on transfer. This is described in Chapter 3.4.
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Figure 3.3-15: Impact of additional centrifugation on the optical response of WS, nanosheets transferred
to IPA/THF in the presence of PVK. A) Comparison of the extinction spectra in the region of the A-exciton
for the second lowest WS; concentration used after performing four subsequent centrifugation steps at 1000
g for 30 min. A reduction of the WS, concentration is discernible after each step. B) Plot of the optical
density at the A-exciton as function of the centrifugation step. A linear decrease in nanosheet concentration
is observed. The slope can be interpreted as indicator of the aggregation rate. C) Loss rate per step (i.e.
slopes in panel B) as function of initial optical density at the A-exciton visualizing that aggregation is
concentration dependent in comparison to the reference system in absence of PVK.

3.3.4.3 Characterization of Thin Films on Glass

Based on our recent obtained observations from the second set of thin films, higher coverages in
thin films resulted in a loss of the WS, photoluminescence due to restacking of the sheets. While
Chapter 3.3.4.2 revealed that aggregation of the sheets could not be prevented in dispersion by the
addition of PVK, it is still possible that communication between the WS> monolayers is suppressed
through the polymer layer. Such TMD-polymer composites are potentially interesting for
applications exploiting the light emitting properties, such as light emitting diodes or field-effect
transistors. While 2D materials have been widely investigated as in polymer composites for
reinforcement, conductive fillers or as barrier enhancing agents,> %111 |ittle attention has been
given to understanding the optical properties in such composites. It has already been shown that

PVA or PMMA can prevent communication between LPE WS, when embedded in a polymer
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matrix.*® > However, in the literature reports, the LPE TMD was embedded as guest, or filler in a
polymer film. Here, in this work, we focus on the deposition of polymer-coated nanosheets, i.e. a

significantly higher TMD:polymer ratio.

Thin films were prepared from the WS,-PVK-IPA-THF dispersion immediately after
centrifugation to remove aggregates using different WS, concentrations by spin coating as before.
WS2-PVK thin films were characterized by absorbance and Raman/photoluminescence
spectroscopy (Figure 3.3-16). The non-resonant scattering background (> 650 nm) in the extinction
spectra (Figure 3.3-16A) of the thin films is relatively low for all coverages, albeit higher than in
the films produced in the absence of PVK. Unfortunately, the region of the polymer absorbance
(300-350 nm) overlaps with a change in the filter during the measurement which can induce
artifacts in the spectra. Therefore, it is not clear whether absorbance from PVK is still observed
after deposition. However, clearly, it is lower relative to the WS, which suggests that nanosheets
are preferentially deposited. Similar to the WS> deposition in the absence of PVK, the optical
densities in thin films strongly depend on the WS; concentration in dispersion. It should be noted
that, overall, the optical densities achieved in the films is lower for this set of films in the presence
of PVK, but the optical density of the dispersion used was also lower due to stronger aggregation
as discussed in Chapter 3.3.4.2.

Second derivatives of the A-exciton are extracted from extinction spectra (Figure 3.3-16B), like
in the case of second set of thin films data. The A-exciton absorbance is not de-convoluted into
the individual ML and few-layer peaks which are merged unlike in the dispersion where they could
be well distinguished. Figure 3.3-16B shows that at the highest WS, coverage (COV5), the center
of mass position is only slightly redshifted compared to lower coverages (COV2). This is in
contrast to the films produced in the absence of PVK, where a stronger difference was observed.
This is indicative that communication of restacked sheets is indeed prevented.

This can be best confirmed by the Raman/PL spectra of the WS»-PVK thin films with
systematically varied nanosheets coverages shown in Figure 3.3-16C. The signal to noise ratio in
the spectra is lower than for the films produced in the absence of PVK since laser-induced damage
was observed so that the laser power had to be reduced by a factor of 10. The observed PL peaks
in all films with varying coverage are identical with similar PL/Raman ratio and linewidth and
with only minor shift or broadening compared to the initial dispersion in aqueous SC (Figure 3.3-
14). It should be noted that the PL/Raman ratio in the film is reduced compared to the dispersion
by ~50%. While this could be an effect from the deposition, we mainly attribute this to the
reaggregation occurring in dispersion rather than on deposition. If reaggreation on deposition was
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responsible, we would expect films with higher coverage to have a reduced PL/Raman ratio.
Overall, the optical properties of WS, are not severely affected by PVK and the homogenous
dielectric environment from the polymer retains narrow linewidth PL, as nanosheets are isolated
from each other by a polymer matrix which shields the environment and prevents restacking.

Therefore, the optical properties of these films are mostly preserved.

Figure 3.3-16: Optical characterization of thin films produced from WS,-PVK-IPA-THF by spin coating.

A) Optical extinction spectra of WS, deposited on glass using different initial WS, concentrations in the

PVK/IPA/THF-based dispersions. There is an increase of the film optical density with increasing OD of

the dispersion. Inset: Zoom-in at the A-exciton. B) Second derivative of the A-exciton region from films

with two different coverages. The splitting between ML and FL cannot be resolved C) Photoluminescence

of thin films measured by Raman spectroscopy normalized to the 2LA(M) Raman mode of WS,. PL remains
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unaltered in all samples suggesting a reduced communication between restacked nanosheets through the
polymer.

3.3.5 Conclusion

In summary, this section described significant progress towards making thin films of WS; through
spin coating with homogeneous, tunable coverage and minimal nanosheet restacking in optimized
samples which resulted in the observation of narrow linewidth photoluminescence from

monolayers.

While preliminary experiments to optimize the spin coating conditions showed that homogeneous
deposition is achievable by spin coating WS transferred from aqueous sodium cholate to a mixture
of IPA/THF (8:1), nanosheet aggregation was found to be a major obstacle. It was found that
aggregation occurred after the transfer of size-selected WS> to the organic solvent mixture
relatively quickly (< 1-2h) and that the aggregation rate scales with the nanosheet concentration.
Centrifugation at 1000 g for 30 min was found sufficient to remove the aggregates, but preparation
of thin films has to be carried out immediately after the centrifugation. These aspects clearly limit

the applicability of the deposition method.
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In spite of this, films with varying WS> coverage were fabricated by using WS dispersions with
different concentrations and the optical properties of WS> in the films assessed. With an optimized
coverage (dense packing with minimal overlap of the sheets), ~75% of the monolayer
photoluminescence was retained in comparison to the initial dispersion. The highest achievable
PL/Raman ratio on glass was ~10. The PL/Raman ratio was decreased when increasing the WS>
coverage due to nanosheet restacking and clear shifts in the PL were observed depending on the
substrate as confirmed by deposition on glass coated with different polymers. Due to the issue with
aggregation after transferring the nanosheets to the organic solvent, it was assessed whether the
addition of a polymer to the organic solvent mixture during the transfer could prevent nanosheet
aggregation. For the chosen system (PVK ind IPA/THF), this was not the case, but the presence
of the polymer decoupled the nanosheets in the thin film resulting in a retention of the PL

irrespective of the coverage.

While the deposition by spin coating has severe restrictions in its wider applicability due to tedious
optimization, the films that can be produced in this way are suitable for fundamental studies, e.g.
investigating the PL response as function of substrate. Further, a procedure was established based
on repeated centrifugation that can be used to reliably track aggregation. This methodology is
applicable to other systems and can be used to screen suitable solvent or solvent/additive mixtures.
Finally, it was demonstrated that the communication between nanosheets can be successfully
suppressed through the presence of a polymer coating which could be of interest for applications

in light emitting devices in future work.
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3.4 A New Route to Make WS, -Polymer Composites Through Micelle
Swelling

3.4.1 Introduction

LPE is an attractive method to produce 2D nanosheets, as it can be applied to a whole host of
layered structures and gives access to high-quality nanosheet dispersions in the liquid phase. Main
issues such as low monolayer contents and sample polydispersity were addressed in the past years
by improved post exfoliation size selection. It was shown that exfoliation and stabilization in
aqueous surfactant yields dispersions with higher monolayer contents than accessible in
solvents.1% However, for some applications, such as the preparation of polymer composites, the
exfoliated materials need to be compatible with organic solvents.> ! When transferring from
aqueous to organic media , restacking of nanosheets occurs and leads to the loss of their monolayer
characteristics such as photoluminescence of single-layered TMDs. By using WS> as a model
substance, it was shown in Chapter 3.3 that the rate of aggregation depends on the nanosheet
concentration. While it is possible to remove aggregates by mild centrifugation and produce thin

films with monolayer properties of the WS; retained, this procedure is only poorly reproducible.

In this Chapter, a new route is introduced to prevent aggregation on transfer that simplifies the
preparation of thin films from liquid phase exfoliated WS; in a polymer matrix on glass substrates
with monolayer properties of the nanosheets retained. The secret is to add a polymer that is not
water-soluble (such as polyvinyl carbazole, PVK) to the aqueous WS, mixture prior to sonication.
The sonic energy also “exfoliates” the polymer, i.e. it finely distributes the polymer in the aqueous
surfactant medium. Due to the hydrophobic effect, the polymer adsorbs on the most hydrophobic
area in the aqueous dispersion which is the interface between surfactant and nanosheet.**21%4 This
is schematically illustrated in Figure 3.4.-1. The concept is conceptually similar to micelle swelling
using liquid hydrophobic compounds (e.g. oils™®) or gases!'® with the exception that a polymer is

used that is allowed to arrange in the dynamic situation during sonication.

With this method, it is anticipated that a densely packed thin layer of the polymer is formed on the
WS, nanosheets. As we will show, this facilitates transfer to organic solvents without aggregation
occurring. When preparing nanosheet based thin films in this way, the polymer coverage also
prevents communication between the sheets after deposition so that no loss of monolayer
photoluminescence compared to the dispersion is observed. This new route can be applied for the
range of polymers to produce films of outstanding optical quality which are interesting for

integration into optoelectronic devices.
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Figure 3.4-1: Schematic of the new route to fabricate WS,-polymer composites by a procedure similar to
the micelle swelling technique. Initially, a water insoluble polymer and the TMD are sonicated in the
aqueous surfactant solution. In the dynamic situation of sonication, the polymer is also partially dispersed
by the surfactant and can arrange in the most hydrophobic position in the vial which is the interface between
2D material and surfactant.

3.4.2 Sample Preparation

Sample preparation was performed according to the standard protocol described in the methods
section. In brief, WS, powder (30 gL!) was immersed in an aqueous solution of sodium cholate
(8 gL™). In addition, the non-water-soluble polymers is added to this mixture prior to sonication
with a concentration of 0.01 gL. PVK was used as the model polymer, but other non-water soluble
polymers were also tested. The WS exfoliation protocol is the same as described in Chapter 5
using a two-step sonication procedure. The same concentration of polymer
(0.01 gL ™) is added during both short and long tip sonication processes, respectively. To select
nanosheets by size, the LCC method is used. Specifically, unexfoliated WS, and polymer not
associated with the nanosheets were removed by centrifugation at 400 g. The supernatant was
exposed to further centrifugation at 1,000 g. Next, the sediment was collected in water at reduced
volume (5-10 mL), while the supernatant was centrifuged at 5,000 g. Again, the sediment was
collected and the supernatant subjected to centrifugation at higher speeds at either 10,000 or 30,000
g. The final supernatant was discarded. Note that this procedure not only serves the purpose of size
selection of WSy, but also ensures that all non-soluble material is discarded (as sediment at low
centrifugal acceleration) and any potentially “free polymer”, i.e. polymer not associated with the

WS, surface, is removed as supernatant at high centrifugal acceleration.
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3.4.3 Characterization of Dispersions and Thin Films Using WS>-PVK as Model System

First, the size-selected WS> dispersions prepared by the micelle swelling-type technique with PVK
added during sonication were characterized in aqueous sodium cholate solution by extinction and
Raman/PL spectroscopy. In figure 3.4-2, extinction spectra of three different sizes of exfoliated
WS>-PVK nanosheets denoted as large (1-5k g), medium (5-10k g) and small (10-30k g) are shown
compared to the standard WS> dispersion (reference-exfoliated WS> nanosheets in the absence of
polymer). Interestingly. The WS, concentration is higher when sonication is performed in the
presence of PVK in all cases. The presence of PVK is well discernible in the UV-Vis as additional
peaks in the spectral region of 300-350 nm. This confirms the presence of PVK in the sample.
Importantly, much PVK relative to WS; is observed in the sample containing the smaller and
thinner WS, nanosheets due to a higher surface area of WS,. This strongly suggests the polymer

is associated with the nanosheet surface.
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Figure 3.4-2: Optical extinction spectra of three size of WS, nanosheets in agqueous sodium cholate
exfoliated in the presence of PVK compared to the reference sample (sample with no polymer) processed
under otherwise identical conditions. A) 1-5k g, B) 5-10k g, C) 10-30k g.

Raman/PL spectroscopy was performed on exfoliated WS>-PVK samples with 532 nm excitation
wavelength. To prevent sample heating, the laser power is kept as low as possible (1% laser power,
<10 pW ). The data is shown in figure 3.4-3 for three different fractions of exfoliated WS in the
presence of PVK compared to the reference sample (standard dispersion in aqueous sodium
cholate). A significant shift corresponding to the dominant WS, Raman mode (2LA(M)) located
at ~355 cm™ is not observed. As already discussed, the Raman mode can be observed in all WS;
(from bulk to monolayer WS>) but PL only stems from WS, monolayers (with direct bandgap).
The fluorescence peak is located at ~2470 cm™ (equivalent to 612.5 nm) in all samples, both in
the absence and presence of PVK. Importantly, the PL/Raman ratio is even higher in all fractions

when PVK was added during sonication. Taken together with the findings of higher concentration
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based on extinction spectroscopy, it can be concluded that exfoliation is more efficient when PVK
is added. Further, PL remains symmetric and is narrow and comparable to the PL peaks of the
reference sample (no broadening- not affected by heating or etc). This confirms that optical
properties of WS2 are not affected by the presence of the polymer and that high quality samples
can be produced. Note that the PL/Raman ratio in the WS>-PVK 10-30k g is the highest reported
for LPE WS2 to date.
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Figure 3.4-3: Raman/PL spectra (532 nm excitation) of three size of WS, nanosheets in aqueous sodium
cholate exfoliated in the presence of PVK compared to the reference sample (sample with no polymer)
processed under otherwise identical conditions. A) 1-5k g, B) 5-10k g, C) 10-30k g.

To get a deeper insight into the advantage of this new route and to test if our new liquid-phase
exfoliated WS, in aqueous sodium cholate in the presence of PVK is able to overcome the
aggregation challenge, the fabricated 5-10k g dispersion (after exfoliation and size selection of
WS»-PVK) was transferred to a mixture of IPA/THF medium following the established procedure.
Subsequently, three additional low-speed centrifugation runs (1,000 g, 30 min) were applied on
the polymer-based sample and extinction spectra measured to investigate how much material is

lost after each run. The protocol is already explained in the previous sub-chapters.

The extinction spectra are shown in figure 3.4-4A. In contrast to WS; exfoliated and size-selected
in aqueous sodium cholate in the absence of PVK or WS, transferred to a mixture of
PVK/IPA/THF, the optical density of this sample is not decreased by the subsequent centrifugation
and hence there was no sedimentation. This observation confirms a significant suppression of
aggregation likely because nanosheets are homogeneously covered by the polymer on the surface.
Also, the second derivatives of A-exciton are extracted from the extinction spectra (Figure 3.4-
4B). The splitting of the A-exciton in ML and FL is clearly observed. There is no change in energy
and width of nor ML peaks neither FL peaks after performing multiple centrifugation runs and the
ratio of the two components remains identical. This also confirms that no aggregation occurs after

transferring WS,-PVK to IPA/THF.
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To further confirm that the polymer is associated with the surface of the TMD, the LPE WS>-PVK
dispersion (5-10k g) in IPA/THF (where the polymer is at least slightly soluble) was subjected to
high speed centrifugation at 30k g to force sedimentation of WS,. Then, the sediment was
redispersed in fresh solvent and extinction spectra of supernatant and sediment measured. As it is
shown in figure 3.4-4C, the PVK signature is observed in the redispersed sediment and there is no
sign of PVK in the collected supernatant. This confirms that PVK remains on the surface of WS;
after transfer to IPA/THF.
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Figure 3.4-4: Impact of repeated centrifugation (1000 g, 30 min) on WS,-PVK (5-10k g) produced by the
micelle swelling-type technique transferred to IPA/THF. A) Optical extinction spectra showing no change
in optical density, i.e. no sedimentation due to aggregation. B) Second derivative of the A-exciton region
which is extracted from the respective optical extinction spectra after smoothing. C) Extinction spectra of
both sediment and supernatant after subjecting WS2-PVK to high speed centrifugation at 30k g. The
signature of PVK is only observed in the redispersed sediment (black) and not the supernatant (red). This
suggests that PVK seems to remain on the WS, nanosheets surface.

The data confirms that the polymer tends to stick on the TMD surface which results in no
pronounced aggregation after transferred to the IPA/THF mixture due to shielding from the
solvent. These observations encouraged us to use a high quality exfoliated WS, nanosheet
dispersion produced in the presence of polymer by the micelle swelling-type technique to
investigate the possibility of fabricating WS2-polymer thin films with promising and preserved
optical properties. Figure 3.4-5 shows results with respect to the characterization of a spin-coated
WS,-PVK thin films. The film was produced in analogy to the method described in the previous
section using an dispersion with optical density at 240 nm of 2.3. The obtained results confirm that
the new polymer route can be used to produce films of outstanding optical quality. The extinction
spectra of the WS»-PVK thin film (Figure 3.4-5A) shows a spectral profile similar to the dispersion
used, albeit with some background at > 650 nm. The optical density is similar to the SC-based
reference sample transferred to IPA//THF and spin-coated under the same conditions. Importantly,

the PVK signature is still observed in the extinction spectra of the thin film which affirms the
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presence of polymer on the WS; surface. The Raman/PL spectrum with 532 nm excitation is shown
in Figure 3.4-5B. The PL/Raman ratio as quality indicator breaks any record and is roughly ~ 23.
This is attributed to polymer on the WS surface which prevented nanosheets restacking, as well
as interaction with the glass substrate and therefore the PL/Raman ratio is comparable to the
dispersion. Further, as indicated in the previous section, there are no chemical doping effects with
PVK and thus the PL linewidth remains narrow and the PL is symmetric with no sign of trion
emission or inhomogeneous broadening. Overall, the optical response of WS; is not affected by
PVK. Finally, the optical microscope image (Figure 3.4-5C) shows a homogeneous film with no
visible aggregates. These results confirm that the micelle swelling type route is an interesting
method to make WS;-polymer composite films with promising optical quality.
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Figure 3.4-5: Characterization of a thin film on glass produced by spin coating using the WS,-PVK in
IPA/THF produced by the micelle swelling-type technique. A) Extinction spectrum. B) Raman spectrum
(532 nm excitation). The PL/Raman ratio of the thin film fabricated with the new route is comparable to
the dispersion in SC with narrow PL linewidth. C) Optical microscope image of the WS,-PVK thin showing
a homogeneous film with no visible aggregates.

3.4.4 Assessing the Applicability to Other TMD-Polymer Systems

To assess the applicability of this new route to make WS»-Polymer hybrids, it is applied to other
systems which include WS2 in the presence of other polymers such as polydioctylfluorene (PFO)
and polymethylmethacrylat (PMMA) or other TMDs such as MoSex.

3.4.4.1 Different Polymer Systems

Figure 3.4-6 shows observations using different polymer systems applied in the micelle swelling
type co-exfoliation route. WS, exfoliation is done by tip sonication in aqueous sodium cholate in
the presence of PMMA and PFO, respectively, and then both samples are size selected and the
monolayer-richest fraction (10-30k g) characterized. The extinction spectra (Figure 3.4-6A,D)
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show signatures of PMMA (< 290 nm) and PFO (300-500 nm), respectively. The optical density
of WS is similar to the WS,-PVK system, i.e. higher than the SC reference system in the absence
of polymer. The WS»-PFO spectrum shows an elevated non-resonant scattering background at >
650 nm. This is likely due to the presence of larger particles in the form of aggregates. It should
be noted it could mean that the nanosheets are laterally larger. In future work, it will be important
to assess this with AFM statistics. The smoothed second derivative of the A-exciton region
extracted from the optical extinction spectra (Figure 3.4-6B,E) showed very nice splitting in both
cases. The contribution from ML FL WS; are perfectly separated with narrow linewidth. This
confirms that this new route prevents communication between the WS, even if aggregates were

present which is likely the case in the WS,-PFO sample.
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Figure 3.4-6: Applying the micelle swelling type exfoliation technique to different polymer systems. A, D)
Optical extinction spectra of exfoliated WS, in the presence of PMMA and PFO respectively. WS;
nanosheets are trapped in a range of 10-30k g in both cases (smallest/thinnest size of nanosheets). B, E)
Smoothed second derivatives of the A-exciton correspond to the exfoliated WS in the presence of PMMA
and PFO, respectively. The peak is composed of two components: ML (a peak at ~ 611 nm or 2.033 eV)
and FL (a shoulder at ~ 622 nm or 1.99 eV). C, F) Raman/PL of exfoliated WS in the presence of PMMA
and PFO respectively. The PL line width is narrow and symmetric. Therefore, the monolayer properties are
maintained in both cases.
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The exfoliated samples are also characterized by Raman/PL spectroscopy to better understand if
the surrounding polymers are efficient enough to preserve monolayer properties by shielding the
nanosheets and to test whether any chemical doping effects are discerned. Figure 3.4-6C, F shows
narrow linewidth, symmetric photoluminescence of the A-exciton which is retained in both
samples. In spite of similar ML contents according to the second derivative of the extinction
spectra, the PL/Raman ratios vary. For WS»-PVK, a PL/Raman ratio of ~17 was observed, while
itis ~9in WS,-PMMA and ~18 in WS,-PFO. Future work will be required to understand the origin
of this behavior, e.g. an assessment of the lateral size of the monolayers which could be at the
origin of this variation since edges are known to quench the PL.®> An alternative explanation could
be that the polymer coating is more or less homogeneous, since inhomogeneities often reduce the

PL quantum yield.?® To understand this, low temperature PL measurements would be of interest.

3.4.4.2 Different TMD Systems

The new route was also applied to other TMD systems. This is important, as it could be envisaged
that a polymer layer on the surface of the 2D material shields the nanosheets from the environment

which could also prevent degradation in the case of materials prone to degradation.

Figures 3.4-7A,B show, optical extinction spectra of molybdenum diselenide (MoSe>, 10-30k g)
exfoliated in the presence of PVK and PFO respectively. The absorption signature of the polymers
are well discernible in both cases confirming the presence of polymer. When using PFO instead
of PVK, there is a relatively intense/large PFO signal which appears more intense than in the WS,
dispersions. However, the oscillator strength of the polymers and TMDs are different so that a
quantification from UV-Vis spectra is hardly achievable. Also, a scattering background is
discernible in the extinction spectra of MoSe>-PFO. This could be due to polymer aggregates in
the water-based dispersion, or indeed polymer-MoSe; aggregates. Future work will be required to
understand which systems remain colloidally stable. Nonetheless the data shows that this new

route is applicable to other TMDs such as MoSex.

To investigate whether the optical properties of the MoSe> monolayer are preserved after
exfoliating in the presence of polymers, both samples are characterized by Raman/PL spectroscopy
with an excitation wavelength at 633 nm, where the MoSe, PL is expected at ~3200 cm™
corresponding to ~790 nm (1.57 eV). Figures 3.4-7C,D show Raman/PL of MoSe; exfoliated in
the presence of PVK and PFO with excellent PL/Raman ratios of 20-25 and 70-75 respectively. In

spite of the scattering background in MoSe>-PFO, the PL is very intense with a factor of 3
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improvement which is definitely interesting and promising, although further work is required for

an understanding.
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Figure 3.4-7: A, B) optical extinction spectra of MoSe,-PVK and MoSe;-PFO produced by the micelle
swelling type technique in aqueous sodium cholate. In both samples, the nanosheets are trapped in a range
of 10-30k g. The signatures from both polymers are observed as indicated by the blue rectangle frames in
the extinction spectra. C, D) Raman/PL spectra of the dispersions. The PL linewidth is narrow in both
samples and for exfoliated MoSe,-PFO, the PL intensity is improved by a factor of 3.

Since this effect of improved PL in PFO was not seen for WS; before, it is very hard to rationalize.
Therefore, it directed us to test the reproducibility in a co-exfoliation experiment with WS,. For
this experiment, two different TMD powders (WS and MoSe;) are mixed and then exfoliated in
the presence of the polymer PFO in aqueous sodium cholate (notice: different concentration of
TMDs are used as following 30 gL and 20 gL for WS, and MoSe; respectively). Figure 3.4-
8A,B shows the selection of extinction spectra and relevant second derivatives of the A-exciton
for three different sizes of nanosheets in the co-exfoliated samples. These spectra are a mixture of
WS, and MoSe: as expected. It is clear that the scattering background in MoSe2-WS,-PFO is lower
than the MoSe,-PFO sample which was shown in Figure 3.4-7. Even though the concentration of
the two TMD powder are different, the WS; signature is more intense than expected. For example,

the MoSe, A-exciton is ~ five times lower in intensity than the WS, A-exciton, while the initial
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concentration is only 1.5 times higher. The extinction coefficients of WS, and MoSe> at the A-
exciton differ by a factor of 2.% Based on this, it can be concluded that WS; is exfoliated with a

~1.6 times higher yield than MoSe2 in this system.
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Figure 3.4-8: A) Selection of extinction spectra of co-exfoliated MoSe,-WS; in presence of PFO. Three
sizes of nanosheets are trapped in the range of 1-5 kg, 5-10 kg and 10-30 kg respectively. B) second
derivative of A-exciton extracted from optical extinction spectra. The concentration of WS, and MoSe, are
different. C) Raman/PL spectra of co-exfoliated MoSe,-WS,-PFO and WS,-PFO samples are observed and
compared. The excitation wavelength is considered at 532nm to detect WS, PL. Inset: Raman modes of
MoSe; and WS;. D) Raman/PL spectra of co-exfoliated MoSe,-WS,-PFO and MoSe,-PFO samples are
observed and compared. The excitation wavelength is considered at 633nm to detect MoSe; PL. Inset:
Raman modes of MoSe; and WS,. In comparison with the MoSe,-PVK sample, the MoSe, PL is hugely
enhanced (3.5x compared to the PVK sample).

The optical properties of the monolayers were investigated by performing Raman/PL

spectroscopy. Two different excitation wavelengths were used due to the two different TMDs: The

PL of WS, can be observed with 532nm and the PL of MoSe, with 633nm as excitation

wavelength. Figures 3.4-7C,D show the spectra of the co-exfoliated WS,/MoSe> 10-30k g

dispersion (black traces) in comparison to the samples, where WS> and MoSe; were exfoliated

separately and processed under otherwise identical conditions (red traces). The PL/Raman ratios
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obtained from the co-exfoliated mixture are perfectly comparable with the ratios of WS,-PFO and
MoSe,-PFO samples. Thus, the reproducibility of the exfoliation route is evidenced and the
enhancement of MoSe, PL using PFO (3.5 times compared to PVK) is confirmed. While future
work will be required to understand details, it is clear that the new route to make TMD-polymer
hybrids is applicable to a range of TMDs and organic polymers and promising to produce LPE
TMDs with superior optical properties.

3.4.5 Conclusion

In this section a new route to make TMD-polymer hybrids was presented. While previous work
(Chapter 3.3) showed that the addition of polymers during transfer of WS, from aqueous surfactant
to organic solvent could not prevent nanosheet aggregation, this issue was successfully tackled
here. The principle is similar to the micelle swelling technique and relies on adding non-water
soluble polymers to the aqueous TMD surfactant mixture prior to sonication. The sonication will
also partly solubilize/disperse the polymer and in the dynamic scenario of sonication, it can
rearrange to find the most hydrophobic area which is the interface between surfactant and 2D
material. Thus, the polymer will be forced on the 2D material surface.

The route was shown to be applicable to different TMDs and polymer systems. Importantly, it was
demonstrated that nanosheet aggregation can be successfully prevented when transferring to
organic solvents (IPA/THF) which resulted in the demonstration of thin films with superior optical
properties using WS2-PVK as model system. The presence of the polymer in the thin film was
confirmed by extinction spectroscopy which showed a similar signature as the dispersion unlike
the films produced from WS; that was transferred to a mixture of PVK/IPA/THF. This clearly
shows that polymer is associated with the nanosheet surface. The adsorbed polymer successfully
shielded the nanosheets in the thin film resulting in narrow linewidth PL with a PL/Raman ratio
of 23 in the thin film. The preliminary investigations on other polymers and TMDs revealed that
PL can be further enhanced in some systems. While this can currently not be rationalized, the route

is certainly promising.
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4 General Conclusion and Outlook

In In the past years, liquid phase exfoliation has become well-known as a versatile top-down
technique to produce 2D nanosheets. A whole host of layered structures can be exfoliated via this
method and subsequently size-selected. Typically intrinsic properties are retained, for example, in
the case of TMDs, the semiconducting 2H-polytype is obtained with characteristic narrow
linewidth A-exciton fluorescence for monolayers originating from the direct transition at the K-
point in the Brillouin zone. Due to the 2D nature, excitonic transitions are extremely sensitive to
the environment and this is potentially useful to track surrounding solvents, molecules, chemical

doping etc.

This thesis significantly added to the understanding in which way the A-exciton in absorbance and
fluorescence responds to the environment using WS> as model substance. To achieve this, it was
key to produce samples of high optical quality, for example with significant monolayer contents
and narrow linewidth PL. While established LPE and size selection were used, minor
modifications in the protocol (described in Chapter 5) and careful decanting in the cascade
centrifugation resulted in a sequential improvement in sample quality from batch to batch, as

illustrated by the PL/Raman spectra in Figure 4.1.

Note that the general exfoliation and size selection of the first batches was similar, but the
maximum PL/Raman ratio was below 3. It is likely that sample heating during sonication and poor
decanting in the size selection procedure were responsible for this. To first identify in which way
the A-exciton responds to the environment, size-selected WS, dispersions were fabricated and a
protocol elaborated to transfer the same dispersion into a range of solvent/additive system, most

of them being aqueous surfactant or polymer systems (Chapter 4.1).

Since the optical response is well known to be sensitive to the size/thickness of the sheets, this
transfer protocol was crucial to retain the same dimensions in each sample and only vary the
environment. It was found that the A-exciton in absorbance shows characteristic shifts and

broadening of the monolayer component in different environments.

Thinner nanosheets were more affected than thicker nanosheets which resulted not only in
different A-exciton monolayer energies, but also different exponents relating the A-exciton energy
to the layer number. Empirically, it was found that these two quantities scale linearly with each

other across all systems investigated. This was an important finding which allowed to derive an

91



Chapter 4

empirical expression for generalized thickness metrics for LPE WS, irrespective of the

environment.
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Figure 4-1: Schematic of progression in improving optical quality of WS, dispersion fabricated by LPE
protocol and optimized LPE protocol. Sample number 1 to 10 are fabricated with the general LPE method
and sample number 12 is fabricated after optimization of this method. It is clear the optical quality of the
sample is perfectly improved and increased. Reproducibility of this optimized method is examined/proved

and all samples in this thesis are prepared by this protocol.

Differences in the chemical environment were also reflected in the A-exciton PL. In this case, it
could be observed that some stabilizers chemically dope the nanosheets resulting in enhanced trion
and reduced exciton emission. Thus, it was not clear whether the changes in the A-exciton

absorbance were related to chemical doping or dielectric screening effects.

This question was addressed in the second section (Chapter 4.2), where transfer to pure solvents
was investigated for two reasons: i) only non-specific interactions are expected with little chemical
doping; ii) the physical parameters of the environment (refractive index, dielectric constant) are
known. Transfer to solvents is more challenging due to issues with aggregation, but can in principle

be achieved in a similar way.
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The linear scaling of monolayer A-exciton with the exponent relating exciton energy to layer
number was confirmed and quantitatively agreed with the additive systems. Since PL indeed
confirmed that, with few exceptions, only little chemical doping occurs in the solvents, this finding
can thus be attributed to dielectric screening of the excitons irrespective of doping. In addition, it
was found that the shift in monolayer A-exciton energy linearly scales with the Onsager polarity
function of the solvent (related to the refractive index), while the changes in width linearly scale

with the dielectric constant of the solvent.

It is thus clear, that the frequency dependence of the dielectric environment plays an important
role and cannot be neglected- a scenario referred to as dynamic screening of exciton. Overall, the
A-exciton response in absorbance is governed by dielectric screening, while the PL response is
governed by chemical doping. With the fundamentals understood, it will be interesting to study
more exotic molecules, e.g. strong acceptors or donors, dyes etc. to produce inorganic/organic
hybrids where different physical phenomena can potentially occur (e.g. collective states).

A side-product of the solvent study was that it became clear that more solvents are accessible when
transferring high quality samples into them than when using them as medium for the exfoliation.
While aggregation was observed, monolayer PL was still detected in most cases. This was the
foundation for the controlled deposition of LPE WS; with the aim to produce thin films with dense
coverage, but minimal overlap between the sheets and thus monolayer properties retained. To this

end, a spin coating protocol was established and optimized (Chapter 4.3).

Aggregation of nanosheets occurring after transfer to solvents was identified as major bottleneck.
This could be tracked by repeated centrifugation at relatively low centrifugal accelerations. It was
found that centrifugation can remove the aggregates, but that aggregation occurs over relatively

short time periods (< 2h) and that the aggregation rate scales with the WS, concentration.

When immediately processing the dispersion after centrifugation, it was possible to produce high
quality thin films with tunable coverage. At optimized coverage, the A-exciton monolayer
photoluminescence was widely retained and it was shown that this can be used to study chemical
doping with the substrate, or polymers deposited on the same substrate. At higher coverages,

random restacking resulted in the loss of the PL.
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While such films are in principle interesting for applications in light emitting devices, the overall
procedure by spin coating is tedious and not very well reproducible greatly limiting the
applicability. Nonetheless, such films can be of interest for fundamental studies, e.g. the
fabrication of LPE-based heterostacks with other 2D materials. Further, the insights into
aggregation are useful for other film fabrication strategies, for example the assembly at the liquid-
liquid interface and subsequent transfer to substrates which was recently described in literature as

interesting alternative.

In Chapter 4.3, it was found that nanosheet restacking in thin films could be prevented by
introducing a polymer to shield the nanosheets from interacting in the film. However, the addition
of the polymer during transfer could not improve the colloidal stability in dispersion. This
prompted to develop a new strategy to force the polymer on the nanosheet surface already during
exfoliation. As described in Chapter 4.4, this can be achieved by adding in hydrophobic polymers
to the mixture of TMDs in aqueous surfactant solution prior to sonication.

In analogy to the micelle swelling technique, the polymer is dispersed temporarily and will be
trapped at the most hydrophobic space which is the interface between nanosheet and surfactant
resulting in a dense coating. Using WS2-PVK as model system, it was found that aggregation after
transfer to organic solvent is prevented greatly improving the optical quality in WSz-polymer
hybrid thin films.

The procedure was successfully applied to different polymers and TMDs. In some cases, an
increased PL/Raman ratio in the dispersion was achieved. Reasons for this are currently unclear
and will require further experiments including microscopic characterization such as AFM statistics
to quantify monolayer contents and lateral sizes of monolayers. In this regard, low temperature
photoluminescence will also be useful, since it would give insights whether this enhanced PL is

due to sample morphology or a homogeneous environment through the polymer coating.

PL and vibrational spectroscopy focusing on the polymer might give further insights to understand
how the polymer is arranged, while time of flight secondary ion mass spectrometry (TOF-SIMS)

can potentially be useful to determine the thickness of the polymer layer.
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In future work, it will be of interest to extent this method to other polymer systems, e.g. ones that
are expected to induce chemical doping. Further, the dense polymer coating can potentially shield

nanosheets from environmental impact, which might be of interest for 2D materials that are prone

to oxidation (e.g. black phosphorus).
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5 Experimental Methods

5.1 Sample Preparation

5.1.1 Liquid Phase Exfoliation (LPE) of TMDs Nanosheets
WS: dispersions were prepared by probe sonicating of WS, powder (Sigma Aldrich: C1254-100G)

with an initial concentration of 30 gL in an aqueous sodium cholate (SC) solution. In this study,
sodium cholate was chosen as a surfactant to stabilize nanosheets against reaggregation. WS,
powder was immersed in 80 mL of aqueous surfactant solution (Csc= 8 gL™). The mixture was
sonicated in a 100 mL metal beaker by probe sonication using a solid flathead tip (Sonics VXC-
500, i.e. 500 W) for 1 h at 60 % amplitude with a pulse of 8 s (on) and 2 s (off). The overheating
was avoided by a chiller system to preserve the external temperature at 5°C. The sonic probe was
manually adjusted 1.5 cm from the bottom of the beaker. The dispersion was centrifuged in 20 mL
aliquots using 50 mL vials in a Beckman Coulter AvantiXP centrifuge equipped with a JA25.50
fixed-angle rotor at 3,000 g for 1.5 h. After discarding the supernatant, the sediment was collected
in 80 mL fresh surfactant (Csc= 2 gL™!) and subjected to a second sonication using a solid flathead
tip (Sonics VX-500) for 5 h at 60 % amplitude with a pulse of 6 s (on) and 2 s (off). From our
experience, the two step sonication procedure yields a higher concentration of exfoliated WS> and
some water soluble impurities are removed. This prepared initial dispersion is called stock

dispersion which is polydisperse in nanosheet size and thickness and will be further size-selected.

It should be noted, that during the course of the thesis, one modification was made to optimize the
functionality of this protocol to increase/improve the optical quality of the sample. In the general
LPE protocol, after the first (short) sonication, the entire sample is mixed again, centrifuged and
subjected to the second sonication. For samples prepared in the second half of the thesis, the
sample is allowed to settle after the first sonication resulting in a sediment which was discarded
before performing the second step (Figure 5.1-1, top). After the second, longer sonication typically
performed overnight, also some material sediments and is found as slush in the beaker (Figure 5.1-

1, bottom). This was discarded prior to performing the size selection

97



Chapter 5

.|,|
Y

Sonication/shear

Figure 5.1-1: Schematic illustration of the LPE protocol. The sediment/slush after the first (A), as
well as the second (B) sonication step was discarded.

5.1.2 Sedimentation Process and Size-Selection

Liquid cascade centrifugation (LCC) with sequentially increasing rotation speeds (2 h per run, 10
°C) was used to select nanosheets by size. This is a multi-step procedure that is extremely versatile
allowing various cascades to be designed according to the desired outcome. Centrifugation
conditions are expressed as a relative centrifugal field (RCF) in units of 10° x g (or k g) with g
being the gravitational force. Two different rotors were used. For centrifugation at < 15000 g, the
JA25.50 fixed angle rotor and 50 mL centrifuge tubes (VWR, order number 525-0402) were used
filled with 20 mL of dispersion each. For centrifugation at > 15000 g, the JA25.15 rotor was used
with 14 mL vials (Beckman Coulter, order number 331374), each is filled with 10 mL dispersion.
The following procedure was applied:

After removing unexfoliated WS> by centrifugation at a low speed of 400 g, the supernatant was
subjected to further centrifugation at 1000 g and further iterative steps at 5000 g, 10000 g and
22000 g (or 30000 g). After each step the sediment was collected in water at reduced volume (total
3-8 mL) and the supernatant subjected to the next run. It should be noted that the quality of the
size-selected WS; dispersion strongly depends on carefully decanting of the supernatant in each

step. Since in each step, the nanosheets were trapped between two boundaries of centrifugation
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speed (between two fixed g-forces), these boundaries are used as sample nomenclature (e.g. 5-10k
g). This sediment contains smaller and thinner nanosheets the higher the centrifugal accelerations.

5.1.3 Transfer to Other Liquid Environments

After exfoliation in aqueous sodium cholate and size selection by liquid cascade
centrifugation, the nanosheets in the sediment were redispersed in water, the resultant dispersion
centrifuged again at centrifugal accelerations above the initial higher centrifugation boundary. This
was performed in 1.5 mL aliquots (Eppendorf centrifuge tubes) for 2h in each run. Specifically,
the following centrifugal acceleration were used: 35k g for the 5-30k g, 30k g for the 5-22k g
sample (produced only in the work on additive systems), 15k g for the 5-10k g sample. 7k g for
the 1-5k g sample and 2k g for the 0.4-1k g sample. After this step, the supernatant was discarded
and the WS, nanosheets in the sediment redispersed. Depending on whether the material was
transferred to an aqueous or organic solution, water or THF is used, respectively. For the transfer
to additive systems, the mixtures were sonicated ~ 3 min in a sonic bath for reagitation. For the
transfer to pure solvents, the first washing step was performed in water (to remove surfactant),
while the second one was done with IPA. The sonication time for reagitation was increased to 5
min. The samples were centrifuged again at high centrifugal acceleration (values as in the first step
of the transfer see above). This washed WS, nanosheet sediment, was then redispersed in the
desired solvent/additive mixture by bath sonication (~ 3-5 min). In a last step, aggregates were
removed by centrifugation at 100 g for 30 min in the case of additive systems and 60 min in the
case of pure solvents. For the preparation of high quality thin films, this centrifugation removal

step was performed for 30 min at 1000 g.

5.1.4 Production of Thin Films Using Spin Coating

Prior to spin coating, glass substrates are cleaned in three steps. First, the substrate is embedded in
a substrate holder in a beaker then immersed in acetone. The beaker containing substrates and
solvent is placed in the bath sonicator for 15 minutes. Secondly, samples were taken out from
acetone and washed one by one with IPA to remove the residual stain or dust. In the final step,

both sides of substrates were dried and cleaned again by compressed air and kept in a glovebox.

All thin films were fabricated by a spin coater which is embedded in a glovebox to prevent sample
oxidation. In this study, the spin coating technique is used because of some advantages of

simplicity and relative ease. Due to the ability of having high spin speeds, the high airflow leads
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to fast drying times, which in turn results in high consistency at both macroscopic and nano length

scales.

To prevent loss of material as much as possible, 20 uL of optimized WS, dispersion was deposited
as close to the centre of the substrate as possible and the substrate is rotated first at a speed of 500
rpm then followed by a higher speed of 8000 rpm. In general, sample fabrication took 60 s per
round (totally 20 rounds per sample). The airflow dries the majority of the solvent, leaving a
plasticized WS; film, before the film fully dries to just leave the nanosheets on the surface. The
rotation of the substrate at 8000 rpm means that the centripetal force combined with the surface
tension of the solution pulls the liquid coating into an even covering. This statistical spin coating

protocol is applied for fabricating all liquid phase exfoliated WS, nanosheets thin films.
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5.2 Characterization Methods

5.2.1 Extinction Spectroscopy

A standard UV-Vis spectrophotometer (Agilent Cary-6000i) was used to measure optical
extinction spectra in transmission mode. It should be noted that extinction is the sum of absorption
and scattering. To perform this experiment a quartz cuvette with a pathlength of 0.4 cm was used
and spectra were measured in 0.5 nm increments. The optical density was kept below 1 over the
entire spectral region if possible. The baseline of the respective solvent was subtracted from each
spectrum. After the measurement, the cuvettes were cleaned and dried prior to the next
measurement. Second derivatives of the A-exciton region were obtained after smoothing the
spectrum with Lowess (12 points per window) and then differentiating twice.

5.2.2 Raman Spectroscopy

Liquid phase exfoliated WS> nanosheets based- dispersion and thin films were characterized by
Raman/PL spectroscopy which was carried out in a Renishaw in-Via reflex confocal microscope-
based Raman spectrometer equipped with 532 nm (for WS;) and 633 nm (for MoSey) laser
excitation. The Raman/PL emissions was collected by a 50x long working distance objective lens
(in streamline mode and 2400 I/mm grating for 532 nm excitation and 1200 I/mm for 633 nm
excitation) typically using 1% of the laser power (1.24 uW) to prevent heating and sample damage.
All these measurements are taken at room temperature and under ambient conditions. A reference

sample (silicon) was used to calibrate the spectrometer before carrying out the measurements.

It should be considered that an error in the PL/Raman ratio could happen due to the changes of the
focal plane during the acquisition. This is often mirrored in a tilted baseline or an asymmetric PL
line shape due to inner filter and re-absorption effects. It can also be visually realized when the
size of the laser spot in the optical image has changed during the measurement. Therefore, great
care has been taken during these measurements. 25 uL. of WS dispersion with a high concentration
were drop-casted on a glass slide. Since there is a dependency between WS, dispersion
concentration and acquisition time, it is kept as short as possible between 2 to 10s. To adjust the
focus exactly above the WS, dispersion drop, initially the 10x objective was used to focus on the
edge of the droplet and then refocused at the same spot with 50x objective and readjusted. Also to
keep the focus (the lower curvature) fixed, the measurement has to be taken close to the edge
instead of centre of this droplet. 10 measurements were carried out on different spots of the droplet

and averaged. Baseline correction was done for each spectrum prior to averaging.
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In addition, Raman mapping was used to characterize WS, thin films. The laser is focused to a
spot of the WS> thin film and a point by point mapping is applied where the sample moves by a
motorized stage under the laser. In this way ~ 1000 spectra were measured from a sample and all

spectra were averaged and then baseline corrected.

5.2.3 Photoluminescence Spectroscopy

Photoluminescence was measured using a Horiba Scientific Fluorlog-3 spectrometer equipped
with a Xe arc lamp (450 W) and a Sincerity CCD camera as detector using double monochromators
for excitation and emission with a 12001/mm grating with 330 nm blaze in excitation. For the PLE
contour plots, a 1200 I/mm grating with 500 nm blaze was used in emission. The quartz cuvettes
with 0.4 x 1 cm dimensions were placed inside the sample chamber so that the excitation light
passed through the 0.4 cm side of the cuvette. A piezo-cooled temperature controller
(TLC50/Horiba4) was used to adjust the external temperature to 20°C. Emission after 425 nm
excitationwas collected in 90° angle a, i.e. after having passed through the 1 cm side. Excitation
and emission bandwidths were typically 10 nm, increments 1 nm and acquisition times 0.5-1 s/nm.
To avoid artefacts from scattering of the nanomaterial dispersion, a 550 nm cut-off filter was
placed on the emission side. The excitation was corrected for the light intensity. All samples were
diluted to optical densities < 0.4 before performing the measurements to avoid innerfilter and

reasbsorption effects.

5.2.4 Atomic Force Microscopy

AFM measurements of thin films were carried out on a Bruker Icon Dimension ICON3 scanning
probe microscope equipped with Bruker OLTESPA-R3 cantilevers (aluminium coated silicon) in
air and under ambient conditions. Images with the size of 6x6 and 4x4 pm? were acquired in
ScanAssyst mode with a resolution of 1024 lines per images and scan rate of 0.4 Hz. Images were
further post-processed with the use of Gwyddion software in order to remove artificial lines,

enhance the contrast and crop to allow direct comparison between the samples.

5.2.5 Optical Microscopy

Optical images of spin-coated WS> thin films were taken using a BX51 Olympus system
microscope (U-TV0.5XC-3/ SN: 9F02983) with different objectives (20x and 50x) associated with
an Infinity2-2 (CCD camera- charge-coupled device), in the bright field mode and analysed with

102



Chapter 5

Streamline Software. To increase the contrast level, images were taken with a band pass filter (490

+5nm).
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Figure A6-1: A-D) Second derivative of the A-exciton region of all size selected WS; fractions transferred
to a range of additive solvent/systems: A) 0.4-1k g, B) 1-5 kg, C) 5-10k g, D) 5-22 kg after smoothing the
spectrum with Lowess. For fractions isolated at high g-forces, two components are identified assigned to
monolayers (ML) and few-layers (FL). The data is fit to the sum of the second derivative of two Lorentzians
(solid lines) to extract peak position and energy.
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Figure A6-2: Plot of exciton energy as function of layer number of WS, transferred to a range of additive
solvent/systems. By using a logarithmic scale, a linear relationship can be shown. While technically, an
exponential relation is expected, this power law fitting is more robust and used to track solvatochromic

effects.
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Figure A6-3: Plot of the exponent from the fits in figure A6-2 as function of monolayer exciton energy also
obtained from the fits. A linear correlation is empirically found. The additive systems are labelled. Error

bars are errors of the fit.
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Figure A6-4: PL spectra of size-selected WS, nanosheets (5-22k ¢) transferred to a range of
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PL spectra.
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Figure A6-5: Extinction spectra of size-selected WS2 nanosheets transferred from sodium cholate to a range
of pure solvents. A) 1-5k g, B) 5-10k g, C) 10-30k g.
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Figure A6-6: A-C) Second derivative of the A-exciton region of size-selected WS, fractions transferred to
a range of organic solvents: A) 1-5 kg, B) 5-10k g, C) 5-22 kg after smoothing the spectrum with Lowess.
For fractions isolated at high g-forces, two components are identified assigned to monolayers (ML) and
few-layers (FL). The data is fit to the sum of the second derivative of two Lorentzians (solid lines) to extract
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Figure A6-7: Plot of exciton energy as function of layer number of WS, transferred to a range of organic
solvents. By using a logarithmic scale, a linear relationship can be shown. While technically, an exponential
relation is expected, this power law fitting is more robust and used to track solvatochromic effects.
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Figure A6-8: Energy and width of few layer and monolayer WS, transferred to a range of organic solvents
extracted from fitting the second derivative of the A-exciton region in the extinction spectra for three
different nanosheet fractions. Only a weak correlation between width and energy is observed in the case of

the monolayers.
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Figure A6-9: Fitted PL spectra (Aexcitaion = 425 nm, 20°C) measured in the fluorescence spectrometer of two
size-selected WS; fractions, A) 5-10k g and B) 10-30k g transferred to a range of solvents.
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Figure A6-10: Impact of repeated centrifugation (1000 g, 30 min) on WS; (5-10k g) transferred to IPA/THF
at different nanosheet concentration (denoted as COV1-COV5). From left to right: first to firth subsequent
centrifugation. A) Optical extinction spectra. The noise in the spectra at extinction >3 is due to saturation
of the detector. B) Second derivative of the A-exciton region which is extracted from the respective optical
extinction spectra after smoothing.
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Figure A6-11: Second derivative of the A-exciton spectra in figure A6-10 fitted to the sum of the second
derivative of two Lorentzians. A-E) from the lowest to highest WS, concentration. Each raw contains five
different second derivative spectra corresponding to centrifugation run 1-5.
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Figure A6-12: Impact of repeated centrifugation (1000 g, 30 min) on WS, (5-10k g) transferred to
PVK/IPA/THF at different nanosheet concentration (denoted as COV1-COV5). From left to right: first to
firth subsequent centrifugation. A) Optical extinction spectra. The noise in the spectra at extinction >3 is
due to saturation of the detector. B) Second derivative of the A-exciton region which is extracted from the
respective optical extinction spectra after smoothing.
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Figure A6-13: Second derivative of the A-exciton spectra in figure A6-12 fitted to the sum of the second
derivative of two Lorentzians. A-E) from the lowest to highest WS, concentration. Each raw contains five
different second derivative spectra corresponding to centrifugation run 1-5.
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Figure A6-14: Analysis of the A-exciton of WS; transferred to PVK-IPA-THF after repeated centrifugation.
A) Comparison of the second derivative of the A-exciton region at the highest WS, concentration (COV5)
after smoothing the extinction spectra after the first and last iterative centrifugation step. The A-exciton
splits into two components assigned to monolayers (ML) and few-layers (FL). B) ML and C) FL width as
function of energy for all samples. The different initial WS, concentrations are color-coded.
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