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ABSTRACT

Investigation of the chemical and electronic structure of a 2H phase MoS: single crystal

By
Mary Blankenship

Dr. Clemens Heske, Examination Committee Chair
Professor of Chemistry

University of Nevada, Las Vegas

Molybdenum disulfide has a wide range of applications in energy conversion devices, like
thin-film solar cells, batteries, bio sensors, and more. Although the properties of MoS:
and other transition metal dichalcogenides (TMDC) have been widely studied,

disagreements and discrepancies regarding its electronic structure remain.

In this thesis, a highly-oriented synthetic 2H phase MoS: single crystal is investigated
using a toolchest of spectroscopic techniques to uncover its chemical and electronic
properties. Lab-based x-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), inverse photoemission spectroscopy (IPES), and low energy
electron diffraction (LEED) were performed at UNLV and combined with resonant inelastic
soft x-ray scattering (RIXS) at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory. Together with theoretical calculations of the density of states and
band structure, an in-depth picture of MoS:2 properties is painted. In addition, the effects
of mechanical exfoliation on the chemical and electronic environment of the MoS: crystal
surface is discussed. The results are compared to past studies and the established

knowledge of the electronic structure of MoS..
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CHAPTER 1: INTRODUCTION

In this work, a 2H phase molybdenum disulfide (M0Sz) single crystal is investigated using
a toolchest of spectroscopic techniques in order to uncover its chemical and electronic
properties. This material is part of a larger family of transition metal dichalcogenides
(TMDC) that have garnered much attention due to its unique and complex electronic and
optical character. TMDC'’s, like MoSz, are defined by two-dimensional layers composed
of S-M-S, where the metal (molybdenum atoms) is sandwiched between two layers of
chalcogenides (sulfur atoms). The molybdenum is covalently bonded to the two
chalcogen layers, while weak van der Waals forces couple the layers together to form the

bulk crystal.t?

MoS:2 has important applications in solar cell devices, batteries, optical sensors,
biosensors, electrochemical biosensors, and is even considered a promising
electrocatalyst for the hydrogen evolution reactions.®>® The material is comparable and
offered as an alternative to graphene, which has similar characteristics in its carrier
mobility and high structural flexibility.®” One of the most discussed aspects about MoS:
is its band structure and bandgap that has been reported to change from an indirect

bandgap while in its bulk form into a direct bandgap with decreasing number of layers.&-

10

There are different techniques that have been used to treat the surface of the single
crystal or extract individual layers of the MoS2 through various exfoliation techniques. One
of the most straightforward and used techniques is the mechanical exfoliation achieved

using adhesive tape.>811-17



Despite MoS:2 being an intensely studied material, questions remain concerning
the effects of such mechanical exfoliation techniques and what causes the supposed
change of the band gap from an indirect to a direct one. Many have speculated quantum
confinement effects or spin orbit splitting to be the cause of such a unique electronic
structure while others raise concerns over the effects that substrates may have in optical

measurements for the single-layered MoS2.%-1*

To gain insight about these notable topics concerning MoS2, lab-based
experiments were performed at University of Nevada, Las Vegas (UNLV) and
synchrotron-based experiments were performed at the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory. AT UNLV, x-ray photoelectron spectroscopy
(XPS) was used to uncover the chemical structure at the surface of the single crystal. In
addition, ultraviolet photoelectron spectroscopy (UPS), inverse photoemission
spectroscopy (IPES) measurements were also conducted at UNLV and give information
about the electronic structure of the MoS:2 crystal surface. This information was then
combined with structural information gathered using low energy electron diffraction
(LEED). While soft x-ray absorption and x-ray emission spectroscopies have individually
been utilized to study TMDCs, the bulk-sensitive resonant inelastic x-ray scattering
(RIXS), performed at ALS, offers additional insights, and provides momentum-resolved
information about the single crystal. The RIXS technique has the benefit of not being
sensitive to surface contaminations and charging effects, qualities that otherwise make it
difficult to accurately derive the electronic structure like with angle-resolved ultra-violet

photoelectron spectroscopy studies. To aid in the electronic structure discussions,



theoretical calculations of the density of states and band structure were also performed

using the WIENZ2k software package.

The organization of the thesis will be as follows: Chapter 2 will give an overview of
the theoretical background and the experimental techniques utilized in this study as well
as information about the 2H phase MoS:2 material system investigated. Chapter 3 will
discuss the chemical environment of the MoS: single crystal surface and how the
mechanical exfoliation performed on the surface of the crystal effects its chemical
structure. Finally, the corresponding electronic structure of the single crystal, with both
lab- and synchrotron-based techniques (primarily RIXS), will be the focus of Chapter 4.
Here, the effects of the mechanical exfoliation will also be evaluated in addition to an in-
depth discussion about the band dispersion and bandgap values derived from UPS, IPES,
and RIXS. These experimental results will be compared to theoretical calculations and

established knowledge of the MoS: electronic structure.



CHAPTER 2: BACKGROUND

2.1 Introduction
Chapter two presents an overview of the theoretical background and experimental details
of the spectroscopic techniques (both lab- and synchrotron-based) utilized in this study
and concludes with a discussion on the MoS2 material system and its relevant electronic

properties.

The lab-based experiments utilized in this study were performed at the University of
Nevada, Las Vegas (UNLV), and include x-ray photoelectron spectroscopy and x-ray
Auger electron spectroscopy (XPS and XAES, respectively), which probe the chemical
surface structure. Other techniques include ultraviolet photoelectron spectroscopy (UPS),
which yields information about the occupied electronic states and is discussed in tandem
with inverse photoemission spectroscopy (IPES) that provides information about the
unoccupied electronic states. Low energy electron diffraction (LEED) is also utilized in
this study to identify the lattice structure and parameters of the single crystal. For the
synchrotron-based techniques, resonant inelastic x-ray scattering (RIXS) was utilized,
which combines information from both x-ray absorption spectroscopy (XAS) and x-ray
emission spectroscopy (XES). RIXS measurements were performed at Advanced Light

Source (ALS) at the Lawrence Berkeley National Laboratory (LBNL).

2.2 Theoretical Background

2.2.1 Lab-based spectroscopic techniques
The photoelectric effect, originally discovered by Heinrich Hertz in 1887 and later

theoretically described by Albert Einstein, plays a central role in the photoelectron



spectroscopy (PES) techniques utilized to investigate the surface chemical and electronic
structure. Generally speaking, this effect involves a photoelectron that is ejected from a
sample and into vacuum when photons of a certain energy are incident on the surface.*®-
20 The kinetic energy, indicated by Ek, of the ejected photoelectron is given by the

following equation:

Where hv represents the energy of the incoming photon and Es is the binding energy of
the atomic orbital from which the ejected electron originates from.1° The kinetic energy
also includes the work function of the sample, which refers to the minimum amount of
energy needed to expel an electron from a solid into vacuum and is the difference

between the Fermi energy (Er) and the vacuum level (Evac) of the sample. Each element

has a unique set of kinetic and binding energies that can be identified in a spectrum, with
energies that also correspond to specific chemical environments of that element. Figure
2.1 gives a pictorial description of the various processes for the corresponding lab-based
spectroscopic technigues (XPS, XAES, UPS, IPES) and will be used to aid the following

descriptions.

As depicted by the purple lines in Figure 2.1, the incoming x-ray photons in XPS
excite electrons from a specific core level (CL) into ultra-high vacuum (UHV), which are
then detected using a hemispherical electron analyzer. This technique is a powerful tool
that can be used to uncover the chemical structure at the surface and give in-depth
information about the bonding environment, oxidation states, final state as well as

screening effects of the measured sample. This is done by comparing the intensity,
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Figure 2.1: Schematic drawing of x-ray photoelectron spectroscopy (XPS, purple lines),
x-ray-excited Auger electron spectroscopy (XAES, green lines), ultra-violet photoelectron
spectroscopy (UPS, red line), and inverse photoemission spectroscopy (IPES, blue line).

shape, and peak position of the spectral features between different measurement rounds
and references. There are several types of satellite features present in the XPS spectra
that need to be considered when analyzing a spectrum. Since the x-ray source used in
this study is non-monochromated, this means that additional peaks will be present, in
smaller intensity, that correspond to photon wavelengths in addition to the main line.*°
Other relevant spectral features in XPS include plasmons and shake-up satellites.
Plasmons, which are caused by interactions between the photoelectrons and electrons,
can typically be identified by a series of smaller, broader peaks located at higher binding
energies after a photoelectron line with peak positions at specific increments in binding

energy.'®19 Shake-up and shake-off excitations can also be present in a XPS spectra and



occur when an electron from an inner shell is ejected so fast that the outer shell electrons
have no time to relax.'®*?! In a shake-related processes, the ejecting photoelectron and
the electrons left behind may interact which can decrease the Ek of the photoelectron and
transfer that energy to the system that is then released as shake-up and shake-off

contributions.?!

The surface sensitivity of PES measurements is dictated by the inelastic mean free
path (IMFP) of the emitted or incident electrons. Essentially, the longer of a path the
electron has to take in a sample, the more likely that electron is to be inelastically
scattered. IMFP depends on the kinetic energy of the incident photons and the sample
compositions.?° If an electron is inelastically scattered, it may still be detected by the
electron analyzer but may contribute to the background of the measured spectrum and
not contribute to the intensity at the correct final state energy.?° As will be seen in Section
3.2.1, the overall background of the survey spectrum increases with increasing binding
energies (or lower kinetic energies), which is a result of inelastic scattering processes that

create secondary electrons that are detected at higher binding energies.%2°

XAES peaks are also observed in the XPS spectra and correspond to a process
where a second electron is ejected. The Auger process, as depicted by the green lines in
Figure 2.1, is a secondary, non-radiative process in which an electron from a higher
energy level relaxes into a core hole in at a lower energy level that was created from the
first ejected photoelectron. In order to conserve the energy difference between the two
core levels, a second electron is ejected and produces a peak that is typically broader
than the photoelectron lines. The spectra derived from XPS is typically plotted with

intensity (arbitrary units) as the ordinate and binding energies as the abscissa. For XAES,



the energy axis of the Auger regions is plotted in kinetic energies since Auger emission

is independent of the excitation source.

UPS provides information about the occupied density of states below Fermi energy
(EF), as shown by the red lines in Figure 2.1. This technique allows for the measurement
of the valence band region, d-band states, and the secondary electron cut-off (from which
the work function can be derived using linear extrapolation). This technique gives the total
density of states integrated over all k-points of a single crystal. From the valence band
measurements, the leading band edge can be derived using linear extrapolation. XPS
can also be used to probe the valence band region, however this technique does not have
as high of flux or narrow-line widths as UPS He | and He Il excitation energies do in the
valence band region.?® UPS can then be paired with its complementary techniques of
inverse photoemission spectroscopy (IPES), an electron-in and photon-out process that
probes the unoccupied density of states above the Fermi energy. As seen in Figure 2.1,
indicated by the blue line, a beam of low energy electrons bombards the surface of the
sample, allowing for electrons of a certain energy to relax into unoccupied states within
the conduction band.?? This relaxation produces an emission of a photon that is then
detected by an IPES detector (in this study, a photomultiplier tube). The electron source
scans through a range of electron energies while the photon energy is held constant. The
energy of the emitted photon corresponds to an energy of Ei— Er and is representative of

the available electronic states in the conduction band.

From UPS, the valence band maximum (VBM) can be combined with the
conduction band minimum (CBM) from IPES to find the electronic surface bandgap of the

material, which is done by linearly extrapolating the leading band edges of the

8



spectra.?®?4 Linear extrapolation is a suitable method of deriving the uppermost electronic
states of the valence band since valence band spectra shown here are integrated over k-
space. Additionally, non-symmetric broadening as a result of limited angular resolution of
the electron analyzer (for UPS) or the electron gun (for IPES), inelastic scattering
processes, and incomplete screening may lead to shifts of bands to higher binding
energies.?>2% This method gives a good description of the VBM and CBM at the high-
symmetry-point of the crystal in momentum space, which will be positioned at the inner
bounds of VBM and CBM (closer towards the EF). While for semiconductors, UPS and
IPES provide the bandgap value, for metals, which do not have a bandgap, the techniques
give a measurement of the Fermi edge. This Fermi edge is used to derive the Fermi
energy and set as the relative energy for comparisons between UPS and IPES
measurements. For XPS and UPS, because the techniques result in an ejection of an
electron, the system is left with an N — 1 electronic configuration while for IPES, the
system is left with an N + 1 configuration because of the additional electron. Further
information about the lab-based spectroscopic techniques is available in references ®

and 29,

The spectrum for each of these techniques is dictated by the probability of a
specific transition per unit of time, which can be described using Fermi’s Golden Rule (as

described in ref 26):
Py o« | {f|Hp|0)I? 8 (Ef — Ei £ hv) (2.2)

In the time-dependent first order perturbation theory, Pistgives the probability of a
transition for the initial state (i) to the final state (f) by a perturbation operator. The initial

and final states are different between the spectroscopic techniques: with PES, the initial

9



state is typically the ground state. The final state is a free electron and a core hole for
XPS, or a free electron and a valence hole for UPS. The transition matrix element is given
by (f|Hp|i) derived by P.A.M. Dirac in 1927.%6 The & function accounts for energy
conservation. The “minus” in the & function refers to an absorption process, while the
“plus” describes the emission process. Disregarding multi-photon processes and applying
the dipole approximation that assumes a constant electric field over the spatial variation

of the electron wave function,?” an simplified expression is:
Py o< | Xyl féxili) |? 8(Ef — E; £ hv) (2.3)

Where é stands for the unit vector, while xk refers to the linear momentum operator of the

electrons.

2.2.2 Synchrotron-based spectroscopic techniques
Soft x-ray photon-in-photon-out techniques were also utilized in this study, specifically
resonant inelastic x-ray scattering (RIXS). Since RIXS combines information from both
XAS and XES, the non-resonant XAS and XES will be discussed first to introduce the
RIXS process. A basic pictorial description of the three synchrotron-based techniques is
available in Figure 2.2, with XAS shown by the red lines, XES shown by the blue, and
RIXS shown by the purple lines. In the non-resonant XAS and XES case, the description
of the process differs from the RIXS process and is instead viewed as an “absorption
followed by emission” process.?® As indicated by the XAS schematic in Figure 2.2,
incident photons can be tuned to an energy for which an electron from a core level is

excited into an unoccupied state in the conduction band. Afterward, an electron (typically

10



from the valence band) relaxes into the core hole and a photon is emitted, as indicated

by the XES schematic depiction in Figure 2.2.

Soft XAS is a photon-in-photon-out process that probes the unoccupied density of
states by measuring the probability of an x-ray photon being absorbed as a function of
photon energy. As mentioned with the PES techniques, the probability of a specific
transition per unit of time can be described using Fermi’s Golden Rule. The intensity of
XAS spectra can be expressed by integrating Equation 2.4 over all possible final states

while also accounting for energy conservation (according to ref 2°):
Ixas(hvin) o< | Zpdf [éxi i) |? P(Ef) with Er = E; + hv, (2.4)

The p(Er) describes the density of states (DOS). Here, the initial state is also the
ground state, like with PES, but is a combination of an excited electron and a core hole
in the final state.®® The complimentary technique to XAS is XES, which is also a photon-
in-photon-out process, but one that probes the occupied density of states by measuring
the emission probability as a function of emission energy. XES intensity can be expressed

as follows:
Ixps(hvour) o | Xidf lexy i) |? p(E;) with E; = Ef — hvgy, (2.5)

The initial state for XES is the core hole system, while its final state contains a
valence hole.?° The dipole transition matrix element dictates that only states fulfilling
specific symmetry and dipole selection rules are allowed to be probed, i.e., that Al = +1.
The overlap of states and core level orbital determines the intensity contributed to a
spectrum,3! meaning that the local density of states at a specific atomic species is probed

with XAS and XES. Probing the local electronic (and thus also chemical) environment is
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a clear distinction of XAS and XES compared to PES.3! The valence hole influences the
XES spectral contributions, while the XAS spectrum is influenced by the core hole effects

in its final states.3?

In the resonant excitation regime, the emission spectra have a strong dependence
on the excitation energy, an effect that was first described by Rubensson et al.3* While
non-resonant XAS and XES can be approximated well enough as separate steps, the
RIXS process needs to be describes strictly as a one-step scattering process.3:343% To
do this, Fermi’s Golden Rule needs to be replaced by the Kramers-Heisenberg formalism

to properly describe the resonant effects.3¢ The intensity of the RIXS process is given as:

[{f1p-éoutlm)(mip-énli)|?
IRIXS(hVin: hvout) x Zf Zi (Em—ol;it—hvin)2+ I":Z,ll/z} ) 6(hvin - hvout - Ef + Ei) (2-6)

Here, the resonant term involves the initial and final states, as well as an
intermediate state m. The first-order perturbation that was used for non-resonant XAS
and XES now requires second order perturbation theory, which is expressed by the
Kramers-Heisenberg formulism that was modified by Weisskopf and Wigner in order for
intermediate states to have finite lifetimes instead of infinite ones.?”3” The summation
terms imply that the scattering intensity is determined by the amplitude of the absorption
and emission process rather than their probabilities.3 The & function determines the
energy of the emitted photon, while the incoming photon energy can be detuned within
I'm, which refers to the lifetime broadening of the intermediate state m. The contributions
of the resonant and non-resonant states depend on the lifetime width of 'm and it is
possible to have an on-resonance case, where |Em — Ei — hvin| < 'm.?"3> As shown by the

RIXS schematic in Figure 2.2, the final-state electron-hole pair is delocalized, which
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allows the band dispersion to be measured, as will be elaborated in Section 2.2.3.32 A
RIXS measurement produces a two dimensional color-coded map and will used in this

thesis to discuss the electronic structure of 2H phase MoS: single crystal.
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Figure 2.2: Schematic drawing of x-ray absorption spectroscopy (XAS, red lines) and x-
ray emission spectroscopy (XES, blue lines) versus the resonant inelastic x-ray scattering
(RIXS, purple lines) process.

2.2.3 Probing the crystal momentum
In addition to providing energy-resolved information, it is possible for PES techniques to

also be momentum-resolved. Making it possible to experimentally derive the band
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structure of a crystalline material that make-up the conduction and valence band, and
hence give important insights about the electronic structure of the material. In most cases,
the crystal momentum is probed using angular-resolved PES (ARPES) techniques that
can be carried out in both laboratories and synchrotron facilities. There are many
challenges presented with measuring ARPES, as this technique is sensitive to any
surface contaminations, and the sample rotation can modify the photoemission matrix
elements, polarization geometry, or beam position incident on the sample.®¥3° In this
study, since the RIXS process is a photon-in-photon-out technique, the true bulk
properties are probed and not influenced by surface contaminations. While techniques
like ARPES are sensitive to surface contamination, RIXS is largely insensitive to surface
contaminations, as well as sample charging, external electric or magnetic fields, element

specific and angular momentum resolution.?8

In RIXS, momentum conservation is due to the delocalization of the electron-hole
pair in the final state.®? The k-space relationship between the valence hole and the
conduction electron is vertical, i.e., along the same value in k-space. The momentum of
the electron-hole pair equals the difference between the change of the incident and
emitted photons.?832 |In addition to energy conservation, the & function in equation 2.6
also means that only k-conserving processes have a nonvanishing cross section.®® The
momentum of the incoming photons is small compared to the extent of the Brillouin zone

in the soft x-ray region, as used in this study.?831:35

2.2.4 Low energy electron diffraction
LEED was utilized in this study to verify the crystal surface structure of the single crystal.

In LEED, low-energy electrons are scattered from the surface and can be used to study
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the geometric positions of surface atoms.*° For this technique, a beam of monochromatic
electrons of low energies (typically below 150 eV) are diffracted (back-scattered) by the
surface of a crystal and can be focused with a lens system and grid.**#2 These incident
electrons are elastically scattered and are detected by a fluorescent screen with patterns
that represent the diffraction pattern in reciprocal space. This technique is surface
sensitive (substantially more so than classical x-ray diffraction) and is strongly affected

by even a small amount of surface impurities.?%42

2.3 Experimental Details

2.3.1 Lab-based measurements
The lab-based experimental techniques were performed in a multi-chamber ultra-high
vacuum system at UNLV. For XPS measurements, a non-monochromated Specs XR 50
x-ray source with Mg Ka and Al Ka anodes (photon energies 1253.6 and 1486.6 eV,
respectively) was employed.® Cu, Au, and Ag foils were cleaned using Ar* ion sputtering
and used to calibrate the XPS spectra according to reference 1°. UPS measurements
were conducted using a monochromated He | and Il (hv = 21.2 and 41.8 eV, respectively)
with a Gammadata VUV 5000 source. A bias voltage of approximately 18.8 VV was applied
to the grounded sample to separate the secondary electron cut-off and the rest of the
valence band features from the work function of the electron analyzer and was accounted
for in the energy calibration. For both of these techniques, a Scienta R4000 hemispherical
electron analyzer was used to detect the ejected photoelectrons. UPS valence band
spectra were combined with IPES, which was measured using a STAIB NEK-150-1 low-
energy electron gun. The emitted photons were then detected with a Hamamatsu R6834

photomultiplier tube and a Semrock Hg01-254-25 mercury line filter detector window (with
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a central photon energy of 4.88 eV derived using UV-Vis spectroscopy).*? A silver foil was
cleaned using Ar* ion sputtering and measured with both UPS and IPES to find the Fermi
edge. This Fermi edge was then used to calibrate the energy scale of both UPS and IPES
measurements and for determining the overall energy resolution, ~115 meV for UPS and
~420 meV for IPES. An Omicron SPECTALEED rear-view LEED was used to verify the
lattice structure of the crystal surface. A bias voltage of ~60 eV was used to find the

pattern of the exfoliated sample.

2.3.2 Synchrotron-based measurements
At the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory, an as-
received 2H phase MoS: single crystal was measured with RIXS at Beamline 8.0.1. The
excitation and emission energy scales were calibrated using reference measurements
and literature values for boron nitride and CaSOa. To collect the data, the Variable Line
Spacing (VLS) spectrometer installed at the Solid and Liquid Spectroscopic Analysis

(SALSA) end station was used.**

2.3.3 Density functional theory calculations
To aid in the discussion of the electronic structure of MoS2, density functional theory
calculations were performed using the WIEN2k program package. Particular focus was
placed on the analysis of the density of states and band structure. WIEN2k is based on
the full-potential augmented plane wave plus local orbitals (APW + lo) method to solve
the Kohn-Sham equations.*®> Here, a 5,000 k-point mesh was used for total and partial
density of states (PDOS), and XES calculations. The generalized gradient approximation
(GGA) as parameterized by Perdew, Burke, and Ernzerhof (PBE) was used to describe

the electronic exchange-correlation functional.*® The 2H phase MoS:2 crystal structure
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information was gathered from the Materials Project Database (material ID mp-2815);
calculations were performed for a space group of P6s/mmc and a selected k-path of -K-

M-[".47:48

2.4 Material System

2.4.1 Transition metal dichalcogenides
Transition metal dichalcogenide (TMDC) refers to a class of materials characterized by a
layer of transitional metal atoms (namely Mo, W, and Ta) that are covalently bonded to
two layers of chalcogenide atoms, e.g., S, Se, and Te. There are over 60 types of TMDC
structures, most of which have a layered structure, with layers stacked together to form a
bulk crystal structure.24® These stacked layers are held together by weak van der Waals
forces what make it easy to separate the individual layers. Two-dimensional TMDC have
been found to have high thermal conductivity and optical transparency.** How the metal
and chalcogenide atoms are stacked within a layer has a direct impact on its electronic
properties according to previous studies. For example, if the two chalcogenide atoms are
positioned directly above each other, the TMDC forms a trigonal prismatic structure,
otherwise an octahedral structure forms when the chalcogenide atoms are slightly slanted
in their position.>® TMDC have an incredible range of applications in energy conversion
devices like thin-film solar cells, as well as batteries, bio-sensors, flexible electronics,
DNA sequencing and personalized medicine.® Moreover, two-dimensional TMDCs like
WSe2 have been used as absorbers to create ultrathin devices that have efficiencies of
up to 5.1% while other TMDCs have been integrated within perovskite solar cells to
improve their stability.>%>? One of the most prominent and studied TMDC materials is

MoS:z, which was first described by Roscoe G. Dickinson and Linus Pauling in 1923.53
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MoS: is also often discussed as an alternative to graphene, which is viewed as a gap-
less material with similar characteristics as MoS: in its carrier mobility and flexibility.5:7:54
As a result, it has also been suggested to be used in tandem with graphene for highly

flexible and transparent transistors.

2.4.2 Synthesis and exfoliation techniques
MoS: single crystals are often synthesized using chemical vapor transport, but the
synthesis of these crystals can be separated into two types of methods, top-down or

bottom-up approaches.!55455

There are also several prevalent mechanical and chemical exfoliation techniques
used with this material to either clean the surface of the crystal from adsorbates or extract
individual layers. Mechanical exfoliation using adhesive tape is a common technique
implemented for transition-metal chalcogenides to transfer single layers or remove
surface adsorbates from the crystal.>®11-17 |n this study, once the tape was placed onto
the crystal, equal pressure was applied to ensure that a maximally large-area piece of the
MoS:2 layer would be removed.'® The exfoliation was performed multiple times to remove
several layers from the surface. Although each layer peeled off easily, they were uneven
and resulted in a surface that was not completely flat on the macroscale (but, presumably,
flat on the nano-, if not even micro-scale). In previous studies, this exfoliation method
gave only small flakes of MoS:2 and was not deemed feasible for large-scale exfoliations.*
Liquid-phase exfoliation based on organic solvents is seen as a more scalable alternative
to mechanical exfoliation that also allows for layers of controllable thickness to be
exfoliated.%® However, this method of exfoliation, which relies on Li intercalation, has been

shown to modify the phase of the MoS: single crystal.3#6
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2.4.3 2H versus 1T versus 3R phases of MoS2
In its bulk form, the MoS: structure can be a hexagonal (H), triagonal (T), and
rhombohedral (R) crystal system, each comprising of a different stacking scheme of the
Mo and S atoms. There three main structures MoS: is present in are 2H, 1T, and 3R —
the numbers in front of the letter refer to the number of layers present within that crystal
system.® In the 1T structure, the S plane is shifted, and the S atoms and the two layers
are no longer directly above one another.# 2H acts like a semiconductor (and has poor
capability of charge transfer), while 1T acts more metallic.3* The 2H phase MoS: is the
thermodynamically stable crystal structure, while 1T is unstable without additional

electron injection.*

2.4.4 Crystal structure of 2H MoS2
Figure 2.3 shows the 2H phase crystal structure, as modelled in the VESTA visualization
program from both the top and side of the structure.>” The sulfur atoms are indicated by
the yellow spheres, while the purple spheres represent the molybdenum atoms. 2H phase
MoS: crystal structure information was gathered from the Materials Project Database
(material ID mp-2815).4” Figure 2.3 also shows the Brillouin zone of the crystal and the
relevant high-symmetry points. The 2H MoS:z hexagonal Bravais lattice translates into a
hexagonal first Brillouin zone when transformed from real to reciprocal space.”® The I'
point represents the center of the Brillouin zone (and is not to be confused with the lifetime
of the intermediate state in RIXS), and the M and K point represent the other high

symmetry points of the structure.'®

The band structure of the bulk 2H phase MoS: is depicted in Figure 2.4, calculated

as described by the procedure in Section 2.3.3, with an energy axis relative to the VBM.
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Brillouin zone
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Figure 2.3: Diagram of the 2H phase MoS: crystal structure from a top (right) and side
view (left) using the VESTA visualization program. Yellow spheres represent the S atoms
and the purple spheres represent the molybdenum atoms. The top view of the Brillouin
zone of the crystal is also shown (bottom right).

The red line highlights the topmost valence band and the blue line highlights the
lowermost conduction band along the '-K-M-I" k-path. Most of the contributions in the two
lowermost bands of the conduction band between the I' and K points, as well as the I
and M points, can be attributed to the Mo dx?y?,xy orbitals, while a linear combination of
delocalized Mo d-? orbital and antibonding S p: orbitals contribute around the K and M
points. The states near the I" point in the valence band are also predominantly derived
from a linear combination of delocalized Mo d-? orbital and antibonding S p: orbitals. S px,
py, and pz, orbitals strongly contribute to the bands positioned around -6 eV between the

M and I points, with some contribution from Mo dx%y?xy and Mo d-? as well.
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Energy rel. VBM (eV)

Figure 2.4: Calculated band structure of 2H phase MoS:2 with the VBM values set at zero
eV. The topmost valence band is indicated by the red line and the bottommost conduction
band is indicated by the blue line.
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CHAPTER 3: CHEMICAL ENVIRONMENT OF 2H MOS2 SINGLE CRYSTAL

3.1 Experimental Details
To study the properties of 2H phase MoS2, a single crystal was purchased from 2D
Semiconductors. At their facilities, the single crystal was synthesized via chemical vapor
transport.>> At UNLV, the single crystal was transferred and stored in a glovebox filled
with inert nitrogen gas where it was unsealed from its packaging, mounted onto a sample
plate, and introduced into the ultra-high vacuum system. The crystal, 15 x 7 x 1 mm? in
size, was first measured with XPS using non-monochromated Mg and Al Ka from a Specs
XR 50 x-ray source and a Scienta R4000 electron analyzer. Cu, Au, and Ag foils were
cleaned using Ar* ion sputtering and used to calibrate the XPS spectra according to

reference 1°.

The single crystal was initially measured “as-received,” without any surface
treatment or exfoliation. Afterwards, the crystal was transferred back into the glovebox
and mechanically exfoliated using the adhesive tape method.>811-17 The mechanical
exfoliation was performed multiple times to remove several flat layers from the surface in
hopes of removing surface adsorbates. Although each layer peeled off easily, the peels
were uneven and resulted in a crystal surface that was not completely flat. This creates
challenges with angular resolved photoelectron measurements,>°%° however the data

presented in this chapter is integrated over k-space.

Finally, LEED was performed on an exfoliated sample using the Omicron
SPECTALEED rear view LEED in order to verify the lattice structure of the crystal surface.

The exfoliated single crystal was analyzed with LEED using a ~60 eV bias voltage.
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3.2 Results and Discussion

3.2.1 Effects of mechanical exfoliation on a MoS2 chemical surface structure
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Figure 3.1: XPS Mg Ka surveys of the as-received (black) and exfoliated (blue) 2H phase
MoS:2 single crystal with prominent photoelectron and Auger features labelled. Asterisks
(*) refer to loss features for molybdenum and disulfide photoelectron lines, respectively.

An overview of the surface chemical structure using the XPS Mg Ka survey spectra of

both the as-received (black line) and exfoliated (blue line) 2H phase MoS: single crystal
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is shown in Figure 3.1. All relevant photoelectron and Auger peaks are labelled (i.e., for
Mo and S), along with associated contaminants like oxygen and carbon. Both surveys
show high-intensity Mo-related peaks, and lower-intensity S-related peaks (the lower
intensity being due to photoionization cross section effects). Both carbon and oxygen
signals are found, with greater as-measured signal intensity of the C 1s peak compared
to the O 1s. After exfoliation, O- and C-related peaks decrease in intensity, but are not
completely removed, while Mo- and S-related peaks increase in intensity. The asterisk (*)

refers to energy losses (e.g., bulk plasmons) for MoS2 photoelectron lines.29.61.62

[XPS Mg Ky| 5 LMM C1s Mo 3ds, S2p
2H MosS,
-25% -2% -3%

(Area) (Area) (Area)

Intensity

I—— as-received
145 150 155 180 185 190 195 536 532 528 288 284 231 230 229 228166 164 162
Kinetic Energy (eV) Binding Energy (eV)

Figure 3.2: Detailed Mg Ka XPS spectra of S LMM, Mo MNN, O 1s, C 1s, Mo 3ds;2, and
S 2p regions for both as-received (black) and exfoliated (blue) sample surfaces. Arrows
indicate the relative changes of the area under the peaks of the exfoliated sample,
compared to the as-received sample.
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The changes in the shape and intensity between the as-received and exfoliated
surfaces can be more clearly seen in the detailed spectra shown in Figure 3.2. To have
a clearer comparison, the peaks have been shifted vertically to have matching
background at higher kinetic energies/lower binding energies. When comparing the area
of a peak from the as-received surface to the exfoliated surface, a decrease of 31% is
seen in the area of O 1s (indicated by the red arrow in the plot), and a smaller decrease
of 25% is derived for the C 1s area. While the intensity of both the Mo 3dszand S 2p
peaks increase, the area remains similar, since the shoulders of the as-received peaks
are broader. Meanwhile, the area of the corresponding Augers lines for both S and Mo
increased, 23% for S L2sM23M23 and 13% for Mo M4sN23N2s. This could be the result of
changes in the steep background seen at lower kinetic energies, as well as the removal
of adsorbates that would affect peaks at the lower kinetic energies more due to shorter

inelastic mean free paths.

While the intensity and area of the C 1s peak decreased after exfoliation, it was
not completely removed. Looking back at Figure 3.1, it appears that the carbon intensity
on the crystal surface is not substantial, even before exfoliation. However, peaks like the
Mo 3d have greater photoionization cross-sections compared to the C 1s peak and will
have higher intensity in the measured spectra. Figure 3.3 compares the C 1s peak with
the Mo 3ds2 peak, before and after accounting for differences in the photoionization cross-
sections (0), as well as differences caused by the analyzer transmission function (T) and
the inelastic mean free path (A) of the emitted electrons.??6364 The two left-hand plots
show the as-received regions with the as-measured C 1s and Mo 3ds2 peaks shown in

the solid line, while the readjusted Mo3ds2 peak is shown in a dashed grey line. Similarly,
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Figure 3.3: C 1s and Mo 3ds2 XPS Mg Ka spectra of as-received and exfoliated surfaces,
comparing the intensity of the Mo 3ds2 emission before (solid lines) and after (lighter
dashed lines) relative to the C 1s peaks, considering photoionization cross-sections,
transmission function, and inelastic mean free paths.

the two right-hand plots show the corresponding C 1s and Mo 3ds2 regions for the
exfoliated sample, with the lighter blue dashed line representing the adjusted peak. The
photoionization cross sections utilized for these readjustments were calculated by J.H.
Scofield using the single-potential Hartree-Slater atomic model with the cross sections of
C 1s peak set to 1.00 (in 22,200 barns units).®* Since the photoionization cross-section
of the Mo 3ds/2is much larger (3.97) than for the C 1s peak, it has the greatest effect in
the intensity adjustment of the Mo peak, while the inelastic mean free path and analyzer
transmission are very similar between the two regions. In Figure 3.3, the background for

each peak is set to zero and all four plots are set to the same intensity scale. After
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accounting for o, A, and T, the intensity of the Mo 3ds/2 region is now at similar intensities
as the C 1s peak intensity, indicating that carbon and Mo show a similar amount at the
surface. After exfoliation, the difference in intensity between the C 1s and Mo 3das/z2is more

apparent, but carbon is still prevalently detected.

For further quantification, the Mo/C ratio can be derived using the area of the C 1s
and Mo 3ds2 peaks and the photoionization cross-section, analyzer transmission
functions, and inelastic mean free path differences discussed earlier (the equation for the
derived ratio is given in Appendix A). The Mo/C surface ratio is found to be 0.71 + 0.02
for the as-received round, which increased to 0.91 £ 0.02 after the exfoliation. The
pervasiveness of carbon suggests that although some of the signal is due to possible air
exposure during the sample packing or synthesis process, the carbon is not only an
adsorbate but part of the MoS: bulk.®® Other studies show a much larger signal of C 1s
on the surface of MoS: films, hence in such cases the surface is far more carbon rich.56-
0 For applications in electrocatalytic activity for the hydrogen evolution reaction, a carbon-
based MoS: was beneficial for increased electrochemical activity.”*-"# For the study here,
the presence of carbon and other elements not related to MoS2 are important to consider

during later discussions regarding the electronic structure of the material.

The same analysis can be done for other prevalent elements found on the surface
of the MoS: crystal, like sulfur (expected) and oxygen (adventitious). Using the area of
the S 2p and Mo 3ds/2 regions, a S/Mo surface ratio of 2.28 + 0.05 was found for the as-
received sample, which decreased slightly to 2.20 + 0.05 after the exfoliation. The derived
ratios before and after the exfoliation are both higher than previously reported S/Mo ratio

of 1.92 with a 2H MoS: surface.’”® This suggests the possible presence of molybdenum
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vacancies within the single crystal, which is different from previous studies that identified

the formation of sulfur vacancies after annealing a MoS: single crystal.”>76

A O/C ratio was found at 0.17 + 0.02 (using O 1s and C 1s peaks) for the as-
received sample and decreased to 0.13 + 0.02 after exfoliation. Finally, the S/C ratio is
found to be 1.62 * 0.05 for the as-received sample and after the exfoliation, increased to
2.00 £ 0.05. Taking all four of the prevalent elements into account, the surface
stoichiometry of the as-received MoS: is foundtobe C: O : Mo : S =29% : 5% : 20% :
46%, and was modified to a surface stoichiometry C: O : Mo : S =25% : 3% : 22% : 50%
after mechanical exfoliation was performed. Overall, sulfur comprises the largest portion

of the surface stoichiometry while carbon and molybdenum are at very similar proportions.

To evaluate the changes in the chemical species before and after the exfoliation,
Figure 3.4 shows the C 1s and O 1s Mg Ka XPS detailed regions. The intensity is
normalized to the maximum peak height for both regions, with literature values of
corresponding chemical environments of carbon and oxygen represented with gray boxes
above the spectra.1®6%77-81 The normalized C 1s peak of the as-received sample has a
different peak shape compared to the exfoliated sample but is positioned at similar
binding energies. The C 1s peak is broader by the peak maximum for the exfoliated
surface while being narrower at the shoulders, at both higher and lower binding energies
with a lower background at higher binding energies. The decrease in the background at
higher binding energies for both the C and O 1s is likely due to the decrease of adsorbate
signal and a corresponding decrease in background caused by inelastically scattered
electrons. The chemical environment of the C 1s peak is likely a combination of carbon,

hydrocarbons, carbon bonded to sulfur, and carbon bonded to molybdenum.1°:6577-80 The
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Figure 3.4: Mg Ka excited XPS spectra of C and O 1s, before and after the exfoliation,
with literature values for different chemical species represented by gray boxes.19.6577-81
All spectra were normalized to the maximum peak height and the difference between the
as-received and exfoliated O 1s is also shown (orange line) on the right plot.

normalized O 1s region shows an overall similar shape between the two rounds, with the
exception of the binding energy regions around 534 eV as well as between 532 and 529
eV. The orange line at the bottom of the right-hand plot shows the difference between the
two spectra, indicating at least one additional species present in the as-received sample.
This additional component may correspond to sulfates, Mo(OxSy)2, or

hyd roxides.19.77,78,80,81

The S 2p region can give more noticeable indication of the effects of the exfoliation,
as the S atoms are, as an overall ensemble, in different environments before and after

the exfoliation. As seen in Figure 3.5, the left-hand plot shows two normalized S 2p

29



T T T T T T T T T T T T T T T T T T T T T T LN DL DL LA B
|XPS Mg K, S 2p o exfoliated | [XAESMgK, S LMM
2H MoS, 2H MoS,

> i
=

(2]

c

Q

+—

£
D
N i:waot:eal
‘_—U residual

=

- [—— as-received|

o

prd

X2
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 2 2 2 2 2 2 1 1 2 2 2 2 2 2 1 1 2 2 2 2 2 2 1 2
166 165 164 163 162 161 160 166 165 164 163 162 161 160 146 148 150 152 154 156 158 160
Binding Energy (eV) Kinetic Energy (eV)

Figure 3.5: Mg Ke-excited S 2p and S LMM spectra with normalized intensities to the
peak maximum height for both the as-received and exfoliated measurement rounds. The
plot in the center corresponds to a fit of the S 2p region for the exfoliated sample. Raw
data is represented with black open circles, while the sum model is shown as a red line
and the components are shown as green, blue, and pink lines.

regions corresponding to the as-received and exfoliated samples. After the exfoliation,
the S 2p line shifts by -0.18 eV, with the shoulders narrowing at both lower and higher
binding energies. The “valley” between the 2pi2 and 2ps2 lines also becomes much
deeper after the exfoliation. The “shoulder narrowing” is particularly large at the high
binding energy side. The right-hand plot shows the corresponding S LMM Auger peak
that also shows a similar trend, with a narrowing of the Auger line at lower kinetic
energies. The broadening in the as-received measurement likely corresponds to the

presence of MoxOy, MoS3, and/or sulfites. 77
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The plot in the center shows fits of the S 2p region for the exfoliated crystal surface.
The region was fitted with a linear background and several Voigt profiles with area ratios
fixed according to the multiplicity (2j+1), using the peak-fitting program Fityk.82 Three spin-
orbit doublets of Voigt profiles representing three different chemical species were used.
The shape of the Voigt profiles was kept constant while the width was allowed to vary
between the different pairs. The raw data is represented with black open circles, while the
sum model is shown as a red line and the components are shown as green, blue, and

pink lines. The indicated the presence of at least three prevalent chemical species of S

2p are present.

XPS Mg K, Mo 3d
2H MosS, S32s

exfoliated

[—— as-received

Normalized Intensity

l 234 l 232 l 230 l 228 l 226
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Figure 3.6: Mo 3d and S 2s XPS Mg Ka region for the as-received and exfoliated
measurement round for the 2H phase MoS: single crystal. The intensity shown here is
normalized to the peak maximum.
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Figure 3.6 shows the Mo 3d and S 2s region of the as-received (black line) and
exfoliated (blue line) 2H phase MoSz2, with a normalized intensity such that the intensity
at 228 eV is the minimum and the peak maximum of the Mo 3dszis the maximum. The S
2s peak is positioned between 228 to 225 eV while the other two peaks at higher binding
energies correspond to the Mo 3d peaks. By comparing the normalized Mo 3d peaks, it
can be noted that the the peak maxima for both Mo 3d peaks shift to lower binding

energies, however the peak width becomes narrower after the exfoliation.

3.2.2 Confirming the 2H phase in MoS:2 single crystal
Since the MoS: single crystal has several typical structures, namely 2H, 1T, and 3R, it is

possible to verify the phase of the crystal using XPS and LEED.*°

As seen in Figure 3.6 of the previous section, the Mo3ds2 peak of the exfoliated
sample is positioned at 232.65 + 0.05 eV and Mo 3d 3ds2 is positioned at 229.50 + 0.05
eV. These values correspond to a Mo** oxidation state and the 2H-phase, as seen in
previous XPS studies of the material where the energies of the Mo 3d peak are typically
1 eV lower (binding energy) compared to the 1T or 3R phases of M0S2.147580.83 Similarly,
the position of the S 2p1z2at 163.50 £ 0.05 eV and S 2psrzat 162.30 £ 0.05 eV also indicate
the presence of the 2H phase, with the 1T phase that would typically be positioned at

lower binding energies by 1 eV.14
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Figure 3.7: LEED pattern of the exfoliated 2H phase MoS: single crystal surface with a
bias voltage of approximately 60 eV.

The LEED pattern seen in Figure 3.7 also verifies the 2H phase of the MoS: single
crystal and is found in previous studies of the material.®48" The image shows a well-
defined hexagonal or “honeycomb” pattern, confirming the hexagonal structure of the 2H
MoS: crystal in reciprocal space. The quality of the image also affirms the highly ordered
nature of the synthetic crystal surface, despite the large amount of carbon present on the
surface of the crystal (this is due to the fact that only the well-ordered surface atoms
scatter coherently and thus contribute to the LEED pattern). The differences in the spot

sizes of the pattern can be a result from a slightly tilted sample position.

3.3 Conclusion
To summarize this chapter, XPS was utilized to investigate the surface chemical structure
of an as-received 2H phase MoS: single crystal that was then mechanically exfoliated
using adhesive tape in an environmentally controller glovebox and without any exposure

to air. Exfoliating the MoS: surface removed some of the carbon and oxygen signal, while
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increasing the signals of Mo- and S-related peaks. After accounting for differences in
photoionization cross-sections, analyzer transmission function, and inelastic mean free
paths, the surface stoichiometry was foundto be C: O : Mo : S =29% : 5% : 20% : 45%
for the as-received surface, which modifiedto C: O : Mo : S = 25% : 3% : 22% : 50%
after mechanical exfoliation. This indicates the prevalence of Mo and, especially, S in the
MoS: crystal surface structure, as expected, but also the presence of a significant amount

carbon impurities.

Further analysis of the chemical species present before and after the exfoliation in
the C 1s and O 1s regions showed that the peaks remained at similar binding energies
but their shapes had changed. After the exfoliation, the C 1s peak appeared broader close
to the peak maximum, with a chemical environment of carbon, hydrocarbons, carbon
bound to sulfur, and/or carbon bound to molybdenum. The difference in the normalized
O 1s peak showed at least one additional component found in the as-received surface
that can correspond to sulfates, Mo(OxSy)2, and/or hydroxides. Evaluation of S 2p and Mo
3d regions shows other indications of how the exfoliation affected the surface composition
and other properties. A S/Mo ratio of 2.00 + 0.05 was derived for the exfoliated crystal
surface, indicating the possibility of molybdenum vacancies. Finally, XPS and LEED were
also used to verify the 2H phase of the MoS: crystal structure at the surface of the

exfoliated sample.
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CHAPTER 4: ELECTRONIC STRUCTURE OF A 2H MOS2 SINGLE CRYSTAL

4.1 Experimental Details
To study the electronic properties of 2H phase MoSz, the exfoliated single crystal (15 x 7
x 1 mm3 in size) was measured with UPS using monochromated He | and Il excitation
(with excitation energies of 21.2 and 41.8 eV, respectively) from a Gammadata VUV 5000
source and a Scienta R4000 electron analyzer. This technique was combined with IPES,
which was measured using a STAIB NEK-150-1 low-energy electron gun, a photon
detector with a Semrock Hg01-254-25 mercury line filter, and a Hamamatsu R6834
photomultiplier.*> An Ag foil was cleaned using Ar* ion sputtering and measured to
determine the Fermi edge. The mechanical exfoliation of the single crystal was performed
using adhesive tape as described in Chapter 3.581-17 The exfoliation was performed
multiple times to remove several layers from the surface. Although each layer peeled off
easily, these layers were uneven and resulted in a surface that was not completely flat on
a macroscopic scale, creating challenges with angular resolved photoelectron

spectroscopy (ARPES) measurements.59.60

At the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, an
as-received 2H phase MoS: single crystal was measured at Beamline 8.0.1 using RIXS.
A two-dimensional RIXS map is shown in this chapter, which combines both XES and
XAS in a resonant one-step scattering process that gives information about the local band
structure of solids (a more detailed discussion can be found in Section 2.2.2). This
technique gives information about the local electronic valence environment of the S atoms
in the near-surface bulk region. The excitation and emission energy scales were

calibrated using reference measurements and literature values for BN and CaSOau.
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In addition, density functional theory calculations were performed using the
WIENZ2k program package to aid in the analysis of the density of states and band structure

(described in further detail in Section 2.3.3).

4.2 Results and Discussion

4.2.1 Valence band structure comparison
To gain an overview of the measured occupied electronic structure between different
spectroscopic techniques employed in this study, Figure 4.1 shows how the valence band
structure of the 2H phase MoS: single crystal varies with the following lab- and
synchrotron-based techniques: XPS Mg Ka (blue line), UPS He | (black line), non-
resonant XES (green line), and the calculated total density of states (red line). The non-
resonant x-ray emission spectrum shown in this plot was integrated between excitation
energies of 170.09 and 174.89 eV (as seen in the RIXS map in Figure 4.3, to be discussed
below), where the x-ray emission spectrum does not noticeably change as a function of
excitation energy. The energy scale in Fig. 4.1 is relative to the derived valence band
maximum (VBM), and the intensity is normalized to the maximal intensity for each

measurement.

Most of the bands contributing to the valence band structure correspond to S 3p
and Mo 4d molecular orbitals. Strong variations in the relative intensity of spectral features
are present, although most of the features are positioned at similar energies between the
different techniques. In the XPS Mg Ka spectrum, additional spectral lines may be present
from contributions of satellites since a non-monochromated x-ray source way used for
this measurement. The broadest features are present in the XPS Mg Ka while the
narrowest are present in the theorical DOS calculation, which does not account for
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Figure 4.1: Valence band structure comparison of the 2H MoS: single crystal measured
with various spectral techniques, XPS Mg Ka (blue), UPS He | (black), non-resonant XES
(green) integrated from 170.09 to 174.89 eV excitation energy, and the calculated total
density of states (red). The energy is given relative to the derived valence band maximum
(VBM).

experimental and lifetime broadening.®® The spectral features, particularly between non-
resonant XES and UPS, coincide well as these techniques have the same final state
(valence hole for UPS and XES, while a core hole for XPS).2”30 Since XES probes the

local environment at the S 2p core hole, its initial state is different for XPS and UPS where



the initial state is the ground state. While the final states effects are the same between
the techniques, transition dipole moment matrix elements differ as given by Fermi’s
Golden Rule, and as outlined in Section 2.2.2. The differences in the spectral shape and
relative intensities may also be due to different amount of surface contaminations and the

sensitivity of the technique to them.

4.2.2 Effects of mechanical exfoliation on the valence band structure
To complement the discussion from Chapter 3 on the effects of exfoliation on the chemical
structure of the MoSz crystal, it is also possible to observe how the electronic structure
changes, as will be done in this section. Figure 4.2 shows UPS spectra taken with
monochromated He | excitation energy of the secondary electron cut-off on the left-hand
side, and valence band structure in the center and right-hand plots. The as-received 2H
phase MoS:single crystal is indicated by the black line while the exfoliated crystal surface
is indicated by the blue line. The intensity of the spectra in these plots have all been
normalized to the peak maximum height to better compare the differences in their spectral
shape and energy position. In the valence band structure, the spectral shape and
background differs substantially between the as-received and exfoliated surfaces, making
it challenging to compare their features. Here, the intensity of the center plot is normalized
so that the background is set as the minimum and the spectral shape at higher energies
(approximately 8.5 eV) is set as the 1. The plot to the right focuses on the valence band
region closer to the Fermi energy and was normalized so that the intensity of the peak at
2.5 eV is set to the maximum. The abscissa reported in this section are energies relative

to the Fermi energy determined using a reference Ag foil.
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Figure 4.2: Secondary electron cut-off and valence band structure measured with He |
UPS are shown for the as-received (black) and exfoliated (blue) 2H phase MoS: single
crystal. The secondary electron cut-offs and the derived work functions are shown in the
left-most plot, the valence band is shown in the center and right-hand plots, with the
derived band edges. The intensity of all regions is normalized to the peak maximum
height.

The secondary electron cut-off can be used to obtain the work function at the
surface of the material using linear extrapolation. Since the work function is sensitive to
any differences in surface adsorbates, impurities, or surface defects, it is a surface
property that gives information about a specific chemical environment. For the as-
received sample, the work function was derived at 4.39 + 0.10 eV and shifts to higher
energies at 4.89 £ 0.10 eV after the exfoliation was performed. The value of the work
function for both of the measurements is higher than most of the previously reported
values for a 2H phase MoS: single crystal but is closer to the work function derived for

MoS2/MoO: films, with a 4.7 eV work function using UPS.8 A work function of 4.92 eV
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was previous found using UPS for the surface of a MoS: film that was modified with an
Ceo overlayer.? Given the high carbon intensity found using XPS in Section 3.2, the value
of the work function may be higher as a result. Other work functions of 2H phase MoS:
were derived at 4.13 eV using UPS and 4.59 eV using Kelvin probe force microscopy
(KPFM).”>% These studies also showed that different substrates, like SiO2, used with
MoS: flakes affect the work function of the material.”>% In other studies using scanning
tunneling microscopy, the increase of the work function has been attributed to the
formation of sulfur vacancies in 2H MoS: single crystals.®* Not only does the energy
change, but the shape of the onset of the secondary electron cut-off is different before
and after the exfoliation. Care was taken to ensure that the UPS beam was not over the
sample plate or the grounding clip for all measurements, however, the onset of the
secondary electron cut-off is not completely vertical. The shape of the onset becomes
slightly steeper after the exfoliation which may be due from the removal of adsorbates

present of the surface or slight variations in the measurement position of the single crystal.

The valence band shown in the center and right-hand side of Figure 4.2 also
demonstrates distinct differences in the valence band structure before and after the
exfoliation. The shape of the features found at 7, 4, and 2 eV become more defined
following the exfoliation. From partial density of states calculations conducted in this work
and found in literature, the spectral features of the valence band around 6-7 eV is
dominated by contribution primarily from S px, S py, and S p: orbitals, while the feature at

4 eV is dominated by Mo dx2y? and Mo dxy orbitals.*°

The plot on the right-hand side of Figure 4.2 shows the valence band at closer

energies to the Fermi energy. The foot and the leading band edge changes after the
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exfoliation, suggesting that the change in line shape can represent the removal of
adsorbates on the surface of the crystal. Based on partial density of state calculations in
with work and other studies, bands corresponding to S 3p orbitals, primarily pz and py
derived states, and Mo 4d orbitals, primarily dz? and dxy derived states, are the main
molybdenum and sulfur related contributions to the valence band structure close to the
Fermi energy.>*®8" As in other studies of the experimentally measured electronic
structure, the leading valence band edges can be derived using linear extrapolation.
Linear extrapolation is a suitable method of deriving the uppermost electronic states of
the valence band since valence band spectra shown here are integrated over k-space,
have non-symmetric broadening as a result of limited angular resolution of the electron
analyzer, with inelastic scattering processes and incomplete screening that may lead to

shifts of bands to higher binding energies.?>-25

The leading band edge of the as-received MoS: crystal was found at 0.63 = 0.10
eV (using green lines), which shifted away from the Fermi energy to 0.82 + 0.10 eV after
the exfoliation. The values derived here are lower compared to other studies of MoS2films
and single crystals using UPS, which ranged from 1.5 to 0.9 eV.">8 A similar foot is found
in the measured valence band in these studies, but the linear extrapolation used here is
taken much closer to the foot and the references studies are one films in a MoS2/MoO2

environment.® The foot may be a result of elastic scattering and final state effects.

4.2.3 Momentum-resolved measurements of 2H MoS2
Techniques like angular resolved photoelectron spectroscopy can directly probe not only
energy-resolved but also momentum-resolved (or k-resolved) electronic structure. Due to

the translational symmetry of the crystal in the x and y directions, the in-plane momentum
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components of kx and ky are conserved within the photoemission process.%? The emission
angle detected by the electron analyzer corresponds to the momentum of the ejected
photoelectrons (further information about ARPES can be found in reference °3). ARPES
has been utilized in many studies looking at the electronic structure of MoS2. In bulk 2H
phase MoS: investigations, the main features of the MoS2 band structure originate from
Mo 4d states and are in good agreement with results from theoretical calculations.10:58.94.95
Studies show that the S p orbitals shield the Mo 4d? orbitals, resulting in a decrease of
the intensity around the I point in the ARPES maps.%887 Spin-split bands around the K
point are also reported due to spin-orbit interaction and broken inversion symmetry, the
splitting may be large enough that it induces a transition from an indirect to direct
bandgap.10.58:84.94.96 K, dispersion in bulk 2H phase MoS: is strong near the I point using
photon-energy dependent ARPES with no measured k: dispersion around the K point.%
With increasing interlayer distance in MoX2 compounds, the Mo 4d:? band is shifted

towards higher binding energy and dispersion decreases.®’

There are many challenges presented with measuring ARPES as this techniques
is sensitive to any surface contaminations, and the sample rotation can modify the
photoemission matrix elements, polarization geometry, or beam position on the
sample.®83% Most studies looking at this materials use a monolayer of MoS2, which is
difficult to grow on a wafer scale.®* Monolayer MoS2 with a substrate has been observed
to distort the band structure and measurements of optical and electronic properties of the
material, and in most cases such substrates (e.g., Si/SiO2) lead to a measured MoS: that

is n-doped.®"—%°
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Further investigation into the electronic structure can be done by utilizing RIXS.
The absorption and emission processes are a one-step resonance inelastic process
(further discussion in Section 2.2.3) with a crystal momentum that is conserved within the
transition. In the soft x-ray region, the momentum transferred from the incident photon to
the sample is negligible relative to the crystal momentum, and the momentum of the
electron in the conduction band is equal to the momentum of the electron in the valence
band (i.e., the excitonic transition occurs along the same k-point).323°> The emission
spectrum is dependent on the excitation energy as different k-points of the Brillouin zone
are probed. At high-symmetry points of the Brillouin zone, the information of the occupied
and unoccupied states can be more easily separated, especially at the VBM and the CBM.
For this material, since the reported value of the high-symmetry point for the VBM varies
between the I and K point depending sample thickness of the MoS:,° this may be
challenging but important to identify the high symmetry points that the VBM and CBM is

positioned at.

RIXS maps have been successfully used to study the band structure of solid
material systems like Cso, water, and various chalcogenides.'%%1% The S L2,3 emission
allows s and d character to be probed and for the overlap of the Mo 4d with the S 2p core
hole wave functions to be observed. Compared to angular resolved PES, because RIXS
is based entirely on photons, it probes the true bulk properties and is not influenced by
surface contaminations, while techniques like ARPES are sensitive. RIXS is also
insensitive to sample charging and external electric or magnetic fields, but it is element

specific and offers angular momentum sensitivity via resonant excitation.191% This also
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allows for the sample preparation to be performed outside of an inert environment and

without the need for additional surface treatments or exfoliation.
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Figure 4.3: Two-dimensional RIXS map of an as-received 2H phase MoS: crystal. The
upper panel shows the XES spectrum integrated across all excitation energies present in
the map, while the panel on the right shows the XAS spectrum integrated across all
emission energies.

The two-dimensional color-coded S L23 RIXS map of an as-received 2H phase
MoS: single crystal is shown in Figure 4.3 with the emission energy as the abscissa and
excitation energy as the ordinate. The lowest intensity is shown by the blue color and the
highest intensity of the map is shown by the white. The diagonal line going across the
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map refers to the Rayleigh line that is a result of elastic scattering and represents the
energy of the exciting photons (with equal excitation and emission energies).1°! Three
separate maps were measured and combined together in Figure 4.3, with excitation
energies of 160.56 - 161.56 eV and 167.72 - 175 eV collected with a 0.1 eV step size,
while 161.56 - 167.72 eV was collected with a 0.05 eV step size. The 161.56 - 167.72 eV
range represents the resonant portion of the map as the features change as a function of
excitation energy. Above the map, the XES spectrum integrated over all excitation
energies is shown, while the plot to the right shows the XAS spectrum integrated over all
emission energies of the map. The feature at around 148 eV emission energy refers to
transitions from the S 3s-derived band while the feature between 155 to 161 eV emission
energy are the transitions from the upper valence band.1°0.101.107 The feature with weaker
intensity at 192 eV emission energy corresponds to a transition from Mo 4s into the S 2p
core hole in the second harmonic of the undulator beamline (and the second order of the
beamline grating). Each transition forms a doublet as a result of the spin-orbit splitting of

the S 2p core holes, with a distinct separation of 1.2 eV.1%?

From the RIXS map, contributions from S L2 and Ls edge can be separated, as
shown in Figure 4.4. The spectrum at the top refers to the S L2 edge integrated over
163.71 to 164.89 eV excitation energies from the RIXS map, while the spectrum at the
bottom shows the S Lz edge integrated over 162.48 to 163.66 eV. The intensity of both
spectra was normalized with the minimum intensity set to zero and the maximum height
of the peak set to one. The scatter points represent the data points of the measured
spectrum, while the red line represents the model, the green and blue lines represent the

two components used to fit the spectrum. The components used to fit both spectra are
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Figure 4.4: Separated S L3 and S L2 regions of XES data of the 2H phase MoS: single
crystal. The bottom spectrum is the S Lz emission (integrated over 162.48 to 163.66 eV
excitation energies), while the top spectrum is the combined S L23 emission, integrated
over 163.71 to 164.89 eV. It can be described by two “copies” of the S Ls emission
spectrum, separated by the spin-orbit splitting of 1.2 eV, as shown in the upper panel.

the extracted S L3z spectrum, which is why the green component matches the sum (red)
line and the residual is flat for the bottom spectrum. For the S L2 spectrum, the green
component in this fit is the exact same as the green component for S Ls while the
additional blue component is then shifted over by 1.18 eV. The fit for the S L2 edge is not
perfect, as indicated by the residual between the model and the measured data points.

This, at least in part, is due to the noise in both spectra depicted in this figure. In addition
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to showing the integrated XES regions, it is also possible to show the individuals scans

from the RIXS map as a function of excitation energies.
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Figure 4.5: S L3 emission spectra extracted from the RIXS map with the excitation
energy shown to the right. The intensity for all spectra is normalized to the peak maximum
height. The plot above the XES spectra is the calculated band structure of the MoS:2 using
DFT calculations. Observed shifts in the spectra are indicated by the red likes and labels
with the corresponding proposed bands highlighted by the red box in the band structure.
The energy scale is relative to the valence band maximum.
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Figure 4.5 shows the extracted XES spectra at a specific excitation energy, each
spectrum showed is an average of two scans to improve the signal-to-noise ratio of the
data. Intensity for all spectra has been normalized to the peak maximum height. Above
the extracted XES spectra, a band structure of the MoS2 calculated using first principle
DFT calculations is also shown. The energy scale for the XES spectra is relative to the
overall VBM, found by extracting the highest emission energy (161.94 eV) from the RIXS
map in Figure 4.3. This was done to have a more direct comparison to the calculated
band structure that has an energy scale that is also relative to the VBM. The shifts in the
spectral features as a function of excitation energies are indicated by the red lines and
labels with four main features that are observed. The red box in the band structure
corresponds to the proposed bands that the measured XES spectra could be attributed
to. The dispersive features appear to take place between the I and M high-symmetry
points. Other dispersion features may not be present due to the localized nature of the
Mo 4d wavefunctions and small overlap with the S p wavefunction. It may also be difficult
to track the band dispersion as many of the bands possess relatively flat dispersion along

the high-symmetry points of the band structure.

4.2.4 Bandgap of 2H MoS2
A wide range of calculated and experimentally derived bandgaps of MoS: are
present in literature. Table 4.1 shows the values of indirect and direct bandgaps from
specific studies with theoretical calculations on the top portion of the table and
experimentally derived values on the bottom portion. Provided sample information, year

that the study was published and the corresponding references are also included. As seen
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Indirect Eq4 (eV) Direct Eq(eV) Material

LDA | 1.29 1.78 2H MoS2%8 2001
1.78 MoS2'08 2009
LDA+lo | 0.75 1.89 2H MoS2'%®° 2012
PBE-GGA | 0.8 MoS2'10 2010
0.86 1.8 2H MoS2'" 2007
0.9 1.57 MoS248 2014
1.2 2H MoS2'12 20M
1.29 2H MoS2'"3 2012
1.52 1.72 MoS2'4 2012
PBEO-GGA | 2.2 2H MoS2"12 2011
PBE-GGA DZP basis | 1.06 1.70 MoS2'"5 2010
GGA+lo | 1.05 1.55 2H Mo0S2"%° 2012
APW+lo | 0.65 1.79 2H MoS2'6 2012
GGA | 1.26 1.85 MoS2""7 2019
FLAPW | 0.9 1.7 2H MoS2% 2012
LDOS | 0.77 2H MoS."8 1995
HSE | 1.60 MoS2'"° 20M
APW | 1.2 2H MoS2'%0 1973
simplified linear | 1.1 2.7 MoS2'?1 1973
combination of MT
orbitals
Crystal field | 1.35 MoS2'%? 1971
PL | 1.29 1.90 MoS:2 on SiO2 2010
substrate?®
PL | ~1 ~2 MoS:2 on SiO2 2010
substrate®
ARPES and IPES | 1.4 Na doped 2014
MoS2(0001)"23
ARPES and LAWP | 1.29 1.78 MoS2(001) flakes®” 2012
ARPES and KRIPES 2.1 MoS2 monolayer on 2018
sapphire®
trARPES and STS 2.15 (STS) MoS2 monolayer on 2021
HOPG84
ARPES and STM | 1.14 1.82 2H MoS:2 single 2013
crystal

Table 4.1: Calculated and experimentally derived indirect and direct bandgap values for
2H phase MoS: found in literature.
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in Table 4.1, the values range from 0.65 eV to 1.60 eV for indirect bandgap values and
from 1.55 to 2.7 eV for direct bandgaps. Although not all studies specify a 2H phase MoSa,
the 2H is the thermodynamically stable phase compared to the other phases seen with
MoS: that need to be specifically altered through doping.® There are many reasons for
the wide array of derived bandgaps, for the experimentally derived values the differences
are a result of sample preparation (monolayer with a substrate versus bulk crystal) and
type of techniques (i.e., optical versus electronic measurements), incorrect reference
energies (e.g., using the vacuum level as the reference energy), and the complex
characteristics of MoS2 and other transition metal dichalcogenides. Complex
characteristics of MoS2 are present through the covalently bonded S-Mo-S sheets that
are weakly bonded by van der Waals forces.® The three main phases of MoS:2 single
crystal, 2H, 1T, and 3R have reported different electronic structures, with the 2H and the

3R phase that behave more like a semiconductor while the 1T is metallic in nature.®

One of the most discussed aspects about MoS: is its thickness-dependent
bandgap that seems to transition from an indirect bandgap in its bulk form to direct
bandgap when a monolayer of the MoS:2 is present with a substrate. Studies using
photoluminescence (PL) saw an evolution of optical properties with specific layers of
MoS2 on oxide-covered Si substrates with high photoluminescence detected from a
sample that had only one monolayer of MoS:2 on the substrate 8 A similar study of ultra-
thin MoS2 on a Si/SiO2 substrate was performed with photoluminescence also found
strong photoluminescence with a monolayer of Mo0S2.° This spike in the
photoluminescence has been attributed to the evolution of the MoS:2 indirect bandgap in

its bulk form to a direct bandgap when only a monolayer of the MoS: is present. When
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studied with Raman spectroscopy, the MoS2 (also on a Si/SiO2 substrate) saw a Raman

modes El2g and Alq exhibit sensitivity to thickness.?*

One of the most widely accepted causes of this bandgap evolution is due to the
weak van der Waals interlayer interactions that affect the intralayer bonding of the few-
layer molybdenum disulfide.*® Direct excitonic transition energy at K point stays relatively
the same while the bands around the I point change (“compresses” and becomes less
disperse) and the indirect transition energy becomes too high. The states near the I" point
in the valence band and K point in the conduction band originate from linear combination
of delocalized Mo dz? orbital and antibonding S p: orbitals. They have strong interlayer
coupling and their energies depend on layer thickness while states near K point are mostly
comprised of orbitals localized in the xy plane and not affected by the layer-layer
interaction.®87.95111113 \With a monolayer system, the interlayer coupling is not present
and therefore creates the direct bandgap Mo0S2.2 Others identify the presence of
Coulombic interlayer interactions in MoS2 have a more prominent effect on the electronic
structure of MoS:2 than weak van der Waals forces.'?* Finally, as discussed in Section
4.2.3, the effects of the spin band splitting around the K point as a result of spin-orbit
interaction and broken inversion symmetry has been argued to be drastic enough to

cause a transition from an indirect to a direct bandgap of the MoS..

For monolayer MoS2, a study had reported on the role of point defects on the
photoluminescence intensity due to vacancy generation.'?> The study poses that free
charge carries and localized electrons interactions become stronger due to reduced
dimensions, which lead to light emission at energies lower than the band-to band optical

transition energy if radiatively recombined. Substrates can also play a role for few layer
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MoSz, studies looking at the effects of substrates used with monolayer MoS:2 proposed
that it is the relaxation of the in-plane lattice that causes the compression of the dispersion

at the I point that was discussed earlier.'*%” The influence of the substrate decreases

strongly with increasing layer number.%

Here, the surface electronic bandgap can be found by using UPS to derive the

valence band and IPES to experimentally measure the conduction band. By combining
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Figure 4.6: UPS (left) and IPES (right) spectra with respect to the Fermi energy (EF) of
the cleaved 2H phase MoS: crystal with He | UPS on the bottom left and He | on the top

left side (orange) of the plot.
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the two measurements together, with a common energy axis that is relative to the Fermi
energy, the VBM and CBM can be uncovered using linear extrapolation of the leading
band edges, as is shown in Figure 4.6 of the exfoliated 2H phase MoS: single crystal.
The CBM is found to be 0.31 + 0.10 eV while the VBM varies between He | and He Il
excitation energies. For He | UPS, the VBM is found at 0.82 + 0.10 eV and shifts closer
to the Fermi edge at 0.69 £+ 0.10 eV with He Il excitation. The same IPES spectrum is
used in both instances. By combining the value of the VBM and CBM, the surface
bandgap is derived at 1.13 + 0.14 eV using the He | spectrum and 1.00 + 0.14 eV using
the He Il spectrum. The shape of the valence band measured with He | and He Il have
distinctly different shapes, most prominently at around 2 eV. This feature is attributed to
contributions from Mo 4d orbitals, which has a far more pronounced photoionization cross
section at 40 eV ionization energy (He Il) rather than He I, compared to the S 3p bands

that contribute to the valence orbital shape.10%

From the RIXS map discussed earlier, it is possible to derive several bandgap
values at various k-points in the Brillouin zone, as done with beryllium chalcogenides in
past studies utilizing the RIXS process.'®* As previously stated, the highest emission
energy overall was found at 161.94 eV and refers to the VBM. The excitation energy of
the spectrum with the highest emission energy was also found at 163.81 eV and
corresponds to the conduction band at the same point in k-space as the VBM. From this,
a direct bandgap at the VBM (i.e., a vertical transition from the valence band to the
conduction band at the same k-point) is derived at 1.87 eV. The onset of absorption as a
function of excitation energy corresponds to the overall CBM, which was found at 162.29

eV. The derived CBM value here is slightly different from the CBM found specifically at
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Figure 4.7: Near-edge region of the S L2,3 RIXS map of the 2H phase MoS: single crystal
(Figure 4.3), plotted as a function of energy loss with respect to the Rayleigh line (which
is consequently is depicted as a straight vertical line).

the lowest excitation energy for observed emission, which was found at 162.17 eV. A
direct bandgap at CBM of 1.66 eV is found using the highest emission energy at the
lowest excitation energy. To check for possible Raman shifts, the emission energies of
the Rayleigh line in the RIXS map from Figure 4.3 can be shifted so that the Rayleigh line
is a straight line instead of a diagonal one and set as the 0 eV emission energy, as shown
in Figure 4.7. This is another way to see if there are any Raman shifts present in the map,

which would be parallel to the elastic Rayleigh line. However, the zoomed in region gives
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little indication of a Raman loss feature, which would have been present at excitation

energies below 162.5 eV.

Table 4.2 provides a summary of the derived bandgap values for the 2H phase
MoS: single crystal using He | and He Il UPS, IPES, and RIXS. The variations in bandgap
values derived from UPS He | and He Il excitation energies have already been discussed
and can be attributed to contributions from different bands that are probed by these two
excitation energies. In addition, these two bandgap values are within the confidence
interval of £ 0.14 eV. For RIXS-derived bandgaps, the values of the direct bandgap at
VBM is different from the direct bandgap derived at the CBM. Assuming that the
momentum is conserved within the RIXS process, and the bandgap of a bulk MoS:2 single
crystal is truly an indirect bandgap, then the different values found though the RIXS data

is acceptable since the direct transition at the CBM and VBM occur at different k-points.

Bandgap value Techniques used to derive value
1.131+0.14 eV He | UPS and IPES
1.00£0.14 eV He Il UPS and IPES

1.87 eV Direct bandgap at the VBM

1.66 eV Direct bandgap at CBM

Table 4.2: Summary of the experimentally derived bandgaps value of the 2H MoS: single
crystal using UPS, IPES, and RIXS.
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4.3 Conclusion
To summarize the findings of this chapter, a comparison of the various spectroscopic
technique was done to see how the signature of the valence band differs between the
various spectroscopic techniques employed in this study. Due to differences in the final
and initial states, transmission matrix elements, and sensitivity of surface contaminants,
the spectral features are different. Afterward, the effects of the mechanical exfoliation on
the electronic structure of the 2H phase MoS: single crystal surface was investigated. A
work function of 4.39 + 0.10 eV was derived for the as-received crystal, which shifted to
higher energies of 4.89 + 0.10 eV after the exfoliation was performed. The spectral
features of the valence band region change drastically after the exfoliation, and the
linearly extrapolated VBM was found at 0.63 = 0.10 eV and shifted to 0.82 £ 0.10 eV after
the exfoliation. RIXS was performed to find the bulk electronic properties and the
momentum-resolved characteristics of the MoS:2 crystal. The extracted XES spectra
contained spectral features that evolved as a function of excitation energy and
corresponded to specific states in the band structure. In this study, the derived surface
bandgap was found at 1.13 eV using the He | UPS spectrum and 1.00 eV using the He Il
UPS spectrum, when combined with the IPES measurement. From RIXS, a direct
bandgap at the CBM was found at 1.66 eV while a direct bandgap at the VBM was found
at 1.87 eV. In addition, XES spectra were extracted from the RIXS map and used to
identify possible band dispersion that correspond to transitions at various k-points in the

Brillouin zone of the crystal.
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CHAPTER 5: CONCLUDING REMARKS

MoS:2 and other transition metal dichalcogenides have an extensive list of applications,
particularly in energy conversion and storage devices. For example, they can be
incorporated as flexible substrates or thin contact layers for thin film solar cells, as well
as batteries and electrocatalyst for the hydrogen evolution reactions. However, a further
understanding of this material system is essential to optimize the performance of such
devices and components, particularly by gaining insights into its electronic structure. For
MoSz2, the bandgap has been previously reported to transition from an indirect to a direct

bandgap for mono- and bi-layers of MoS:2 on Si/SiO2 substrates.

In this thesis, the chemical and electronic properties of a 2H phase MoS: single
crystal were investigated using a wide variety of photoelectron and soft x-ray
spectroscopic techniques, complemented with theoretical calculations of the band
structure and low-energy electron diffraction measurements. This was done in hopes of

providing information to further understand and optimize the material.

Chapter 3 explored the chemical structure of an as-received 2H phase MoS:2 single
crystal and one that underwent mechanical exfoliation using the adhesive tape method.
Mechanical exfoliation was tested as a way to remove surface adsorbates and
contaminants and to see how effectively the exfoliation removed flat layers of the single
crystal. To see the effects of the mechanical exfoliation and to verify the surface
composition and 2H phase of MoS2, XPS and XAES were employed. Using these
techniques, it was found that the exfoliation reduced, but did not fully remove the carbon
and oxygen signals, while increasing the detected signal of Mo- and S-related peaks. The

surface of this highly ordered crystal, both before and after the exfoliation, has high
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amounts of carbon, which can be more readily seen after accounting for variations in the
intensity contributions for the prevalent photoelectron lines. While carbon saw a
significant change in its measured intensity after the exfoliation, oxygen-related peaks did
not vary substantially; the detected Mo- and S-related peaks increased in intensity. The
surface stoichiometry of the exfoliated surface for C : O : Mo : S was found to be 25% :
3% : 22% : 50%, indicating the prevalence of carbon on the surface (and thus likely also
in the bulk) of the sample. The S/Mo ratio was derived at 2.00 £ 0.02, similar to previous
photoelectron studies of the 2H MoS: surface and indicated the possibility of molybdenum
vacancies. Finally, LEED was used and discussed in this chapter mostly to help verify the
2H phase of the sample and assess how the lattice structure was effected by surface
contaminations. The LEED images, measured with a 60 eV bias voltage showed a well-

ordered honeycomb structure associated with the 2H phase.

These results were corroborated with information about the electronic structure
using both lab-based and synchrotron-based techniques in Chapter 4. To start off the
discussion, a comparison of the valence band structure measured between various
techniques was conducted. The effects of mechanical exfoliation were also analyzed
using UPS, where it was found that the tape method results in an increase of the derived
work function from 4.39 to 4.89 (= 0.10) eV. The valence band features measured with
He | UPS became enhanced after the exfoliation and the linearly extrapolated VBM was
found at 0.63 £ 0.10 eV and shifted to 0.82 + 0.10 eV. Combined with IPES, a surface
bandgap value of an exfoliated 2H phase MoS2 was found between 1.00 and 1.13 eV,
within the confidence range of + 0.14 eV. Bandgap values from RIXS maps were also

derived, with a direct bandgap at the CBM was found at 1.66 eV using the highest
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emission energy for lowest excitation energy. In addition, the direct bandgap at the VBM
was derived at 1.87 eV. The band dispersion located within the resonant portion of the
RIXS map was also analyzed and compared to possible band contributions from a

calculated band structure.

In future work, there is much that can be done to gain a deeper understanding of
MoS:2 and other TMDCs. This includes testing the effects of other exfoliation techniques
as well as surface cleaning techniques, including the effects of ion treating and ion
sputtering, and annealing of the single crystal on its surface chemical and electronic
properties. Using this toolchest of spectroscopic techniques for the other TMDC materials
or the different phases of MoS:2 especially would be of great value, particularly with RIXS.
Making more use of techniques like LEED to also derive the experimental lattice
parameters and perhaps use those to aid in theoretical calculations of the electronic

structure that currently used only theoretical parameters.
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APPENDIX

Appendix A: Deriving concentration ratios of elements
To derive the concentration ratio between various photoelectron lines measured with
XPS, as done in Section 3.2.1, the following equation can be used:

Ca _ I+ 0 Ap(Ekin) - T(EKin,B)
Cg g 04 A(Exin) - T(Exina)

Where the photoionization cross-sections of investigated transition (ox), inelastic mean
free paths (A«), and transmission function of the analyzer (Tx) were considered when

deriving the concentration ratio between elements.

As mentioned, the photoionization cross-sections used in this study were determined by
J. H. Scofield in reference 64, while the inelastic mean free path was determined with the
QUASES software.®® The transmission function of the Scienta R4000 electron analyzer
was conducted by collecting a survey spectrum of a clean Ag foil at each pass energy
utilized in this study (for XPS data used to derive the concentration ratios, a pass energy
of 100 eV was used for each region). The reference spectrum was then fitted according
to references 26127 in order to account for intensity distortions caused by the magnetic

fields and internal scattering within the analyzer.
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