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Abstract

This dissertation examines the interfacial interactions between cobalt phthalocyanines
and molybdenum disulfide (MoS2), focusing on their potential for tailoring
optoelectronic properties in advanced semiconductor devices. Motivated by the
versatility of transition metal dichalcogenides (TMDCs) in applications such as field-
effect transistors, photovoltaics, and flexible electronics, this study explores how

molecular functionalization impacts electronic structures and interfacial dynamics.

The research utilizes advanced spectroscopic techniques such as photoelectron
spectroscopy (PES), X-ray absorption spectroscopy (XAS), and angle-resolved
photoelectron spectroscopy (ARPES). These methods reveal that CoPc and its
perfluorinated derivative, hexadecafluoro cobalt phthalocyanine (CoPcF1s), exhibit
distinct interfacial behaviors. CoPc induces significant n-type doping in MoS2,
characterized by band bending and a surface dipole shift, whereas CoPcF1s promotes
p-type doping through a bandgap state near the valence band maximum. Additionally,
the molecular orientation of cobalt phthalocyanines on MoS:2 substrates diverges
based on the numbers of substrate layers: on monolayers of MoS2 the phthalocyanines
show a tilted orientation, contrasting with flat-lying configurations on bulk (multiple

layers) MoS2 substrates.

These findings offer insights into the design of organic-inorganic heterostructures,
advancing the understanding of doping mechanisms and molecular orientation effects
for organic-inorganic heterostructures. The work also contributes to the European
“Coupled Organic Inorganic Nanostructures for Fast, Light-induced Data Processing”
(COINFLIP) project, funded by the European Research Council, which seeks to
develop ultra-fast optical switches and novel material architectures, positioning these

results as foundational for next-generation optoelectronic applications.



Deutsche Zusammenfassung

Diese Dissertation untersucht die Wechselwirkungen an der Grenzflache zwischen
Cobalt-Phthalocyaninen und Molybdandisulfid (MoS2), wobei der Schwerpunkt auf der
Moglichkeit liegt, die optoelektronischen Eigenschaften fur den Einsatz
Halbleitergeraten zu optimieren. Motiviert durch die Vielseitigkeit von
Ubergangsmetall-Dichalkogeniden (TMDCs) in Anwendungen wie
Feldeffekttransistoren, Photovoltaik und flexibler Elektronik untersucht die Arbeit, wie
molekulare Funktionalisierungen elektronische Strukturen und

Grenzflachendynamiken beeinflussen.

Die Forschung nutzt fortschrittiche spektroskopische Techniken wie die
Photoelektronenspektroskopie (PES), die Réntgenabsorptionsspektroskopie (XAS)
und die winkelaufgeldste Photoelektronenspektroskopie (ARPES). Diese
Untersuchungen zeigen, dass CoPc und sein perfluoriertes Derivat Cobalt-
Hexadecafluorphthalocyanin  (CoPcF1s) unterschiedliche Grenzflachenverhalten
aufweisen. CoPc bewirkt eine signifikante n-Dotierung in MoS2, gekennzeichnet durch
Bandverbiegung und eine Verschiebung des Oberflachendipols, wahrend CoPcF1s
eine p-Dotierung durch einen Bandlickenzustand nahe dem Valenzbandmaximum
hervorruft. Dartber hinaus unterscheidet sich die molekulare Orientierung von Cobalt-
Phthalocyaninen auf MoS2-Substraten je nach Schichtdicke: auf MoS2 Monolagen
zeigen die Phthalocyanine eine geneigte Orientierung im Gegensatz zu flachliegenden

Konfigurationen auf bulk (viele Lagen) MoS:2 Substraten.

Diese Erkenntnisse konnen neue Maglichkeiten bezuglich des Designs organisch-
anorganischer Heterostrukturen ermdglichen und vertiefen das Verstandnis von
Dotierungsmechanismen und molekularen Orientierungseffekten bei organischen-
anorganischen Heterostrukturen. Die Arbeit tragt zudem zum europaischen ,,Coupled
Organic Inorganic Nanostructures for Fast, Light-induced Data Processing®
(COINFLIP) Projekt des Europaischen Forschungsrates bei, das darauf abzielt,
ultraschnelle optische Schalter und neuartige Materialarchitekturen zu entwickeln, und
dem Ziel diese Ergebnisse als Grundlage fir nachste Generationen optoelektronischer

Anwendungen zu nutzen.
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Introduction

1 Introduction

1.1 Motivation

Semiconductor devices are crucial in the Information Age. Silicon-based field-effect
transistors form the backbone of the logic circuits that drive our computing technology.
Additionally, semiconductors are essential in modern communication technologies,
which increasingly depend on photon-based data transmission through optical fibers.
These materials are key for both the generation of photons from electrical charge

carriers and the detection of photons, effectively converting light into electronic signals.

The research on semiconductor materials used for photon generation, modulation, and
detection is a central focus of our work. In addition to the synthesis of new materials,
we place significant emphasis on their analytical examination using advanced methods

and cutting-edge equipment.

Given the limitations of pure semiconductor materials in fabricating complex
components, researchers have turned to heteromaterials, including silicon doped with
elements like phosphorus and boron. In this research, an alternative approach involves
constructing heterostructures by integrating organic molecules with semiconductor
materials. By precisely controlling synthesis conditions, semiconductor quantum dots
can be produced, each encased in a well-defined organic shell. Quantum dots are
nanoscale semiconductor particles that exhibit unique optical and electronic properties
due to their size, often leading to quantum confinement effects. These properties
include size-dependent emission wavelengths which leads to the possibility to fine tune
light emission, making them valuable in various applications such as light-emitting
diodes (LEDs) and in general display technologies. Subsequent modification of this
ligand shell can enhance the quantum dots stability and improve their photon emission
efficiency, making them particularly suitable for LED applications.

In addition, semiconductor heterostructures can be formed by depositing molecules on
pure semiconductor surfaces. Studying these materials demands advanced
measurement techniques to uncover fundamental phenomena, which in turn informs

the development of new synthesis strategies and material compositions.

This work is part of the ERC-funded project COINFLIP, an acronym for "Coupled

Organic Inorganic Nanostructures for Fast, Light-Induced Data Processing." The




Introduction

project aims to develop optical switches with ultra-fast response times in the range of
a few picoseconds. In addition to exploring new device design approaches, the project
also involves fundamental research on novel materials. The latter was the primary

motivation behind this work.

1.2 Objective and Outline of this Thesis

The aim of this work is to investigate the interface between a transition metal
dichalcogenide and phthalocyanines using photoelectron spectroscopy. The initial
chapters are intended to establish a foundation for the discussions in the subsequent
sections. The first chapter focus is on the properties of transition metal
dichalcogenides, particularly noting that characteristics such as electrical conductivity
and band gaps can vary significantly based on crystal structure and layer count. Many
of these variations can be studied using PES. Following this, an introduction to the
phthalocyanines used in this research is given. It is crucial to understand the impact of
possible modifications to the phthalocyanines that result from further chemical
functionalization. Moreover, due to the planar structure of these molecules, X-ray
absorption spectroscopy can provide insights into the orientation of the molecules on
different surfaces. Since the orientation of organic molecules in a film can greatly affect
their electronic properties, this aspect is explored in depth. The discussion on
theoretical fundamentals concludes with an examination of the interfacial interactions
between an inorganic semiconductor and an organic semiconductor layer. A key tool
for describing these interactions is energy-level alignment, which aids in understanding
doping effects through interfacial interactions in relation to the Fermi level position.
Related to this PES can be used to investigate phenomena such as band bending at
surfaces or interfaces, which can be represented in an energy-level alignment diagram.
As mentioned, the majority of the research focused on exploring the potential of these
semiconductor systems using photoelectron spectroscopy. Given the close connection
between material research and the methodology in this work, and since the
methodology is detailed in various textbooks, the necessary foundations for
understanding the data are integrated into the material-specific chapters. The chapters
following the theoretical background are dedicated to the publications that form the

basis of this cumulative dissertation.

The different phases of molybdenum disulfide (MoS2), namely the semiconducting
2H phase and the metallic 1T phase, were studied in colloidal MoS2 nanosheets and

3
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nanoplatelets. As described in the theoretical section, photoelectron measurements
can distinguish between these two phases based on the position of the Fermi level. It
is crucial to describe the collected data using a physical model, and through physically
meaningful fits, it is possible to deconvolute the signals and derive quantitative insights

into the phase composition.

The next chapter discusses the interfacial interaction between cobalt phthalocyanine
(CoPc) as well as the perfluorinated cobalt phthalocyanine (CoPcF1s) moiety and
MoS:2. Significant differences were observed in the comparison between CoPc and
CoPcF16. Both molecules were able to influence the electronic structure of MoS2. CoPc
led to n-doping of MoS2, whereas CoPcF1s resulted in p-doping, or more precisely, a
reduction of n-doping in the n-type MoS2. The mechanisms derived from the
measurements were quite different. In the case of CoPc, band bending and a
pronounced surface dipole were observed, while CoPcF16 induced a charge transfer
leading to a new state within the bandgap. ARPES measurements, conducted at the
LowDosePES endstation at the BESSY Il electron storage ring, were particularly useful

for this investigation.

The final chapter, based on the publications, focuses on the orientation of CoPc
molecular films on the surface of few-layer to monolayer MoS2. The fundamental
question was whether the flat-lying molecular orientation observed on bulk materials
also exists on these substrates. To address this, thin samples were prepared by top-
down exfoliation from the same bulk crystals used in the BESSY experiments, aiming
to obtain samples containing both many-layer and few-layer to monolayer MoS:2
regions. This was successful, but such samples are only a few micrometers in size,
requiring microscopy techniques for investigation. To maintain comparability with
previous work and since XAS is necessary, photoemission electron microscopy
(PEEM) was chosen as the method. This technique also requires synchrotron
radiation. A suitable endstation with a PEEM setup is the WERA endstation at the
Karlsruhe Institute of Technology (KIT) Light Source in Karlsruhe. The investigations
revealed that the orientation on thin MoS2 regions differs significantly from that found
on bulk material, exhibiting an orientation at a significant angle from the surface rather

than the flat orientation, placing it between the edge-on and face-on configurations.

In the concluding chapter 5, other works that do not focus on the molybdenum

disulfide/cobalt phthalocyanine system, but in which | made significant contributions,

4
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are presented. A major part of this chapter is dedicated to work on cesium lead halide
perovskite quantum dots. My expertise in photoelectron spectroscopy allowed me to
contribute to a deeper understanding of the influence of ligand shells and the stability
of these systems. Additionally, this chapter includes work that resulted from beamtime
at BESSY II.
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2 Theoretical Foundation and Methodology
2.1 Introduction to Molybdenum Disulfide

Ultra-thin materials, which have become significant in the development of new
electronic devices, have garnered increasing research interest following the discovery
of graphene. Graphene is defined as a single layer of graphite, a carbon modification
like diamond, comprising multiple layers of graphene where carbon atoms are
arranged in a hexagonal pattern through sp? hybridization. Graphene is renowned for
its exceptional properties, including extremely high charge carrier mobility and a unique
band structure that enables the existence of massless Dirac fermions.® However,
graphene is considered a zero-bandgap semiconductor, which poses a challenge for
the development of modern semiconductor devices that require a bandgap to function

effectively.

Despite this limitation, graphene research has catalyzed the exploration of other
promising low-dimensional semiconductor materials. Layered crystals, such as
graphite, have seen renewed interest, leading to increased focus on transition metal
dichalcogenides (TMDCs). Among these, molybdenum disulfide (MoS2) has emerged
as the most intensively studied, and it is the primary focus of this work. Figure 1
illustrates a diagram showing the number of publications related to 2D materials,
specifically graphene and MoS2, based on a search on the citation network
webofscience.com (as of January 4, 2024) using the keywords "Graphene" and
"MoS2." The data clearly show that, after a brief delay, the annual number of
publications on MoS2 has increased substantially compared to those on graphene. The

earlier interest in MoS: is largely due to its use as a lubricant.
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Figure 1 Diagram illustrates the number of publications focused on the 2D materials
graphene and MoSz2. This data was retrieved from a Web of Science search (as of

January 4, 2024) using the keywords "Graphene" and "MoS2".

Structure

Transition metal dichalcogenides (TMDCs) generally have the chemical formula MX2
with one transition metal M and two chalcogenides X. Figure 2 schematically illustrates
the crystal structure of TMDCs. The commonly studied TMDCs typically contain the
transition metals molybdenum (Mo) or tungsten (W). These transition metals form
layers which are sandwiched between chalcogens, elements from group 16, typically
sulfur (S), selenium (Se), or tellurium (Te). The transition metals and chalcogens are
covalently bonded and form a layer by them self, often referred to as monolayer. In
bulk crystals, the individual monolayers interact through van der Waals forces.'® The

thickness of a single layer (monolayer) is approximately 0.6 to 0.7 nm."1-14
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Most TMDCs are semiconductors; however, depending on the number of d-electrons
in the transition metal and the polytype, which will be discussed in more detail later,
some TMDCs can exhibit metallic or semi metallic characteristics. Since this work
focuses on MoS2, the following discussion of crystal structure and its resulting

properties will be limited to this specific TMDC.

MoS:2 exists in three polytypes, namely 1T, 2H, and 3R. The differences between these
polytypes arise from two structural variations, the different polymorphs (trigonal
prismatic and the octahedral coordination of the central transition metal) and the
stacking sequence of the layers. First, the relative orientation of the chalcogen atoms
to the transition metals differs. Figure 3 illustrates the two different coordination
geometries: the transition metal can be either trigonal prismatic or octahedral
coordinated by the chalcogenide. Not shown in the figure is the rhombohedral

coordination, which lies between these two extremes.

a 1T 2H 3R
g - ; N N ",
- 0g ® o . o o ¢ @
.~.___.__./ h \
L@ o — - 4 Nl ~ - —2—8 | 6 -—-—\X1-—-—80—-—
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Figure 2 Schematic representation of the crystal structure of transition metal

dichalcogenides and the polytypes 1T, 2H, and 3R phases.
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In addition to the coordination of chalcogens around the transition metal, the polytypes
also differ in their unit cells. This distinction is encoded in the names of the individual
polytypes and is also shown in Figure 2. In the 1T phase, characterized by octahedral
coordination, the unit cell consists of a single monolayer. In the 2H phase (trigonal
prismatic, hexagonal), the unit cell contains two layers, while in the 3R phase
(rhombohedral), the unit cell includes three layers. For 2H MoS2, which is the material
most commonly used in this work, the lattice constants are a=b=3.160 A and
c=12.294 A5

%) o a—— b) gt
X (S, Se, Te)
® M (Mo, W)
X [ g
NS =
Octahedral Trigonal Prismatic
c) ——d, dx2-y2 d) ——d, dyz
! /
! /
/ !~ dxy dx2-y2

1y

-~ +H——=
b+ — d, de d, " a,

Figure 3 (a) and (b) illustrate the octahedral and trigonal prismatic coordination of
transition metals in TMDCs, respectively. (¢) and (d) show the resulting crystal field

splitting, including the electron occupancy for the case of Mo**.

The 1T and 2H phases are the most frequently discussed in literature, while the 3R
phase, though less technically relevant, can occur naturally. When examining the
physical differences in properties arising from the different chalcogen coordination
around the transition metals, it is useful to consider the crystal field splitting. In the
octahedral coordination, the d orbitals experience splitting where the dxy, dxz, and dyz
orbitals are lowered in energy compared to the degenerate starting situation, while the
dzz and dx2y2 orbitals are raised in energy. In contrast, for trigonal prismatic
coordination, only the dz2 orbital is significantly lowered in energy, with the other orbitals

being raised, as illustrated in Figure 3.
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In MoS2, molybdenum is in the +4 oxidation state. Upon filling the orbitals, it becomes
apparent that in the trigonal prismatic coordination, the dz2 orbital is fully occupied,
while the other orbitals remain unoccupied. In the octahedral coordination, the two
electrons occupy the dxy, dxz, and dyz orbitals. This difference explains why the 1T
phase of MoS:2 exhibits metallic behavior, whereas the 2H phase has semiconducting
properties. Thermodynamically, the 2H phase of MoS2 is the more stable form. In
Chapter 3.1, colloidal MoS2 is examined, showing that under specific synthesis
conditions, colloidal metallic MoS2 can be produced as the kinetic product of the
reaction. However, altering reaction parameters such as time, temperature, and
precursor concentration results in the formation of only the thermodynamically more
stable 2H-MoSa.

Band Structure

To understand the electronic properties of MoSz2, | first briefly explain the construction
of its Brillouin zone. The high-symmetry points of the first Brillouin zone are crucial for
the analysis of ARPES data discussed in Chapter 3.2 and serve as reference points in
band diagrams, which are used to study electronic transitions in semiconductor

materials.

Figure 4 illustrates the crystal structure from a top-down view, including the lattice
vectors. The second part of the figure shows the corresponding reciprocal lattice along
with the reciprocal lattice vectors. | focus on the two-dimensional perspective because
the measurement technique used in Chapter 3.2, with constant excitation energy, maps

the momentum of the photoelectrons only in the kx and ky planes.

10
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> >

X Kx
Figure 4 Construction of the hexagonal Brillouin zone from the crystal structure. (a)
Shows the hexagonal crystal structure with lattice constant a from a top-down view.
(b) Constructed first Brillouin zone with reciprocal lattice constant b and high-

symmetry points I', M, K, and Q.

In the two-dimensional analysis of the hexagonal lattice in 2H-MoS2, with the unit

vectors in real space denoted as X and y, the lattice vectors are:

a
@ ==(V32+79)
2
. (1)
@ =5(-V32+9)
In the reciprocal space, the reciprocal lattice vectors, with the reciprocal unit vectors

k. and k,, are given by:

(2)

After constructing the reciprocal lattice, the Brillouin zone can be determined. To do
this, lines are drawn through all points of the lattice, and the intersection points reveal
the high-symmetry points. The construction of the Brillouin zone is analogous to the

construction of the Wigner-Seitz cell, but in reciprocal space.

From the geometric analysis of the Brillouin zone, the distances between the points
I'M, 'K (which is the same as KK), and MK are given by:

11
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I“M—ﬁ—z—n
2 +3a
4r
I"K=KK=£ (3)
21
MK 3a

In MoS2, with a lattice constant of 3.162 A, this results in distances of 1.147 A-'for I'M,
1.325 A" for 'K, and 0.663 A-! for MK.

A key aspect of the energy dispersion in MoS: is the transition from an indirect to a
direct semiconductor when the number of layers is reduced to a single monolayer. As
mentioned earlier, bulk MoSz is an indirect semiconductor. Figure 5 shows the band
structure calculated using density functional theory (DFT) for bulk MoS2, as well as for

bilayer and monolayer MoSo..

a) b) ¢)

2 P -4 NS '/ — N\ ~ A o
AT R KA
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Figure 5 Band structure of MoS2 from DFT calculations with varying Iayer numbers
for (a) bulk MoS2, (b) bilayer MoS2, and (¢) monolayer MoS:2. (Figure adapted and

slightly modified with permission from Ref.#)

In this work, the valence band of bulk MoS2 was directly measured using ARPES at
the LowDosePES endstation at the BESSY Il electron storage ring in Berlin (see
Chapter 3.2), and it reflects the structure predicted by the DFT calculations in Figure
5a* The DFT calculations clearly demonstrate the shift from an indirect
semiconductor, where the valence band maximum occurs at the -point (center of the
Brillouin zone, see Figure 4 b) and the conduction band minimum at the Q-point

(midway between I' and K, see Figure 4 b), to a direct semiconductor, with the

12
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transition occurring at the K-point (corners of the hexagonal Brillouin zone, see Figure
4b).

This transition has significant effects on for the photoluminescence (PL) of MoSa2. First,
there is a substantial increase in PL intensity when moving from a bilayer to a
monolayer, corresponding to the shift from an indirect to a direct semiconductor
transition. Additionally, a blue shift can be observed as the number of layers decreases,
which is attributed to the widening of the bandgap. In Chapter 3.3, the study of the
orientation of cobalt phthalocyanines on MoS2 samples with different layer counts is
discussed. PL measurements were part of this study to characterize exfoliated

monolayers of MoS2.

13
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2.2 Introduction to cobalt phthalocyanine

A significant portion of this work focuses on the investigation of heterostructures
composed of an inorganic semiconductor, molybdenum disulfide (MoS2) as introduced
in the previous chapter, and an organic molecule, cobalt phthalocyanine (CoPc). CoPc
belongs to the class of transition metal phthalocyanines, which are carbon and
nitrogen-based molecules that form an extended conjugated macrocyclic -system. 6
7 In Figure 6, the general structural formula of phthalocyanines, specifically cobalt
phthalocyanine and its perfluorinated derivative, is shown. The figure highlights all

chemically inequivalent nitrogen and carbon atoms.

02*)

¢ ve
®c
@
¢ HF

Figure 6 General structural formula of phthalocyanines, specifically cobalt
phthalocyanine and its perfluorinated derivative. All chemically inequivalent nitrogen

and carbon atoms are highlighted.

The general structure of transition metal phthalocyanines can be described as a
transition metal ion (M?*) coordinated by four pyrrole nitrogen atoms (labeled as Nz in
Figure 6). These pyrrole groups are connected by four bridging aza nitrogen atoms
(N1).

Regarding the investigation of phthalocyanines, it is important to emphasize again that
the carbon atoms in these molecules are chemically inequivalent and can therefore be

distinguished using X-ray photoelectron spectroscopy (XPS).'® This distinguishability

14
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becomes even more pronounced when leveraging one of the key advantages of
phthalocyanines: their wide range of chemical versatility. For example, the hydrogen
atoms can be substituted with fluorine. In the non-fluorinated form, it is challenging to
distinguish the carbon atoms bridging the pyrrole unit and the phenyl unit (C2) from the
phenyl carbons (Cs and Ca4) in terms of the chemical shifts in the C1s region of the XPS
spectrum. Therefore, in the fit models used to deconvolute the C71s peaks for the
heterostructures of MoS2 and phthalocyanines discussed in Chapter 3.2, no distinction

was made between the bridging (C2) and aromatic carbons (Cz and Ca4)."°

This situation changes when the hydrogen atoms are substituted with fluorine. In this
case, there are significant differences in the chemical environment, and due to the
highly electronegative fluorine, the binding energy of photoelectrons emitted from the
core levels of the carbon atoms (Cs and C4) increases by more than 2 eV compared to

the non-fluorinated phthalocyanine.

Furthermore, fluorination impacts additional properties of phthalocyanines. It has been
observed that fluorination influences the optical bandgap. UV-Vis absorption studies
(see Figure S$13 in Appendix B) showed a slightly reduced bandgap of approximately
0.1 eV. Beyond the bandgap, electronic properties such as the ionization energy of
organic molecules are also crucial when studying interactions between organic
molecules and semiconductor materials. This property can be determined using PES,
and as demonstrated in Chapter 3.2, the ionization energy of non-fluorinated CoPc
differs from that of fluorinated CoPcF1s by more than 1 eV. These specific material
properties play a pivotal role in the study of energy-level alignment in organic-inorganic

semiconductor heterostructures, as discussed in Chapter 3.2.

In addition to the ability to modify peripheral groups, the choice of the transition metal
offers another degree of freedom. This work focused on cobalt phthalocyanines. In
CoPc, cobalt is in the +2 oxidation state, with 7 valence electrons distributed among
the five Co d-orbitals. These d-orbitals differ in their spatial orientation and are
categorized as dz2, dx2-y2, dxy, dyz, and dxz. Phthalocyanines possess several C4 and C2
rotational axes, as well as a horizontal mirror plane, which places them in the Danh point
group. The coordination of the transition metal causes the energetically degenerate
orbitals to split. Figure 7 illustrates the respective orbitals along with their symmetries

and electron occupancy for Co(ll).
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Figure 7 (a) Schematic representation of the d-orbitals and their notation based on

spatial orientation. (b) Lifting of the energetic degeneracy of the orbitals in the ligand

field of phthalocyanine with D4h symmetry.

The order of orbital splitting, based on density functional theory (DFT) calculations, has
been a topic of considerable debate, as two possible configurations appeared
plausible. However, the configuration shown in Figure 7 b was confirmed through X-
ray absorption experiments.?® In this work, X-ray absorption spectroscopy (XAS)
experiments were also conducted, forming the basis of the investigations in Chapter
3.2 and Chapter 3.3. These experiments revealed p-d transitions, described in detail
later in Chapter 2.4, that exhibit angular dependence. This is due to absorption
processes occurring in the unoccupied b1g orbitals within the molecular plane and the
a1g orbitals orthogonal to the molecular plane. With cobalt as the central atom, these
studies enable the investigation of the orientation of molecules on the surface as well
as the possible formation of covalent bonds, which could block certain absorption

transitions.

Although the d-orbitals of the central transition metal can contribute states within the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) gap, DFT results for CoPc suggest only a moderate interaction,
resulting in limited perturbation of the frontier orbital energies. This allows for a
reasonable comparison with related systems such as copper phthalocyanine (CuPc).
Similarly, fluorination does not alter the order or shape of the wavefunctions, but as
previously mentioned, it does affect the energy levels.?! Figure 8 a-c displays the
wavefunctions of the HOMO and the degenerate LUMOs for CuPc. As shown by DFT
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calculations for other phthalocyanines, the wavefunctions for the CoPc and CoPcF 16

investigated in this work are analogous (see Figure 8 g).
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Figure 8 (a-c) Display the calculated HOMO and LUMO wavefunctions of CuPc and

(d-f) the corresponding momentum maps in reciprocal space. (Figure adapted and
slightly modified with permission from Ref.%) In (g), the wavefunction of the HOMO
specifically calculated for CoPc is shown. (Figure adapted and slightly modified with

permission from Ref.”)

Figure 8 d—f shows the calculated momentum maps of the HOMO and LUMOs. These
momentum distributions can be directly measured using angle-resolved photoelectron
spectroscopy (ARPES). In this work, similar angle resolved photoelectron emission
measurements were conducted in Chapter 3.2 and are central to the discussion on the
potential charge transfer processes at the interface between CoPc and CoPcF 16 with
MoSa2.
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2.3 Photoelectron Spectroscopy

Photoelectron Spectroscopy (PES) is an analytical technique that, as the name
suggests, utilizes the interaction of light with matter to obtain information about the
occupied electronic states in a material. The method is based on the photoelectric
effect, which was experimentally discovered in 1887 by Heinrich Hertz and Wilhelm
Hallwachs, and for its theoretical explanation, Albert Einstein was awarded the Nobel

Prize in Physics in 1921.
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Figure 9 Schematic illustration of a Photoelectron Spectroscopy (PES) measurement,
indicating all relevant electronic states and the corresponding measurement

parameters.

In Figure 9, the measurement principle is illustrated. Light, specifically photons with
energy hv, strikes the surface of a sample. If the energy of the incoming photons is
sufficiently high, an electron that was previously bound in a state with a specific binding
energy (Ep) can be excited above the vacuum level (Ey,.) and becomes free in the
vacuum. The vacuum level is defined as the energy of an electron at rest in the
vacuum, far from any surface. In the context of photoelectron spectroscopy (PES),

however, the relevant quantity is the local vacuum level near the surface, which reflects
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the energy an electron needs to overcome the surface potential barrier, including the
effects of surface dipoles. It serves as a reference for determining the work function
and binding energies of electronic states.?? The work function (®), which is, in the first
approximation, a material-specific constant, but it also depends on the surface
properties. The quantity measured in PES is the kinetic energy (Ey;,) of the
photoelectrons, which depends on the excitation energy, the binding energy, and the
work function. This relationship and the underlying equation form the fundamental

equation of photoelectron spectroscopy.

Exin = hv — Ep — ®g (4)
In a photoelectron spectrometer, the sample and the electron analyzer are typically in
electrical contact, which results in alignment of their Fermi levels. The Fermi level thus
serves as a common reference point for energy measurements. Depending on the
choice of energy axis, spectra can be plotted either as a function of binding energy and
therefore referenced to the Fermi level or as a function of kinetic energy and be
referenced to the vacuum level. In the former case, the Fermi level is set to 0 eV,
whereas in the latter, it corresponds to the excitation energy minus the analyzer work
function. As illustrated in Figure 9, the measured kinetic energy of a photoelectron is
lower than the energy difference between the initial state (e.g., a core level) and the
Fermi level. This discrepancy arises because the photoelectron must also overcome
the work function of the analyzer to be detected. The analyzer work function is not
necessarily equal to that of the sample and must be determined via calibration. This is
commonly done by measuring the binding energy of a well-known core level, such as
the Au 4f7.2 level of a clean gold reference, which has a well-established binding energy

of 84.0 eV. The energy scale of the spectrometer is then adjusted accordingly.
Notation

In this work, references to specific element-specific binding energies of emitted
photoelectrons are frequently made. As mentioned earlier, for instance, in the case of
the Au 4f core level, spectroscopic notation is used. This notation follows a scheme
where the element symbol corresponding to the nucleus is listed first, followed by the
principal quantum number (n) and the azimuthal quantum number (I), which is

represented by the corresponding letters (s, p, d, f). When spin-orbit coupling occurs,
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resulting in a change in orbital energy, it is indicated by adding the total angular

momentum quantum number (j) as an index.

In addition to the notation for the main peaks in XPS spectra, electrons emitted from
secondary processes are also detected. These are electrons that result from the Auger
effect and are therefore called Auger electrons. The Auger process will be explained in
more detail in subsequent sections, but it is important to note here that Auger electrons
are labeled differently, using X-ray notation. X-ray absorption also utilizes this notation.
For example, in Chapters 3.2 and 3.3, different absorption edges of CoPc and CoPcF 16

on MoS:2 are examined, with particular focus on the Co L2 and Co L3 edges.

Quantum number Atomic X-ray
n I s j notation notation
1 0 1/2 1/2 1s K

2 0 1/2 1/2 2s L1

2 1 1/2 1/2 2p2 L2

2 1 1/2 3/2 2p32 L3

3 0 1/2 1/2 3s M+

3 1 1/2 1/2 3p1/2 M2

3 1 1/2 3/2 3pae M3

3 2 1/2 3/2 3dsr2 M4

3 2 1/2 512 3ds/2 Ms

Photoelectron Spectra

Based on the XPS spectra measured in the studies, the following sections will explain
the detected signals and their physical background. The spectrum shown in Figure
10 a was recorded using the in-house spectrometer and presents an overview
spectrum measured on a molybdenum disulfide crystal, which was cleaved in ultra-
high vacuum (UHV). In a subsequent measurement series, CoPcF 16 was deposited on
the crystal using molecular beam epitaxy. The detailed setup of the spectrometer,
including the monochromatized Al Ka (1486.6 eV) photon source, is described in
Chapter 2.5.1.
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Figure 10 (a) XPS spectrum of MoS2 and MoS:2 after deposition with CoPcF1e. (b)
Schematic illustration of the effects influencing the detected binding energy (sketch

adapted from Ref.")

In Figure 10 a, several peaks can be observed, each corresponding to orbitals of the
respective atoms. For the physical description of the binding energy, a PES experiment
must be considered as a many-body problem. The initial state is a system with N
electrons. After the removal of one electron, the system is left with N-1 electrons, which
represents the final state. The total energy of the system is then described by the

equation:

Eror(N) + hv = Eroe(N — 1) + Egin + @ (5)
where E;,;(N) is the energy of the system with N electrons, E;,,(N — 1) is the energy

of the system with N — 1 electrons, hv is the photon energy, and @ is the work function.

This equation captures the essence of the energy required to remove an electron from
the system and reflects the complexity of the many-body interactions involved.

Taking Equation ( 6 ) into account, the binding energy Ey is given by the energy

difference between the ionized final state and the initial state of the system:

Ep = Eiot(N — 1) — E¢oe(N) (7)
This expression represents the energy required to remove an electron from the system,
reflecting the difference in total energy between the ionized state (with N — 1 electrons)

and the initial state (with N electrons).
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This problem can be solved using the Hartree-Fock method under the assumption that
the removal of an electron from a specific orbital k does not affect the remaining
orbitals. In this context, the binding energy of an electron in a particular orbital is equal

to the negative of its orbital energy. This conclusion is known as Koopmans' theorem.

Eg(k) = — & (8)
In experiments, the measured binding energy is typically lower than the value predicted
by the negative orbital energy. This discrepancy arises from various effects, which are
summarized in the diagram in Figure 10 b. These effects can generally be categorized

into initial-state and final-state effects.

Initial-state effects include the bonds that an atom forms. In the diagram (Figure 10 b),
these are collectively referred to as ground-state polarization. These can be further
subdivided into intra-atomic and inter-atomic effects. For example, in the C7s spectra
of cobalt phthalocyanine, we observe different signals for the chemically nonequivalent
carbon atoms. Although chemical bonding involves valence electrons, all other

electrons, including core electrons, experience changes in charge density.

An example of inter-atomic Coulomb effects and their influence on the detected binding
energy is found in Chapter 5.1, where cesium lead halide perovskites were
investigated. Under X-ray irradiation, a contraction of the ionic lattice was observed.
This example clearly shows how changes in atomic distances, in this case, ions, affect
the potential on individual atoms, thereby altering the measured binding energy of the
electrons. This change in potential can be calculated using the Madelung potential, as

demonstrated in the work discussed in Chapter 5.1.

Additionally, in the spectrum shown in Figure 10 a, it can be observed that all signals,
except those from photoelectrons detected from s-orbitals, split into doublets. This
phenomenon is due to an initial-state effect known as spin-orbit coupling (also referred
to as spin-orbit splitting). This effect occurs because a spinning electron creates a
magnetic field that interacts with the magnetic field generated by the electron’s motion
around the nucleus. Since the orbital on which the electron moves around the nucleus
is defined by the azimuthal quantum number [, and an electron can have two spin
orientations, two possible configurations arise, described by the so-called total angular

momentum quantum number j:
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j=1lts (9)
where [ is the orbital angular momentum and s is the electron spin quantum number.
This spin-orbit coupling leads to the observed splitting of the spectral lines in the XPS

spectra.

As seen in Figure 10 a, the magnitude of the spin-orbit splitting varies for each element
and each orbital under consideration. This variation occurs because the spin-orbit
coupling constant (a) depends on both the atomic number (Z) and the distance of the
electron from the nucleus (r). Specifically, the spin-orbit coupling strength increases
with higher atomic numbers and decreases with greater distances of the electron from
the nucleus. This dependency explains why heavier elements, or electrons in orbitals
closer to the nucleus, exhibit larger spin-orbit splitting compared to lighter elements or

electrons in more distant orbitals.

Ze?uyh? 1
- 8mm2zr3 (10)
The expectation value for 13 is given as:%3
T
1 Z3
(r—g) = (11)

G+ A+ 1)
Upon substitution, it becomes clear that the appearance of spin-orbit components in

the experiment, as expected, depends on the atomic number, specifically with a Z*

dependency, and on the azimuthal quantum number with a dependency of harD
2

This is nicely illustrated by the example of molybdenum 3p and 3d orbitals, where the
splitting of the 3p orbital (with [ = 1) is significantly larger than that of the 3d orbital
(with [ = 2).

In addition to the initial-state effects discussed so far, XPS spectra also display
additional features that arise because of the photoemission process. As illustrated
schematically in Figure 10 b, these are referred to as final-state effects. The
corresponding physical mechanisms are depicted in Figure 11.

Figure 11 a shows multiplet splitting, which is observed in this work and discussed in

Chapter 3.2. In particular, the CoZ2p signals exhibit significant broadening. As shown in
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Chapter 2.2 (Figure 7), Co?" has unpaired electrons in the 3d shell. After
photoemission from a 2p orbital, the resulting core hole interacts with the open-shell
3d electrons. The overlap of the core and valence wave functions leads to an intra-
atomic Coulomb interaction, which splits the final state into several energy levels. This
multiplet structure arises from the vector coupling of the angular momenta of the 2p
and 3d electrons and manifests as broadening or even well-resolved sub-peaks in the

XPS spectrum.

Another class of final-state effects involves electronic rearrangement processes. One
such process, observed in the Co17s spectra of CoPc and CoPcF,¢ molecules and
included in the fitting model described in Chapter 3.2, is the so-called shake-up
process. Here, in addition to the photoemission event, a second electron undergoes a
non-radiative excitation, commonly a HOMO-LUMO transition in organic molecules.
This results in satellite peaks at higher binding energies (or lower kinetic energies)
relative to the main photoemission line, as illustrated in Figure 11 b. The energy
difference between the main line and the satellite reflects the energy of the

accompanying excitation.

A different type of energy loss structure is observed in the spectra of MoS, and is
attributed to interactions with collective electron excitations, known as plasmons. As
shown in Figure 10 a, plasmon loss features appear as regularly spaced replicas of
the main Mo and S core levels, each separated by the plasmon energy. These
structures result from the quantized nature of plasmons and typically exhibit

decreasing intensity with increasing energy loss.
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Figure 11 Schematics illustrating the occurrence of loss structures alongside the main
signals in core-level XPS spectra. (a) Multiplet effects due to interactions with unpaired
valence electrons. (b) Shake-up processes caused by simultaneous excitation of
HOMO-LUMO transitions. (¢) Auger process resulting from the filling of a hole state

created by photoemission.

Further possible final-state decay channel is the Auger process, shown in Figure 11 c.
In this process, a higher-lying electron fills the core hole created by photoemission,
and the excess energy is transferred to a second electron, which is subsequently
emitted. The kinetic energy of the Auger electron corresponds to the difference in
binding energies of the involved electronic levels and is, in contrast to photoemission,
largely independent of the excitation energy. As a result, Auger electrons appear at
fixed kinetic energies. When spectra are plotted as a function of binding energy (using
Equation ( 4 )), their apparent position depends on the excitation energy. Therefore,
particular care must be taken in experiments using tunable photon energies, such as
synchrotron-based measurements, to avoid overlap between Auger peaks and core-
level photoemission signals.

Auger transitions are denoted using X-ray notation. For example, a carbon Auger
signal observed after phthalocyanine deposition would be labeled Ckvv. The first letter
(K) refers to the initial core hole (7s level), the second (V) to the orbital from which an
electron fills the core hole (in this case, a valence state), and the third (V) to the orbital

from which the emitted Auger electron originates.
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The equation shown earlier (Equation (4 )) is only valid for primary electrons that leave
the sample, providing direct information about the energy levels of core and valence
electrons. However, electrons moving through a material are subject to inelastic
scattering processes. Inelastic scattering results in a loss of kinetic energy and,
consequently, the detection of secondary electrons in the spectrum. These secondary
electrons contribute to the typical background observed in photoelectron spectra, a

topic that will be discussed in greater detail later.

Also a characteristic feature in a photoelectron spectrum is the secondary electron
cutoff (SECO). It marks the lowest kinetic energy at which photoelectrons can still
escape from the sample into the vacuum. Since electrons must overcome the
material’s work function to be emitted, any electron with a kinetic energy lower than
this threshold relative to the vacuum level cannot contribute to the detected spectrum.
This leads to a sharp drop in intensity, known as the SECO. Determining the exact
position of this cutoff is essential in photoelectron spectroscopy, as it enables the
accurate determination of the work function. A more detailed discussion will follow in

later chapters.

So far, | have focused on the kinetic energy of the detected photoelectrons. To
understand the measured intensity, i.e., the number of photoelectrons detected at a
given kinetic energy, the following section introduces the three-step model of
photoemission, originally proposed by Berglund and Spicer.?* This phenomenological
model provides an intuitive framework for describing the photoemission process from

solids and is widely used in the interpretation of XPS data.

The three steps are:
1. Photoexcitation of electrons within the bulk of the material
2. Transport to the sample surface
3. Escape of the electrons into the vacuum

While simplified, this model captures the essential physical processes that determine

the photoemission yield and lineshape.
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Figure 12 Photoionization Cross Sections for different materials and orbitals used in
this work taken from Yeh and Lindau.® The inlays show a magnified selection in the

vicinity of the Al Ka (1486.6 eV) excitation, marked by a vertical line.

The excitation of photoelectrons and the corresponding probability can be described
by Fermi's golden rule. For practical purposes, particularly in the analysis of XPS
spectra, photoionization cross sections are of significant importance. In Figure 10 a,
one can observe that the signals from molybdenum appear with varying intensities.
This difference is due to the different photoionization cross sections of the individual
orbitals, as shown in Figure 12. For quantitative analysis of the signals, the
photoionization cross sections must be considered when comparing the areas of the

peaks, as was done to elucidate the reaction mechanism discussed in Chapter 5.1.

In general, the choice of substrate for the perovskite studies conducted in Chapters
5.1,5.2, and 5.3 can also be justified based on the photoionization cross sections. One
challenge in these studies was the suppression of charging effects, which occur when,
after photoionization, not enough electrons flow back to return the system to its relaxed
initial state. As exemplified in Figure 12 with the Au4f level, several gold core orbitals,
especially Au4f, exhibit a relatively high photoionization cross section under Al Ka
excitation. As a result of the efficient photoionization, the number of secondary
electrons, produced through scattering processes as will be further discussed, is also
very high. This large number of secondary electrons can help suppress charging
effects in less conductive materials. Therefore, gold-coated silicon wafers were used
for the investigation of perovskite samples, which, in addition to facilitating the

preparation of monolayers of perovskite nanocrystals, effectively eliminated charging.
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The second step in the three-step model is the transport of electrons to the sample
surface. During this process, inelastic collisions can occur, reducing the kinetic energy
of the electrons. These lower-energy electrons contribute to the typical background
seen in XPS spectra. In Figure 10 a, one can clearly see how the background exhibits
a step-like increase following the main peaks. These step profiles are accounted for in
fitting by using a Shirley background. An important parameter that highlights the
surface sensitivity of PES experiments is the inelastic mean free path (4, IMFP) of the
electrons in the solid. One of the earliest attempts to predict this was made by Seah

and Dench, 2° which resulted in the so-called universal curve for the mean free path.

+0.054 - \/Epin (12)

This approach is purely empirical. The work by Seah and Dench further revealed that

143
A(Ekin) = E

kin

the IMFP differs between inorganic and organic solids. The formula developed for
organic materials has served as the basis for the determination of film thicknesses
using XPS, which will be explained later. This formula also includes the density (p) of

the respective material:

(13)

In this work, the model of Seah and Dench was frequently used to calculate the
inelastic mean free path (IMFP), for example to estimate the number of deposited
layers of CoPc and CoPcF,¢. However, in Chapter 3.2 , which discusses the interaction
of cobalt phthalocyanines with MoS, bulk crystals, it is shown that the surface and
subsurface interactions differ significantly between the fluorinated and non-fluorinated
derivatives. What is then demonstrated in the aforementioned chapter, these findings
are based on synchrotron experiments that allowed for systematic variation of the
excitation energy and, consequently, for a depth-resolved analysis via the energy-
dependent IMFP. Therefore, more recent methods for determining the IMFP were
employed in this context. The theoretical determination of the IMFP remains an active
area of research, with ongoing efforts to incorporate additional physical parameters
into the calculation models. Two commonly used approaches incorporate the free-

electron plasmon energy (E,), which depends on the number of valence electrons (Ny ),

the density (p), and the molar mass (M). Another important parameter, particularly for
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insulators and semiconductors, is the bandgap (E,). This approach is based on the
work of Tanuma, Powell, and Penn, known as the TPP-2M equation.?® The IMFP (1) is

calculated using the following relationship:

Ekin
A(Ekin) =
C D (14)
718 e — (2) + ()
318 () = (g) + (72
with
N 1
vP\?2 15
E,=288" (7) (15)
0.944
(E3 +E2)?
y = 0.191p %> (17)
C =197 - 091U (18)
D =53.4—20.8U (19)
Nyp  Ep
__vF__p_ 20
u M 8294 ( )

Seah also extended his original formula.?” The extended formula, known as the S1
equation, models the system based on the molar mass (M), the density (p), the number

of different types of atoms (i) in the solid, their atomic numbers (Z), and the bandgap
(Eg):

(4 + 0.44Z°%5 + 0.104E237*) a7

— n
A(Ekin) - (ZO'3 % (1 — 0.0ZEg) ( 21 )
With the atomic numbers (Z):
Z = o (22)
and
10%'M
a= . (23)
pNs i
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Figure 13 (a) IMFP calculated for different materials used in this work and with different
equations. (b) Calculated damping dependent on different IMFP values for Mo3d with

different excitation energies.

As mentioned, the IMFP is the reason why PES experiments are surface-sensitive. In
Figure 13 a, the IMFPs for the materials used in this work are calculated and plotted
based on the previously discussed formulas. While X-rays can penetrate deeply into a
sample, the detected photoelectrons in XPS experiments originate from only a few tens
of angstroms beneath the surface, depending on their kinetic energy. Figure 13 b
illustrates the attenuation of intensity as a function of depth (z) and the IMFP, using the
Mo 3d signals as an example. Two different IMFPs are considered, corresponding to
excitation with Al Ka radiation (1486.6 eV) and with synchrotron radiation at 300 eV, as

was done in Chapter 3.2.

For these two excitation energies, the kinetic energies of the photoelectrons from the
Mo 3d levels are approximately 1252 eV and 65.5 eV, respectively. The attenuation of

intensity as a function of sample depth is described by the Lambert-Beer law:

I[=1,- e 1 (24)
where [ is the intensity at depth z, I, is the initial intensity at the surface, and 1 is the
IMFP. This relationship shows how the signal decreases exponentially with increasing
depth, emphasizing the surface sensitivity of PES, particularly for lower kinetic

energies where the IMFP is shorter.

As a result, when z equals A, only about 37% of the photoelectrons emitted from that

depth have not experienced inelastic scattering. At a depth of 34, which is considered
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the information depth in PES experiments, approximately 95% of the emitted

photoelectrons have already undergone inelastic scattering.

The final step in the three-step model is the emission of photoelectrons from the

sample surface.
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Figure 14 Schematic illustration of the relevant angles and momenta involved in a

photoelectron spectroscopy experiment.

A photoelectron emitted from a solid not only possesses kinetic energy, which depends
on its binding energy, but also a momentum (p), which is related to its crystal
momentum (k). It is important to note that momentum is conserved parallel to the
surface, but not orthogonal to it, due to the symmetry breaking at the surface. In most
PES experiments, such as those conducted with the laboratory spectrometer used in
this work, the momentum information is lost because the measurement integrates over
all photoelectrons with the same kinetic energy. However, by using different detectors,
such as the Angle-Resolved Time-of-Flight (ARTOF) detector at the LowDosePES
endstation at BESSY Il, which was used in Chapter 3.2, it is possible to directly map
the valence band structure of two-dimensional systems using the momentum

information.

With the angles shown in Figure 14, the relationship between the measured

momentum of the electron and the crystal momentum is given by:
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1

k, =p, = 7 \ 2m EyinSinfcosq (25)
1

ky, =py, = 7 v 2m EyinSinfsing (26)

Determination of film thickness by XPS

An important parameter for studying interactions in this work is the determination of
the film thickness of organic molecules on surfaces. Generally, systems composed of
organic molecules and transition metal dichalcogenides were fabricated using
Molecular Beam Epitaxy (MBE). The film thicknesses were initially estimated by
determining the evaporation rates using a quartz crystal microbalance, allowing for the
deposition of defined layers based on the deposition times. However, the film thickness

after deposition was also determined using XPS measurements.

For this purpose, it is assumed that the new layer causes an attenuation of the
substrate signals. As previously mentioned, the intensity of the substrate signal
depends on the IMFP and, something that has been neglected so far, on the geometry
of the sample relative to the analyzer. This aspect has been neglected up until now
because, in a typical experimental setup, the sample surface is oriented perpendicular
to the analyzer, resulting in an intensity dependency proportional to cos@, which equals

1 for this orientation.
The attenuation of the substrate signal due to the overlayer can be described by the
following equation:

d
Is = Iso - e Fcosd (27)

The intensity for an infinite overlayer would be:
a4
Ip=1Ipe- (1 —e A-cos@) (28)

By calculating the ratios of the measured substrate and coating signals and solving for

the layer thickness (d), the following equation is obtained:

Ip- 1
d=21-cos-In(1+-2-2 (29)
IS'ID,oo

Here, I; and I}, are directly accessible through the integration of the respective signals

in the spectrum. Since this is not the case for Is, and I, ., the emitters per volume are
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determined and substituted accordingly. Sensitivity factors of the respective signals
must also be taken into account. Furthermore, the stoichiometric factors of the
respective atoms in the volume are crucial. This results in the formula that was used

for calculating the layer thicknesses in this study:

Ps
xs'ID'O'S'M—S

75)) (30)

xD'IS'UD'%

d=A-cosf-In(1+(

UPS

In ultraviolet photoelectron spectroscopy (UPS) using 21.2 eV (Hel) or 40.8 eV (He ll)
photons, the kinetic energy of the emitted photoelectrons typically falls into the range
where the inelastic mean free path (IMFP) is near its minimum (see Figure 13)
Although the IMFP depends primarily on the kinetic energy of the electrons rather than
the photon energy, this regime enables surface-sensitive measurements. Furthermore,
the photoionization cross-sections for certain orbitals, particularly C2p and C2s states,
are significantly higher at UV photon energies than in X-ray photoelectron
spectroscopy (XPS) (see Figure 12). This makes UPS especially suitable for probing
the valence electronic structure. Material properties accessible via UPS include the
work function (Q, derived from the secondary electron cutoff, SECO), as well as the
valence band maximum (VBM) in semiconductors or the highest occupied molecular

orbitals (HOMO) in organic molecules.
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Figure 15 (a) UPS spectra of MoS2. Material properties like the work function, which
is related to the SECO, and the VBM relative to the Fermi-Level can be extracted. (b)
Band structure sketch of a semiconductor with material related values like ionization
energie (IE), work function (®), electron affinity (EA), valence band maximum (VBM)
or highest occupied molecular orbital (HOMO), conduction band minimum (CBM) or
lowest unoccupied molecular orbital (LUMO), band gap (Eg) and Fermi-Level (EF). (¢)

Influence of the formation of a dipole layer on the work function.

In Figure 15 a, a UPS spectrum of MoS; is shown. The binding energy and the kinetic
energy of the measured photoelectrons are plotted. Figure 15 b illustrates the typical
material properties of semiconductors that can largely be measured by UPS. These
properties include the position of the vacuum level, which is the energy of an electron
in free space near the surface of a material and serves as a reference for energy
measurements. The work function represents the amount of energy required to move
an electron from the solid into a vacuum and depends on both the material and its
surface. lonization energy refers to the energy needed to remove the most weakly
bound electron from an atom. Electron affinity measures the energy change when an

electron is added to an atom, indicating its tendency to attract electrons. 2% 28

Particularly in the studies on perovskite nanocrystals (NCs) discussed in Chapters 5.1,
5.2, and 5.3, the influence of ligands on the NCs was investigated. Of particular interest
was the extent to which the ligands affect surface dipoles and the resulting impact on
the stability of the NCs. Figure 15 ¢ sketches this relationship, showing that the work
function of a system is highly dependent on the surface dipole, which can be modified

by ligands depending on the orientation of the dipoles.
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2.4 X-ray Absorption Spectroscopy
Like Photoelectron Spectroscopy (PES), X-ray Absorption Spectroscopy (XAS) is a

surface-sensitive spectroscopic technique. In XAS, electrons, typically from core
levels, are excited to unoccupied states by X-ray radiation. In the PES experiments
discussed earlier, photons with discrete energies were used for excitation. In contrast,
XAS requires a tunable energy source, making synchrotron radiation necessary for
XAS experiments. In this work, the information obtained from XAS experiments was
primarily used to study molecular orientations and electronic properties. Generally,
however, absorption experiments can also provide insights into the structure and order
of a sample. This is achieved by analyzing different regions of the absorption spectrum,
which are distinguished by their distance from the so-called absorption edge, the

abrupt increase in absorption due to transitions at a specific photon energy.

In the studies conducted for this work, particular emphasis was placed on analyzing
the signals near the absorption edge. In this work, XAS is used synonymously with the
term NEXAFS (Near Edge X-ray Absorption Fine Structure), which is also commonly

used in literature.

When a sample is irradiated with photons whose energy corresponds to the energy
difference between an occupied and an unoccupied electronic state, a resonant
excitation can occur. This process results in a characteristic absorption edge in the
spectrum. Importantly, these unoccupied states can lie either below or above the
vacuum level, depending on whether the excitation leads to a bound final state, such
as a conduction band or a lowest unoccupied molecular orbital (LUMO), or to
ionization. The detection method depends on the specific experimental setup and will
be discussed in the following chapter in relation to the detectors used. In general,
absorption can be measured directly by monitoring the transmitted X-ray intensity, like
other spectroscopic methods. However, for the samples investigated in this work, direct
transmission measurements are not feasible. Therefore, indirect detection techniques

are employed.

In total electron yield (TEY), all electrons released in subsequent processes following
excitation are measured. Another method is based on fluorescence. When a hole state
remains after absorption, it can be filled during relaxation, with the energy difference
compensated by the emission of a photon.
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Again, the intensity of a transition can be described by Fermi’s Golden Rule. The
probability of a transition from an initial state i (with wave function ¥;) to a final state f

(with wave function ¥) is given by:

21 . 2
Wif = Wpf(E)l(Lpf“-Ilqji)l (31)

Here, H represents the time-dependent perturbation introduced by the incident
radiation. Within the dipole approximation, valid because the photon wavelength is
much larger than interatomic distances, this perturbation is given by the scalar product
of the electric field vector E and the transition dipole moment ji. For linearly polarized

light, E can be treated as a constant factor and taken outside the matrix element,

yielding:

2 - . 2
wip = —pr ()| E | 2] W) (32)

In Chapter 3.3 the angular dependence of X-ray absorption was utilized to investigate
the orientation of CoPc and CoPcFis molecules on MoS:2 surfaces. Figure 16
illustrates this relationship schematically for molecules oriented parallel and
perpendicular to the substrate surface, along with the expected angular dependence
of the m-resonance intensity. In the simplified vector model, the absorption intensity
depends on the angle 6 between the electric field vector and the molecular orbital of

interest, often described by:

I o< cos?@ (33)
However, this expression is a simplified case. A more accurate description considers
the polarization state of the incident light and the geometry of the experiment. As
derived by Stéhr?® and others, the angular dependence for linearly polarized light can

be expressed as:

I = A[P(sin®>  a - sin?- O + 2-cos? a *cos?0)+ (1 —P) - sin®> - a] (34)
Here, a is the angle between the molecular axis and the surface normal, 6 is the
incident angle of the light relative to the surface, and P is the degree of linear
polarization. Additionally, experiments such as X-ray Magnetic Circular Dichroism
(XMCD) employ circularly polarized light and probe different aspects of the electronic

and magnetic structure, which are not captured by the simple vector model.

36



Theoretical Foundation and Methodology

Normal Incidence Grazing Incidence
E E 1.0
standing
£ os
3
=
Imin Imax « 06
P n
@
=z
- 04
2
E:
—- E
E E g 02
— cos?(x) Iylng
oo oQ 0.0 —— cos?(x+90") = sin?(x)
| I .. 6 26 4|0 GID sb
max min

Incidence Angle @

Figure 16 Schematic representation of the molecular orientation of planar conjugated
molecules, such as the phthalocyanines used in this work, in both lying and standing
configurations. Additionally, the alignment of the electric field vector is illustrated for
both grazing and normal incidence. The schematic simplifies the representation by
showing a pz-orbital for the unoccupied 1* orbitals. In addition, the dependence of
intensity on the angle of incidence is depicted for the two configurations. These

represent the standing and lying orientations of the molecules.
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2.5 Measurement Setups

Since inelastic scattering processes lead to losses in the kinetic energy of
photoelectrons, it is essential that PES experiments are conducted under ultra-high
vacuum conditions. Although the principle of photoelectron spectroscopy was known
long before the development of measurement systems, its technical realization only
became possible with the advent of ultra-high vacuum systems. The quality of a
vacuum is categorized into rough vacuum (300 — 1 mbar), fine vacuum (1 — 10-3 mbar),
high vacuum (102 — 107" mbar), and ultra-high vacuum (107 — 10-'> mbar). PES
systems typically operate at around 107 mbar, which is achieved using turbo
molecular pumps, preceded by backing pump (often diaphragm pumps). PES systems
are commonly constructed with multiple chambers, each equipped with separate
forepumps and turbo pumps, and each chamber can be isolated from the others by
valves. Figure 17 shows schematic representations of the systems used in this work,

which differ in their functionality, particularly in the type of detector employed.

a) Laboratory set-up b) LowDosePES set-up

Figure 17 Schematic representations of the measurement systems used in this work.
In (a), the laboratory spectrometer is shown. In (b) and (c), the endstations at the
synchrotron beamlines BESSY II, the LowDosePES endstation, and the WERA
endstation at KARA are depicted, respectively. The assignment of the respective

components can be found in Table 1.
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Table 1 Assignment of the respective numbers shown in Figure 17. Each number is

assigned the respective function of the measurement setups.

Number | Function

1 Load-Lock

2 Preparation Chaimber

3 Organic Preparation Chaimber

4 Main Chaimber
a Hemispherical Detector

5 b Angle Resolved Time of Flight Detector
c Photoelectron Microscope
a He-UV Source

6 b Monochrmated Al Ka Source
c Dipole and Monochromator
Evaporator
Quartz crystal microbalance
Sputter-Gun

10 Chopper

11 Mesh

12 Electrometer
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2.5.1 Laboratory spectrometer

The spectrometer most frequently used in this work is schematically depicted in Figure
17 a. For XPS experiments, monochromatic Al Ka radiation (1486.6 eV) can be utilized
as the photon source, while for UPS (Ultraviolet Photoelectron Spectroscopy)
experiments, He | (21.2 eV) and He Il (40.8 eV) radiation can be employed. X-ray
radiation is generated by bombarding an aluminum anode with electrons emitted from
a hot cathode. These electrons are accelerated by a strong electric field of several kV,
leading to the ejection of electrons from the inner K-shell of aluminum atoms. When
these vacancies are filled by electrons from higher shells, energy is released as
photons corresponding to the energy difference between the shells. Since multiple
transitions are possible, it is advantageous to monochromatize the emitted radiation.
Therefore, the laboratory spectrometer is equipped with a monochromator, an optical
crystal that, by satisfying the Bragg condition, produces monochromatic X-ray

radiation.

For ultraviolet photoelectron spectroscopy (UPS), a helium gas discharge lamp is used
as the photon source. In the gas discharge, neutral helium atoms (He?) are excited by
electron impact. When these excited states relax, photons are emitted corresponding
to transitions into the singlet ground state (1'S), which is the lowest energy level of the
helium atom. The most prominent transition in neutral helium is the 2'P — 1'S
transition at 21.2 eV, known as the He | a line. Higher excited states can also decay
into the ground state, giving rise to the He | B (3'P — 1S, 23.1 eV)and He | y (4'P —
1'S, 23.7 eV) lines, which have lower intensities due to their lower transition
probabilities. In the laboratory setup, non-monochromatic UV radiation is used, which
means that satellites resulting from excitation with He | § and He | y radiation appear
in the UPS spectrum and must be removed during post-processing. These satellites
can be particularly disruptive when determining the valence band maximum (VBM) or
the highest occupied molecular orbitals (HOMO). To mitigate this, it is advisable to use
He Il excitation. In this case, singly ionized helium atoms (He*), which are hydrogen-
like, emit photons during electronic relaxation. The most intense line is the 2p — 1s
transition at 40.8 eV (He Il a), with higher transitions such as He Il B (48.4 eV) and He
II'y (51.0 eV) occurring with lower intensities. Since the satellites from He Il emission
appear at significantly higher energies, they are generally less disruptive for the
analysis of electronic states close to the Fermi level. The relative intensity of He | and

40



Theoretical Foundation and Methodology

He Il lines can be tuned by adjusting the helium gas pressure in the discharge lamp.
Lower pressures favor the formation of He* and thus enhance He Il emission.
Additionally, increasing the filament current raises the electron density and promotes
both excitation and ionization, providing another means of increasing He Il intensity.

This approach was also applied for the He Il spectra recorded in this work.

A hemispherical analyzer is employed for detecting photoelectrons. In this type of
detector, electrons emitted from the sample surface are focused and collected using
electrostatic lenses. The hemispherical analyzer consists of two concentric
hemispheres, with an electric field applied between them. This electric field guides the
electrons along a specific trajectory based on their kinetic energy. The path an electron
takes through the analyzer is determined by its kinetic energy and the strength of the
electric field. Only electrons with a specific kinetic energy are able to reach the detector
at the end of this trajectory, while electrons with different energies are deflected and

do not reach the detector.

The pass energy in a hemispherical analyzer is directly related to the voltage applied
between the hemispheres. This pass energy dictates which electrons are allowed to
pass through the analyzer and reach the detector, thereby influencing both the
resolution and intensity of the detected signal. Higher pass energy increases signal
intensity but reduces resolution, whereas lower pass energy enhances resolution at
the expense of signal intensity. The selection of pass energy is therefore critical in

optimizing the balance between resolution and signal strength for a given experiment.
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2.5.2 ARPES at LowDosePES

The LowDosePES endstation is a measurement station located at BESSY II, a
synchrotron facility operated by the Helmholtz-Zentrum Berlin. In simple terms,
synchrotron light is generated when electrons, moving at nearly the speed of light, are
forced into a circular trajectory by magnetic fields. This change in direction is equivalent
to acceleration, which, in the case of charged particles like electrons, results in the
emission of photons, commonly referred to as synchrotron radiation (or
bremsstrahlung). The deflection of the electrons can be achieved through various
configurations of magnets. At the LowDosePES endstation, the radiation is produced

by deflecting the electrons with dipole magnets.

The electrons, or more precisely, individual electron packets (known as electron
bunches), circulate in a storage ring with a defined spacing between them. A unique
feature of BESSY Il is the distribution of these electron bunches within the ring, referred
to as the "fill pattern." Figure 18 a illustrates the fill pattern of the storage ring.
Synchrotron radiation covers a broad spectral range, and for specific experiments,

photons of the desired energy can be selected using a monochromator.

A key feature of the LowDosePES endstation at BESSY Il is the availability of an angle-
resolved time-of-flight (ToF) detector. For precise ToF measurements of
photoelectrons, it is essential to know the arrival time of the exciting photon pulse with
high accuracy. While the timing is inherently defined by the synchrotron’s electron
bunch structure, a mechanical chopper wheel (as shown in Figure 17 b (10)) is
employed at the endstation to isolate the single bunch from the full fill pattern. As
illustrated in Figure 18 b, this ensures that only photons from a well-defined single
bunch reach the sample, enabling accurate time-of-flight referencing for the emitted

photoelectrons.
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Figure 18 (a) Fill pattern of the electron storage ring at BESSY Il. (b) Extracted single
bunch after passing through the copper of the LowDosePES endstation. (Figure

adapted and slightly modified with permission from Ref.%° .)

The flight time (t) is determined by the event of excitation and detection within the
analyzer and, in a simple approximation, depends on the length of the detector (L), the

kinetic energy of the electron (E}), and the mass of the electron (m,) as follows:

L

2, (35)
me

t =

This detection principle allows the kinetic energy of emitted photoelectrons to be
measured, which enables the use of this detector type for XPS experiments. More
importantly for this study, it also permits the analysis of the photoelectron momentum.
By measuring the emission angle with the two-dimensional detector array, the
momentum components parallel to the sample surface can be determined. The parallel

momentum vector is calculated from the x and y components as follows:

Using the x and y components:

ky = —Sp, = =X (37)
Y h Y nt
_ e _ MY
ky = 2tu, = 222 (38)

XPS experiments which include angular information and can therefore determine
momentum as described are referred to as Angle-Resolved Photoemission
Spectroscopy (ARPES). These experiments were particularly utilized in the study

presented in Chapter 3.2. To accurately determine the experimental parameters for
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semiconductor materials, it is beneficial to be familiar with the Brillouin zone and the
distances between high-symmetry points. At the ARTOF detector of the LowDosePES,
various settings can be adjusted with respect to the magnetic lenses. Among these,
the acceptance angle of the detector can be modified. A typical value, which was also
used in the measurements in Chapter 3.2, is 30°. Assuming that the maximum kinetic
energy of the photoelectrons is equal to the excitation energy, the following equation

can be derived:

2mg - Eyin

- (39)

k" = sin6

This allows the estimation of the maximum mappable reciprocal space. In the study
presented in 3.2, an excitation energy was used that did not allow the entire Brillouin
zone to be mapped. When selecting experimental parameters, the advantages and
disadvantages must always be carefully weighed. As mentioned, a higher excitation
energy enables a larger portion of the Brillouin zone to be mapped. However, higher
excitation energies come with certain drawbacks. Typically, the energy resolution
decreases at higher excitation energies. Detection becomes less sensitive to minor
changes in the energy distribution, which complicates the distinction of fine spectral
features. Additionally, the higher kinetic energies result in increased electron
scattering, which can impair the angular resolution of the detector. This makes it more

challenging to precisely determine the momentum distribution in reciprocal space.

The LowDosePES endstation is equipped with a rotatable sample holder. In the case
of MoS, and its hexagonal lattice structure, we were able to use lower excitation
energies to maximize resolution while still capturing the entire (or half of the) Brillouin
zone, which, due to symmetry considerations, is sufficient. By rotating the sample
relative to the excitation source, all high-symmetry points could still be mapped. As a
result, the high-symmetry point I is not located at the center, as might be expected,
but rather shifted towards the edge. This configuration, however, enables the detection

of features from the K points.

For the investigation of planar molecules, which is particularly relevant in Chapter 3.3,
X-ray Absorption Spectroscopy (XAS) can be employed. The LowDosePES endstation
is equipped with a rotatable sample holder. The synchrotron radiation is polarized and
can be specifically adjusted by varying the angle of incidence relative to the sample
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surface, allowing the determination of the molecular orientation on the surface. In the
case of molecules such as cobalt phthalocyanines, which have a planar structure, two

extreme orientations are typically distinguished: the face-on and edge-on orientation.

Figure 19 shows a schematic representation of the sample orientation relative to the
electric field vector of the incoming synchrotron radiation. In this work, (a) corresponds
to normal incidence (90°), where the X-ray beam is perpendicular to the sample
surface. Configuration (b) represents an intermediate geometry often referred to as 45°
incidence, which probes both in-plane and out-of-plane orbitals to a similar extent.
Configuration (c) corresponds to grazing incidence, ideally at 0°, where the electric
field vector lies nearly parallel to the molecular plane. However, due to experimental
constraints, a fixed angle of 20° was used for grazing incidence measurements. This
relatively large angle was chosen to ensure sufficient photon flux on the sample and to

avoid shadowing effects caused by the sample holder geometry.

In the face-on orientation, the molecular plane is parallel to the sample surface. In this
case, the 1* orbitals, which are oriented perpendicular to the molecular plane, are most
strongly excited at a low angle of incidence (grazing incidence, close to 0°), as shown
in Figure 19 c. At a high angle of incidence (normal incidence, 90°), the contribution
to the excitation of the 1* states is minimal because the electric field of the polarized
light is parallel to the surface and, therefore, does not effectively interact with the

orbitals.

In the edge-on orientation, on the other hand, the molecular plane is nearly
perpendicular to the sample surface. Here, a low angle of incidence (grazing incidence)
results in minimal excitation of the 1™ orbitals, while at a high angle of incidence (normal
incidence), as shown in Figure 19 a, a maximum excitation of the 1™ orbitals is
observed. The difference in intensity between these two extremes allows for the

unambiguous determination of the preferred molecular orientation.
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Figure 19 Schematic iIIustrétion of the relative position of the sample with respect to
the electric field vector. In this work, (a) is referred to as a normal incidence or 90°
where the X-ray beam is perpendicular to the sample surface, (b) as a normal incident
at 45°, and (c) as a grazing incident, which would ideally correspond to 0°. However,

due to practical limitations, an orientation of 20° was used in this study.

46



Theoretical Foundation and Methodology

2.5.3 PEEM at WERA

Particularly for the investigation of very small structures, such as the MoS, monolayer
flakes described in Chapter 3.3, microscopic analysis methods are required. The
WERA endstation is a facility at the KIT Light Source in Karlsruhe. The WERA
endstation, like the previously discussed BESSY, is located at a synchrotron source
with an electron storage ring at the Karlsruhe Research Accelerator (KARA). The
generation of synchrotron radiation at this endstation is like that at the LowDosePES.
The WERA endstation was chosen for the mentioned investigation of MoS,
monolayers as it is equipped with a Photoemission Electron Microscope (PEEM). The
following section describes the operating principle and the evaluation of the obtained

data.

As with the previously described methods based on the photoelectric effect, a PEEM
experiment also involves the excitation of electrons using ionizing radiation. The free
electrons at the surface are accelerated toward the detector by a strong electric field,
essentially being “extracted” from the surface. The unique feature of a PEEM is that
the electrons are directed onto the detector through imaging magnetic lenses in such

a way that their spatial origin on the sample surface is preserved.

A Photoemission Electron Microscope (PEEM) utilizes the photoelectric effect to create
images of the electronic emission distribution on surfaces with high lateral resolution.
The surface of a sample is irradiated with high-energy radiation, such as synchrotron
radiation. The emitted electrons are then accelerated through a strong electric field

established between the sample surface and the so-called extractor.
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Figure 20 Schematic diagram of the PEEM, consisting of a sample holder (1) that

holds the sample (2) at a defined distance from the extractor (3). The emitted electrons
are directed through a column (4), which contains imaging magnetic lenses and
apertures, onto a microchannel plate (6) and are made visible by a phosphorescent
screen (7). Images of the phosphorescent screen are then captured using a CCD
camera (8). For certain experiments, such as XPS measurements, the detected

electrons must be filtered by energy, which can be achieved using a high-pass filter
(5).

In Figure 20, this setup is depicted in detail: The sample holder (1) precisely positions
the sample (2) within the beam path, and the extractor (3) draws the emitted electrons
away from the surface. The column (4) contains the optical elements responsible for
lateral focusing and magnification. For X-ray Photoelectron Spectroscopy (XPS)
measurements, a bandpass filter (5) is often employed to select electrons based on
their kinetic energy, thus extracting spectral information. The filtered electrons are then
further amplified by the microchannel plate (6) and projected onto the screen (7), where

the image is captured by the CCD camera (8).

The use of a high-pass filter (5) is crucial for XPS measurements performed with
PEEM. This filter allows the detection of all emitted electrons above a defined kinetic
energy threshold. It collects all electrons while blocking those below the energy

threshold, which does not imply that specific energy ranges are directly selected.
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Instead, the filter enables integration of the electrons above the set threshold into the
image, leading to abrupt changes in the overall intensity when varying the energy filter
threshold.

A complete XPS spectrum is generated by systematically varying the filter threshold,
which leads to a rapid increase in detected electrons and image intensity as the
threshold reaches a specific orbital energetic region. These sudden shifts reflect the
binding energy positions and offer insights into the different electronic states within the

material.

To generate a complete XPS spectrum from the acquired PEEM data, the derivative of
the image intensity as a function of the filter threshold is typically calculated. This
derivative makes the abrupt intensity changes more apparent and helps to clearly
identify the characteristic binding energies of the electrons. In practice, this evaluation
is often performed using image processing software such as Fiji, in combination with
the Featured package, which provides tools for precise image intensity differentiation.
Applying the derivative function results in a detailed XPS spectrum that provides
spectral information for each image pixel, thereby enabling correlated analysis of

chemical states and surface topography.

Flat-field and dark-field measurements are essential to minimize systematic errors in

PEEM imaging and ensure reliable quantification of the electron signals.

Flat-field measurements: These are performed to correct for imaging inhomogeneities
caused by the optical elements in the column (4) or the amplification characteristics of
the microchannel plate (6). A homogeneous electron signal is used to generate a
reference image, which serves as a correction matrix. The generation of a
homogeneous electron signal is achieved by overexposing the microchannel plate,
pushing it into saturation. This allows variations in signal intensity that do not originate

from the sample to be accounted for.

Dark-field measurements: These are carried out with the electron source turned off to
determine the baseline noise of the detection system (including the CCD camera
system). Since the system always exhibits some noise, the dark-field image is
subtracted from the actual measurement images. This is particularly important in
experiments with weak signals to optimize the signal-to-noise ratio and enable a clear

analysis of the electronic states.
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By combining flat-field and dark-field corrections, the image quality is significantly
improved, which is especially necessary for measurements with high lateral resolution
and sensitive materials to obtain quantitative results. For the evaluation of the
measurement data, image processing software such as Fiji, as previously mentioned,

can be utilized.
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MoS; Nanoplatelets LR SETEY MoS, Nanosheets

3.1.1 Abstract

2D semiconducting transition metal dichalcogenides (TMDCs) are highly promising
materials for future spin- and valleytronic applications and exhibit an ultrafast response
to external (optical) stimuli which is essential for optoelectronics. Colloidal
nanochemistry on the other hand is an emerging alternative for the synthesis of 2D
TMDC nanosheet (NS) ensembles, allowing for the control of the reaction via tunable
precursor and ligand chemistry. Up to now, wet-chemical colloidal syntheses yielded
intertwined/agglomerated NSs with a large lateral size. Here, we show a synthesis
method for 2D mono- and bilayer MoS2 nanoplatelets with a particularly small lateral
size (NPLs, 74 nm £2.2nm) and MoS2 NSs (22 nm =9 nm) as a reference by
adjusting the molybdenum precursor concentration in the reaction. We find that in
colloidal 2D MoS2 syntheses initially a mixture of the stable semiconducting and the
metastable metallic crystal phase is formed. 2D MoS2 NPLs and NSs then both
undergo a full transformation to the semiconducting crystal phase by the end of the
reaction, which we quantify by X-ray photoelectron spectroscopy. Phase pure
semiconducting MoS2 NPLs with a lateral size approaching the MoS2 exciton Bohr
radius exhibit strong additional lateral confinement, leading to a drastically shortened
decay of the A and B exciton which is characterized by ultrafast transient absorption
spectroscopy. Our findings represent an important step for utilizing colloidal TMDCs,
for example small MoS2 NPLs represent an excellent starting point for the growth of
heterostructures for future colloidal photonics.
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3.1.2 Introduction

Ultrathin 2D TMDCs exhibit exciting photophysics and are highly interesting for
innovative optoelectronics. Their potential in excitonic devices, silicon-free
photovoltaics and as single-photon emitters3'- 32 foreshadows their impact in future
photonics. This work is focused on the layered group-VI TMDC molybdenum disulfide
MoS:2 which shows exciton physics that are uniquely attributed to this subgroup and
ranging from localized excitons over biexcitons to different trion species.3?® 34 Generally,
the high exciton binding energies of several hundreds of meV render 2D TMDCs
suitable for studying excitons at room temperature.3® For example, a recent study on
colloidal 2D MoS2 describes the mechanisms responsible for charge-carrier relaxation
after photoexcitation in the structures without cooling the samples to cryogenic
temperatures.3® The authors find that excitons in colloidal MoS2 decay via hole capture
by midgap states and subsequent trapping of excited electrons. Typically, strongly
bound excitons in TMDCs lead to high quantum yields and narrow emission,37-40
making the materials interesting for room temperature single photon emission. Due to
a strong spin-orbit coupling and the lack of inversion symmetry, group VI TMDCs
exhibit band-splitting, which causes a spin-dependent occupation of the bands and
consequently spin-dependent excitons (A and B excitons).#' This is applied and
investigated in the field of spin- and valley-tronics since electrons have an additional
degree of freedom in TMDCs.*? For example, valleytronic TMDC transistors have been
realized using the valley degree of freedom and hence don't rely on charge carrier

transport as in contrast to conventional counterparts based on silicon.*3

Recently, the lateral size of 2D TMDCs has received increasing attention in catalytic
and photonic research.** 45 On the one hand, the influence of edge states increases
for small lateral sizes of 2D TMDC layers. While these states are found in the band
gap and are essential for catalysis,*64° they also suppress photoluminescence (PL) by
non-radiative recombination in the structures.>® On the other hand, the wave functions
of the electron and hole are affected by a growing quantum confinement in 2D MoS:
with decreasing lateral dimension. This leads to an increase of the band gap and the

electron-hole overlap of the excitons.5'-53

Since the lateral size of the 2D MoS: plays a key role for associated material properties,
we study laterally smaller MoS2 nanoplatelets (NPLs, 7.4 nm + 2.2 nm) and laterally
bigger MoS2 nanosheets (NSs). NPLs are ultrathin TMDCs at which the effects
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described above have to be taken into account. For NSs, the lateral sizes are large

(22 nm £ 9 nm) so that these effects are negligible.

(Liquid phase) exfoliation and chemical vapor deposition are well understood methods
used to obtain ultrathin TMDC layers.%>*-%0 Here, we focus on a bottom-up colloidal
chemistry route as emerging synthesis method for 2D TMDC NPLs and NSs which
offers control over the synthesis product by adjustable precursor and ligand
chemistry.4?-81 The starting point of recent TMDC syntheses is the work of Mahler et al.
on few-layered WS2 NSs.%? The authors used WCls and CS2 for the reaction and their
method yielded WS2 NSs by adding the precursors to oleylamine at 320 °C via slow
injection over 30 min. Syntheses adapted to MoS2 nanosheets typically make use of
MoCls,%" 83 or molybdenum(ll) acetate ([Mo(Ac)2]2)** as the transition metal precursor
and elemental sulfur, CS2 or thioacetamide (TAA) as sulfur precursor. Both, CS2 and
thioacetamide are more reactive than elemental sulfur, but they are also highly volatile
at reaction temperatures exceeding 300 °C and are carcinogenic or mutagenic. Zhou
and Zhang et al. were able to synthesize MoS2 NSs with lateral sizes of 20 — 40 nm by
altering the sulfur to molybdenum ratio of the precursors.** They used ([Mo(Ac)2]2) and
TAA as precursors and catalyzed the hydrogen evolution reaction efficiently and
durably with the synthesized MoS2 NSs. Using a design of experiment approach,
Pippia et al. studied the parameters of a MoS2 synthesis, optimized the yield of
monolayers and were able to obtain NSs that exhibited photoluminescence when
sandwiched between hBN layers.®" With MoCls and elemental sulfur as precursors,
they found an optimal reaction temperature of 290 °C and an optimum sulfur to
molybdenum ratio of 20.5, confirming an excess of sulfur to reduce vacancies at the
edges and within the NSs. Alongside these efforts, various studies on single precursor
syntheses have been investigated. Savjani et al. compared xanthate and
dithiocarbamate complexes as precursors and presented a hot-injection thermolysis of
[M0202S2(S2COEt)2].%* The rapid injection led to small MoS2 NPLs (<11 nm) which
were used in supercapacitor electrodes. Pang et al. reported [(NH4)2Mo0S4] as a single
precursor decomposing at 280 °C and obtained few-layer roselike MoS2 NSs.5°

Here we use the combination of a molybdenum and sulfur precursor for the reaction,
as this ensures the sulfur excess required and allows for the reactivity of the two
precursors to be adjusted independently. The molybdenum precursor MoCls is

dispersed in a 10 : 1 mixture of oleylamine (OIAm) and oleic acid (OA) forming an acid-
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base equilibrium.%¢ OA acts as a ligand and helps to improve the colloidal stability of
the MoS2 NSs and NPLs. Elemental sulfur is dissolved in OIAm and activated by
hexamethyldisilazane (HMDS) at 320 °C, which leads to the in situ formation of highly
reactive S4N4 rings.%” When the molybdenum precursor is injected over the course of
30 min into the sulfur solution, colloidal NPLs and NSs begin to grow. With this
approach, we can tune the intrinsic properties of colloidal 2D MoS2 NPLs and NSs
including the lateral size, and the crystal phase.*?: 68 6@ A TMDC monolayer is
composed of an atomic transition metal layer sandwiched between two layers of
chalcogen atoms with the two stacking patterns shown in Figure 21. The 2H phase is
thermodynamically stable, semiconducting and the allotrope of interest for optical
applications.”® " The 1T phase, on the other hand, is metallic, metastable, and
typically distorted.” The 1T phase, a distorted variant of the 1T phase, is semi
metallic, metastable and was recently reported in high phase purity obtained via
colloidal synthesis.”® Wet-chemical TMDC research is focusing increasingly on the
respective crystal phases and their formation, e.g. during the synthesis of MoS2, WS2
and MoSe2, WSe2 NSs 8- 62, 69,73, 74 However, the mechanism by which the individual
crystal phases are controlled and formed during the synthesis up to now lacks
systematic description. In order to unlock the potential of colloidal synthesis methods
for TMDCs we focus on two critical properties of 2D MoS2 NSs here: the crystal phase
and the morphology which we control by variation of the reaction time and
concentration of the molybdenum metal precursor. A short reaction time leads to
laterally small NPLs that are subsequently annealed to obtain phase pure
semiconducting MoS2 NPLs. We investigate the size-dependent optical properties of
MoS2 NPLs and NSs by steady-state and ultrafast transient spectroscopy experiments
and find that small NPLs lack the A excitonic feature in both, steady-state and transient
absorption spectroscopy (TAS) The B exciton in small NPLs decays by a single
process, whereas in larger NSs a two-step process is observed.® Our results
demonstrate the versatility of colloidal 2D MoS: for the first time, while also making a
broad range of lateral sizes accessible with a single synthesis protocol. Additionally we
show for the first time that the charge carrier dynamics in semiconducting 2D MoS:2
structures critically depend on their lateral size. This dependence has not been
observed before and is a promising way to tailor the behavior of excitons in colloidal

MoS:. By this synthetic approach, control over the electronic and excitonic properties
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of colloidal MoS2 NPLs and NSs is gained which will help to utilize them in upcoming

applications in the fields of photonics and catalysis.

a — 2H MX, b—1T MX,

Figure 21 MX2 TMDC monolayers with unit cells (orange): (a) typically obtained
semiconducting 2H phase with transition metal (M, blue) surrounded by sic chalcogen
atoms in a trigonal-prismatic coordination (X, yellow) while in (b) an octahedral
coordination of the transition metal atoms by the chalcogen atoms in the metallic 1T

phase is shown.
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3.1.3 Experimental

Chemicals

Oleylamine (OIAm, 70%, technical grade), sulfur (99.98%) and oleic acid (OA, 299%)
were acquired from Sigma-Aldrich. OIAm was degassed under oil pump vacuum and
stirring for 6 h at 160 °C. Subsequently, OIAm was stored under nitrogen. All other
chemicals were used as received without further purification and stored under nitrogen.
Molybdenum(V) chloride (MoCls, 99%), and hexane (anhydrous) were purchased from
Alfa Aesar. 1,1,1,3,3,3-Hexamethyldisilazane (HMDS, 98%) was purchased from
Acros Organics. MoCls and HMDS were kept at -25 °C inside a nitrogen filled glovebox.

MoS:2 nanoplatelet and nanosheet synthesis

A MoCI5 precursor solution with different concentrations (10 mM, 38 mM and 240 mM)
was prepared by mixing MoCls with OA and OIAm (Voa : Voiam = 1 : 10) inside the
glovebox and by stirring the mixture for 48 h at room temperature in a closed vial. In a
three-neck flask, 87.5 mg (2.73 mmol) elemental sulfur and 17 mL OIAm were mixed
inside the glovebox. The flask was subsequently connected to a Schlenk-line outside
of the glovebox for degassing under oil pump vacuum and stirred at 85 °C for 30 min.
During this step, the sulfur dissolved completely. The flask was then set under argon
flow, and 250 pL (1.22 mmol) HMDS were added with a syringe before the mixture was
heated to 320 °C. After reaching a constant temperature of 320 °C, 1.15 ml (11.5 ymol,
43.7 ymol and 276 umol, respectively) of the molybdenum precursor solution was
added to the flask by using a syringe pump over 30 min with a rate of 2.3 mL h-'. Sulfur
is present in excess with respect to molybdenum (237 eq., 62 eq. and 9.9 eq.). After
the addition of a few molybdenum precursor drops, the clear yellow sulfur/HMDS
solution turned black and opaque immediately. After 10 min and 30 min at 320 °C,
aliquots were taken by using a syringe. The remaining reaction solution was kept at

320 °C for 30 min and was allowed to cool to room temperature afterwards.

The precipitation and redissolving of the colloidal 2D MoS:2 was performed inside a
glovebox to prevent any reaction of the NPLs and NSs with oxygen. The synthesis
product was precipitated by adding 16 mL hexane and centrifugation for 10 min at
3300 rcf. The clear light brown supernatant was decanted and discarded. The MoS:2
NPLs and NSs were redispersed in 5 mL hexane, ultrasonicated for 5 min, and kept

under nitrogen for characterization.
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Absorption

Absorption spectra were acquired by using a Varian Cary 5000 UV-Vis-NIR
spectrometer. Measurements were performed on colloidal MoS2 NPLs and NSs in
hexane inside an integrating sphere to correct for scattering. Absorption
measurements at cryogenic temperatures were performed by drop-casting the

samples on glass slides and without using an integrating sphere.
Transmission electron microscopy (TEM)

TEM images were recorded with a Tecnai G2 G20 TMP microscope from FEI with an
acceleration voltage of 200 kV. The samples were drop-casted onto a carbon coated

copper grid by Quantifoil.
X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed on a home-built spectrometer. A multi-chamber
ultra high vacuum system with a base pressure of 2 x 10-'° mbar was used. The system
is equipped with a monochromatic Al Ka radiation source (XR 50 M, Specs) and a
Phoibos 150 DLD hemispherical photoelectron analyzer. Measurements were
performed in fixed analyzer transmission (FAT) mode. The binding energy was
calibrated with respect to the Au4f;» (84.0 eV) and the CuZ2ps. (923.6 eV) peak
positions. At the chosen pass energy of 30 V for detailed spectra, a resolution of about
550 meV was achieved. The peak fitting of XPS spectra was performed using the
program Unifit.”®> A Voigt profile peak shape (Convolution of Gaussian and Lorentzian
peaks) and a Shirley model background were used. MoS2 NPL and NS samples were
prepared by drop-casting 30 yL of a 1 mM colloidal dispersion in hexane onto a gold
coated substrate. The substrates were fabricated in the LISA+ facility in Tibingen by
coating a commercially available four-inch silicon wafer with 10 nm of chrome followed

by 50 nm of gold. For XPS, samples were prepared on 10 x 10 mm? wafer cuts.
Transient absorption spectroscopy (TAS)

The colloidal NPLs and NSs were prepared in hexane in quartz cuvettes with a
pathlength of 2 mm and were stirred consistently in order to prevent photocharging.”’
Ultrafast carrier dynamics were investigated by broadband pump-probe spectroscopy
in a setup described previously and briefly covered here.”"- 76 77 aser pulses with a

central wavelength of 800 nm and a pulse width of 100 fs are generated by a
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Ti:sapphire amplifier system (Spectra-Physics, Spitfire ACE) and split in two parts in
order to generate pump and probe (90 : 10) beam. The wavelength of the pump beam
is adjustable from 300 nm to 2100 nm using nonlinear frequency mixing in an optical
parametric amplifier and second harmonics generation system (TOPAS). The probe
pulse is a broadband supercontinuum which is generated by using nonlinear processes
in a calcium fluoride or sapphire crystal, allowing probing from 320 nm to 1600 nm
(Ultrafast, Helios FIRE). Delay of the probe pulse by up to 8 ns after initial
photoexcitation can be set via an automatic delay line. Pump and probe beam pass
the sample with a maximized overlap. The attenuated probe beam is directed into a
fiber-coupled detector array at different delay times to track charge carrier dynamics

that cause changes in the absorption.
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3.1.4 Results and Discussion

MoS:2 nanosheet morphology and crystal phase

The colloidal MoS2 NPLs and NSs in this work are investigated with respect to the
shape and the crystal phase. The shape of 2D MoS2 NSs and NPLs is specified by
their lateral dimension and their number of layers. We use TEM to characterize the
shape of colloidal MoS2 NSs in low and high resolution. Figure 22 shows an analysis
of for MoS2 NPLs and NSs synthesized with two different molybdenum precursor
concentrations (low: 10 mM and high: 240 mM). The low concentration yields NPLs
and the high concentration yields intertwined NSs, respectively (see Figure 22 a-d).
We expect the intertwining to be driven by a low surface ligand coverage as has been
reported for colloidal WSe2.%° For WSez, a ligand density of 0.5 to one molecule oleic
acid per nm? is reported, a value considerably lower than a typical surface coverage of
four molecules per nm? found in oleic acid-stabilized spherical PbSe nanocrystals.®% 78
In our samples, the presence of bound ligands | supported by FTIR spectroscopy (see
Figure S1, Appendix A). Both NPLs and NSs exhibit signals between 2800 cm™' and
3050 cm™" originating from the oleyl group of eighter OIAm or OA.”® The C=0 stretching
mode at 1708 cm™' suggests monodentate OA in our samples. Vibrations at 1402 cm-?
and 1530 cm™ attributed to a symmetric and antisymmetric COO- stretching mode are
missing, ruling out the presence of oleate acting as a bidentate ligand.8° The lateral
dimension of colloidal 2D MoS: is estimated by single flat-on oriented NPLs and NSs
emerging next to regions of intertwined structures in HRTEM images. Flat-lying NPLs
and NSs are identified by a difference in contrast to the background and by domains
of lattice planes, as shown in Figure S2. The respective lateral size was determined
by these flat-laying NPLs and NSs. We find that the low molybdenum precursor
concentration (10 mM) leads to small MoS2 NPLs with a lateral size of 7.4 £ 2.2 nm,
N = 84 and the high concentration (240 mM) to laterally larger NSs with lateral sizes of
22 + 9 nm, N = 59 (Figure S2 a and b). The growth rate after the MoS2 nucleation step
is higher for a higher precursor concentration leading to the formation of NSs.8
Consequently, a lower growth rate for the small precursor concentration leads to the

formation of small MoS2 NPLs.

The number of layers in colloidal 2D MoSz: is crucial for their optoelectronic properties
with the band gap in monolayer MoS2 being direct and indirect in multilayered

structures.®? The TEM analysis shows monolayers of MoS:2 (see Figure S2 b, d and
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Figure S2 a, b) mainly.% 4 However, partly we find few-layered 2D MoS: with a
molybdenum to molybdenum layer distance of 7 A. This value is increased with respect
to the bulk layer distance of 6.15 A,83 84 which is caused by the colloidal NSs having a
twisted shape, therefore exhibit in non-optimal stacking. In samples with high
molybdenum precursor concentration (240 mM, Figure 22 d), few layered NSs were

found more frequently than in low molybdenum precursor synthesized NPLs.

We apply four characterization methods for determining the crystal phase of MoS2
NPLs and NSs: high-resolution TEM (HRTEM), selected area electron diffraction
(SAED), powder X-ray diffraction (PXRD), and X-ray photoelectron spectroscopy
(XPS). XRD and SAED provide information about the periodicity of the 2D MoS: crystal
lattice, whereas XPS is used to determine the binding energies of the individual atomic
species to quantify the 1T : 2H phase ratio. HRTEM, SAED and PXRD confirm the
presence of the hexagonal lattice of MoS2 NPLs and NSs. Figure S2 a and b show
the hexagonal pattern of flat-laying MoS2 NPLs and a single NS, respectively. In Figure
S2 ¢ and d, the FFT of a single NPL and NS are shown, confirming the presence of
distinct reflexes stemming from the hexagonal lattice. We find a ring pattern between
0.27 nm and 0.28 nm corresponding to the (100) reflex for all synthesized MoS:2
samples (see Figure S3). These values are in agreement with the (100) reflex at a
distance of 0.274 nm in bulk MoSz in the 2H crystal phase (ICDD 00-037-1492). SAED
measurements shown as insets in Figure 22 b and d, we find a 0.283 nm radius of the
(100) ring for small MoS2 NPLs and 0.275 nm for larger NSs. Distances were obtained
by radial integration of the SAED image (see Figure S4). With SAED, an expansion of
3% was detected in small MoS2 NPLs, which indicates a negative surface stress
induced by the edges.® The hexagonal crystal structure was also verified by PXRD
(see Figure S5) for MoS2 NPLs and NSs. The diffractograms match the reference
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reflexes of bulk 2H MoS2 and are broadened as expected for strongly confined

systems.

o R

ge 0.283.nm
=

Figure 22 The size of colloidal MoS2 NLPs and NSs depends on the molybdenum
precursor concentration: (a and b) low Mo-precursor concentration (10 mM) lead to
MoS2 NPLs with smaller lateral sizes, (¢ and d) MoS2 NSs synthesized with high Mo-
precursor concentration (240 mM) yield larger NSs. The insets in (b) and (d) represent

selected area electron diffraction patterns of the associated MoS2 sample.

Figure 23 a and b show XPS data of the Mo3d core levels of MoS2 NPLs synthesized
with a precursor concentration of 10 mM after 10 min, as well as after 60 min reaction
time, respectively. We attribute the spin-orbit doublet between 228 eV and 234 eV to
Mo**, containing 3ds» and 3ds» signals of both the 1T and 2H phase of MoS2. The
crystal-field symmetry of the MoS2 moiety in the 1T phase (On) decreases the binding
energy of the Mo3d core level by about 1.0 eV with respect to the 2H phase with Dsn
symmetry.86-88 |n excellent agreement with previously reported values for MoS2, the
binding energy of Mo3ds2 peaks of the 1T (red) and 2H (green) phase is 228.7 eV and
229.7 eV, respectively.8%-91 All components were fitted using the same peak shape
(Gaussian FWHM, Lorentzian FWHM). We tentatively attribute the remaining intensity
around 236 eV to the presence of a Mo®* species, which may originate from oxidation

by the formation of water due to the condensation of oleic acid and oleylamine.%% °1. 92
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The binding energy of the corresponding 3ds2 component is 233.3 eV. Such unspecific
oxidation is also resembled by the rather large total FWHM of 1.6 eV of the signal.
Using the fitted and deconvoluted Mo** 3d signals, we find a relative 1T phase content
of 43.3% after 10 min of reaction time (Figure 23 a) and 14.9% after 60 min (Figure
23 b). An increase of the reaction time from 10 min to 60 min supports the formation of
the 2H phase in MoS2 NPLs and NSs with further examples for higher molybdenum
precursor concentrations of 38 mM and 240 mM shown in Figure S6 and summarized
in Figure 23 c. Furthermore, a high precursor concentration leads to an increased

initial 2H/1T phase ratio, which rises with reaction time.

With a high precursor concentration of 240 mM and a reaction time of 60 min, we

achieve a phase purity of 94% for the semiconducting 2H phase in MoS2 NSs.

Following the Ostwald step rule (see scheme in Figure 23 d), the metastable synthesis
product (the MoS2 1T phase in our case) forms first during the reaction if the free
energy barrier towards the metastable product is smaller than towards the
thermodynamically more stable product (here the 2H phase).®® 93 % According to
calculations by Qian et al., 1T and 1T crystal phases are not separated by an energy
barrier in MoS2 monolayers which makes the slightly distorted 1T" crystal phase the
actual metastable phase.”® However, we expect that the XPS binding energies for the
1T and 1T phases are very similar, as the coordination of the molybdenum atoms

remains the same.

In addition to the general observation that the proportion of the 1T phase vanishes over
the course of the reaction, Figure 23 ¢ gives information about the dependence on
MoS:2 synthesis products on the Mo-precursor concentration. We find that the 1T phase
fraction is lower for syntheses with high Mo-precursor reactivity with rising pressure
concentration. The MoS:2 crystal growth is accelerated and crystal defects are more
likely to occur.?® A high defect concentration in turn may lead to a reduced energy
barrier between the 1T and 2H phase and subsequently to a more straight-forward
conversion of the 1T to the 2H crystal phase. This hypothesis is supported by the lower
1T phase fraction obtained by XPS analysis (see Figure 23 d). We note that a higher
defect concentration in TMDC NSs synthesized at high precursor concentrations was
recently also reported by Zhou et al. for WSe2 NSs.8° By combining our results of size
and crystal phase control by injection and annealing time as well as precursor

concentration, we are able to synthesize laterally size-tailored colloidal MoS2 NPLs
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and NSs. In the following, we compare semiconducting MoS2 NPLs and NSs in terms

of their optoelectronic characteristics.

oV

O EDRTY 17 : 43.3% Data| Figure 23 The 1T crystal phase
— Fit fraction in colloidal 2D MoS:2

Mo** 3d., (2H) /°
[, 4; P
Mo™ 3d;, (1T) | decreases over the course of the

Mo** 3d,,, qu)

reaction. (@ and b) XPS spectra of

MOM,Sd” . M"“ 34, (1T) | MoS2 NPLs prepared with a low Mo-
10 mM, 60 min SREEEREX-R Data | precursor concentration after reaction

Fit
Mo* 3d,, (2H)

Mo* 3d,, (2H) times of 10 and 60 min, respectively.

Mo® 3d., J

The spectra reveal that the relative
Mo®* 3d,,

area of the 1T doublet (red) decreases
from 43.3% to 14.9% with respect to
the 2H signal area. (c¢) The relative 1T

Intensity (a.u.) o Intensity (a.u.)

Mo‘*‘sd {'1T]- Mu‘“ E-d [1T].
238 236 234 232 23!3 228 226 224
Binding Energy (eV)

signal area quantified by XPS is

(9]
)
(=]

4—10 mM plotted vs. the reaction time for three
#— 38 mM _ _
—o—240 mMm | different Mo-precursor concentrations

40

and shows that the 1T phase vanishes
in each case. (d) A scheme of the

T \:J Ostwald step rule applicable to
D 1 1

—Enjemlon—pl—ﬁ.nneaimg—p colloidal 2D MoS2 NPLs and NSs.
0 10 20 30 40 50 60
Reaction time (min)

.?.'i"‘.
P
/

1T signal area
(relative, %)

Both, the metastable 1T phase and

d thermodynamically stable 2H phase,
. are formed initially. Subsequently, the
'&Gpreﬂ 2H
o - “iﬂG;rec . 1T phase is transformed into the
ﬂ} precursors thermodynamically stable 2H phase at
£ [N solution elevated temperatures.
= - *
$ ______ . IﬂGH 2H
@ metallic 1T phase
(T
semiconducting 2H phase

Structure / Reaction time

64



Publications

Optoelectronic properties and exciton dynamics of MoS2 nanosheets and

nanoplatelets

The exciton Bohr radius rsonr in 2D MoS2 monolayers is reported to range from 1 nm
to 1.8 nm in the lateral dimension.%-%” We therefore expect NPLs with sizes in the
range (smaller or above) of 3.6 nm to exhibit photophysics different from their larger
NS counterparts. The lateral size of synthesized MoS2 NPLs and NSs range from
74+£22nm to 22+9 nm, respectively. To control the influence of the phase
composition, we anneal MoS2 NPLs for 5 h at 320 °C under inert gas conditions. During
annealing the lateral size of the NPLs remains constant (see Figure 24 a). The metallic
1T phase content gradually decreases in favor of the semiconducting phase during this
annealing step (see Figure 24 b and Figure S7) and the reaction ends with 100% of

the 2H phase.

Crystal Phase (XPS) and Size (HRTEM)
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Figure 24 MoS2 NPLs synthesized with a low 10 mM Mo-precursor concentration and
annealed for 5 h. (a) During annealing, MoS2 NPLs retain their lateral size. (b) The 1T
crystal phase content is transformed to the semiconducting 2H phase during the
annealing and yields pure 2H phase NPLs after 5 h (for detailed XPS spectra, see

Figure S7)

MoS2 NPLs exhibit an absorption feature between 2.0 and 2.3 eV (see Fig. 5 a). For
further assigning this rather broad absorption, cryogenic measurements (at 80 K) were

performed. We filtered the data for noise reduction and calculated the second
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derivative (see Fig. 5 b). We find, that two distinct absorption features emerge, when
lowering the temperature. At 80 K the A and B excitonic features are clearly resolved
at 2.0 eV and 2.2 eV, with a FWHM of 81 meV and 201 meV, respectively. At room
temperature, these features are closely spaced, resulting in a combined broader
feature (FWHM of 225 meV). MoS2 NPLs are then compared to laterally larger NSs
that are dominated by the semiconducting crystal phase (94%) with respect to their
absorption and transient absorption features, shown in Figure 26 (at room
temperature). The A and B excitonic transitions lead to an absorption at 1.88 eV
(661 nm) and 2.03 eV (611 nm) in larger MoS2 NSs (see Fig. 6 a, orange, lateral sizes
of 22 + 9 nm). We determine the parameters of the absorption features using the
second derivative of the absorption spectra shown in Figure 26 b. The energy region
of the A and B exciton is fitted by Gaussian functions (see Figure S8). For laterally
small NPLs (Fig. 6 a, blue, lateral sizes of 8 + 4 nm for specific synthesis), a single
absorption feature is observed at 2.10 eV. We attribute this feature to the B exciton
overlapped by a less pronounced A excitonic feature, as is described in Figure 25 b.
The combined feature is hypsochromically shifted by 70 meV with respect to the B
exciton when the lateral size of the MoS2 NSs is reduced to NPLs, indicating an
additional lateral confinement of the structures. Furthermore, the A, B exciton feature
is broadened by a factor of 2.0 for small NPLs, which could be caused by
inhomogeneous broadening (8 £ 4 nm) of the MoS2 NPL samples with respect to
lateral confinement. The intensity of the combined excitonic feature relative to the band
nesting absorption at 3 eV is significantly reduced in MoS2 NPLs. This reduced
absorption might be caused by a decreased oscillator strength as argued by Ayari et al.
for 2D CdSe NPLs.®® The authors state the oscillator strength to be proportional to
LxLy/reon?, with Ly and Ly being the dimensions in the lateral direction in 2D CdSe NPLs.
A smaller lateral size therefore lowers the oscillator strength and the intensity of the
respective absorption features. Although the energetically lowest absorption features
for MoS2 NPLs and NSs are at 2.10 eV (590 nm) and 1.88 eV (659 nm), respectively,
the absorption threshold of both samples is at 1.8 eV (689 nm). We determine the
absorption threshold by using the Tauc plot (see Figure S9).
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Figure 26 Optoelectronic properties and exciton dynamics of semiconducting MoS2
NPLs and NSs at room temperature. (a) Steady-state absorption spectra of laterally
small MoS2 NPLs (blue) and laterally larger NSs (orange). In NSs the A, B, and C
exciton are at 1.88 eV, 2.03 eV, and 2.9 eV, respectively, and appear as maxima or
shoulders. (b) Second derivative of the smoothed steady state absorption spectra
shown in (a). With this plot, the spectral positions of the absorption features are
accurately determined. The absorption feature in MoS2 NPLs which we attribute to
both, the A and B exciton, is broadened by a factor of 2.0 with respect to the B exciton
in NSs. (c—f) Transient absorption spectra, photoexcitation at 420 nm (2.95 eV) under
50 uJ cm=2 fluence. (c) Spectral linecut averaged from 200 to 350 fs after
photoexcitation with the A, B and C excitons bleached in larger MoS2 NSs, while
smaller NPLs exhibit only the B and C exciton bleach features. (d and e) Color-coded
transient absorption hyperspectra of the MoS2 NPLs and NSs exhibiting different
decay dynamics. (f) Laterally smaller MoS2 NPLs exhibit a fast monoexponential B
excitonic bleach decay, while in larger NSs the B exciton decays with two

contributions as is discussed in the text.

Photoluminescence in the MoS2 NPL and NS ensemble was not observed and could
be a result of midgap states, excess charges leading to trions,® and/or strong
reabsorption. However, studies on colloidal MoS2%' and WS2%° show, that by efficient
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defect passivation and hBN encapsulation to prevent trion formation,
photoluminescence in single colloidal MoS2 can be obtained, which we pursue in
continuation of this work. We characterize the exciton dynamics in MoS2 NPLs and
NSs with ultrafast transient absorption spectroscopy shown in Figure 26 c—f. MoS:2
NPLs and NSs are dispersed and photoexcited with 100 fs laser pulses at 2.95 eV
(420 nm) in the C exciton region of MoS:. Figure 26 ¢ shows that each feature visible
in the steady-state absorption spectrum appears as a negative bleach signal in the
transients. For both, the MoS2 NPLs and NSs, the AA spectra shown in Figure 26 ¢
resemble the second derivative of the steady state absorption spectra shown in Figure
26 b. The second derivative of the steady state absorption approximating AA was
observed by Norris et al. for CdSe nanocrystals before.®® The authors explain this
phenomenon by a trapped carrier induced stark effect resulting in a shift and
broadening of the absorption spectrum after excitation. However, extensive transient
absorption studies are necessary and performed currently to prove if this applies to
MoS2 NPLs and NSs. The larger MoS2 NSs exhibit exciton dynamics similar to values
previously reported for colloidal MoS2 NSs.36 100 Briefly, the photoexcitation
depopulates the valence band at the A, B and C transitions in the band structure,
resulting in in bleach signals at the respective energies (1.88 eV, 2.03 eV, and 3 eV,
see Figure 26 b-d) in MoS2 NSs. Excitonic decay progresses fast by sub-picosecond
hole capture due to energy states in the band gap, followed by a slow carrier-carrier
recombination and capturing by the midgap states.3® The two processes are reflected
by a biexponential decay of the bleach features. The B excitonic bleach decays with

time constants of 240 £ 50 fs and 10.6 = 2.1 ps, respectively.

However, laterally small MoS2 NPLs don’t show the slower decay process, the B
excitonic bleach feature is fitted with a monoexponential decay with a time constant of
190 + 60 fs. This value is on the time scale of hole capturing by midgap states and
strongly suggests that the charge carrier dynamics in small MoS2 NPLs is indeed
determined by edge states, which are rising in relative amount with decreasing NPL

size.
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3.1.5 Conclusion

Colloidal synthesis represents a versatile tool for precisely tailoring the optical
properties of TMDCs by a bottom-up wetchemical method, especially for lateral size
and crystal phase. For the first time, we show the direct synthesis of semiconducting
MoS2 NPLs and larger NSs with the same method by simply varying the molybdenum
precursor concentration and the reaction time with a higher precursor concentration
leading to larger NSs. We find that at early synthesis times, a mixture of the 2H and 1T
crystal phase is present in the 2D MoS:2 reaction. The 1T content decreases in favor of
the formation of the 2H phase over time, following the Ostwald step rule. With the
synthesis method shown here, both phasealloyed and phase pure semiconducting
ultrathin 2D MoS2 NPLs and NSs of lateral size approaching and above the exciton
dimension of MoS2 are accessible, making the additional lateral confinement of 2D
excitons experimentally explorable. We use the Ostwald step rule to convert MoS:2
NPLs and NSs into phase-pure semiconductors that exhibit different excitonic decay
dynamics. The confinement in the lateral plane strongly affects MoS2 NPLs that show
a significant higher number of edge states due to their small dimensions. This leads to
an ultrafast exciton decay by hole trapping and in turn represents an important starting
point for the synthetic design of TMDC heterostructures for further controlling and

increasing emissive excitonic recombination processes.
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3.2.1 Abstract

We investigate the interfacial electronic structure of n-type bulk MoS2 upon the
adsorption of CoPc and CoPcF1s mono- and few-layers using advanced spectroscopic
techniques. These include X-ray photoelectron spectroscopy (XPS), X-ray absorption
spectroscopy (XAS), angle-resolved photoelectron spectroscopy (ARPES), and
ultraviolet photoelectron spectroscopy (UPS). Our findings indicate that the adsorption
of CoPc enhances the degree of n-doping at the interface with MoS2. In contrast,
CoPcF1s results in a nearly intrinsic position of the Fermi level. Furthermore, we note
the formation of an induced gap state near the valence band maximum for monolayer
CoPcFi6 on MoS2. These observations underscore the potential to fine-tune the
interfacial electronic properties of transition metal dichalcogenides through molecular

functionalization for tailored electronic applications.

3.2.2 Introduction

As electronic component miniaturization progresses, innovative materials and their
unique interactions become pivotal to the ongoing evolution of semiconductor devices.
Transition metal dichalcogenides (TMDCs), such as molybdenum disulfide (MoS2),
have gained significant attention in this context. These materials possess a layered
crystal structure, tunable bandgaps and high carrier mobilities, making them especially
appealing for use in optoelectronics, photovoltaics and field-effect transistors.'91-195 To
further refine these semiconductor components for targeted applications, merging
TMDCs with organic semiconductors is a promising strategy, also because it preserves
the structural integrity of the TMDCs."% Past endeavors in this direction have involved
functionalization with strong electron acceptors such as (fluorinated)
tetracyanoquinodimethane  (TCNQ)'™7-" fluorinated fullerenes'?, and 4-
nitrobenzenediazonium tetrafluoroborate (4-NBD)'"3, all of which induce p-type doping
of the TMDC by integer charge transfer. Similarly, n-doping has been achieved through
functionalization with different organic and inorganic heterostructures. 113-119 A large
portion of research was dedicated to mono- and few-layer TMDCs and there are few
studies that deal with bulk crystals and even less with heterostructures. Given that the
number of layers is crucial for the properties of the electronic structure, expanding the
research to bulk crystals is necessary to gain a deeper understanding of

heterostructures from organic molecules and TMDCs.
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Transition metal phthalocyanines (TPcs) are a versatile class of organic
semiconductors. Their inherent chemical variability makes them especially intriguing
for studies focused on organic-inorganic semiconductor heterostructures. A key aspect
of TPcs is the substitutability of the central atom and the alterability of peripheral
positions, like fluorination, which significantly impacts their ionization energy and
affects energy level alignments in heterostructures (e.g. Ref.'20-122) Notably,
phthalocyanines are anticipated to exhibit weak interactions on van der Waals
surfaces. Such interactions can be beneficial for customizing the electronic properties
of TMDCs, since a strong interaction, accompanied by an integer charge transfer,

would result in an undesirable localization of the charges at the interface.

By constructing such weakly interacting TMDC/TPc heterostructures, the
photoresponsivity and response time in phototransistors were improved compared to
the pure TMDC components.'?3-27 Furthermore, TPcs could be used for defect
engineering and the resulting enhancement of photoluminescence quantum yields. 2%
130 In this work, we seek to modify the type and concentration of charge carriers in n-
type MoS2 by adsorption of cobalt-phthalocyanine (CoPc) and its perfluorinated
derivative (CoPcF1s). While the interface between TMDCs and other TPcs has been
explored previously, the effect of the cobalt derivatives has not been studied so far.3'
Moreover, this work contributes to the understanding of charge transfer processes and

interface states in general which is still under investigation.32-135

Using synchrotron-based X-ray photoelectron spectroscopy (XPS), X-ray absorption
spectroscopy (XAS), and angle-resolved photoemission spectroscopy (ArPES),
complemented by ultra-violet photoelectron spectroscopy (UPS) and a laboratory-
source XPS, we systematically examine the interface of these heterostructures. Our
results indicate that it is possible to tune the properties of MoS2 merely by the choice
of CoPc vs. CoPcF1s. We find evidence for the formation of an induced gap state with
CoPcF16, which is absent with CoPc. This research provides important insights into
tuning the semiconductor properties of TMDC-based devices.
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3.2.3 Experimental

All experiments were conducted either at the LowDosePES endstation of the PM4
beamline (BESSY Il, Helmholtz-Zentrum Berlin, Germany)3% 36 or with our laboratory
setup under ultra-high vacuum (UHV) conditions (base pressure at the LowDosePES
endstation 1 - 10-'9 mbar and 5 - 10-'° mbar at our home system). At the LowDosePES,
the clean MoS:2 surface was examined with XAS, XPS and ArPES using an angle-
resolved time-of-flight detector (ARTOF)."® This detector offers high efficiency
compared to conventional hemispherical analyzers, thus enabling experiments at
lower photon flux, mitigating potential radiation damage to phthalocyanines in
prolonged experiments with longer radiation exposure times. XAS measurements were
carried out in the total electron yield mode measuring the sample current. For energy
calibration we used a gold single crystal which was cleaned by repeated cycles of
argon ion sputtering and annealing. After each change of the excitation energy, the
Au4fz7, (84.00 eV) binding energy was measured, and consecutive measurements
calibrated to this. For photoemission experiments with excitation energies of 900, 300,
230 and 75 eV an energy resolution of 1492, 188, 133 and 69 meV was estimated,
respectively. For the ArPES measurements, we utilized a photon energy of 75 eV and
chose a detector acceptance angle of 30 degrees to probe with a maximum kj value
of approximately 1.16 A='. We chose this photon energy as for a good compromise
between intensity and reciprocal space resolution and extension. The calculated
distances in the reciprocal space from I' to K is 1.325 A=* and 1.147 A~ from I to M
for the hexagonal MoS: lattice with a lattice constant of 3.162 A.'37 |t was possible to
probe the full Brillouin zone at this energy, provided the sample is titled such that the
gamma point ends up at the edge of the detector field of view (see Figure S10,
Appendix B). Using the kx versus ky momentum map, we traced the path through
reciprocal space from K to I' to M and plot the energy dispersion diagrams (see red
lines in Figure 28 e and f). Photoionization cross sections were taken from Yeh and
Lindau® and employed for calculations, while the inelastic mean free path of
photoelectrons was determined according to Seah and Dench.? For each series of
experiments, a crystal was freshly cleaved. Different crystals were used for the
experiments, but care was taken to ensure that specific phthalocyanines were only

studied with certain crystals, preventing any cross-contamination.
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3.2.4 Results and Discussion

The energy level alignment and position of the Fermi level can be, in a first
approximation, indirectly monitored via the binding energy of the substrate core level
peaks, assuming rigid shifts of core and valence band levels (e.g. Ref. '38). S2p and
Mo3d core level spectra, (measured at the LowDosePES endstation and at our home
setup) are presented in Figure 27. We choose low excitation energies for the
synchrotron experiments to ensure that the measurements are as surface-sensitive as
possible. For details on the calculation of the inelastic mean free paths for all
experiments and photon energies we refer to the Appendix B (Table S 1). Briefly, the
experiments at the LowDosePES endstation probe mostly the first layer, considering
an MoS2 monolayer thickness of about 0.7 nm." In contrast, the experiments at the
lab spectrometer with an Al Ka source and an inelastic mean free path of the
photoelectrons of about 2.4 nm are more volume-sensitive. Figure 27 a and b display
the S2p core-level spectra, collected at an excitation energy of 230 eV before and after
the exposure of MoS2 to CoPc and CoPcF1s, respectively. Similarly, Figure 27 ¢ and d
depict the Mo3ds.. core-level spectra, recorded at an excitation energy of 300 eV for
the same two interfaces. The layer thicknesses of 0.34 nm corresponds approximately
to a monolayer coverage,'3® whereas thicker films of 1.16 nm (CoPc) and 1.71 nm
(CoPcF16) represent multilayers in the case of flat lying molecules. The spectra of the
freshly cleaved surfaces which serve as reference points, are represented in black in
both figures. The binding energies of the Mo3ds.2 signals (229.20 eV (Figure 27 a) and
229.25 eV (Figure 27 b)) and S2ps» (162.15 eV (Figure 27 ¢) and 162.20 eV (Figure
27 d)) are typical for 2H-Mo0S2.8° 40 Although we observe a slight difference of 50 meV
between the fresh samples (e.g. due to different defect densities)'#" 42, we do not
expect a great influence from this difference on the interaction between the MoS:2 and
the phthalocyanines. The deposition of the first layer of CoPc and CoPcF1s causes a
binding energy shift of the MoS2 core-level spectra. A shift of 0.3 eV towards higher
binding energies (Mo3ds/2 at 229.50 eV and S2ps, at 162.45 eV) is observed after the
deposition of the first CoPc layer (illustrated by the light green curves in the figures).
Conversely, with CoPcF1s there is a decrease of 0.3 eV (Mo3ds», at 228.93 eV and
S2ps» at 161.90 eV) in binding energy (represented by the light lilac curves in the
figures). The deposition of subsequent layers of the phthalocyanines has a comparably
negligible effect (curves in darker shades of green and lilac). In the more volume-
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sensitive experiments on the laboratory spectrometer, we obtain the same result for
the CoPc/MoS:2 heterostructure (Figure 27 e and f). In contrast, with CoPcF1s (Figure
27 g and h) no shift to lower binding energy is observed. This indicates that the

interaction primarily occurs on the top layer of the molybdenum disulfide.
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Figure 27 X-ray Photoelectron Spectroscopy (XPS) measurements of the core-levels
of MoS: following deposition of CoPc and CoPcF1s. The spectra of the freshly cleaved
surfaces appear in black. Green and lilac colors correspond to shifts in binding energy
following the deposition of the CoPc and CoPcF 16 layers respectively. S2p core-level
spectra for MoS2 with CoPc shown in (a) and (e) and with CoPcF16 shown in (b) and
(F). Mo3d core-level spectra for MoS2 with CoPc shown in (¢) and (g) and with CoPcF1s
shown in (d) and (h). Spectra in (a), (b), (¢) and (d) acquired at LowDosePES end-
station, spectra in (e), (f), (g) and (h) acquired at the home setup.

Generally, shifts of core level binding energies of semiconductor materials (as probed

by XPS) can be caused either by changes in the (chemical) environment of the
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considered atom, or by the variation of the position of the reference level, the Fermi
level. In the present case, the quantitatively identical shift of the positions of the Mo3d
and the S2p binding energies, indicate a shift of the substrate Fermi level because of
the deposition of molecules, that is, an (interface) doping. Such doping-related core
level shifts are well-known: For example, for silicon the Si2p binding energy of heavily
n-doped silicon is found at higher values compared to heavily p-doped silicon.'3 These
findings fit well to other previous investigations of doping in different heterostructured
TMDCs. 112, 113, 119, 144

To gain a deeper understanding of the origin of this doping, we map the band structure
obtained by angle-resolved photoelectron spectroscopy (ARPES) in Figure 28. Figure
28 a and b display the energy dispersion diagrams for freshly cleaved MoS2, while
Figure 28 ¢ and d depict the diagrams after deposition of monolayers (0.34 nm) of
CoPc and CoPcF1s, respectively. All energy dispersion diagrams were extracted from
cuts through the momentum maps shown in Figure 28 e and f and the paths are
indicated by the red lines. We omit the dispersion diagrams for the thicker films here,
as the method is highly surface-sensitive, and substrate-related features are no longer
visible, which makes tracing a comparable momentum cut not reliable. To further
illustrate changes upon deposition, Figure 28 g and h represent the integration over
the imaged area of the detector for all spectra. The intensity is normalized to facilitate
a comparison. The valence band maxima (VBM) at the I point for the two freshly
cleaved substrates were found at 0.92 and 0.77 eV (Figure 28 a and b), indicating
slight n-type doping, when considering a band gap of 1.23 eV.? We note that even in-
situ cleaved samples can exhibit a slightly different position of the Fermi level,
depending crucially on the number of step edges and other defects in the analyzed
area. However, the careful monitoring of the measurement spot (diameter 0.1 mm) on
the sample enables the analysis of the same sample region before and after the
deposition of the molecules. For CoPc deposition, we observe a positive shift
(+ 0.21 eV) of the I point to 1.13 eV, while for CoPcF 16 deposition, the " point moves
(-0.11 eV) to 0.66 eV. The direction of these shifts is consistent with the results
obtained from XPS core-level measurements, but it is worth noting that the magnitude
of these shifts is different. This shows that rigid shifts in the measured core-level
provide a qualitative indication of changes in the Fermi level's position. However, for a

more precise analysis, the valence band region must be examined.
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The same ARPES measurements also reveal details about the electronic properties of
the deposited molecular monolayers. For CoPc (Figure 28 c¢), we locate the HOMO
(Highest Occupied Molecular Orbital) maximum at around 0.9 eV and the on-set at
around 0.6 eV, e.g. slightly above the energy of the VBM of MoS2. As expected for
phthalocyanines, we find an intensity variation depending on the angle of emitted
electrons with the highest state density around 1.5 — 1.7 A1, 5 145,146 that is, in the
vicinity of the K- and M-point of MoS: visible in the momentum maps at 0.8 eV shown
in Figure 28 e. We note that for thicker CoPc films, the HOMO maximum is found at
1.05 eV (Figure 28 g) and the on-set at around 0.75 eV. A possible reason might be
that screening effects at the interface occur in both the MoS2 and the CoPc, which has
also been observed for phthalocyanines on metal substrates.’”. 148 When fitting the
HOMO peaks of the monolayer and thicker CoPc films with an Gaussian function we
find two different full width half maxima (FWHM) of 0.36 and 0.4 eV respectively. Those
differences can be explained by an inhomogeneous film growth but also by molecule-

molecule interactions, 49 150 which also cause energetic shifts of the HOMO.
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Figure 28 (a — d) Energy dispersion diagrams for different pathways through the
Brillion zone. (a) and (b) show measurements of the clean surface while (¢) and (d)
show the dispersion diagrams after deposition of CoPc and CoPcF 16 respectively. In
(e) and (f), momentum maps at 0.8 eV are show for the respective CoPc/MoS2 and
CoPcF16/MoS2 heterostructures. The red lines indicate the cuts taken to obtain the
energy dispersion diagrams for (a — d). In (g) and (h) the integrated and normalized
spectra for the clean MoS2 crystals and after deposition of the respective

phthalocyanines are shown.

79



Publications

For CoPcF16 (Figure 28 d), we locate the HOMO maximum at around 0.8 eV with the
highest state density again near the K- and M-points (see momentum map in Figure
28 f), an on-set at 0.65 eV (Figure 28 h) and a FWHM of 0.3 eV. Different from CoPc,
an additional, more diffuse state emerges near the I' point with its maximum at 0.35 eV
and an on-set close to the Fermi level at 0.1 eV (see also Figure 28 h and Figure
S$10 ¢, Appendix B). For thicker molecular films, this state disappears, the HOMO
maximum shifts to 1.11 eV with an on-set at 0.6 eV, and the FWHM broadens to

0.55 eV. Thus, the effects displayed in Figure 28 are confined to the interface.

We discuss the most likely provenance of this new state in the context of three
established mechanisms of charge transfer (CT), namely integer charge transfer
(ICT)™1-15%4 fractional charge transfer (FCT)'5>1%7 and induced gap states (IGS)%8-160,
All concepts can be used to describe CT processes at organic/inorganic interfaces of

semiconductor heterostructures, and for details we refer to the Appendix B.

Based on our observation that the interaction in the CoPcF 16/MoS:2 system is limited to
the first MoSz2 layer, while in the CoPc/MoS:2 system the interaction is more extensive,
we propose that the interaction is best described by the IGS model. We will later
present this in an energy level alignment (ELA) diagram summarizing all measurement
results. However, it is worth noting now that the interaction in CoPc/MoS2 can be
explained through the formation of a macroscopic dipole, whereas the CoPcF16/MoS:2
system needs to be described within the IGS framework, involving the formation of

microscopic dipoles at the interface.

For completeness, we aim to consider the entire system and subsequently discuss our
results in relation to other models. Therefore, one alternative explanation for the new
state near the Fermi level could also be the occupation of the CoPcF1s LUMO at the
interface with MoS2, similar to previous studies of diamond and F4-TCNQ, its anionic
derivative, 15! 161 as well as for pentacene on copper.'62 This would be in the framework
of the ICT model and could explain the observed core level shift of MoS2 due to p-
doping and a localized charge transfer, accommodated with a reduction of negative
charge carriers in the MoS2. However, for such a scenario one would expect a LUMO-
like distribution in the momentum maps, that is, with zero density at the -point.> A
close examination of the momentum map at 0.35 eV (Figure S10 c, Appendix B)
shows significant density at the IM-point, which therefore excludes a charge transfer into
the CoPcF1s LUMO.
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The formation of a gap state in the substrate for CoPcF16/M0S2 can cause local
interfacial charge transfer and also hybridization in the context of FCT. To study if the
central atom (Co) of the phthalocyanines is involved in such an interaction, we perform
X-ray absorption (XAS) experiments at the Co-Ls edge and XPS measurements of the
CoZ2ps2 region, presented in Figure 29. Metal L-edge spectra of TMPcs are in
particular sensitive to changes of the configuration of d-electrons.® In the case of an
occupation or hybridisation of particular orbitals, excitation cannels can be blocked, as

shown for CoPc on Ni and grapene/Ni."63

The XAS results for mono- and multilayer deposition of CoPc are displayed in Figure
29 a, while the corresponding results for CoPcF1s are shown in Figure 29 b. Most
notably, there are no significant differences in the spectra for each molecule obtained
after monolayer vs. multilayer deposition. This indicates that the observed induced gap
state in Figure 28 is not localized on the Co atom, as the peak shape and position

would be expected to change otherwise.
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Figure 29 (a) and (b) show XAS measurements (acquired at LowDosePES) on the
Co Ls-edge region after depositon of CoPc and CoPcF1e respectively. In (¢) and (d)
XPS measurements (acquired at the home lab) of the Co2p3/2 region are shown for

similar thicknesses of CoPc and CoPcF1s respectively.

XPS experiments of the Co2ps/2 region after CoPc or CoPcF 16 deposition (Figure 29 ¢
and d, respectively) support our hypothesis that the Co atom does not take part in
charge transfer since there are no variations in the spectral shapes after monolayer
vs. multilayer deposition.

To test whether the interaction involves the organic macrocycle, we analyzed the 7s
region in more detail after CoPc or CoPcF1s deposition (Figure 30a and b,
respectively, with fitting parameters and peak positions listed in Table S$2, and a
detailed description of the fitting procedure in the Appendix B).'%* 164 Three chemically
distinct carbons can be identified marked in the chemical structure shown in Figure
30. Those are the ones bound to nitrogen (C1), the neighboring carbon (C2) and the

peripheral carbons bound either to hydrogen or fluorine atoms depending on the
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moiety under consideration (C3). We note a slight shift to higher binding energies of
the CN components for multilayers vs. monolayers, indicating screening effects at the
interface and/or a possible site-dependent redistribution of electrons.#” 184 This might
be a hint for a redistribution of electrons at the interface due to local interactions, but
differences between the phthalocyanine monolayer in direct contact with the MoS:2
surface and the thick film are minor. Similar results were obtained for the laboratory-
source measurements, although the lower energy resolution causes a broadening of
the Gaussian width (see Figure S12 and Table S3, Appendix B). On this basis, we can
rule out hybridization in the context of an FCT. At the same time, these investigations
suggest that the macrocycle has a small contribution to the formation of the IGS, and

this is limited to the interface, specifically the first TPc monolayer.
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Figure 30 C17s core-level spectra of the phthalocyanine ML and thick film. (a)
shows the measured data and applied fit model for CoPc (upper part for the 1.16
nm film and lower part for the phthalocyanine monolayer). Below the spectra, the
chemically inequivalent carbon atoms are marked as C1 — C3. In (b) the results
for the perfluorinated CoPcF s is displayed.

We combine all electronic structure information derived so far to construct the energy
level alignment (ELA) diagrams in Figure 31. Further, we include results from the work
function and UV-Vis absorption measurements shown in Figure $13, Appendix B. The
work functions are extracted from the determination of the secondary electron cutoff in
the UPS experiments. For freshly cleaved surfaces of MoS2, we find a work function of
5.1 eV. After deposition of roughly a monolayer CoPc, the work function decreases to
4.8 eV. Depositing an even thicker film, the work function continues to decrease to
4.5 eV. In contrast, for CoPcF1e deposition the work function increases to 5.3 eV after
one monolayer, and no further changes occur for thicker films. These findings suggest
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that CoPc induces a strong negative dipole change of - 0.6 eV at the MoS: surface.
This change of the surface dipole and the accommodated band-banding observed in
the core-level shifts is consistent with our previous results with iron-phthalocyanines'??
as well as for other heterostructures of MoSz2, for example with cesium carbonate.'® In
contrast, CoPcF1s induces a weak positive dipole change of + 0.2 eV. The optical
bandgaps are 1.66 eV and 1.54 eV, consistent with values for similar phthalocyanines
(Figure S13 ¢ and d respectively).20: 165 166 \We assume that pure phthalocyanines
behave identically to thick multilayers deposited on MoS2 and compare the electronic
structure of pure CoPc as well as CoPcF16 with freshly cleaved MoS: in Figure 31 a
and c, respectively. For the ELA construction, we neglect energy dispersions and band
structure information and just evaluate the VBM (energy at the I point) and the CBM
(based on optical band-gap measurements taken from literature).? The same
representation is done with the phthalocyanines as we take the HOMO on-sets and
the measured optical band-gap to place the LUMO accordingly. From this, we infer a
staggered gap of the frontier orbitals of CoPc with the band edges of MoS:2 before
contact, i.e. for vacuum level alignment. For CoPcF1s however, we suggest that the

VBM and the HOMO are roughly at the same energy before contact.
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Figure 31 Energy level alignment diagrams. All arrows represent measured data,
except for the band-gap of MoS:2 which is taken from literature?. Green arrows are
obtained from UPS measurements at the lab spectrometer (Figure S13 a and b).
Values for the purple arrows are taken from the integrated ARPES measurements
(Figure 28 g and h). Yellow arrows represent the values taken from UV-Vis
absorption measurements of the respective phthalocyanine films on glas
substrates (Figure S13 c and d). (a) and (¢) show MoS2 and CoPc/CoPcF 16 before
contact, respectively. The energy levels of the MoS2 VBM (I"-point) are represented
as single values and the position of the CBM placed based on a band gap value
of 1.23 eV.?2 For the HOMOs of the phthalocyanines, the measured onset values
are shown in green. Since no information besides the optical band gap is
measured for the LUMO of the phthalocyanines, a single energy level is shown
(red). The alignment for (a) and (c) is on the vacuum niveous. (b) and (d) show

MoS2 and CoPc or CoPcF 16 in contact, i.e. with Fermi-levels aligned.
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From Figure 31 ¢, no integer charge transfer from MoS2 to CoPcF 16 is expected since
the LUMO of CoPcF1s is located above the CB of MoS2, and compared to other
electron acceptors the electron affinity is significantly lower. Nevertheless, we find p-
type doping of the MoS2. We can deduct that only a new induced gap state at the
MoS2/CoPcF1s interface can explain the charge transfer, best described on the basis
of the IGS model. We note that the formation of induced gap states at interfaces is
known for several organic-metal interfaces and for organic-inorganic semiconductor

interfaces. 132 159, 167, 168
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3.2.5 Conclusion

We presented a comprehensive XPS/ARPES and XAS study on the heterostructure
system of CoPc and CoPcF1e. Our findings show that CoPc and CoPcF1s can both be
used for Fermi level engineering of bulk MoS2, however with notable differences in the
mechanism of their action. CoPc induces a surface dipole and a downwards band
bending, which is consistent with previous findings for other phthalocyanines. The
influence of adsorbed CoPc extends into multiple layers of the MoS2 substrate. In
contrast, the n-type character of MoS:2 is reduced through interaction with CoPcF 1.
The results of the study suggest the presence of an induced gap state, and the
interaction is limited to only the first layer of the MoS:2 bulk crystal. While this study has
focused on the interface of bulk MoS2, the question remains open as to whether these
findings can be directly transferred to heterostructures with two-dimensional MoS2. The
electronic structure of two-dimensional MoS:2 differs from that of bulk crystals.
However, the effects described here are found directly at the interface, which could

make them highly relevant for these materials as well.
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3.3.1 Abstract

Heterostructures consisting of transition metal dichalcogenides (TMDCs) and organic
molecules are currently of enormous interest for a variety of applications. Comparably
weakly interacting molecules, like phthalocyanines, exhibit a high potential for tuning
of electronic properties of TMDCs. Knowledge of the molecular orientation is a
prerequisite for the understanding of the nature and strength of the interfacial
interaction. We study the molecular orientation of cobalt phthalocyanine (CoPc) and
perfluorinated cobalt phthalocyanine (CoPcF1s, also denoted F16CoPc), on both large
molybdenum disulfide (MoS2) single crystals and small MoS:2 flakes, using
synchrotron-based techniques: X-ray absorption spectroscopy (XAS) at the Co Ls
edge, and spectromicroscopy in a photoemission electron microscope (PEEM). We
show that the orientation can be radically different on both substrates. Whereas on
large crystals an almost flat-lying orientation is observed, significant tilt angles were
found on smaller flakes. It is proposed that the orientation depends crucially on the
number of MoS2 layers and/or the smaller size of atomically flat terraces on flakes

compared to bulk crystals.

3.3.2 Introduction

Due to their remarkable physical and chemical properties, layered transition metal
dichalcogenides (TMDCs) are a promising class of materials for future applications in
modern semiconductor devices for electronics, lighting, solar energy, and
communication. In particular, it is expected that these materials will enable the further
miniaturization of electronic devices according to Moore’s law'®® 170 and promote the
establishment of flexible electronic devices.'' The layered structure allows for the
exfoliation down to two-dimensional layers with unique electronic properties compared
to their bulk counterparts; in the case of MoS2, the nature of the band gap changes
from direct to indirect.192 172, 173 Egpecially, TMDC monolayers and heterostructures

are of interest for a broad variety of devices. 05 170,174,175

One approach for tuning of electronic properties is the formation of TMDC/organic
semiconductor heterostructures. Recent research on conjugated organic
molecule/TMDC interfaces has been mainly focused on strong molecular electron
acceptors.'%6-199 However, weaker interacting, physiosorbed organic molecules may
also interact with TMDCs. Such systems are expected to offer new opportunities for
tuning both optical and electronic characteristics.'”® For example, a quenching of the
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low-temperature defect photoluminescence of MoS2 was observed after the adsorption
of metal-phthalocyanines, depending strongly on the central metal atom of the
phthalocyanine.'?® The nature of such interactions is currently being increasingly
discussed,” and one crucial parameter in this regard is the orientation of the
molecules with respect to the substrate surface. For example, the coupling between
nickel phthalocyanine (NiPc) and graphene is supported by the flat geometry of the
NiPc complexes.'”® Especially for anisotropic organic semiconductor films, the
orientation of the individual molecules at the heterostructure is of particular
significance, since it influences the electronic properties of the film and, therefore the

overall interaction at the interface.79. 180

We study the molecular orientation of cobalt phthalocyanine (CoPc) and perfluorinated
cobalt phthalocyanine (CoPcF1s) on MoS2 bulk crystals and on exfoliated pieces, often
called flakes, which have fewer and even monolayer thickness — a system, where
weak interactions at interfaces (i.e., the absence of an integer charge transfer) can be
expected. Representatives of the family of transition metal phthalocyanines (TMPcs)
were chosen due to their advantageous chemical and physical properties, including
stability, film growth, and tunability of electronic parameters due to the variation of the
central metal and the selection of the peripheral substituents.®1-8 Fluorination of the
Pc moiety increases the ionization energy by more than 1 eV,?" 18-187 which may
significantly affect electronic interactions at interfaces, even in the case of metal
surfaces passivated by graphene.’® Numerous studies on the growth of
phthalocyanines were carried out on a broad variety of substrates. On single-crystalline
substrates, the almost planar phthalocyanine molecules typically prefer a
predominantly flat-lying orientation (see, e.g., Refs.8 122, 130, 181,189-192) " thjs includes
also van der Waals substrates like GeS or MoS2, and graphene-covered metal
substrates.’® 122, 130, 190, 192 |n contrast, on polycrystalline substrates, the molecular
orientation can be radically different, depending crucially on the substrate
roughness.'8. 190 The different growth modes observed on various substrates can be
understood in terms of different molecule-substrate and molecule-molecule
interactions at the interface.'® 19319 |n  conclusion, higher tilt-angles for
phthalocyanines on single crystals were in particular found if the molecule-substrate
interaction is weaker, e.g., for van-der-Waals solids or passivated semiconductor

surfaces.130. 19
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In this study, we demonstrate that the orientation of CoPc and CoPcFis on
molybdenum disulfide flakes can diverge from that on the bulk MoS:2 single crystal.
Therefore, the prediction of the molecular orientation on thin flakes from literature data

obtained with bulk crystals only could be misleading for differing structural situations.

3.3.3 Experimental

Cobalt phthalocyanine (CoPc, Sigma-Aldrich Chemie GmbH) and perfluorinated cobalt
phthalocyanine (CoPcF1s, Sigma-Aldrich Chemie GmbH) were deposited on synthetic
bulk 2H-phase MoS:2 (2D Semiconductors Inc. USA) by thermal evaporation under
ultra-high vacuum (UHV) conditions (base pressure about 1:10° mbar). The
evaporation chamber was directly attached to the spectrometer chamber. The nominal
film thickness was determined using a quartz crystal microbalance (QCM), setting the
mass density of CoPc and CoPcF1s at 1.6 g/cm?® and 2.0 g/cm3, respectively,'®”: 198 and
checked by the comparison of X-ray photoelectron spectroscopy (XPS) peak areas for

bulk MoS2 sample experiments.

For the studies on bulk MoSz, the crystals were cleaved by adhesive tape in UHV. No
further annealing was performed. The cleanliness was checked by XPS. These
experiments were conducted at the PM4 beamline of the BESSY Il electron storage
ring operated by the Helmholtz-Zentrum Berlin (HZB) using the LowDosePES
endstation.3® Polarization-dependent X-ray absorption spectroscopy (XAS)
measurements at the N Kand Co L edges were carried out in total electron yield mode,
measuring the sample drain current and orienting the sample at different polar angles
with respect to the incoming beam of fixed horizontal polarization. The correction for
beamline characteristics of the photon flux was carried out using the drain current from
the last beamline mirror, or XAS spectra of pristine gold substrates. The XAS spectra

were normalized to the same step height, well above the absorption edge.

For determining the orientation of CoPc and CoPcF 16 on MoS: flakes, laterally resolved
spectromicroscopy experiments in a photoemission electron microscope (PEEM) were
conducted at the Institute for Quantum Materials and Technologies soft x-ray beamline
WERA at the KIT Light Source, Karlsruhe, Germany. The degree of linear polarization
was set to nominal values between 72 and 93%, all giving sufficient orientational
contrast of the Co L edge with photon energies between 770 eV — 800 eV. The energy
resolution was set to 490 meV. The PEEM (FOCUS GmbH) has an integrated sample
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stage (IS), an imaging energy filter (IEF) using a retarding field, and operates in a fixed
geometry; the angle between the p-polarized incident photon beam and the normal of
the sample was 65°. Since the fixed geometry does not allow a direct determination of
the molecular orientation, the adsorption geometry was estimated from the known
angular dependence of polarization dependent XAS spectra (measured, for example,
on bulk MoS2). Flat and dark field corrections were considered in the post-processing
of the measured image stacks. The incident photon flux was monitored using a clean

gold mesh.

Ultraviolet photoelectron spectroscopy (UPS) measurements at our laboratory
spectrometer were performed inside a multichamber UHV system (base pressure of
1-10-° mbar) equipped with an ultraviolet source (UVS 300, Specs) and a Phoibos 150
hemispherical photoelectron analyzer (Specs). The energy calibration was performed
using argon-sputtered and annealed Ag foils at the Fermi edge. The energy resolution

was 150 meV.

MoS: flakes, containing regions with varying numbers of layers, were prepared ex-situ
for PEEM measurements using the top-down scotch tape method, starting with
synthetic bulk MoS: (2D Semiconductors Inc., USA)."®® Since MoS: crystals used for
both exfoliation and experiments on bulk MoS2 were purchased from the same
company, we assume a similar quality of MoS: layers for both types of experiments.
Exfoliated flakes were transferred onto a polydimethylsiloxane stamp (PF Gel Film®,
Teltec GmbH). The stamp is pressed onto substrates, leaving thin-layers of TMDC on
them. As substrates we used commercially available silicon wafers. Part of the silicon
wafers were coated with 50 nm of titanium at an evaporation rate of 0.1 nm/s,
determined by QCM, and used after exposure to environmental conditions as a
substrate for the transfer of the flakes. The XPS analysis reveals that the native oxide
covers the surface completely; no metallic Ti was detectable. To fit the dimensions of
the PEEM sample holders, 7.5 x 7.5 mm substrates were cut from these wafers. Native
titanium oxide and silicon oxide layers were found on both surfaces, as evidenced by
photoemission measurements (Figure S14 —Figure $16, Appendix C). The
substrates were ultrasonically cleaned with a solvent cascade, starting with acetone,
followed by hexane, ethyl acetate, and isopropanol. As a final cleaning step, the
substrates were placed in a UV oven (Photo Surface Processor PL16-110B-1, Sen

Lights Corp) for 15 minutes. Successful transfers of the MoS: flakes were evaluated
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by optical microscope images. Those images were taken with an Olympus BHM
microscope equipped with an EOS600D camera (Canon) and a NeoDPlan 50
(Olympus) objective. As this preparation method yields a large number of flakes with
different thicknesses on the substrates, we selected the most promising ones based
on contrast assessments. The images of the flakes selected for later experiments are
shown in Figure 33 a-c. Prior to the deposition of phthalocyanines, the samples were
annealed under UHV conditions to 250 °C for 12 h to remove contamination from
preparation and ensure a clean surface, as verified by PEEM measurements (see
Figure S14 — Figure S$16, Appendix C).

For the evaluation of the PEEM results and optical microscopy images, we used the

software ImageJ/Fiji2%: 201 with the plugin FeatureJ from Erik Meijering.

3.3.4 Results and Discussion

Polarization-dependent X-ray absorption spectroscopy (XAS) offers an optimal method
for studying the adsorption geometry of molecular adsorbates.?® '8 For the planar
TMPcs having D4h symmetry, both 1s-m* or N7s-m* excitations are suitable for
determining molecular orientation.® If the electric field vector of the incoming light is
oriented parallel to the atomic pz wave functions forming the molecular 1 orbital (i.e.,
out of the molecular plane), the absorption is maximal. In contrast, the transition is
forbidden in the case of a perpendicular orientation.?® 292 However, in our case, the
analysis of N K edge absorption spectra is hindered by the overlap with features from
the MoS:2 substrate. An example of a N K edge spectrum of a CoPcF1s monolayer in
superposition with Mo Ms,2, is shown in Figure S17 a (Appendix C) and for a thicker
CoPcF1s film in Figure S17 b. Also, the analysis of the C K edge is very difficult due to
common carbon contaminations of beamline components and residual carbon in ex-
situ prepared samples, especially for monolayer coverages. However, Co L edge XAS
spectra also show a pronounced angular dependence (see, e.g., Refs.'® 164) They are
determined to a large extent by multiplet effects due to the strong overlap between
core level and valence wave functions.?%> Nevertheless, in-plane and out-of-plane
transitions can be distinguished (for details, we refer to the literature, e.g. Refs.204 205),
In the following, we will use the shape of the Co L3 XAS spectra for the estimation of
the molecular orientation. We note that the shape of these spectra is almost

independent on the fluorination of CoPc (see, e.g., Refs.18 164),
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In Figure 32, polarization-dependent Co L3 edge spectra of (Figure 32 a) CoPcF1s and
(Figure 32 b) CoPc on bulk MoS2 are shown for two different film thicknesses,
measured at two different incidence angles of the p-polarized light. Transitions
polarized perpendicular to the molecular plane (z-polarized) are denoted A, whereas
B features are polarized within the molecular plane (xy-polarized). Consistent with the
considerations above, the intensity of the out-of-plane feature A is maximal close to
grazing incidence (20°), whereas the in-plane transitions B are most intense at normal
incidence (90°). This indicates a preferred orientation of the molecule parallel to the
substrate surface (referred to as face-on). The spectral shape of the Co L3 edge is
almost identical for the coverage in the monolayer range (0.34 nm) and the multilayer
film, indicating that the orientation of the first molecular layer is maintained in the thin
film. This behavior on bulk MoS2 substrates is identical for CoPc and CoPcF1s. A more
detailed comparison of the spectral shapes in Figure 32 with literature data (e.g.,
Refs.18.164,206) reveals that tilt angles between the molecules and the substrate surface
are rather small or even negligible. Thus, we can conclude that an orientation close to

a face-on configuration of CoPc and CoPcF1s is favored on bulk MoSa.
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Figure 32 Angle-dependent XAS measurements in the Co L3 region show intensity
differences of features A and the two B features depending on the orientation of the
electric field with respect to the sample for CoPcF1s shown in (a) and CoPc shown
in (b) on bulk MoS2, with the respective structural formula below each spectrum.

The observed predominant face-on alignment of cobalt phthalocyanines is in good
agreement with related systems, such as the previously studied FePc(Fx) molecules
on MoS2."22 However, it is essential to recognize that this orientation could be
influenced by numerous factors on more frequently studied MoS2 samples, like, e.g.,
2D layers or flakes. For instance, the roughness of the substrate surface and the size
of its atomically flat terraces can significantly impact the alignment of molecules. 89
This leads to the question whether the determined molecular orientation of cobalt
phthalocyanines on bulk MoS2 applies also to smaller MoS:2 flakes, which are of

96



Publications

particular interest for applications. Due to the small dimensions of the MoS: flakes, a
microscopic technique is needed. A certain PEEM measurement mode,
spectromicroscopy, is particularly useful here. Spectromicroscopy essentially means
taking stacks of PEEM images while scanning the incoming photon energy or the
kinetic energy of the emitted electrons. By tracing a pixel (or lateral region) through the
image stack the former yields laterally resolved (u-)XAS spectra, the latter laterally
resolved (u-)PES spectra. The resulting local spectra can be summed over regions of
interest (Rols) with freely defined shapes as applied on measurements discussed in
the following. In particular, microscopic measurements of the work function contrast
have proven to be a very sensitive method for distinguishing monolayer and few-layer

regions of TMDC flakes.207-209
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Figure 33 (a — c¢) Optical microscope images of MoS: flakes on SiOx (a, flake 1) and

on TiOx substrates (b) and (c), flake 2 and flake 3 respectively. Averaged images of

the work function contrast sequence for the samples containing flake 1, flake 2 and

flake 3 are shown in (d), (e) and (f) respectively. The grayscale is arbitrary to

maximize contrast. (g — i) u-PES spectra of the secondary electron cutoff and the

calculated work functions.
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In Figure 33, we show optical microscopy images, PEEM images, and corresponding
M-PES spectra of the secondary electron cutoff. In the following, we will refer to the
flake on the oxidized silicon substrate (Figure 33 a, d, and Figure S14) as flake 1,
while the two flakes on the oxidized titanium substrates are referred to as flake 2
(Figure 33 b, e, and Figure S15) and flake 3 (Figure 33 c, f, and Figure S16).

An initial indicator for estimating the number of layers can be provided by optical
microscopy images. Differences in contrast between the substrate and the various
layers in the flake (Figure 33 a—c, Figure S18, and Figure S19) can be used to
estimate the number of layers.2'0 211 A detailed analysis of the red channel of optical
microscope images (cf. Figure S18, Appendix C) reveals a distinct difference between
regions R3, which is assumed to be a single MoS:2 layer based on the

photoluminescence,® & and R4 in Figure 33 e.

Furthermore, we will discuss the work function contrast of selected MoS: flakes
prepared on naturally oxidized silicon and titanium substrates. Figure 33 e-i show
PEEM images (the total diameter of the field of view is 126 ym for the measured
circular images; the figures shown are cutouts, and the scales are adjusted
accordingly) together with the normalized u-PES spectra of the secondary electron
cutoff. Generally, differences in intensity of PEEM images are attributable to secondary
electrons and, to a lesser extent, spectral features. Regions of interest (denoted R1 —
R4 in Figure 33) were selected based on previously acquired optical microscope
images and observable color variations (Figure 33 a-c). Average spectra in Figure
33 g-i were generated over all pixels in the chosen regions marked in Figure 33 d-f.
For a better comparison of the work functions, we measured the secondary electron
cutoff from the pure substrates with UPS at our laboratory spectrometer. We found a
work function of 4.2 eV for the silicon and 3.6 eV for the titanium substrates,
respectively (Figure S20 g). This difference is in good agreement with literature data
and the relative differences we found in our PEEM measurements on the substrate
regions (Figure S20 d-f), marked R1 in each experiment. Therefore, we referenced
the measured work functions of the substrate regions R1 to the values measured in
the UPS experiments on the bare substrates. The energy scales of the MoS: flake

regions are based on this calibration procedure.

We find almost the same work function for the pristine titanium substrate regions (R1)

for the measurements containing flake 2 and flake 3, and a higher work function for the
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silicon substrate region containing flake 1. A comparably high work function F is
expected for MoSz; a value of 5.4 eV was recently reported for single-crystalline bulk
substrates.’?? However, for monolayer or few-layers on oxidized silicon, significantly
lower values were observed (F ~ 4.5 eV) by both PEEM and Kelvin probe force
microscopy (KPFM).208. 212214 \We note that KPFM measures relative work functions,
which may complicate a direct comparison of absolute values. Furthermore, a
comparison to literature data has to take into account difference in the preparation
method, the influence of contaminations in the case of measurements under ambient
conditions,?'? as well as the choice of the substrate, which may alter the work function
of MoS: flakes by several tenths of eV.2'3 However, and most importantly, all methods
agree in that the work function increases from single to few-layer MoS2.2%8 213,214 Jsing
PEEM under UHV conditions, for MoS2 on oxidized silicon differences of 60 meV and
80 meV were observed form 1 to 2 and 2 to3 monolayers, respectively. Thus, the lower
work function of regions R3 and R4 in Figure 33 b, ¢ clearly indicates a lower number

of MoS:2 layers.

From these investigations, we estimate that flake 1 on the oxidized silicon substrate is
a bilayer, region R3 of flake 2 on oxidized titanium is a monolayer, and region R4 is a
trilayer. For region R3 of flake 3, we estimate it to consist of four layers. We note that
this estimation is associated with a high degree of uncertainty. However, we were able
to prepare samples that exhibit regions with a few layers of MoS2, as well as thicker,

bulk-like regions (R2 in Figure 33 e and f).
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Figure 34 PEEM XAS measurements at an incident angle of 25° in the region of
the Co L edge. (a — c¢) show average intensity images with an arbitrarily chosen
grayscale to maximize contrast. Intensity differences are mostly based on
secondary electron counts and to a lesser extent on spectral features. Selected
regions of interests in these images are like those chosen for work function
contrast measurements shown in Figure 33. (d — f) show the normalized spectra
of the respective Rol for the flakes 1 — 3 above.

In a next step, we deposited CoPc on the samples containing flakes 1 and 2, and
CoPcF16 on the sample containing flake 3 and measured PEEM-XAS in the Co Ls2
region. According to the QCM data, the thickness was in the monolayer range. The

corresponding PEEM images, together with the averaged Co Ls,2 edge spectra of the
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selected regions, are shown in Figure 34. The XAS spectra in Figure 34 d-f were
obtained by the analysis of PEEM images taken at different excitation energies.
Generally, the XAS features discussed in Figure 32 are also visible in the p-XAS
spectra of Figure 34. Due to the fixed measurement geometry, all spectra were taken
at an incident angle of 25° with respect to the surface of the sample. This is relatively
close to the grazing incidence angle for the measurements of CoPc and CoPcF16 on
bulk MoS: single crystals (20°). Thus, for preferred predominantly flat-lying molecules
only a slight increase in the relative intensity of the in-plane polarized features B1 and
B2 might be expected compared to bulk MoS: single crystals, discussed in Figure 32
(cf., e.g., Refs.'8 206 for the angular dependence of Co L3 spectra). A further reason for
a slightly increased intensity of B1 and B2 could be a different degree of the
polarization of the synchrotron light. Considering these minor technical limitations, the
M-XAS spectra of CoPc and CoPcF16 on large MoS: terraces (R2) in Figure 34 are
very similar to the related spectra on bulk MoS: single crystals at grazing incidence
(20°) in Figure 32. In both cases, the out-of-plane polarized feature A clearly dominates
the spectrum. In contrast, on the oxidized silicon and titanium surfaces (regions R1 in
Figure 34), the molecules grow obviously in a different manner: The dominating in-
plane features B1 and B2 indicate a preferred standing (edge-on) adsorption geometry,
which can be related to the weaker molecule-substrate interaction with increasing
(micro-)roughness of the substrates (i.e., the substrates are not atomically flat). Such
effects were reported for different molecules (see, e.g., Refs.18% 193) Most importantly,
the ratio of A/B intensities of the Co L3 spectra for the regions R3 (flake 2 and flake 3)
and R4 (flake 2) deviate distinctly from the regions R2 of the MoS:2 flakes on oxidized
titanium (Figure 34 e and f), indicating significant tilt angles of the molecules to the
surface plane or a disordered growth. This effect is observed to some weaker extent
also in the region R2 on oxidized silicon (Figure 34 d), where Figure 34 a suggests a
more inhomogeneous MoS:2 layer. The regions R3 (flake 2 and flake 3) and R4 (flake
2) are characterized by i) a lower number of MoS2 layers and ii) by a smaller size
compared to regions R2. Both could affect the molecular orientation of the deposited
CoPc or CoPcF1s molecules. The lower number of MoS:2 layers may affect the surface
energy of the substrate, and the flexibility of the thin-layer MoS2 may cause a certain
corrugation due to the alignment at the substrate surface. The small lateral size of the
thin MoS2 regions might limit the favorable flat-lying adsorption geometry to a certain

number of molecules, and step-edge effects might become important. Another factor
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that can influence the surface energy, and consequently molecule-substrate
interactions, particularly in mechanically exfoliated flakes of MoS2, is defects.?’®
Further investigation is needed to understand the different adsorption geometry of Co

phthalocyanines on smaller MoS:2 terraces.

3.3.5 Conclusion

In conclusion, we found that the orientation of cobalt phthalocyanines on small-sized
thin-layers of MoS: flakes is significantly different compared to bulk MoS2. This
demonstrates that the molecular orientation on small sized (mono- to few-layers)
TMDC flakes cannot be simply deduced from the orientation of organic molecules on
related bulk substrates. For the understanding of electronic and optic interactions at
such interfaces, different molecular orientations should be considered. From our
perspective, this could also affect TMDC-based devices as the situation between
electrodes with small distances could lead to a similar restricted situation, in particular
if the evaporation of molecules occurs after the deposition of electrode structures. In
addition, defects in the flakes and the high cleanliness of in situ cleaned substrates
might be important. Although our studies are focused on monolayer coverages, more
extended growth studies varying the temperature, film thickness, and deposition rate
are of high interest. Also, a systematic variation of the lateral size of atomically flat
MoS:2 terraces may help to understand the observations discussed in this study. Thus,
further research is needed to reveal the exact underlying mechanism for the different

molecular orientation on bulk MoS2 and flakes.
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4 Conclusion

The studies presented in the preceding chapters investigate the interaction between
organic molecules and inorganic semiconductors from various perspectives, with a
particular focus on molybdenum disulfide (MoSz2) and cobalt phthalocyanines (CoPc
and CoPcF1s). Collectively, they demonstrate how both the electronic properties and
molecular orientation at organic—inorganic interfaces can be tailored through deliberate
structural and chemical modifications. Across all studies, the targeted use of advanced
analytical techniques, especially X-ray photoelectron spectroscopy (XPS) and X-ray
absorption spectroscopy (XAS), together with thorough analysis of the resulting data,

has been instrumental in advancing our understanding.

The studies presented in this dissertation collectively explore colloidal molybdenum
disulfide and, to a greater extent, how the interaction between cobalt phthalocyanines
and molybdenum disulfide can be controlled and understood at both electronic and
structural levels. Although the colloidal synthesis itself was not carried out by me, my
contribution focused on the in-depth characterization of the reaction products using X-
ray photoelectron spectroscopy (XPS). These measurements enabled both a
qualitative and quantitative assessment of the ratio between the metallic 1T and the
semiconducting 2H phase of MoS2, providing valuable insight into phase
transformation mechanisms and phase control in transition metal dichalcogenides
(TMDCs). Across all studies, advanced analytical techniques, including XPS, UPS,
ARPES, and XAS, were applied to both molecular beam epitaxy-grown and solution-
processed samples. This approach revealed how the crystal structure and excitonic
properties of MoSz2, as well as the doping behavior and molecular orientation of CoPc
derivatives, can be systematically tailored. Comparative studies between CoPc and its
perfluorinated counterpart CoPcFis demonstrated that even minor chemical
modifications can lead to fundamentally different interfacial electronic structures: CoPc
induces band bending and n-type doping, whereas CoPcF16 leads to the formation of
localized gap states that shift the Fermi level toward p-type behavior. Additionally, it
was shown that substrate morphology has a decisive impact on molecular orientation:
CoPc adopts a flat-lying (face-on) configuration on bulk MoSz2, but a tilted geometry on
exfoliated few-layer flakes. These results have important implications for charge

transport across hybrid interfaces. Altogether, the findings contribute to a deeper
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understanding of organic—inorganic heterostructures and open new pathways for

tailoring interface functionality in future optoelectronic devices.

Looking ahead, several open questions remain and should be addressed in future
research. While this dissertation has advanced our understanding of the interaction
between cobalt phthalocyanines and molybdenum disulfide, it has also emphasized
the central role of energy level alignment in determining interface properties. Here,
phthalocyanines and TMDCs offer vast untapped potential for further optimization, both
classes of materials can be chemically modified or combined in new ways to achieve
tailored heterojunction properties. Moreover, the insights gained in this work have not
yet been transferred to functional optoelectronic devices. For example, the
development and investigation of optical switches based on MoS2 heterostructures that
are selectively modified with cobalt phthalocyanines is ongoing and remains an active

area of research.
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5 Collaborations

During my doctoral research, | specialized in photoelectron spectroscopy (PES), a
technique indispensable for the comprehensive analysis of various sample types.
Despite its labor-intensive nature and the requirement for extensive technical and
physical knowledge for both execution and interpretation of experiments, my
proficiency in PES led me to become a primary resource for related inquiries. This
expertise facilitated numerous collaborative projects, resulting in several publications

to which | have significantly contributed.

This thesis compiles all publications up to the present date. Given the extensive scope
of each study, a detailed discussion of each is beyond the remit of this work. Therefore,
| have structured the subsequent chapters to include only the abstracts and a summary
of my contributions to these publications, with one notable exception. Chapter 5.1 is
dedicated to an in-depth XPS study of CsPbBrl2 nanocrystals, conducted in
collaboration with Dr. Jan Wahl. This work represents a significant milestone in my

research career, and as such, it is presented in full detail in this chapter.
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5.1.1 Abstract

We show that the decomposition of caesium lead halide perovskite nanocrystals under
continuous X-ray llumination depends on the surface ligand. For oleic acid/oleylamine,
we observe a fast decay accompanied bythe formation of elemental lead and halogen.
Upon surface functionalization with a metal porphyrin derivative, the decay is markedly
slower and involves the disproportionation of lead to Pb® and Pb3*. In both cases, the
decomposition is preceded by a contraction of the atomic lattice, which appears to
initiate the decay. We find that the metal porphyrin derivative induces a strong surface
dipole on the nanocrystals, which we hold responsible for the altered and slower
decomposition pathway. These results are important for application of lead halide

perovskite nanocrystals in X-ray scintillators.
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5.1.2 Introduction

Lead halide perovskites are an important class of materials for use in light harvesting
and light emitting devices.?'® 217 Another promising application of perovskites is
scintillators, where they have already shown good performance in X-ray detection.?'®-
220 However, the instability of perovskite-based materials is a significant drawback for
the application in optoelectronic and scintillating devices. 2'° 221-226 To address this
issue, the photodegradation of methylammonium lead iodide (MAPDbIs) thin films has
been thoroughly investigated, including the postulation of a decay mechanism.?27-22°
Recently, these photodegradation studies have been extended to caesium mixed-
halide perovskites (CsPbX3)?39-232 in view of their improved stability against long-term
light exposure.?®3 However, even the most stable mixed halide perovskites, such as
CsPbBrlz2, undergo slow photodegradation in intense visible light.239-232 The aim of this
work is to use the tunable surface chemistry of nanocrystals (NCs) to further mitigate
this instability with a particular focus on photodegradation with X-ray photons to aid the
application in scintillators.?23 228 To this end, we introduce zinc-(5-monocarboxyphenyl-
10,15,20-triphenylporphyrin) (mZnTPP) as surface ligand and investigate its effect on
the decomposition of the NCs under X-ray illumination. As NCs, we use two model
systems, namely CsPbBrl2 and CsPbBr2Cl, based on their light emitting properties
hereafter referred to as red and blue perovskites, respectively. If not explicitly stated
otherwise, these NCs are surface-functionalized with oleic acid/oleylamine, referred
here to as the “native ligand”. As previously reported, perovskites experience drastic
changes under continuous X-ray exposure.?3* 23 One analytical method that utilizes
X-ray irradiation is X-ray photoelectron spectroscopy (XPS). Here, a sample is
continuously irradiated with X-rays, and electrons, released from the sample due to the
external photoelectric effect, are detected based on their kinetic energy. The core-level
binding energy of an emitted electron is directly related to the detected kinetic energy.
Previous XPS experiments on perovskites reported a shift of the binding energies to
higher values with ongoing measurement time. This was mostly attributed to either
surface, substrate or charging effects.?2? In this work, we observe a similar shift for the
red and blue perovskite NCs. However, we demonstrate by a combination of XPS and
wideangle X-ray scattering (WAXS) that the core-level energy shift originates from a
contraction of the atomic lattice. For the red and blue perovskite NCs with native
ligands, we find a similar decay mechanism as recently postulated for thin films.232
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While morphology and chemical composition are maintained in the red perovskites,
the blue perovskites exhibit a loss of chlorine and undergo recrystallization. Most
importantly, we observe a greatly altered and slower decay mechanism after surface

functionalization with the porphyrin derivative mZnTPP.

5.1.3 Results and Discussion

The decomposition of both perovskite systems was analyzed under continuous X-ray
illumination for at least 20 h by XPS and ultraviolet photoelectron spectroscopy (UPS).
Core level and valence spectra were recorded at regular time intervals. Exemplarily,
spectra of Pb4f doublet peaks recorded at the beginning and end of the illumination
are shown in Figure 35 a and b. The Pb4f main peak at a binding energy of 138.25 eV
in Fig. 1a corresponds to Pb?* in the red perovskites. Over the course of this
investigation, all samples, independent of stoichiometry and ligand shell, developed an
additional Pb species visible in the corresponding Pb4f core level spectra of Figure
35 a and b. The signal occurred at lower binding energies (~137 eV), which indicates
a lowering of the oxidation state. Therefore, and in agreement with literature, we
attribute this peak to the formation of elemental lead (Pb?).2% 227. 236 The formation of
the Pb® component is detected after illuminating the sample for few hours. The intensity
of the Pb® peak increases continuously with time, the relative Pb%Pb?* content as a
function of the illumination time is summarized in Figure S23 (Appendix D). After 20 h,
we observe the formation of 13.2% Pb? for the red perovskites (Figure $23, Appendix
D), we find strong changes in the core level spectra of the other halides, i.e., I for the
red perovskites (Figure 35 ¢). We observe the formation of a distinct shoulder at high
binding energy in the 13d region for the red perovskites, suggesting that I is indeed
oxidized during the reduction of Pb?* (Figure 35 c). By tracking the stoichiometric
composition, we find the iodide content to stay constant throughout the experiment
(Figure 35 d), suggesting that the new iodine/iodide species remains in the sample
during the decomposition even in ultrahigh vacuum. To calculate the amount of the
newly formed species, we determined the percentages of the same element from the
fits of the detailed spectra. The atomic ratio of different elements was estimated from
overview spectra, considering possible time-dependent variations of the excitation
intensity. The peak areas were precedingly corrected with respective photoionization
cross sections as described in the Experimental section in Appendix D Section S2.
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Figure 35 Pb4f core level XPS spectra of CsPbBrl2 (a) at the start (0 min) and (b)
after 1160 min of X-ray exposure. Fit components are shown in orange, the overall
fit is depicted in red. All spectra were fitted by applying a Shirley-type background
(blue). (¢) 13d spectra at different times during the illumination with the evolution
of a shoulder at higher binding energy (621 eV). (d) Relative stoichiometric
content and linear regression (dotted lines) during the exposure for CsPbBrl2.
Pb4f spectra of CsPbBr2Cl (e) at the start (0 min) and (f) after 1128 min of
exposure. (g) Cl2p spectra (~200 eV) exhibit a decrease over time without the
formation of a novel peak. (h) Relative stoichiometric content for CsPbBr2Cl

during the experiment
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We observed similar changes in the XPS core level spectra for the blue perovskites,
e.g., the formation of Pb® (Figure 35 e and f), however to a lesser extent compared to
the red perovskites. After 20 h of irradiation, a total of 10.2% Pb° was observed for the
blue perovskites (Figure S24, Appendix D). Additionally, we measured a drastic
decrease by ~ 20-25% (Figure 35 h) in the Cl2p peak intensity, suggesting chloride
as the redox partner for Pb?* since this is roughly twice the amount of Pb® formed.
Finally, the Cs4d orbital was monitored and no formation of novel peaks could be
observed (Figure 35d and h), suggesting that Cs remains in a relatively stable

environment in both cases.

We probed the morphology of both NC samples after X-ray exposure by scanning
electron microscopy (SEM). While the red perovskites maintained the cubic,
nanocrystalline morphology, the blue perovskites recrystallized to larger agglomerates
(see Figure S25, Appendix D). Therefore, we determine the structure before (Figure
36 a) and after X-ray exposure by WAXS (Figure 36 b). (Note that the flux and
exposure times during synchrotronbased WAXS are vastly different from those during
XPS, and the cross-section is substantially higher for the XPS experiments with their
lower photon energies, such that a quantitative comparison is not possible. We believe,
however, that qualitative considerations may still be made.) We index the WAXS
patterns observed here according to the cubic perovskite phase, although previous
scattering experiments have shown a pseudocubic annotation to be more
appropriate.237- 238 However, the limited g-range and the broad reflections, which are
typical for NCs, prevent such a refinement. From Figure 36 b one can see that one of
the 200 peaks shifted to higher q values, while another remains at the same position.
This indicates a contraction of this part of the sample. For further analysis, we integrate
the diffraction maps over all angular coordinates to obtain an azimuthally-independent
scattering pattern. In Figure 36 ¢, we display the differential intensity, obtained by
subtracting the azimuthally integrated diffraction pattern after X-ray exposure from the
first pattern. In this figure, positive differential intensities refer to reflections which
weakened during X-ray exposure, while negative differential intensities indicate newly
evolved reflections. From the differential pattern, a change of the lattice constant from
6.11 A to 5.67 A could be obtained (see Figure 36 ¢ and Appendix D, Figure S$27, for

more details).
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Figure 36 (a) First WAXS measurement of CsPbBrl2 nanocrystal superlattices and (b)
subsequent measurement after the spot was already exposed to radiation. (c)
Differential scattering intensity obtained by subtracting the azimuthally integrated
diffraction pattern after X-ray exposure from the first pattern. Positive differential
intensities refer to reflections which weakened during X-ray exposure, while negative
differential intensities indicate newly evolved reflections. Indexing of old (green) and

new (brown) peaks according to a cubic perovskite phase.

Upon exposing the red perovskites to X-rays during XPS, we observed a shift of all
sample peaks to higher binding energies (Figure 37). We argue that this shift is not
primarily caused by electric charging since (1) the Au4f substrate peaks remain at
constant energies throughout the experiment (Figure 37 a and b), (2) the perovskite
films were rather thin to enable the release of a large number of secondary electrons
from the Au substrate underneath to suppress charging,?3% 240 and (3) the magnitude
of the shift of the sample peaks was different for different elements (Pb4f. +0.63 eV,
Cs4d: +0.71 eV). The shifts remained constant after illumination for approximately 7 h
(Figure 37 c and d).
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Figure 37 Cs4d (75 eV) and Au4f (84 eV) XPS spectra for (a) native ligands and (b)
mZnTPP exchanged samples after different X-ray radiation exposure times. The
substrate-related Au signals are denoted by red dots and did not change throughout
the experiment in both cases. Relative peak position of the Pb4f and Cs3d signals
compared to the binding energy at the start of the experiment for (¢) native and (d)
mZnTPP exchanged samples.
We probed the influence of X-ray irradiation on the work function by measuring UPS
before and after 20 h exposure (Figure S$26, Appendix D). We find a shift of the high
binding cutoff by 0.12 eV to higher energies, indicating a decrease of the work function.
At the same time, the energy of the valence state maximum (7sh) referenced to the
Fermi level remains constant (see Figure S28, Appendix D). These findings suggest

that the energy levels of the nanocrystal are shifted by 0.12 eV toward the vacuum
level.
Motivated by the previous finding that ligand exchange with mZnTPP can enhance the

stability of red perovskites in light emitting devices,?*' we studied the effect of this

ligand on the decomposition of the red perovskites under X-ray illumination. (Note: the
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loss of structural integrity of the blue perovskites due to chlorine evaporation did not
allow for an analogous analysis.) With the mZnTPP ligand shell, we again found the
formation of Pb°, but its formation is slower and yields only 8.1% compared to 13.2%
after 20 h for the native ligand. An additional lead species occurred at higher binding
energy for this ligand at ~ 140.9 eV, indicating a higher oxidation state than Pb?*
(Figure 38 a and b). The intensity ratio between this new peak and the evolving Pb°
peak in the Pb4f spectrum is roughly 2 : 1 for all irradiation times, implying that their
formation is correlated (Figure 38 e). In contrast to the sample stabilized with the
native ligand (cf. Figure 35), we did not find a similar shoulder in the iodide signal
(Appendix D, Section S7), suggesting a different decomposition mechanism as a result
of the ligand exchange. Before investigating this mechanism in more detail, we verify
by SEM the structural integrity of the mZnTPP stabilized red perovskites after X-ray
exposure (Figure 38 c) and note that the stoichiometric composition remained roughly
constant (Figure 38 d). We found the same shift in binding energies for all core-level
peaks of the sample as already described for the red perovskites with the native ligand,
suggesting that the shift is independent of the ligand shell and related to the NCs itself.
UPS measurements before X-ray exposure revealed a shift to lower cutoff binding
energies by ~ 0.5 eV compared to the NCs with native ligand stabilization (Figure S29,
Appendix D). After X-ray exposure, the cutoff binding energies increase by 0.1 eV
(Figure S26, Appendix D), reproducing the same effect as observed with the native

ligand.

Based on the XPS and WAXS results, we now propose a mechanism for the X-ray
radiation-related degradation of the red and blue perovskite NCs with their native
ligands. Our findings suggest a redox reaction during which Pb® and molecular iodine
(CsPDbBrl2) or chlorine (CsPbBr2Cl) are formed. While iodine resides within the sample
after 20 h in ultra-high vacuum, chlorine is removed. This suggests the following

decomposition reaction for the red perovskites:

CsPbBrl,(xl) —» CsBr (s) + PbI, (s)
Pbl, (s) - PbO (s) + I,(s)

where (xl) refers to the crystalline and (s) to the solid state. Similar mechanisms are

(40)

postulated for MAPDbIls and CsPbBrl2 thin films, where a comparable Pb peak was
found.?21. 230-232, 235 The first reaction is facilitated by the low enthalpy of formation for

CsPbBrl2 as shown by calorimetry.?4> We believe that the second reaction is enabled

114



Collaborations

by the high energy radiation. In view of the high volatility of l2, particular in ultra-high
vacuum, we note that the formation of polyiodides, such as I3, is possible under these

conditions which greatly reduces its volatility.232 243
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Figure 38 XPS of the Pb4f orbital for CsPbBrl2 with an mZnTPP ligand shell at the (a)
start and (b) end of the experiment. Two new lead species occurred, at lower and
higher binding energies. (¢) SEM micrograph of the mZnTPP exchanged sample after
X-ray exposure for approximately 20 h. Scale bar corresponds to 500 nm. (d) Relative
stoichiometric content and linear regression (dotted lines) of the exchanged CsPbBrl2
sample over time. (e) Temporal evolution of the observed lead species, the novel
formed peaks are attributed to Pb? (~137 eV) and Pb3* (~141 eV).

We suggest a similar decay mechanism for the blue perovskites based on the
analogous formation of a Pb? signal (Figure 35 f). We interpret the absence of a novel
chlorine peak (Figure 35 g) and the strong decrease in chlorine content (Figure 35 h)
as indirect evidence for the oxidation of chloride, since Clz is highly volatile and
polychlorides are less stable than polyiodides. In this scenario, chlorine would
immediately evaporate and remain undetected by XPS. The crystal decomposition
expected from such a loss in material is consistent with the greatly altered morphology
found by SEM (Figure S$25, Appendix D). Our finding that, in the red and blue
perovskites alike, bromide is neither oxidized nor removed from the sample, can be
rationalized in terms of the oxidation potentials and enthalpies of decomposition for all
three halides. Firstly, the oxidation potential of bromide (Eo = 1.087 V) is larger than
that of iodide (Eo = 0.5355 V) and triiodide (Eo = 0.536 V), favoring the oxidation of the
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latter. In contrast, the oxidation potential of chloride (Eo = 1.396 V) is higher than for
bromide. However, the enthalpy of decomposition is roughly 0.22 eV larger for CsPbBrs
than for CsPbCls, which we hold responsible for the observed overall oxidation and
removal of chloride.?** We now discuss the shift of the core-levels in XPS upon X-ray
illumination, for which we focus on the red-emitting perovskites since the
decomposition of the blue perovskites prevents a similar analysis. A core-level shift in
XPS is generally attributed to a variety of origins, such as changes in the chemical
environment of specific atoms, an altered electrostatic or Madelung potential, surface
effects at the sample substrate interface or charging effects.?22 227-229 Firstly, we rule
out any surface effects due to the very prominent gold substrate signal (Figure 37)
which remains unaltered throughout the entire experiment. Secondly, charging effects
are unlikely due to several reasons: the gold substrate signal is clearly visible,
indicating a very thin perovskite film that can be assumed to be grounded. Closely
related is the high secondary electron count, originating from the substrate that we
correlate to a suppression of sample charging. Lastly, the conductivities of the native
as well as the mZnTPP exchanged sample are known.?*! The electric resistance in the
porphyrin-containing sample is lower and should result in a smaller shift. However, we
find the same shifts independent of the ligand shell and can thus assume that the shift
does not originate from charging. Therefore, only two possible explanations remain:
changes in either the electrostatic potential or the chemical environment. We argue
that a change of the electrostatic potential in the sample is the origin of the peak shifts,
which is justified in the following. The electrostatic potential in an ionic solid for an ion
i is given as:

2 2

e z e
V= e D = ey M (41)
Amegrg L 1ij/To  ATTEGT

j=i

with the elementary charge e, vacuum permittivity &, equilibrium lattice constant r,
effective charge z; of the j th atom, the distance between the respective atoms r;; and
the Madelung constant M;. To quantify the change in V; for Pb and Cs according to egn
( 43 ), we calculate the changes of the radii during the contraction of the unit cell by
0.44 A as determined from WAXS (Figure 36 a) and compare the results to the core-
level shifts in XPS. The excellent agreement suggests that the lattice contraction is the
reason for the measured core-level shift. We attribute the remaining small
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discrepancies to the inhomogeneous composition of the mixed halide system, as well

as the simultaneously occurring decomposition mechanisms.

We now discuss the effect of ligand exchange with mZnTPP on the stability of the red
perovskites under X-ray irradiation. Based on our XPS results, which involve the
occurrence of two novel lead species (Figure 38 b), supposedly Pb® and Pb%*, and a
constant Pb? : Pb3* ratio of 1 : 2 during the experiment (Figure 38 e), we suggest the

following disproportionation reaction:

3CsPbBrl, —» Cs3Pb,Brsls + Pb° (42)
This disproportionation is consistent with our finding that no other iodide species
occurred (Figure S30, Appendix D) under these conditions, that is, this degradation
pathway does not involve halide oxidation. Despite the low stability of Pb3*, this
oxidation state has previously been postulated for perovskites.?? 245 In addition, the
specialized experimental conditions (continuous X-ray radiation in ultra-high vacuum)
may facilitate its detection. Most notably, this new degradation pathway is substantially
slower than the degradation with native ligand functionalization (compare Figure S24,
Appendix D with Figure 38 e) and proceeds solely via the reaction of lead. To
rationalize this surprising effect of the mZnTPP ligand, we note a recent work on the
stabilizing effect of ligands with strong (surface) dipoles on CdSe NCs against
irreversible reduction during charging.?*®¢ During XPS, the NCs are subject to
substantial charging and, while not all considerations for the reduction of Cd in CdSe
may be transferable to Pb in CsPbBrl2, we argue that the general rational outlined by
du Fossé et al. is of central importance also in the present case: mZnTPP invokes a
0.5 eV increase in work function (Figure 39 a) and provides better dielectric screening
(a higher permittivity)>*! compared to the native ligand. As du Fossé et al. have shown,
a reduced work function affects primarily the overall crystal and only to a lesser extent
a localized state, such as Pb?.246 This stabilizes the NCs during charging and inhibits
the irreversible reduction of lead. Thus, a promising strategy to further enhance the
stability of perovskite NCs is the search for ligands that induce even larger work

functions.
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Figure 39 (a) Energy level scheme obtained from UPS measurements for the native

shell (left) and mZnTPP functionalized nanocrystals (right), all energies are referenced

against the Fermi level of the instrument. The conduction state minimum (1Se) and

valence state maximum (1Sh) are indicated, respectively. The character of the states

is depicted as red and blue for antibonding and bonding orbitals, respectively. The

contraction of the crystal lattice resulted in a shift to higher energies by 0.1 eV for the

native ligand as well as for mZnTPP. In addition, mZnTPP functionalization lowered

the binding energy by 0.5 eV compared to the native functionalization. (b) Temporal

evolution of the XPS shift induced by the lattice contraction (red) and the formation of

elemental lead (blue).

Table 2 Influence of irradiation by X-rays on the lattice constants and resulting

distances for the CsPbBrl2 NCs. The calculated electrostatic potential for Pb and Cs

as well as the difference are given, experimental value in brackets

CsPbBrl2
ao = 6.11 a1 = 5.67 Difference ao = 6.11 a1 = 5.67 Difference
A A [eV] A A [eV]
Atom Pb Cs
desa [A]  5.2395 4.8497 n.a. n.a.
dax [A] 3.025 2.8 4.2780 3.9598
dpoa [A] n.a. n.a. 5.2395 4.8497
Vel [A] 7.5 8.1 0.6 8.9 9.6 0.7
(0.630) (0.711)
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We note that both degradation pathways — with and without mZnTPP — are preceded
by the same core level energy shifts of Pb and Cs (Figure 37 ¢ and d), which we were
able to correlate with a lattice contraction (Figure 36 a and Table 2). A likely scenario
for such a contraction could be either a phase transition or halide segregation.?3' The
latter is a well-known phenomenon in CsPbl2Br, leading to bromine-enriched crystal
domains (of smaller lattice constant) with iodine-rich segregations at the boundaries.?32
Figure 39 b suggests that this transformation is a prerequisite for the redox reaction of
Pb?* to occur according to either eqn (40 ) or ( 42 ) as the electrostatic potential can

alter the energetics inside the crystal.

We note some similarities between the X-ray induced decomposition detailed here with
the behavior of mixed-halide perovskites under UV radiation. For instance, the lattice
contraction observed here is reminiscent of the lattice contraction and phase
segregation found for superlattices of CsPb(Brxl1x)3 NCs after exposure to UV light.?4’
In contrast to such studies under UV light, under X-ray exposure in ultrahigh vacuum
we do not observe a fast evaporation of iodine, potentially due to the formation of
triiodide. This may be rationalized with the strong dependence of iodine expulsion from
the perovskite lattice on the surrounding medium,232 243 ¢ g. ultrahigh vacuum in XPS

vs. ambient conditions in UV photodegradation experiments.

5.1.4 Conclusion

In conclusion, we have shown that the mechanism of photodegradation under X-ray
radiation of all-inorganic mixed lead halide perovskite nanocrystals depends on the
ligand shell. With the ligands oleic acid/oleylamine, we found a fast decomposition into
elemental lead and halogen, similar to previous studies on bulk thin films. After ligand
exchange with a metal porphyrin derivative, photodegradation was significantly slower
and progressed via a disproportionation of Pb?* to Pb® and Pb3*. We hold an increase
in work function of the nanocrystal film by 0.5 eV responsible for the altered
photodegradation behavior, which was induced by the metal porphyrin derivative. This
work highlights the advantageous tunability of the ligand shell of lead halide perovskite
nanocrystals as an additional means to improve their photostability and suggests
surface ligands that introduce strong dipoles as a general paradigm toward mitigating
photodegradation.
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5.2.1 Abstract

Surface ligand exchange on all-inorganic perovskite nanocrystals of composition
CsPbBrl2 reveals improved optoelectronic properties due to strong interactions of the
nanocrystal with mono-functionalized porphyrin derivatives. The interaction is verified
experimentally with an array of spectroscopic measurements as well as
computationally by exploiting density functional theory calculations. The enhanced
current efficiency is attributed to a lowering of the charging energy by a factor of 2-3,
which is determined by combining electronic and optical measurements on a selection
of ligands. The coupled organic—inorganic nanostructures are successfully deployed in
a light-emitting device with higher current efficacy and improved charge carrier

balance, magnifying the efficiency almost fivefold compared to the native ligand.

5.2.2 Contribution

The research, primarily authored by Jan Wahl, focused on enhancing the
optoelectronic properties of CsPbBrl2/SiOz2 core-shell nanocrystals (NCs) by replacing
the native OAOAm (Oleic Acid (OA) and Oleylamine (OAm)) ligands with porphyrin-
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based ligands, specifically zinc-(5-monocarboxyphenyl-10,15,20-triphenylporphyrin)
(mZnTPP). Wahl developed the synthetic route, which involved the initial growth of a
thin silica shell around the perovskite core to provide the necessary stability for

subsequent ligand exchange with the more polar porphyrins.

My central contribution to this work was the electronic characterization of these
nanocrystal thin films using UPS. Measurements were performed on films prepared on
silicon/silicon oxide or gold plated silicon substrates. These UPS measurements were
critical for quantifying the electronic interaction between the NCs and the new mZnTPP
ligand. Analysis revealed a significant Fermi level shift of 0.5 eV toward lower energies
in the mZnTPP-functionalized NCs. This energy shift confirmed the electronic
interaction of the new ligand with the nanocrystals and was attributed to the intrinsic
dipole moment of the asymmetrically functionalized porphyrin, which is oriented
opposite to the NC surface dipole moment, thereby partially compensating for it.
Generally, a reduction in the surface dipole shifts the NC energy levels to lower
energies. Notably, the onset of the valence band maximum remained constant,
indicating that the valence electronic structure was preserved. These points were
previously discussed in the UPS subsection of Chapter 2.3; for further orientation, |

refer here again to Figure 15.

Broadly, my measurements and contribution to the discussion served to substantiate
the reduction of the charging energy (EC) as the primary driver for the five-fold increase
in current efficiency of the CsPbBrl2@SiOx@Porphyrin hybrid materials. The level
modulation and surface dipole compensation identified via UPS directly correlated with
a reduction in charging energy by a factor of 2.4 to 3 in the ligand-exchanged system.
This facilitated an improved charge carrier balance and increased the peak current
efficiency in LEDs by a factor of 4.65. Furthermore, my results supported evidence
from temperature-dependent photoluminescence measurements regarding the

enhanced phase stability of the ligand-exchanged perovskite nanocrystals.
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5.3.1 Abstract

We introduce a new carbazole-based zwitterionic ligand (DCzGPC) synthesized via
Yamaguchi esterification which enhances the efficiency of lead halide perovskite (LHP)
nanocrystals (NCs) in light-emitting diodes (LED). A facile ligand exchange of the
native ligand shell, monitored by nuclear magnetic resonance (NMR),
ultraviolet-visible (UV-vis), and photoluminescence (PL) spectroscopy, enables more
stable and efficient LHP NCs. The improved stability is demonstrated in solution and
solid-state LEDs, where the NCs exhibit prolonged luminescence lifetimes and
improved luminance, respectively. These results represent a promising strategy to
enhance the stability of LHP NCs and to tune their optoelectronic properties for further

application in LEDs or solar cells.

5.3.2 Contribution

This research was led by Christopher Kirsch, who developed the concept and design,
as well as the synthesis of the novel carbazole-based zwitterionic ligand 1,2-di((9H-
carbazol-9-yl)propanoyl)-sn-glycero-3-phosphocholine  (DCzGPC). My primary
contribution involved the electronic and chemical characterization of the new ligand
and the exchanged nanocrystals through UPS and XPS. The objective was to
investigate the electronic properties and energy level alignment resulting from the
ligand exchange.

UPS measurements were utilized to determine the work function (®) and the valence

band maximum of both the nanocrystals and the ligand. These parameters are
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essential for analyzing electronic band alignment. The measurements yielded an
ionization energy of 5.8 eV for the native CsPbBr2Cl nanocrystals and 5.9 eV for the
pure DCzGPC ligand. The work function was determined to be 4.0 eV for the native
nanocrystals and 4.3 eV for the pure ligand. Although the energetic positions showed
only minor variations between the native and exchanged nanocrystals, the analysis of
band alignment is critical because it reveals whether the conjugated carbazole -
system of the DCzGPC ligand facilitates charge carrier injection. Achieving alignment
for at least one carrier type, specifically the improvement of hole injection, is a

requirement for enhancing LED efficiency.

Complementary XPS measurements were used to verify the chemical composition of
the nanocrystals and to rule out impurities. Identifying chloride contamination was a
recurring challenge in the process. My analysis helped identify these impurities, which
allowed Kirsch to improve the synthetic routes and precursor selection. Specifically,
XPS confirmed the absence of chloride contamination in the pure DCzGPC ligand.
This finding was important because it ruled out halogen contamination as a potential

explanation for the observed hypsochromic shift in the emission spectrum.

Analysis of the core-level spectra for Cs3d, Pb4f, Br3d, and CI2p showed that the
ligand exchange did not significantly alter the chemical stoichiometry of the
nanocrystals. The Pb4f core-level spectra remained nearly identical in shape and
position for both native and exchanged nanocrystals, which suggests that the DCzGPC
ligand does not induce significant doping. The presence of the new ligand on the
surface after exchange was confirmed through N71s and C71s core-level signatures. In
summary, XPS and UPS provided the necessary validation for the chemical and
electronic integrity of the nanocrystals. While XPS proved that the observed optical
changes were not due to halide displacement or doping, UPS provided the data
required to characterize the energy band alignment and explain the improved

performance in LEDs.
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5.4.1 Abstract

Polycyclic aromatic hydrocarbons (PAH) are promising molecules for a manifold of
applications in organic electronics, spintronics or energy storage devices. Among
PAHSs, particular attention has been focused on the synthesis and study of acenes and
fused acenes — peri-acenes -, allowing a tuning of the HOMO — LUMO gap with the
size of the conjugated system. As a starting point for surface synthesis of larger PAHSs,
we synthesized a 1,1’-bitetracene for the first time. This precursor molecule consists
of two tetracene units connected via the 1,1’-position with a torsion angle of 70°.
Interface properties of the molecule before and after annealing on a Cu (111) surface
are investigated. Using X-ray photoemission spectroscopy (XPS), angle-resolved
photoelectron spectroscopy (ARPES), low-energy electron diffraction (LEED),
scanning-tunneling microscopy (STM), it is experimentally demonstrated that the
tetracene units zip up with the help of heat forming peri-tetracene. These results and

the exact adsorption geometry are in excellent agreement to calculations using density
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functional theory (DFT). Moreover, the calculations enable the identification of newly

formed valence band states at the interface to Cu (111).

5.4.2 Contribution

This research was led by Maren Klein and investigates the surface-assisted synthesis
of peri-tetracene (4-PA) through the thermally induced cyclodehydrogenation of the

precursor molecule 1,1'-bitetracene (Bi4A) on a Cu(111) surface.

My primary contribution to this publication involved the execution of extensive
experimental series during synchrotron beam time sessions. These experiments were
conducted at the PM4 beamline of the BESSY Il electron storage ring in Berlin.
Performing these measurements within strictly limited beamtime necessitated high
intensity and precision to maintain the required data quality across a wide range of

sample states, particularly before and after annealing at 250 °C.

The resulting PES and XAS data were essential for the interpretation and discussion
of the subsequent electronic and chemical modifications. Through the successful
execution of these spectroscopic measurements and my involvement in the
interpretation of the spectra, the central conclusion of the work was confirmed, which
states that a surface- and temperature-controlled zipping-up reaction of Bi4A to peri-

tetracene occurs.
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5.5.1 Abstract

The high sensitivity and molecular fingerprint capability of Surface-Enhanced Raman
Spectroscopy (SERS) have lead to a wide variety of applications ranging from classical
physics, chemistry over biology to medicine. Equally, there are numerous methods to
fabricate samples owing to the desired properties and to create the localized surface
plasmon resonances (LSPRS). However, for many applications the LSPRs must be
specifically localized on micrometer sized areas and multiple steps of lithography are
needed to achieve the desired substrates. Here we present a fast and reliable direct
laser induced writing (DIW) method to produce SERS substrates with active areas of
interest in any desired size and shape in the micrometer regime. Afterwards, the SERS
substrates have been functionalized with phthalocyanines. The DIW fabricated
samples realize sub-monolayer sensitivity and an almost uniform enhancement over
the entire area, which make this production method suitable for many sensing

applications.

5.5.2 Contribution

This research was led by Olympia Geladari. My primary contribution to this work was
the conceptualization and utilization of CoPcF1 as a probe molecule, which was
essential for the validation and characterization of the SERS substrates developed in

this study.
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| performed the physical vapor deposition of CoPcF1s with the objective of depositing
a precise monolayer. Following the deposition, | conducted XPS measurements to
provide the experimental basis for validating and measuring the thickness of the
evaporated CoPcFis film. A strategic reason for selecting this perfluorinated
phthalocyanine was the ability to track the F 71s signal in the XPS spectra, which allowed

for the accurate quantification and verification of molecular coverage.

As CoPcF16 was employed as a probe molecule to investigate the optical properties
and SERS performance of the printed gold nanostructure (Au-NS) architectures. The
choice of CoPcF1e is highly advantageous due to its characteristic Raman fingerprint,
particularly in the 1340 — 1550 cm™ region. This distinctive signature provides a
reliable benchmark for evaluating the enhancement capabilities of the fabricated

substrates.
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Stabilization of Colloidal MoS2 NPLs and NSs by Oleic Acid and Oleylamine
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Figure S1 FTIR spectra of MoS2 NPLs and NSs, pure oleic acid, oleylamine and a

1 : 10 -mixture of oleic acid and oleylamine used to dissolve the Mo precursor. s =

symmetric, as = antisymmetric.

Fourier-Transform Infrared (FTIR) transmission spectra of MoS2 NPLs and NSs were
obtained using a Tensor 27 spectrometer from Bruker. Washed samples were added
to KBr and were subsequently dried at 110 °C for 24 h. Discs were pressed out of the
KBr/MoS2 mixture. FTIR spectra of OA, OlAm and an OA:OIAm (1 : 10) mixture were
measured using a Cary 630 FTIR spectrometer by Agilent Technologies, utilizing
Attenuated Total Reflection (ATR).

The vibration modes between 2800 cm™ and 3050 cm! present in all samples are
caused by the oleyl group in OA or OIAm. In detail, the modes are attributed to the
C=C-H stretching (3004 cm")’®, the antisymmetric stretching of CH3 (2958 cm™")?48,
and the antisymmetric and symmetric stretching of non-terminal C—H (2922 cm" and
2850 cm™')’®. These signals suggest that OA or OIAm is present in the washed
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samples. In pure oleic acid C=0 stretching appears at 1708 cm™' (black line) and is
replaced by two modes of the COO~ group at 1402 cm™' and 1530 cm™! if the OA is
present as oleate (green lines)’® 8. Both samples, MoS2 NPLs and NSs, show a low
intensity C=0 stretching signal, suggesting that OA acts as a monodentate ligand. The
characteristic symmetric and antisymmetric COO~ stretch modes at 1402 cm™' and

1530 cm™" are not clearly visible in the samples.

S A
¢ — FFT of dashed square d — FFT of dashed square

Figure S2 HRTEM images of flat-on oriented 2D MoS2 NPLs and NSs synthesized
with Mo-precursor concentrations of (a) 10 mM and (b) 240 mM. NPL and NS sizes
are identified by a difference in contrast to the background and by domains of lattice
planes (indicated by yellow arrows). (¢) and (d) are FFT of the area in dashed squares
in (@) and (b), respectively. Both images show the hexagonal pattern of the 2H MoS:2

crystal phase for NPLs and NSs.
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Cprecursor = 10 mM Cprecursor = 38 mM Cprecursor = 240 mM

10 min | 60 min 10 min 60 min 10 min

Figure S3 TEM and HRTEM images of MoS2 NPLs and NSs synthesized by using

different precursor concentrations: 10 mM (blue), 38 mM (grey), and 240 mM (orange).

For each precursor concentration TEM images are shown after 10 min and 60 min of
reaction time. The last row shows a Fourier-transformed HRTEM image exhibiting the

same lattice constant of 0.27 nm for all MoS2 samples.
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Figure S4 SAED measurements of single MoS2 NPLs and NSs shown in Figure
22 a and b. Both samples show the typical (100) reflex overlapped by a broad (103)
reflex. The (100) reflex of the MoS2 NSs matches the literature value of 0.274 nm for
bulk 2H MoS2 (ICDD 00 037-1492). For NPLs the (100) reflex is shifted to 0.283 nm

corresponding to a lattice expansion of 3%.

133



Appendix

Powder X-ray diffraction (PXRD).
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Figure S5 XRD patterns are associated with the 2H crystal phase of MoS2. The
dominant reflexes are the (002), (100), (101), (103) and (110) lattice planes and are
broadened due to the spatial confinement of the NPLs and NSs. Most of the narrow

reflexes are attributed to in situ formed impurities such as NH4ClI.

Powder X-ray diffractograms were recorded with a Bruker D8 ADVANCE diffractometer
with a Cu Ka1 source (40 kV, 30 mA). Samples were prepared on a silicon single
crystal by drop casting. Figure S5 shows XRD patterns for 10 mM and 240 mM Mo-
precursor concentrations respectively with a comparison to bulk MoS:2 in the 2H crystal
phase. The (002) reflex has a special significance for the estimation of the MoS:2 layer
thickness due to repeating (002) lattice planes which correspond to formation of MoS2
multilayers. Fewer MoS: layers lead to a broadening of the (002) reflex. MoS2 NSs
synthesized by a low 10 mM Mo-precursor concentration lack the (002) reflex, implying
the presence of mainly monolayers.** In contrast, the XRD pattern of high 240 mM Mo
precursor MoS2 NSs exhibit a (002) reflex. This reflex is broadened as is expected for
multilayer NS and shifted to 11.72° compared to the bulk reflex at 14.38°. This shift
corresponds to an enlarged Mo-to-Mo layer distance of 0.75 nm (0.615 nm in bulk83.84)
and is caused by the colloidal NSs having a twisted shape and are therefore not

optimally stacked. Figure S5 shows that the most prominent reflexes are attributed to
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the lattice planes (100), (101), (103) and (110) of MoS: in the 2H crystal phase. These
reflexes are strongly broadened, which is expected for confined systems and usually
observed in TMDC NS diffractograms in the literature.** 62 Due to the similarity of both
crystal phases combined with the strong broadening, a distinction between the 2H and

the 1T phase cannot be made with absolute certainty by XRD.
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Figure S6 XPS spectra of NPLs and NSs synthesized with different Mo-precursor
concentrations. The synthesis parameters (precursor concentration and synthesis
time) are indicated in the upper left corner. The fraction of the signal area associated

with the 1T phase in the total Mo** signal area is given.
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Figure S7 XPS spectra of MoS2 NPLs synthesized with a 10 mM Mo-precursor

concentration for reaction. Aliquots were taken after the injection of 10 min (a), 60 min

of reaction (b) and 5 h of reaction at 320 °C (c). After the injection, NPLs are 2H/1T

phase mixed (56:44) and transformed into the semiconducting 2H phase during the

reaction.
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Figure S8 Fitting of a— d*A/dE? and b — AA data: The measured spectra are normalized
and fitted with one or two Gaussian functions to get information about the energetic

position and FWHM of the respective A and B excitonic feature.

Fitting of the absorption spectroscopy data

Derivative absorbance spectra and transient absorbance spectra were normalized to
the B exciton feature between 2 eV and 2.2 eV. The normalized data were fitted with
the sum of a constant background and one or two Gaussian curves for MoS2 NPLs or

NSs, respectively.

Afie = Ao+ ga + gp (43)
(x—xc_A)Z (x—xC‘B)Z
2 [ Am 22—~  Am 22—
=A0+f Pa, " wi 4 0B, g (44)
Vs Wy Wpg

With Ao being a constant offset and — with indices A and B, referring to the respective

exciton — g the Gaussian function, Amp the amplitude, w the width, and x. the energetic
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center of the Gaussian function. The fitted parameters are Amp, w, and x., and

subsequently the full width at half maximum (FWHM) is calculated by

FWHM = /2In(2) -w (45)

MoS, NPLs

MoS, NSs

a2E? (arb. u.)

0 /
/\
1.77 1.79 183

1.7 1.8 1.9 2.0 21

Energy (eV)
Figure S9 Tauc plot of MoS2 NPLs and NSs (blue and orange, respectively). The lateral
size of the sample does not affect the absorption threshold, which is 1.8 eV in both
cases. Note, that the determined threshold corresponds to the band gap subtracted by

the exciton binding energy and a broadening parameter.
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6.2 Appendix B

Supporting Information: Tuning the Interfacial Electronic Structure of MoS:2 by

Adsorption of Cobalt Phthalocyanine Derivatives
Philipp Haizmann', Eric Juriatti’, Maren Klein'!, Katharina Greulich!, Ruslan
Ovsyannikov®, Erika Giangrisostomi®, Thomas Chassé’, Heiko Peisert’’, Marcus

Scheele’2”

1 Institut fGr Theoretische und Physikalische Chemie, Universitat Tubingen, 72076

Tubingen, Germany
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Figure S10 Momentum maps measured with the angle resolved time of flight analyzer
at the LowDosePES endstation. The top row (a-c) shows the results for the
experiments with CoPcF1e. In (a) the momentum map at 1.28 eV is shown, where the I
and K points are visible. The I point is already near the edge and no further optimization
of the measurement geometry was needed. In (b) the momentum map at 0.8 eV and in
(c) at 0.35 eV is shown for the measurements with 0.34 nm CoPcF1s. In (d) and (e) the
momentum map at 1.37 eV before and after the strategic tilting of the MoS:2 crystal is
shown. By changing the angle, the whole Brillouin zone can be probed. (f) shows the
momentum map at 0.8 eV after deposition of CoPc. The intensity distribution matches

the expected symmetry of the CoPcF16 HOMO in both cases.

140



Appendix

LowDosePES (hv: 900 eV)
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Figure S11 Overview spectra of the freshly cleaved MoS:2 crystals (shown in black

AP Lk
5 I2:10 25

(a = d)) and after deposition of the respective phthalocyanines CoPc shown in shades of
green (a and c¢) and CoPcF1s represented in lilac in the figures (b and d). For the
measurements at the LowDosePES endstation (a and b) an excitation energy of 900 eV
was used. For the spectra obtained at the lab setup (¢ and d) a monochromated Al-Ka

source (1486.6 eV) was used.
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Concerning the peak fit model for the CoPc, we distinguish between aromatic (C2 and
C3, marked as CAin the peak fit) and pyrrolic carbon (C1, marked CP) both with their
satellites from m->1r*. Fixed convoluted Gaussian- and Lorentz-function (Voigt profile)
are applied and iterated for position and intensity. With this, we are able to fit the data
with an expected ratio of CA+SCA:CP+SCP of 3:1. For CoPcF ¢, as the C3 position is
fluorinated and therefore appears at a much higher binding energy, we can apply a
model with three components and their satellites. The differentiation between C1
(marked as CN), C2 (marked as CC) and C3 (marked as CF) with the high resolution
at the LowDosePES for an excitation of 300 eV allows for a six-component fit for each
of the chemically different carbons and their satellites. The fits also mirror the relative
stoichiometric intensities CC+SCC:CN+SCN:CF+SCF of 1:1:2 .

Table S 1 Calculated inelastic mean free paths for photoelectrons emitted from specific
core-levels of MoS2 with different excitation energies. For the calculations we used the
density of MoS:2 of 5.06 g cm™, a molar mass of 160.07 g mol' and a bandgap of
1.23 eV. For the TPP-2M?6 equation, based on the work of Tanuma, Penn, and Powell,
the number of valence electrons is 18. Further values for the S1%7 equation of Seah,

are Z(Mo): 42 and Z(S):18 from which the average Z was calculated.

Core-Level (hv)  Ekin A (TPP-2M) [nm] A (S1) [nm]
S2p (230 eV) 62.5 0.47 0.40
S2p (1486.6eV)  1319.6 2.44 2.41
Mo3d (300 eV) 65.5 0.47 0.40
Mo3d (1486.6 eV) 1252.1 2.38 2.31

Table S2 Fit parameters for the C71s spectra shown in Figure 30. Satellite positions

are given relative to respective carbon signals.

CoPc (LowDosePES) (1.16 nm) C, SC, Cp SCp
Position [eV] 284.06 1.67 285.29 2.10
GP [eV] 0.55 0.55 0.55 0.55
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LP [eV] 0.20 0.20 0.20 0.20

Rel Area [%] 70.67 7.07 17.83 4.40

CoPc (LowDosePES) C, SC, Co SCp

(0.34 nm)

Position [eV] 28395 1.6 285.19 1.93

GP [eV] 0.55 0.55 0.55 0.55

LP [eV] 0.20 0.20 0.20 0.20

Rel Area [%] 68.72 6.85 22.56 1.88

CoPcF16 CcC SCC CN SCN CF SCF
(LowDosePES)

(1.74 nm)

Position [eV] 28422 1.8 28537 1.8 286.34 1.67
GP [eV] 0.55 0.55 0.55 0.55 0.55 0.55
LP [eV] 0.20 0.20 0.20 0.20 0.20 0.20
Rel Area [%] 24 .57 0.25 17.18 4.28 46.13 7.58
CoPcF1s6 cC SCC CN SCN CF SCF
(LowDosePES)

(0.34 nm)

Position [eV] 28417 1.7 28525 1.8 286.29 1.64
GP [eV] 0.38 0.38 0.38 0.38 0.38 0.38
LP [eV] 0.20 0.20 0.20 0.20 0.20 0.20
Rel Area [%] 23.34 0.23 19.05 3.82 46.37 7.18
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Figure S12 Measurement and fit of the C7s XPS spectra collected at our home setup.

Table S3 Fit parameters for the C1s spectra shown in Figure S12. Satellite positions

are given relative to respective carbon signals.

CoPc (Lab Spectometer) C, SC, GCp SCp
(0.8 nm)

Position [eV] 28428 170 28543 2.10
GP [eV] 0.80 0.80 0.80 0.80
LP [eV] 0.20 0.20 0.20 0.20
Rel Area [%] 65.72 913 21.00 4.15
CoPc (Lab Spectometer) C, sC, GC; SCp
(0.38 nm)

Position [eV] 28416 1.60 28530 2.08
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GP [eV] 0.80 0.80 0.80 0.80

LP [eV] 0.20 0.20 0.20 0.20

Rel Area [%] 64.66 746 2332 455
CoPcF16 (Lab CC SCC CN SCN CF SCF
Spectometer)

(1.74 nm)

Position [eV] 28484 1.8 28596 1.8  286.93 1.67
GP [eV] 0.75 0.75 0.75 0.75 0.75 0.75
LP [eV] 0.20 0.20 0.20 0.20 0.20 0.20
Rel Area [%] 21.97 045 1873 588 4597 7.01
CoPcF16 (Lab CC SCC CN SCN CF SCF
Spectometer)

(0.25 nm)

Position [eV] 28469 1.8 28582 1.8 286.85 1.67
GP [eV] 0.75 0.75 0.75 0.75 0.75 0.75
LP [eV] 0.20 0.20 0.20 0.20 0.20 0.20
Rel Area [%] 26.88 0.27 2061 239 43.13 6.56
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Figure S13 Work function measurements for CoPc (green color code) and CoPcF1e
(lilac/blue color code) on MoS2 (black) and the clean MoS:2 substrates are shown in
(a and b). Measurements are done with an applied BIAS voltage between sample and
analyzer of 15 V, which was considered in the calculation of the binding energies. In (c)
(CoPc) and (d) (CoPcF16) UV-Vis absorbance measurements of the phthalocyanine
films, evaporated on glass slides, are shown. The measurements were performed in

transmission with a Maya 200 Pro (Ocean Insight).

A brief discussion of common models to describe charge transfer processes at

organic/inorganic interfaces
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In the ICT model, compared to the FCT model, the transfer of integer charge carriers
is described. This is often observed at interfaces of passivated, oxidic semiconductor
surfaces with organic molecules. The reason for this is that the charge transfer must
take place through tunneling, which in turn only allows the transfer of integer charge
carriers. In the molecular film, a situation then prevails in which charged and uncharged
molecules are adjacent to each other. Compared to this, FCT often leads to a
rehybridization of the molecular states at the surface. For rehybridization, it is essential
that the wave functions of the molecules overlap with the wave functions of the
substrate. Also, a sufficient number of free charge carriers must be present, therefore
FCT is often observed at the interfaces with reactive metals. Lastly, ICT describes the
presence of charge neutrality levels (CNLs). Here, the occurrence of macroscopic and
microscopic dipoles due to CT at the interfaces plays a major role. Macroscopic dipoles
occur when the Fermi levels of the considered semiconductors are misaligned. Charge
equalization leads to band bending in the semiconductors. CNLs play no role in this
but are the decisive factor in the formation of microscopic dipoles. These microscopic
dipoles form when the CT includes CNLs. Compared to macroscopic dipoles,

microscopic dipoles are a pure phenomenon of the interface.
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6.3 Appendix C
Supporting Information: Orientation of Cobalt-Phthalocyanines on Molybdenum

Disulfide: Distinguishing between Single Crystals and Small Flakes
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MoS, flake on native oxide silicon substrate
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Figure S14 Micro-XPS measurements on a MoS2 flake on native oxide silicon
substrate, referred to as flake 1 in the main text. The intensity maps show the summed
intensity measured over the S2p region (a), the Si2p region (b) and the Mo3d region
(c). The bright pixels have an overall high intensity while the intensity in darker areas
is low. Below each image the average spectra, integrated over the total detector area

is shown.
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MoS, flake on titanium coated substrate
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Figure S15 Micro-XPS measurements on a MoS2 flake on a titanium coated
substrate, referred to as flake 2 in the main text. The intensity maps show the summed
intensity measured over the S2p region (a), the Ti3p region (b) and the Mo3d region
(c). The bright pixels have an overall high intensity while the intensity in darker areas
is low. Below each image the average spectra, integrated over the total detector area

is shown.
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MoS, flake on titanium coated substrate

||s2p (Ti Suoslrarejl 162.8 eV \Ti3p (Ti Subsfrate}l _|Mo.'i‘d‘ (Ti Subsfrate)l 2208 eV
| Esmoson : 2208V 1 Epnogen - 220 €V 347ev 1 Epnoon - 800 eV

2329eV

Intensity (arb. unit]

Intensity [arb. unit]
Intensity [arb. unit]
M

167 166 165 164 163 162 161 160 4z 40 38 36 34 32 30

Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Figure S16 Micro-XPS measurements on a MoS2 flake on a titanium coated
substrate, referred to as flake 3 in the main text. The intensity maps show the
summed intensity measured over the S2p region (a), the Ti3p region (b) and the
Mo3d region (c). The bright pixels have an overall high intensity while the intensity
in darker areas is low. Below each image the average spectra, integrated over the
total detector area is shown.
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Figure S17 Angle dependent XAS measurements of (a) N K edge region of clean bulk
MoS: (red) and bulk MoS2 with an overlayer of CoPcF1e (black). (b) N K edge region

after the second deposition of CoPcF1s.
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Figure S18 (a) and (e) display the red channel of the RGB optical microscope

images of the samples referred to as flake 2 and 3 in the main text. The contrast

profiles produced in (b) and (f) were generated using ImagedJ and correspond to the

values along the yellow line shown in (a) and (e). (c) presents a photoluminescence

(PL) map of the flake shown in (a). Strong PL is observed in the monolayer areas,

where direct band transitions occur. (d) shows the PL spectra of the monolayer

(black) and the bulk (red) region. The peak maximum at an energy of 1.88 eV is

typical for structures with two or less layers.® In addition, the increased

photoluminescence in comparison to the bulk area is characteristic for such thin

structures.®
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Figure S19 (a) displays the optical microscope image of an exfoliated flake on a
silicon substrate with a native oxide layer. (b) and (d) show the red channel of the
RGB optical microscope image of the flake presented in (a), as well as of flake 1
discussed in the main text. (c) and (e) depict the contrast values along the lines

drawn in (b) and (d), which were generated using ImageJ.
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Figure S20 Measured BIAS voltages for flakes 1-3 (a — ¢) and the averaged spectra

from the marked region of interest (d — f). (g) measured secondary electron cut-off

for the clean substrates.
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6.4 Appendix D
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Jan Wahl,>" Philipp Haizmann,”' Christopher Kirsch," Rene Frecot," Nastasia
Mukharamova,? Dameli Assalauova,? Young Yong Kim,? lvan Zaluzhnyy,® Thomas

Chasse,"* Ivan A. Vartanyants,? Heiko Peisert*! and Marcus Scheele?"
" Institut fUr physikalische und theoretische Chemie, Universitat Ttbingen,
Auf der Morgenstelle 18, 72076 Tubingen, Germany

2 Deutsches Elektronen-Synchrotron DESY, NotkestraBe 85, 22607 Hamburg,

Germany

3 Institut fir Angewante Physik, Universitat Tlibingen, Auf der Morgenstelle 10, 72076

Tudbingen, Germany

4 Center for Light-Matter Interaction, Sensors & Analytic LISA*, Universitat Tibingen,

Auf der Morgenstelle 15, 72076 Tlbingen, Germany

" These authors contributed equally

# heiko.peisert@uni-tuebingen.de, marcus.scheele@uni-tuebingen.de
Materials and methods Materials

1-Octadecene (ODE), technical grade, 90%, Sigma Aldrich; Oleic acid (OA), 97%,
Acros Organics; Oleylamine (OAm), 80-90%, Acros Organics; Caesium carbonate
(Cs2C03), 99.99% (trace metal basis), Acros Organics; Lead(ll)iodide (Pbl2), 99.999%
(trace metal basis), Sigma Aldrich; Lead(ll)bromide (PbBrz), 298%, Sigma Aldrich;
Lead(ll)chloride (PbCl2), PuratronicTM, 99.999% (metal trace), Crystalline, Alfa Aesar;
Toluene, HPLC grade, 99.8%; Toluene, 99.8%, extra dry, AcroSeal, Acros Organics;
zinc-(5-monocarboxyphenyl-10,15,20-triphenylporphyrin)  (mZnTPP), TriPorTech;
Tetrachloroethylene (TCE), 299%, Acros Organics; Kapton® polyimide membranes
(125 pm thickness), DuPont

CsPbXs3 nanocrystal synthesis

The used nanocrystals were synthesized with two different stoichiometries, namely
CsPbBri2 and CsPbBr2Cl, following the published synthesis route by Krieg et al.??3
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with slight adjustments. For CsPbBrlI2 a 20 ml glass reaction vial was used which could
be heated to the reaction temperature of 160°C in a custom-made aluminum heating
block. Generally, the syntheses were carried out with twice the concentration of

precursors compared to literature.
Ligand exchange and thin film preparation

Following the purification, the nanocrystals (NC) were either used as obtained or post-
synthetically modified by ligand exchange with zinc-(5-monocarboxyphenyl-10,15,20-
triphenylporphyrin) (mZnTPP). The exchange was effectively carried out in solution by
adding 0.25 stoichiometric equivalents of mZnTPP to the NC solution. An immediate
color change was observed upon addition. The ligand exchange procedure and

corresponding analysis is given in more detail in another paper.?*’

The as-synthesized and exchanged NCs were subsequently spin-coated onto custom-
made gold substrates under nitrogen atmosphere to prepare thin films. The coating

parameters were chosen to be 10 rps for 30 s with a 3 s ramp.

The used substrates were custom made at the LISA+ center Tubingen. A commercially
available four-inch silicon wafer with native oxide layer was coated with 10 nm

chromium in an evaporation chamber, followed by deposition of a 50 nm gold layer.
Self-assembly into superlattices

To prepare superlattices for the X-ray scattering measurements, the perovskite
samples were prepared as 1-3 mM solutions in toluene (CsPbBrl2) or
tetrachloroethylene (CsPbBr2Cl) and drop-casted onto Kapton® substrates under inert
atmosphere. The substrates were placed inside a petri dish with an additional reservoir
of solvent (1 — 2 ml) to slow down the evaporation process and covered with a lid. The
samples were allowed to dry for 24 h before the lid was removed and an additional

drying process for 5 — 6 h was allowed.
Scanning electron microscopy (SEM)

SEM was carried out at a HITACHI SU8030 electron microscope, utilizing an
acceleration voltage of 30 kV. SEM micrographs were taken of thin film samples.

X-ray photoelectron spectroscopy and ultraviolet photoelectron spectroscopy
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The thin film samples were analyzed inside an ultrahigh vacuum chamber (base
pressure: 2 x 107 mbar) with a XR-50M X-ray source from SPECS utilizing
monochromatic Al Ka radiation (hv = 1486.6 eV) with a flux of 8.3:10"° photons/s onto
a~2mm? area. For photoelectron detection a Phoibos 150 DLD hemispherical
photoelectron energy analyzer (SPECS) was used. The spectrometer was calibrated
to reproduce the binding energy of Au4f7. (84.0 eV) and Cu2ps2 (932.6 eV) signals,
with photoionization cross sections of 0.2511 and 0.3438, respectively.® Measurements
were performed under fixed analyzer transmission mode, with an energy resolution of
400 meV and 150 meV for XPS and Ultraviolet photoelectron spectroscopy (UPS),
respectively. Custom written scripts were used to measure overview and detailed
spectra at specified times during the experiment. Peak fitting was done using the Unifit
software package.?*° Peaks are expected to show Voigt profile, meaning a convolution
of Lorentzian and Gaussian peaks. The background was modeled with an iterative

algorithm to apply Shirley background.

UPS was carried out with similar conditions as XPS measurements. A helium ultraviolet
source with an energy of 21.22 eV was used in combination with a Phoibos 150 DLD

electron analyzer.
XPS and UPS experiments were conducted on thin film samples.
Small- and wide-angle X-ray scattering

The small- and wide-angle X-ray scattering (SAXS and WAXS) were carried out at the
Coherence Applications beamline P10 of the PETRA Il synchrotron source at the
Deutsche Elektronen-Synchrotron (DESY). The X-ray source provided a beam with a
wavelength of A = 0.0898 nm or an energy of 13.8 keV, the beam was focused on a
spot size of roughly 400 x 400 nm? with a focal depth of 0.5 mm. A two-dimensional
EIGER X4M (Dectris) detector with 2070 x 2167 pixels of size 75 x 75 ym? was used,
it was located 412 mm away from the sample plane. The detector was positioned in a
way to allow simultaneous measurements of SAXS and WAXS. The exposure time of
the samples was 0.5 s. The obtained diffraction patterns were analyzed by Bragg peak
assignment and radial profiles could be achieved by averaging over the angular

coordinates. For SAXS and WAXS measurements superlattice samples were used.
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Low Binding energy survey from XPS
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Figure S21 Survey spectra at different times during the X-ray illumination. A shift in
peak position for all elements associated with the perovskites can be observed. As the
perovskites were deposited on a gold substrate, the Au4f core level peak serves as a
reference for the binding energies. Another interesting feature is the occurrence of an
additional novel peak in the Pb4f region, visible at lower binding energies after
illumination, indicating the decomposition of the nanocrystals (cf. Figure 35 of the
manuscript). Beside of the energetic shift of the Br3d peak no further change could be
observed, i.e., it was not possible to detect an additional species for this element

arising from the degradation.
Calculation of the I:Pb ratio and temporal evolution of novel lead species

As detail XPS spectra are generally not comparable, the ratio of formed elemental lead
and iodine was calculated as follows. The percentages were taken from the ratio of the
areas fitted to the detail spectra as shown in Figure S$22. Subsequently, the areas from
the survey spectra were fitted as described in the methods section. The as obtained
areas were then multiplied with the percentages from the detail spectra, resulting in

areas that are quantitatively comparable.
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Figure S23 Percentages of the novel formed species after illuminating the native
sample for ~ 20 h for (a) lead and (b) iodide. The amount of newly formed species is

given as a percentage of the overall peak area in both cases.

Generally, an error of 10% per fitted peak area is assumed.?*° Additionally, a Gaussian
error propagation was carried out since multiple calculations were done with the

measured values.

The precise error calculation is given by:

I, oR 2 oR 2
2 \_Ap = 46
A(Pbo) AR <6A,2 *AA,Z) + (aAPbo *AAP,,O) (46)

With the ratio of formed iodine to elemental lead R, the area of iodine A;2 and elemental

lead Apno as well as the corresponding uncertainties denoted by A. The error

calculation resulted in an error of the ratio of 0.23.
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Figure S24 Temporal evolution of elemental lead (Pb°) for (a) CsPbBrl2 and (b)
CsPbBr2Cl obtained by fitting the Pb4f XPS spectra in Figure 35 of the manuscript.
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Structural integrity probed by SEM for CsPbBrl2 and CsPbBr2Cl
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Figure S25 SEM of CsPbBrl2 (top) and CsPbBrzCl (bottom) before (left) and after
(right) X-ray exposure.

UPS of native and exchanged CsPbBri2 before and after X-ray illumination

The shifts of the UPS onset were found to be Anative = 0.12 eV and ATPP =0.10 eV
from fitting. However, as UPS has a resolution limit of one decimal, the value for both

shifts was taken to be ~ 0.1 eV.
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Figure S26 UPS cut-off energies of (a) native and (b) exchanged CsPbBrl2. The shift
in the cut-off energy of ~ 0.1 eV in both cases is found from a linear extrapolation, the
shift indicates a reduction of the work function by the same amount. The fits are

indicated as dotted lines.

Further example of the lattice contraction

Figure S27 More examples of the isotropic lattice contraction for (a) CsPbBrl2 and (b)
CsPbBr2Cl

UPS overview spectra and onset
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Figure S28 The onset remained constant at ~ 1 eV, shown by the derivative of the
UPS spectrum for (a) native and (b) mZnTPP functionalized CsPbBrlz. The constant

onset refers to the Fermi level being located in the middle of the band gap before and

after the illumination. Therefore, a shift of the energy states in their entirety is at hand.
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Figure S29 UPS overview spectra of the native CsPbBrl2 sample (top) and the

mZnTPP exchanges sample (bottom). The cutoff energies are shifted by ~ 0.5 eV.

lodide preservation for CsPbBrl2 functionalized with mZnTPP
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Figure S30 13d (a + b) and Pb 4f (¢ + d) XPS detail spectra for the mZnTPP
exchanged sample. The decomposition of the NCs started as indicated by the

formation of elemental lead. However, there are no novel peaks for the iodide signal.

Photoluminescence loss after X-ray illumination
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Figure S31 CsPbBrlz2 sample after exposure to X-ray radiation for ~ 21 h. The middle

of the sample was illuminated, the area exhibits a darker spot corresponding to a loss
of PL response.

163



Register of Symbols and Abbreviations

7 Register of Symbols and Abbreviations

1T/2H/ 3R Polytypes of MoS:2 (metallic, semiconducting, rhombohedral)

2D Two Dimensional

4-NBD 4-nitrobenzenediazonium tetrafluoroborate

A Angstrom

ARPES Angle-Resolved Photoemission Spectroscopy

ARTOF Angle-Resolved Time-of-Flight (detector)

a.u. Arbitrary Units

CBM Conduction Band Minimum

COINFLIP Coupled Organic Inorganic Nanostructures for Fast, Light-induced

Data Processing

CoPc Cobalt Phthalocyanine
CoPcF16 Perfluorinated Cobalt Phthalocyanine
CS2 Carbon disulfide

CT Charge Transfer

CuPc Copper Phthalocyanine

°C Degree Celcius

DFT Density Functional Theory
DIW Direct Laser Induced Writing
EA Electron Affinity

Es Binding Energy

Er Fermi Level

Eg Band Gap

Ekin/Exk Kinetic Energy

ERC European Research Council

164



Register of Symbols and Abbreviations

ELA
Evac
eV
eq

€0

FAT
FCT
FFT
FTIR
FWHM

M,K,Q

hBN

hv
HRTEM
HMDS
HOMO
ICDD

ICT

IGS

IMFP

Energy Level Alignment

Vacuum Level

Electron Volt (1.602 x 10-'° C)
Equivalent

Vacuum Permittivity (8.854 x 10712 F/m)
Farad

Fixed Analyzer Transmission

Fractional Charge Transfer

Fast Fourier Transform
Fourier-Transform Infrared

Full Width at Half Maximum
High-symmetry points of the Brillouin zone
Gram

Hexagonal Boron Nitride

Photon Energy

High-Resolution Transmission Electron Microscopy
1,1,1,3,3,3-Hexamethyldisilazane
Highest Occupied Molecular Orbital
International Centre for Diffraction Data
Integer Charge Transfer

lonization Energy

Induced Gap States

Inelastic Mean Free Path

Joule
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Register of Symbols and Abbreviations

LED
LEED
LHP
LSPRs

LUMO

min
M/mM
Me

Mo

mol
MoS:2
MoCls
([Mo(Ac)2]2)
mZnTPP
NEXAFS
NCs

N/m?

Total angular momentum quantum number
Kelvin

Wave vector / Momentum

Kilovolt

Azimuthal quantum number

Mean Free Path

Light-Emitting Diode

Low-Energy Electron Diffraction

Lead Halide Perovskite

Localized Surface Plasmon Resonances
Lowest Unoccupied Molecular Orbital
Meter

Minute

Molar/Millimolar

Electron Mass (9.109 x 103" kg)

Magnetic Constant (1.2566 x 106 N/A?)
Mole

Molybdenum disulfide

Molybdenum(V) chloride

Molybdenum(ll) acetate
Zinc-(5-monocarboxyphenyl-10,15,20-triphenylporphyrin)
Near Edge X-ray Absorption Fine Structure
Nanocrystals

Newton per Square Meter
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nm

NS

NPLs

OA

OlIAm

PEEM

PES

PL

PXRD

rcf

SAED

SAXS

SECO

SEM

SERS

STM

TAA

TAS

TCNQ

TEM

TEY

TMDC/TMD

Nanometer

Nanosheet

Nanoplatelets

Oleic acid

Oleylamine

Photoemission Electron Microscopy
Photoelectron Spectroscopy
Photoluminescence

Work Function

Powder X-ray Diffraction

Relative Centrifugal Field

Spin quantum number

Selected Area Electron Diffraction
Small-Angle X-ray Scattering
Secondary Electron Cutoff
Scanning Electron Microscopy
Surface-Enhanced Raman Spectroscopy
Scanning Tunneling Microscopy
Thioacetamide

Transient absorption spectroscopy
Tetracyanoquinodimethane
Transmission Electron Microscopy
Total Electron Yield

Transition metal dichalcogenide
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TPcs

UHV

UPS

VBM

WAXS

WS2

XAS

XPS

XRD

Z

Transition metal phthalocyanines
Ultra-High Vacuum

Ultraviolet Photoelectron Spectroscopy
Valence Band Maximum

Wide-Angle X-ray Scattering

Tungsten disulfide

X-ray Absorption Spectroscopy

X-ray Photoelectron Spectroscopy
X-ray Diffraction

Atomic Number
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