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ABSTRACT

INVESTIGATION OF THE QUASIPARTICLE BAND GAP
TUNABILITY OF ATOMICALLY THIN MOLYBDENUM
DISULFIDE FILMS
by
Daniel Joseph Trainer
Doctor of Philosophy in Physics
Temple University
Professor Maria Iavarone

Two dimensional (2D) materials, including graphene, hexagonal boron nitride and
layered transition metal dichalcogenides (TMDs), have been a revolution in condensed
matter physics and they are at the forefront of recent scientific research. They are being
explored for their unusual electronic, optical and magnetic properties with special interest
in their potential uses for sensing, information processing and memory. Molybdenum
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disulfide (MoS2) has been the flagship semiconducting TMD over the past ten years due
to its unique electronic, optical and mechanical properties.
In this thesis, we grow mono- to few layer MoS2 films using ambient pressure
chemical vapor depositions (AP-CVD) to obtain high quality samples. We employ low
temperature scanning tunneling microscopy and spectroscopy (LT-STM/STS) to study
the effect of layer number on the electronic density of states (DOS) of MoS2. We find a
reduction of the magnitude of the quasiparticle band gap from one to two monolayers
(MLs) thick. This reduction is found to be due mainly to a shift of the valence band
maxima (VBM) where the conduction band minimum (CBM) does not change
dramatically. Density functional theory (DFT) modeling of this system shows that the
overlap of the interfacial S-pz orbitals is responsible for shifting the valence band edge at
the Γ-point toward the Fermi level (EF), reducing the magnitude of the band gap.
Additionally, we show that the crystallographic orientation of monolayer MoS2 with
respect to the HOPG substrate can also affect the electronic DOS. This is demonstrated
with five different monolayer regions having each with a unique relative crystallographic
orientation to the underlying substrate. We find that the quasiparticle band gap is closely
related to the moiré pattern periodicity, specifically the larger the moiré periodicity the
larger the band gap. Using DFT, we find that artificially increasing the interaction
between the film and the substrate means that the magnitude of the band gap reduces.
This indicates that the moiré pattern period acts like a barometer for interlayer coupling.
We investigate the effect of defects, both point and extended defects, on the
electronic properties of mono- to few layer MoS2 films. Atomic point defects such
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including Mo interstitials, S vacancies and O substitutions are identified by STM
topography. Two adjacent defects were investigated spectroscopically and found to
greatly reduce the quasiparticle band gap and arguments were made to suggest that they
are Mo-Sx complex vacancies. Similarly, grain boundaries were found to reduce the band
gap to approximately ¼ of the gap found on the pristine film. We use Kelvin probe force
microscopy (KPFM) to investigate the affect of annealing the films in UHV. The work
function measurements show metastable states are created after the annealing that relax
over time to equilibrium values of the work function. Scanning transmission electron
microscopy (STEM) is used to show that S vacancies can recombine over time offering
a feasible mechanism for the work function changes observed in KPFM.
Lastly, we report how strain affects the quasiparticle band gap of monolayer MoS2
by bending the substrate using a custom built STM sample holder. We find that the local,
atomic-scale strain can be determined by a careful calibration procedure and a modified,
real-space Lawler Fujita algorithm. We find that the band gap of MoS2 reduces with
strain at a rate of approximately 400 meV/% up to a maximum strain of 3.1%, after which
the film can slip with respect to the substrate. We find evidence of this slipping as
nanoscale ripples and wrinkling whose local strain fields alter the local electronic DOS.
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CHAPTER 1
INTRODUCTION

1.1. Introduction to 2D Materials
1.1.1. Can Two-Dimensional Crystals Exist?
The physics of 2D crystals originated somewhat ironically in the 1930s when Peierls
and Landau concluded that they were thermodynamically unstable1,2. This result was
obtained within the harmonic approximation by considering the acoustic phonon modes
in strictly 2D systems which are responsible for a mean square atomic displacement that
scales with the log of the sample size as
𝑑2 𝑘

𝐿

〈𝒖2 〉 = 𝑇 ∫ 2
𝐴 (𝒏) ∝ 𝑇 𝑙𝑛 𝑎
𝑘 (2𝜋)2 𝑙𝑙

(1.1)

where T is the temperature, L is the sample size and a is the interatomic distance3,4. This
divergence of the mean square displacement should therefore cause a melting of the crystal
as the atomic displacement exceeds the Lindemann criteria (u ≈ 0.1a). This is in contrast
to the trivial mean square atomic displacement in 3D systems where no divergence occurs.
Following the same logic as above within the harmonic approximation, the mean square
atomic displacement for 3D systems, as found by Landau and Lifshitz, is finite and
independent of sample size:
𝑑3 𝑘

〈𝒖2 〉 = 𝑇 ∫ 2
𝐴 (𝒏)
𝑘 (2𝜋)3 𝑙𝑙

(1.2)

2

where the integral is over the wavevector k of the phonon and A ll depends only on the
phonon direction, n =

3,4

.

The nontrivial scaling of physical properties in three dimensional systems exists only
close to critical points, whereas in 2D it is prevalent at any finite temperature. Furthermore,
in 1968 a more rigorous basis was asserted to these conclusions as part of the MerminWagner theory, which confirmed that long-range order in 2D crystals was not possible5,6.
The situation does not improve when considering a 2D crystal embedded in a threedimensional space, as similar long-wavelength phonons cause unstable bending
fluctuations and the crystal will succumb to crumbling7.

1.1.2. Discovery of 2D Systems
Despite the mounting theoretical evidence against the possible existence of 2D crystals
at finite temperature, experimentally such systems started to be observed in the late 1970s.
The first such system was a two-dimensional arrangement of high mobility electrons on
the surface of liquid helium by Grimes and Adams in 19798. The electrons, bound to the
surface by classical electrostatics, formed a 2D liquid that underwent a phase transition to
a 2D triangular crystal below a critical temperature of approximately 0.457K. This phase
transition was demonstrated by the observation of both transverse and longitudinal phonons
from the 2D crystal forming below the critical temperature. In addition to 2D electron
crystals, 2D electron gasses (2DEGs) were found to be present at semiconductorsemiconductor interfaces (GaAs/AlGaAs)9 and semiconductor-oxide interfaces (metaloxide-semiconductor field-effect-transistor (MOSFET) devices)10. The electrons in these
systems lie in a potential such that their motion is restricted to a two-dimensional plane
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normal to the confining potential. Predicated on this 2D behavior, the quantum hall effect
was discovered in 1980 by von Klitzing using a MOSFET in high magnetic field and
cryogenic temperature11. In a quantum Hall system, the transverse resistance (measured
across the width of the sample) takes on quantized values h/νe2, where h is Planck’s
constant, e the elementary charge, and ν an integer or a fraction. Furthermore, the
longitudinal resistance (measured along the length of the sample) vanishes: electrons can
be transported without dissipation along the edges of the sample. Quantum Hall systems
could thus act as perfect wires with little energy consumption. From a technological
perspective, a dissipationless current is an exciting prospect. However, the high energy
cost associated with cryogenics and the requisite strong magnetic fields limit the modern
device application of these discoveries where low-power consumption is desirable.
Finally, in 2004 a two-dimensional crystalline atomic lattice was experimentally
observed by Noveselov and Geim, et. al. upon the micromechanical cleavage of graphite
to form several square µm’s of graphene12. Graphene has a hexagonal crystal structure
resembling a honeycomb lattice with a carbon atom at each vertex, sp2 bonded to three
neighboring carbon atoms. A cartoon depiction of the 2D graphene lattice is displayed in
Fig.1.1. The electronic properties of graphene greatly differ from its bulk counterpart,
owing to its altered and unique electronic band structure. The quasiparticles in graphene
operate as massless Dirac fermions because of its zero gap and linear band dispersion
resulting in fascinating physics, such as Klein tunneling13 and the quantum Hall effect14.
In addition, graphene exhibits surprising mechanical properties, as it is 200 times stronger
than steel benefiting from the strength of the C-C bond3. The achievement of isolating a
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single atomic layer of graphene not only definitively proved the existence and stability of
2D crystals in ambient conditions, but it also provided a foundation for the discovery of
analogous 2D crystalline materials such as hexagonal Boron Nitride, Borophene and
Phosphorene.

Figure 1.1| a, Cartoon representation of the 2D honeycomb lattice of carbon atoms
formed in graphene which each silver sphere representing one carbon atom. b, A single
unit-cell of graphene.

To reconcile the apparent discrepancy in the theoretical prediction and the
experimental observations, one must consider that the statistical mechanics of 2D systems
cannot be based on the harmonic approximation.

Instead by applying anharmonic

corrections, one can theoretically suppress the critical fluctuations that cause the
divergence of the mean square atomic displacement. This results in 2D systems that
display buckling and rippling to minimize the free energy resulting in a destruction of longrange order, however, local crystalline order is preserved. In fact, Mermin himself noted
that systems smaller than “astronomic size” can display crystalline order5.

Local
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crystalline order in graphene has been observed through electron diffraction experiments
that produce diffraction spots corresponding to the expected lattice constant of the crystal.
Buckling has also been experimentally confirmed by transmission electron microscopy
(TEM) measurements and is in good agreement with molecular dynamics simulations on
graphene in addition other 2D materials mentioned below15.

1.2. MoS2: The Prototypical Transition Metal Dichalcogenide
1.2.1. Transition Metal Dichalcogenides
Among other 2D materials transition metal di-chalcogenides (TMDs) can be either
exfoliated and isolated as stable, single unit cells or fabricated with different growth
techniques16. TMDs are a class of 2D layered material that possess the chemical formula
MX2 where the M is a transition metal from group IV (Ti, Zr, Hf), group V (V, Nb, Ta) or
group VI (Mo, W) that is sandwiched between two chalcogen atoms, X (S, Se, Te).
Structurally, they display anisotropic bonding such that in-plane they have strong chemical
bonds forming quasi-two-dimensional layers that, in the bulk, are stacked through weak
van der Waals forces out-of-plane.
Given the wide range of compositions and the possibility of intercalation in the van
der Waals gap, bulk TMDs offer a rich spectrum of properties. Materials in this family
range from semiconductors (MoS2) to metals (TiSe2) to superconductors (NbS2).
Additionally, they display rich, non-trivial phase diagrams with features such as the
coexistence of charge order with superconductivity (NbSe2) and metal to Mott insulator
transitions (TaS2), to name a few17,18. Furthermore, each TMD possesses polymorphisms,
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which are crystals of the same chemical formula with a slightly different structure which
can alter its electronic properties. For example, 2H-MoS2 has hexagonal symmetry and
trigonal prismatic coordination yielding a semiconducting band structure, whereas 1TMoS2 has tetragonal symmetry and octahedral coordination yielding a metal. Although the
1T phase is not stable, one can induce it from the stable 2H polymorph by means of Lithium
ion intercalation or concentrated electron beam irradiation such that crystals containing
areas of both phases have been observed19,20.
Furthermore, some materials exhibit an appreciable band gap, unlike graphene. This
band gap coupled with the potential for atomically-smooth, pristine interfaces free of
dangling bonds, can offer a unique platform for advancing research in nanoelectronics,
which can enable low-power and low-loss devices21. Quantum-mechanical effects in these
materials are equally intriguing, where 2D layered materials such as MoS 2, WS2, WSe2,
MoSe2 and MoTe2, undergo an indirect-to-direct band gap transition in going from the bulk
to monolayers22-24.
The semiconducting polymorph of MoS2 (2H-MoS2) has been the flagship TMD due
to its stability, relative low cost and unique electronic, optical and mechanical properties.
Bulk MoS2 is an indirect band gap semiconductor with a gap of 1.8 eV between the Γ point
of the valence band and the K point of the conduction band25. As the thickness of the
crystal is reduced, the band gap starts to increase as the states in the valence band at the Γ
point decrease while at the K point they increase. When the layer number is reduced to 1
monolayer, the valence band edge energy at the K point becomes greater than that at the Γ
point resulting in a direct gap semiconductor with a gap of ~2.4eV26. This corresponds to
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an optical gap (with a strong exciton binding energy) that lies within the visible range
making it a promising material for optoelectronics. A schematic view of the atomic
arrangement in a single sheet of 2H-MoS2 is provided in Fig.1.2.

Figure 1.2| a, Cartoon representation of a one monolayer lattice of 2H-MoS2 displaying
trigonal prismatic geometry. The yellow and purple spheres represent sulfur and
molybdenum atoms, respectively. b, One unit-cell of 2H-MoS2.

Beyond the identification of 2D materials with interesting band structures and the
illumination of their electronic, optical, and catalytic properties lies the challenge of
manipulating these materials to create technologically interesting devices. One important
line of research is understanding to which extent one can control electronic and optical
properties of 2D materials by stacking heterostructures to create new functionalities27.
Vertical stacking of 2D materials provides a promising route to design materials with
new functionalities and even a new platform to observe and engineer correlated electronic
phenomena. Band-structure engineering, charge transfer and proximity effect can be tuned
to obtain new electronic properties. First-principle theoretical modeling predicts in the case
of BiSe3 stacked on monolayer MoS2 distinct band structures from the parent materials.
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Experiments demonstrated strong changes of the optical properties28. Another possible
knob to engineer electronic properties is the twist angle between the layers of the 2D sheets.
It has been theoretically predicted that when the twist angle in graphene/graphene
structures is close to 1.1 degrees the system can reveal strongly correlated interactions
between electrons. Experimentally it has been demonstrated that the two sheets of graphene
exhibit nonconducting behavior, similar to Mott insulators29. The insulator turns into a
superconductor when a small number of charge carriers are added to the graphene by
applying an electric field30.

1.2.2. Implementation of 2D Materials in Modern Technology
The discovery of graphene led the revolution of 2D materials in condensed matter
physics and inspired the possibility of next generation, atomically thin electronic
components to the scalability limit. The concept of scalability is to reduce the physical
size of devices with equal or increasing performance and is critically important to the
advancement of technology as the demand for smaller electronics grows. An example of
this need for scalability is for on-chip inductors used for radio frequency detection circuits,
among other applications. Traditionally, these have been made with copper coils, the
physical dimensions of which are dictated by fundamental electromagnetic induction
principles of Faraday in 1831, which impose rigid size restrictions. In early 2018, however,
this problem was approached by Kang et. al. exploiting the large kinetic inductance (a
quantity that is negligible in most conventional metals) of intercalated graphene, which
allowed to circumvent the geometrical limitations needed for magnetic inductors31. It was,
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therefore, possible to increase the inductance density by 1.5-fold with a one-third reduction
of the area relative to state-of-the-art inductors Despite its fascinating physical properties
and success in scalable metallic devices, graphene lacks a band gap, which limits its
applications in the semiconductor industry motivating the search for analogous materials
with a range of electronic properties.
A similar problem that is threatening the scalability of modern-day electronics in the
semiconducting industry is the size restriction of silicon-based transistors. The transistor
was invented by Bardeen, Brattain and Shockley at Bell labs in 1947 and, aside from
winning them the Nobel prize in 1956, it’s revolutionized electronics32. The transistor
eventually became one of the most important components in modern day cell phones,
computers and other devices. In 1965 a prediction that became known as Moore’s law,
after the cofounder of Intel, Gordon Moore, was made stating that the number of transistors
on a chip would double every two years as their size was reduced. This was based on the
trend formed prior to the prediction and can be seen in Fig.1.3a. Over the last 53 years
advancements in manufacturing techniques, such as lithography, allowed for the device
dimensions to keep pace with the prediction. The computer that is being used to write this
thesis, for example, has over 1 billion transistors with nominal channel size of 14nm33.
Despite these technological advancements, there is a fundamental size restraint as siliconbased transistors with a channel length below 5nm start to experience so-called short
channel effects, such as direct source to drain tunneling, which does not allow the device
to turn off. According to Moore’s law this limit will be reached within the next couple of
years34. The trend shown in Fig.1.3 displays several different transistors found in Intel
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processors (Fig.1.3a) and the reduction of the channel length of these transistors over time
(Fig.1.3b)33,35-41. The shaded red region in Fig.1.3 represents the projected reduction of
channel lengths over the next 15 years down to 1nm reached in 2033.

Figure 1.3| a, The increase in transistor count per chip over the past 46 years showing the
various Intel processors compared to Moore’s Law. The red dashed line represents a
doubling in count every two years. The inset shows the original prediction that became
known as Moore’s Law as found in Moore’s 1965 paper34. b, The reduction in the
channel size of the transistors shown in Fig.1.3a in addition to the projected sizes through
2033 (shaded in red) from the 2017 International Roadmap of Devices and Systems
(IRDS)41.

Semiconducting TMDs have been proposed as a solution to this problem since they
offer the ultimate thickness limit among other desirable physical properties.

The

performance of monolayer MoS2-based FETs has been calculated to meet the international
technology roadmap for semiconductor (ITRS) performance threshold for logic devices of
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the year 202342. Compared to silicon, semiconducting TMDs have larger band gaps and
larger effective electron mass which limits the direct source to drain tunneling. Although
few layer MoS2 has been theoretically predicted to have better device characteristics than
silicon below the 5nm limit, experimental challenges such as high contact resistance and
low quality large-scale film growth are currently impeding their realization in industrial
devices43. Therefore, the theoretically predicted MoS2-based transistors, showing superior
performance to their traditional silicon-based counterpart, have not yet been produced.
However, there is reason for optimism as Javey, et. al. has experimentally produced a
transistor using bilayer MoS2 (1.2nm in thickness) as the channel material and a single wall
carbon nanotube (SWCNT) as the gate44. These devices display promising qualities such
as an effective channel length of 3.9nm, high On/Off current ratio and near ideal
subthreshold swing.
In addition to improving upon modern conventional computing technologies, 2D
TMDs also hold promise for next generation quantum computing45. Quantum computing
is predicated on using quantum bits, or qubits, to store information based on the
superposition of individual quantum mechanical states.

This contrasts conventional

computing that employs the binary encoding of information based on controlling the charge
degree of freedom of carriers. Hexagonal 2D materials like graphene and 2H-TMDs have
a band structure where the conduction band and valence band extrema are located at the K
and K’ point in the Brillouin zone. The Brillouin zone of MoS2 is illustrated in Fig.1.4a
along with corresponding crystalline geometry. This band structure forms two energy
degenerate but inequivalent valleys for the charge carriers to occupy, introducing the so-
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called valley degree of freedom46. Furthermore, the d-orbitals from the metal atoms in
TMDs introduce strong spin-orbit coupling. Unlike graphene, TMDs break inversion
symmetry that, along with the strong spin-orbit coupling, cause a Zeeman-effect like spinsplitting of the valence band maxima in the corners of the Brillouin zone (the K and K’
points) in the monolayer geometry. The valence band splitting at the K point is opposite
to that of the K’ point, depicted in Fig.1.4b. Along with these additional degrees of
freedom, single monolayer 2H-MoS2 has also been predicted to house Majorana fermions
when put into contact with an s-wave superconductor47,48. These particles obey nonAbelian statistics making them superior building blocks for qubits over other charge
carriers. Therefore, monolayer 2H-TMDs offer multiple avenues of advancing quantum
computing and, in general, hold promise for implementation in next generation electronics.
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Figure 1.4| a, Cartoon representation of a one monolayer lattice of 2H-MoS2 from the caxis view (top-view). The yellow and purple spheres represent sulfur and molybdenum
atoms, respectively. The inset shows the corresponding Brillouin zone in momentum
space. b, A cartoon showing the direct band gap at the K and K’ point where the valence
band maxima is split because of the spin-orbit coupling. The arrows denote the direction
of the spin.
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1.3. Organization of This Thesis
This thesis holds the scanning tunneling microscopy and spectroscopy (STM/STS)
measurements performed on mono- to few layer MoS2 films. These measurements were
made to advance the understanding of how the electronic properties of this 2D material is
influenced by thickness, relative crystallographic orientation angle, strain fields and local
crystalline defects.
In chapter 2, I outline two different synthesis techniques used to grow the films
measured throughout this thesis, illustrating the benefits and shortcomings of each. I
proceed to discuss the technique of scanning tunneling microscopy starting with the theory
of the tunneling current between two metal electrodes separated by a vacuum. The
different measurement modalities of STM are discussed to illustrate what information can
be provided with this kind of measurement. Then I describe the two STM systems that
have been used to produce the data found in this thesis, briefly outlining the STM scanners
used. The first machine is the Unisoku USM1300 3He microscope in the Iavarone group
at Temple University. The second is a Createc microscope in the group of Saw Hla at the
Center for Nanoscale Materials (CNM) at Argonne National Laboratory.
Chapter 3 introduces the first STM measurements on the MoS2 system with the
intent of measuring how the van der Waals gap between layers is responsible for changes
in its density of states. Specifically, the effect on the quasiparticle bandgap of adding
monolayer increments of thickness to a single layer of MoS2 is elucidated. Angle resolved
photoemission spectroscopy (ARPES) and photoemission electron microscopy (PEEM) is
used to corroborate the change in the density of states seen by STM. Next, the relative
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crystallographic orientation between the monolayer film and the substrate is studied. The
random crystallographic orientation provided by the growth process yields a variety of
moiré patterns that are found to affect the quasiparticle band gap. Both systems are
modeled using density functional theory (DFT) to further elucidate the mechanism
responsible for the change in the band structure.
Chapter 4 is comprised of the investigation of the electronic properties of defects
using STM and their dynamics using KPFM and STEM. Point defects as well as grain
boundaries are shown to greatly impact the electronic density of states within a few
nanometers of these defects. The effect of annealing around 300oC is investigated using
KPFM showing that the annealing produces metatstable states which present as a slowly
decaying work function over time. STEM is used to show how defects, particularly S
vacancies, change over time offering an explanation for the metastability of the work
function measurements.
Chapter 5 discusses a novel experiment using a custom built STM sample holder to
transmit strain to monolayer MoS2 films and study the effect on the electronic properties
as a function of strain. The process of determining local strain from the atomic lattice is
described. The change in the quasiparticle band gap is correlated to the local strain
observed. The films were found to have the propensity to relax during the straining
procedure and therefore produce inhomogeneous strain fields and ripples. These strain
fields produced nanoscale changes in the density of states that were accessible for
STM/STS characterization.

16

CHAPTER 2
EXPERIMENTAL METHODS

2.1. Synthesis Techniques and Primary Characterization
The scotch tape method, first used to isolate graphene and later applied to TMDs,
can produce single unit cell layers with low defect density, however, their lateral size is too
small and therefore incompatible with most electronics applications. Thus, with the
promise of 2D crystals as components in electronic devices, the demand of reliable
synthesis techniques that produce high quality, atomically thin films whose lateral
dimensions could be controlled. Of the techniques to emerge, chemical vapor deposition
(CVD) has emerged as one of the most promising to treat the problem of lateral scalability.
This technique is a vapor phase growth that takes advantage of the high relative reactivity
of the edges of 2D materials compared to that of their basal planes and therefore atomically
thin films tend to grow laterally instead of vertically.
I used two different CVD techniques to grow mono- to few layer MoS2 films on
different substrates: the first will be referred to as CVD and the second will be referred to
as Ambient Pressure CVD (AP-CVD). The difference between the two techniques will be
outlined below.
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2.1.1. Chemical Vapor Deposition
The specific CVD method pioneered by Yu, et. al. allows for the scalable synthesis
of uniform thickness over a large area by controlling the precursor amount49. Our set-up,
displayed below in Fig.2.1, consists of a 1-inch quartz tube (3) that fits into a 1” tube
furnace (4) connected on one end to a rotary pump (1) and vacuum gauge (2). On the other
end, the quartz tube is connected to a mass flow controller (MFC) (6) and Ar gas cylinder
(7) with several valves in between to control the vacuum.

Figure 2.1| A photograph showing the CVD-set up used to produce MoS2 films
characterized in this thesis
The CVD technique requires the vapor phase reaction of elemental sulfur (S) and
molybdenum pentachloride (MoCl5) precursors in the presence of a substrate. This is
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achieved by loading a crucible filled with MoCl5 powder 10cm inside the upstream side of
the insulation. The amount of MoCl5 introduced into the furnace will dictate the resulting
thickness of the film. For example, 1 – 4mg will result in 1 monolayer and 5 – 15mg will
result in 2 monolayer thickness. One gram of S is then distributed into the tube furnace by
putting 0.4g both down stream and upstream from the MoCl5 crucible and the remaining
0.2g at the edge of the insulation layer. The substrates (typically sapphire) sit downstream
from the precursors in the center of the tube furnace. The tube furnace is then heated to
850oC at a rate of 23oC/min and then allowed to cool naturally. The arrangement of
precursors exploits the natural thermal gradient of the furnace so that the S is sublimating
before during and after the MoCl5 ensuring that the reaction is limited by amount of MoCl5
throughout the entire process. The reaction is carried out around 1Torr with an Ar flow
rate of 50sccm. The process is shown schematically in Fig.2.2a.
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Figure 2.2| a, A cartoon depicting the CVD process in the quartz tube with the
sublimation of solid precursors. b, AFM topography showing the morphology of the
film where the right side of the film has been scratched away revealing the underlying
sapphire substrate. The scale bar represents 1µm. c, average height profile over the
topography in Fig.2.2b.
Atomic force microscopy (AFM) is used as a primary characterization tool
immediately following the growth because it gives, among other things, topographical
information about the film. This technique uses a sharp tip attached to a cantilever, which
is driven at a set frequency as the tip is raster scanned across a sample surface. When the
tip runs into a topographical feature, the cantilever is deflected, changing the frequency of
oscillation which causes a feedback mechanism to change the vertical position of the tip.
An AFM image of a representative monolayer MoS2 film grown on a sapphire substrate
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using this method can be found in Fig.2.2b. The film has been scratched away from the
right side of this image revealing the underlying sapphire substrate. Fig.2.2c shows an
average of the height over the vertical length of the image in Fig.2.2b, demonstrating the
uniformity in height of 0.8nm, corresponding to one monolayer of MoS2. The AFM
primarily used in this thesis is the Veeco Icon shown in Fig.2.3a -c.

Figure 2.3| a, A photograph of the Veeco Icon AFM used in this thesis. b, A magnified
photograph showing the sample stage and the laser which is eventually aligned on top of
the cantilever. c, A photograph showing the AFM head, detached and from a different
perspective showing the tip holder.
Another primary characterization tool used to optimize the growth of MoS2 is
Raman spectroscopy. Raman spectroscopy uses light to initiate and observe vibrational
modes and can therefore be used to fingerprint materials, which have characteristic modes
of vibration. There are four first-order Raman active modes that are present in most
reported MoS2 Raman spectroscopy studies, A1g, E12g , E22g , and E1g. The A1g mode is due to
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the out-of-plane vibration among the S atoms in the out-of-plane direction. The other three
Raman active modes are due to in-plane vibrations. Among the four Raman-active modes,
the A1g and E12g modes near 400 cm−1 are readily observable. The E1g mode and E22g mode
usually cannot be detected by conventional Raman Scattering measurements. The two
observable active vibrational modes, namely the E12g and A1g modes, are of importance for
characterization of MoS2 films. In monolayer MoS2, the E12g mode exists around 385cm-1
and the A1g mode exists around 405cm-1, which can be seen in Fig.2.4a50. With additional
layers, the E12g peak red-shifts while the A1g peak blue shifts, making Raman spectroscopy
particularly useful in characterizing the thickness of MoS251. This effect can be seen in
Fig.2.4a, where the second monolayer film is shown in the red curve compared to the
monolayer film in the black curve. Photoluminescence spectroscopy is another tool helpful
for characterizing the thickness of MoS2. This technique measures the direct band gap, or
optical gap, of the sample and because MoS2 has a direct to indirect gap transition from
one to two monolayer thickness, it can be used to distinguish the two. This effect can be
seen in Fig.2.4b, where the signal increases at the energy corresponding to the optical gap,
which is prevalent in the monolayer (direct bandgap) but not in the bilayer film (indirect
bandgap).
The CVD process has the advantage of being able to control the thickness of the
MoS2 film over millimeter lateral dimensions, depicted in Fig.2.4c,d, however the film is
comprised of small interconnected grains of lateral size of hundreds of nm. These grains
can be seen in the AFM image in Fig.2.2b. The high density of grain boundaries can limit
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the performance of electronic devices based on these films and therefore compromises the
applicability of such a synthesis technique in semiconductor industrial applications.

Figure 2.4| a, Raman spectroscopy of mono- and bilayer MoS2 films grown by the
CVD method. The cartoons show the Raman active vibrational modes responsible
for the peaks. b, Photoluminescence spectroscopy of mono- and bilayer MoS2 grown
by the CVD method. c,d Raman and photoluminescence spectroscopy of a
monolayer MoS2 film grown by CVD in multiple regions across the sample
demonstrating the uniformity in thickness of the films.
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2.1.2. Ambient Pressure CVD
A synthesis technique that shows promise to overcome the limitations of the CVD
technique described above is a variation of the CVD technique pioneered by Lee, et. al.,
named ambient pressure CVD (APCVD)52. The procedure followed below is a variation
of the recipe published by Wang, et. al to grow large area, single domain MoS2 films53.
This method involves the same set up displayed in Fig.2.1 with the addition of a
secondary furnace (5) creating a separate heating zone for the S crucible.

Eighty

milligrams of S (99.5% Sigma Aldrich) is loaded into the crucible at a position
corresponding the thermocouple position in the secondary furnace. Downstream for this
crucible, in the center of the primary furnace, is a crucible containing ~15mg of
molybdenum trioxide (MoO3) (99.5% Sigma Aldrich). On top of this crucible is a Mo
mesh that suspends the substrates face down over the MoO3 powder.

The furnace

containing the MoO3 and the substrates is first heated to 150oC for 90 minutes in order to
remove any residual water from the substrates and precursor. Then the temperature of the
primary furnace is increased to 700oC at a rate of 15oC/min. Once this furnace reaches
320oC, the furnace containing the S is ramped to 120oC at approximately 3oC/min allowing
the S to sublimate and react with the MoO3 while it is at an elevated temperature. The
primary furnace is maintained at 700oC for 30 minutes, at which point the secondary
furnace is ramped down at 8oC/min. When the temperature of the primary furnace reaches
580oC, both furnaces are rapidly cooled to room temperature. This reaction is carried out
at atmospheric pressure with a steady flow of 250sccm of ultra-high purity N2 as the carrier
gas. This is shown schematically in Fig.2.5.
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Figure 2.5| a, A cartoon depiction of the APCVD process.

It is critically important to independently control the temperatures of each furnace
because the reaction that eventually yields MoS2 takes two steps. First the S vapor reacts
with the solid MoO3, reducing the Mo containing precursor to a volatile intermediate:
S + MoO3 → MoO3-x + SO2

(2.1)

The volatile intermediate evaporates, condenses on the surface of the substrate and further
reacts with the S to eventually form MoS2:
S + MoO3-x → MoS2 + SO2

(2.2)

Therefore, if there is not enough S vapor to react with the condensed MoO3-x, upon cooling
there will be the formation of large crystals containing a combination of Mo, O and S. A
typical morphology of these kinds of crystals is displayed in Fig.2.6a with the line profile
in Fig.2.6b showing the height on the order of 100µms. As a result, the motivation behind
initially cooling the primary furnace to 580oC with a S vapor flux before cooling both
furnaces quickly is to slow the reaction of S with MoO3, slowing the production of MoO3x,

and maintain the S presence, allowing the conversion of MoO3-x to MoS2.
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Figure 2.6| a, AFM topography showing crystals of containing a combination of Mo,
O and S as a result of using the APCVD process with an insufficient amount of S
powder. b, Topographical height profile recorded along the dashed line in Fig.2.6a.

When the growth is performed with enough S and through the correct steps, it
results in film morphologies exhibited in Fig.2.7a and Fig.2.7b, which are AFM images of
MoS2 grown on highly oriented pyrolytic graphite (HOPG) and sapphire substrates,
respectively. Both films were grown in identical conditions with the topographies in
Fig.2.7 demonstrating representative morphologies on their respective substrates. As
shown, the growth on HOPG tends to produce smaller, multi-layer single crystal domains
with discrete monolayer terraces, as shown in Fig.2.7c, whereas on sapphire the domains
are mostly monolayer and tend to be much larger in lateral area which can even be seen by
an optical microscopy image in Fig2.7d.
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The sapphire substrates are cleaned prior to growth using acetone and isopropyl
alcohol in an ultrasonic bath. The surface of the HOPG is prepared by cleaving the top few
layers using scotch tape prior to loading them into the quartz tube. The mono- to few layer
MoS2 films studied throughout the remainder of this thesis have been synthesized using
the APCVD technique.

Figure 2.7| a, AFM image of few layer MoS2 on HOPG grown by APCVD. b, AFM
image of monolayer MoS2 on sapphire grown by APCVD. c, Topographic line
profile recorded over the dashed white line in Fig.2.7a showing the discrete
monolayer steps. d, Optical microscopy image showing the edge of a masked region
on the sapphire substrate where the AFM in Fig.2.7c was taken.
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2.2. Scanning Tunneling Microscopy
2.2.1. Principle of the Scanning Tunneling Microscope
The invention of the scanning tunneling microscope (STM) in 1982 by Binnig and
Rohrer revolutionized the field of condensed matter physics by allowing for the
measurement of the local electronic density of states with unprecedented spatial
resolution54. Experiments utilizing the tunneling current to exploit the density of states as
a measurable parameter had been done since the 1960s using planar tunnel junctions,
however these devices necessarily measure over the entire area of the junction and
therefore cannot identify the effect of atomic scale defects, crystalline grain boundaries or
inhomogeneous barrier thickness55,56. In STM, tunneling is achieved by bringing an
atomically sharp metallic wire within several angstroms of a conducting or semiconducting
surface and applying a small voltage. At this distance there is a probability that electrons
will tunnel from filled states in the sample to empty states in the tip (or vice versa
depending on the polarity of bias applied). This is presented schematically in figure 2.857.
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Figure 2.8| Cartoon depicting the tunneling of electrons from occupied states in a
semiconducting sample through a barrier to unoccupied states in a metallic tip. The
electron wavefunction is schematically detailed showing sinusoidal behavior on either
side of the barrier and the exponential decay inside the barrier.

A first approximation of this current can be analyzed through basic quantum mechanics
by obtaining the electron wavefunction in the classically forbidden barrier region that
decays logarithmically with distance:

29

𝛹𝐵 (𝑧) = 𝛹𝐵 (0) 𝑒 −𝜅𝑧
where 𝜅 =
mass, 𝜑 =

√2𝑚(𝜑−𝑒𝑉)
ћ
1
2

(2.3)

is the decay constant, z is the tip-sample separation, m is the electron

(𝜑𝑆 + 𝜑 𝑇 ) is the barrier height which is a combination of the tip (𝜑 𝑇 ) and

sample (𝜑𝑆 ) work functions, e is the fundamental charge of the electron, V is the applied
bias and ћ is the reduced Planck’s constant. The probability that an electron will tunnel
through the barrier is given by the square of this wavefunction. The tunneling current is
proportional to this probability summed over all possible states that can tunnel. If the tipsample separation is given by a value d, then the tunneling current is:
𝐸
𝐼(𝑑) ∝ ∑𝐸𝐹𝑁 = 𝐸𝐹−𝑒𝑉 |𝛹𝐵 (0)|2 𝑒 −2𝜅𝑑

(2.4)

From this expression, the tunneling current is inversely proportional to the exponent of the
tip-sample separation. In other words, a change in the separation of 1Å will change the
current by approximately one order of magnitude. This sensitivity can also be used to
explain the lateral resolution of the tip. The argument used by Binnig and Rohrer to explain
the high lateral resolution, smaller than the tip radius R, is as follows. At distances where
the separation d is much smaller than R the current will be concentrated in a small area at
the apex of the tip and will fall off rapidly, moving away from this area. To be more
precise, at a distance of ∆𝑥 away from the apex of the tip, the curvature will remove the tip
farther from the sample surface by approximately ∆𝑧 where:
∆𝑧 ~

∆𝑥 2
2𝑅

(2.5)
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For values of R = 10 Å, ∆𝑥 = 5 Å and a typical 𝜅 ~ 1 Å−1 the current drops off by 𝑒 −2.5.
This can be seen graphically in figure 2.9. This suggests that the current signal will be
dominated by an area well within ∆𝑥. It is common in practice to further improve the apex
of the tip by bias pulsing, controlled surface poking or other tip manipulation procedures
that serve to minimize R thereby maximizing the lateral resolution58,59.

Figure 2.9| a, Cartoon depicting the tunneling of electrons between the apex of an
atomically sharp tip and monolayer MoS2 showing the radial decay of the current as
the gradient in color. b, The dependence of radial distance on the tunneling current of
a tip with R = 10 Å and κ = 1 Å-1 based on equation 2.3.

The process of cleaning the tip is done, in practice, on ductile materials which have
well known density of states and topography, such as gold or lead. These materials are
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chosen such that one can plunge the tip into the sample surface in a controlled matter such
that the tip and substrate initially deform and then become bound together. As the tip is
retracted from the sample surface, this bridge elongates and becomes thinner through
mechanical annealing until it eventually breaks leaving behind a sharp tip. Once the tip is
confirmed to be sharp through known topographical features, such as the herringbone in
Fig.2.10a, the density of states of the tip is verified. The tip shaping procedure is done
until the tunneling spectrum looks like Fig.2.10b, where the only notable feature in the
energy range of interest is the surface state of Au(111)60. These tests verify that the tip is
sharp and metallic, with a flat density of states in the energy region of interest.

Figure 2.10| a, STS spectrum indicating a clean tip, when the surface state of
Au(111) is the only apparent feature. b, STM topography indicating a clean tip when
the modulation of the herringbone reconstruction on the Au(111) surface is sharp
along with a few defects.
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To appropriately utilize the lateral resolution provided from STM requires a method
to control the movement of the tip with sub-Å precision. This feat of modern engineering
came with the utilization of piezoelectric ceramics, which have a well recorded voltagedeformation dependence.

The tip is attached to a tube containing separate piezos

controlling the X+, X-, Y+, Y- and Z motion during scanning. The surface topography is
recorded by deforming the tube in such a way as to raster scan the tip over the sample
surface. Changes in height are recorded using a feedback mechanism that adjusts the z
position of the tip to maintain a constant setpoint current during the scan. The z position
as a function of x and y therefore reflects the surface topography. This process is depicted
in Fig.2.11.
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Figure 2.11| a, Schematic depiction of the STM process showing the bias being
applied to the tip with the current being read by the feedback loop which influences
the action of the piezos to maintain scanning conditions. b, Cartoon showing how the
tip retracts from the surface when there is an increase in current with the red dashed
line showing the line scan reflecting the surface topography.

2.2.2. Theory of the Tunneling Current
As alluded to above, the tunneling current contains more vital information then
simply the tip-sample separation. A more rigorous look at the tunneling current requires
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first order time-dependent perturbation theory which gives the tunneling probability in the
form of Fermi’s Golden Rule:
𝑃𝜇𝜐 =

2𝜋
ћ

2

|𝑀𝜇𝜐 | 𝛿(𝐸𝜇𝑆 − 𝐸𝜐𝑇 )

(2.6)

where the 𝛿(𝐸𝜇𝑆 − 𝐸𝜐𝑇 ) guarantees the energy of the electron in state 𝜇 in the sample will
be the same after tunneling to state 𝜐 in the tip. In other words, it states the tunneling is
elastic. 𝑀𝜇𝜐 is the matrix element which, from the modified Bardeen approach can be
written as:
𝑀𝜇𝜐 =

ћ2
2𝑚

⃗⃗⃗⃗ ∙ (𝜓𝜇∗ ∇
⃗ 𝜓𝜐 − 𝜓𝜐 ∇
⃗ 𝜓𝜇∗ )
∫ 𝑑𝑆

(2.7)

where 𝜓𝜇 /𝜓𝜐 represent the independent wavefunctions of the sample/tip respectively
where the integral is evaluated over a surface inside the barrier. Tersoff and Hamann
solved for the matrix element by assigning a periodic wavefunction to the sample and a
spherically symmetric wavefunction to the tip and used this information to model the
corrugation amplitudes as measured from STM as a function of distance from the surface
of Au (110)61. A different way around this problem is to simplify the tunneling to a onedimensional square barrier and use the Wentzel-Kramers-Brillouin (WKB) approximation,
which, with these assumptions, gives a transmission probability of:
2

𝑇 = |𝑀𝜇𝜐 | ≈ 𝑒 −2𝛾

where

𝛾=

1
ћ

𝑑

∫0 𝜅 𝑑𝑥

(2.8)
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The square barrier approximation is valid when 𝑒𝑉 ≪ 𝜑 which is usually true considering
eV is on the order of hundreds of meV whereas 𝜑 is several volts. In this limit 𝜅 =

√2𝑚𝜑
ћ

thus:

𝛾= 𝑑

√8𝑚𝜑

(2.9)

ћ2

Therefore, the matrix element in this case can be approximated as:
2

|𝑀𝜇𝜐 | ≈ 𝑒

−𝑑

√8𝑚𝜑
ћ2

(2.10)

Given that the tunneling current is proportional to the probability given by Fermi’s Golden
Rule, this reaffirms the inverse exponential dependence on tip-sample separation found in
the previous section.
If a bias voltage, V, is applied to the sample with respect to the tip, the tunneling
current will be comprised of electrons moving from filled states in the sample to available
states in the tip. Therefore, the tunneling current from the sample to the tip can be written
as:
∞

𝐼𝑆 → 𝑇 = −2𝑒 ∫ 𝑑𝐸
−∞

2𝜋
𝜌 (𝐸 ) ∙ 𝑓(𝐸𝑆 )
→ 𝑓𝑖𝑙𝑙𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑡𝑎𝑡𝑒𝑠
|𝑀|2 𝑆 𝑆
(2.11)
(𝐸
)
[1
)
]
𝜌𝑇 𝑇 ∙ − 𝑓(𝐸𝑇
→ 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑡𝑖𝑝 𝑠𝑡𝑎𝑡𝑒𝑠
ћ

where the factor of 2 in the front comes from the spin of the electron, the factor of Fermi’s
Golden Rule gives the probability of tunneling,

𝜌𝑆 (𝐸𝑆 )
𝜌𝑇 (𝐸𝑇 )

is the density of states of the
𝐸

sample/tip at the energy of the sample/tip and 𝑓(𝐸) = [1 + 𝑒 𝑘𝐵 𝑇 ] −1 is the Fermi function
where 𝑘𝐵 is the Boltzmann constant. Although the current will be dominated by electrons
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moving from the sample to the tip there will also be a contribution from those moving from
the tip to sample:
∞

𝐼𝑇 → 𝑆 = −2𝑒 ∫ 𝑑𝐸
−∞

2𝜋
𝜌 (𝐸 ) ∙ 𝑓(𝐸𝑇 )
→
𝑓𝑖𝑙𝑙𝑒𝑑 𝑡𝑖𝑝 𝑠𝑡𝑎𝑡𝑒𝑠
|𝑀|2 𝑇 𝑇
(2.12)
𝜌𝑇 (𝐸𝑆 ) ∙ [1 − 𝑓(𝐸𝑆 ) ] → 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑡𝑎𝑡𝑒𝑠
ћ

By noting that 𝐸𝑆 − 𝐸𝑇 = 𝑒𝑉 it is conventional to make the following change of variables:
𝐸𝑆 = 𝜀

(2.13)

𝐸𝑇 = 𝜀 + 𝑒𝑉

(2.14)

Therefore, the total tunneling current is the difference between the two currents:
𝐼 = 𝐼𝑆 → 𝑇 − 𝐼𝑇 → 𝑆

(2.15)

4𝜋𝑒
{𝑓(𝜀)(1 − 𝑓(𝜀 + 𝑒𝑉)) −
𝐼= −
∫
𝑐
ћ
(1 − 𝑓(𝜀))𝑓(𝜀 + 𝑒𝑉)} 𝜌𝑆 (𝜀) 𝜌𝑇 (𝜀 + 𝑒𝑉) |𝑀|2 𝑑𝜀

(2.16)

∞

−∞

After some algebra the tunneling current reduces to the following form:
∞

4𝜋𝑒
𝐼= −
∫ [𝑓(𝜀) − 𝑓(𝜀 + 𝑒𝑉)] 𝜌𝑆 (𝜀) 𝜌𝑇 (𝜀 + 𝑒𝑉) |𝑀|2 𝑑𝜀
ћ

(2.17)

−∞

This can be simplified even further by focusing on the energy range of interest and
applying an assumption of low temperature. At significantly low temperatures the Fermi
function can be approximated as a sharp cut off above EF which simplifies the factor of
[𝑓(𝜀) − 𝑓(𝜀 + 𝑒𝑉)] to be 0 in the range −∞ < 𝜀 < 0 as well as 𝑒𝑉 < 𝜀 < ∞ whereas it
becomes unity in the range 0 < 𝜀 < 𝑒𝑉. This assumption is valid within this thesis as the
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measurements have been taken at 4.2K or lower. With these changes, the tunneling current
becomes:
𝑒𝑉

4𝜋𝑒
𝐼≈ −
∫ 𝜌𝑆 (𝜀) 𝜌𝑇 (𝜀 + 𝑒𝑉) |𝑀|2 𝑑𝜀
ћ

(2.18)

0

This tells us that the tunneling current will always be a convolution between the
density of states of the tip and the sample material. As a result, the material of the tip can
be chosen such that its density of states are flat over the energy region of interest and
therefore does not contribute features to the tunneling current. Typically, platinum iridium
(PtIr) or tungsten (W) metals are chosen to meet this criterion in addition to their general
non-reactive quality (usually W reacts with oxygen so it is exclusively used in UHV
systems). If the density of states of the tip does not have a dependence on the energy (over
the region of interest) then it can be removed from the integral of the tunneling current. In
addition, it is common to assume the matrix element to be a constant over the energy range
of interest, which is consistent with the 1D square barrier approximation made above.
Including the approximate matrix element calculated above the tunneling current can be
written as:
𝑒𝑉

√8𝑚𝜑
4𝜋𝑒
−𝑑
ћ2
𝐼≈ −
𝜌𝑇 (0)𝑒
∫ 𝜌𝑆 (𝜀) 𝑑𝜀
ћ

(2.19)

0

Or more generally:
𝑒𝑉

4𝜋𝑒
𝐼≈ −
𝜌 (0) |𝑀|2 ∫ 𝜌𝑆 (𝜀) 𝑑𝜀
ћ 𝑇
0

(2.20)
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This is the all-important result that the tunneling current in STM is proportional to
the integrated density of states of the sample. In principle, this quantity can be directly
accessed by simply obtaining the differential conductance or the voltage derivative of the
tunneling current over an energy range.
𝑔(𝑉) =

𝑑𝐼
𝑑𝑉

∝ 𝜌𝑆 (𝑒𝑉)

(2.21)

2.2.3. Experimentally Accessing the Density of States
There are generally two methods to obtain the density of states in practice. The
most direct way is done by holding the tip at a point over the sample and removing the
feedback loop. With good noise cancellation and thermalization, the tip should remain at
the same height and location over the sample surface, and therefore the current remains
constant. Then, the bias is swept over the range of interest and the current is recorded
𝑑𝐼

yielding a so-called I-V curve. The numerical derivative 𝑑𝑉 is taken to obtain the density
of states. This method tends to have a high level of noise because the derivative is being
𝑑𝐼

taken at every point and therefore any noise in the I-V curve will be amplified in the 𝑑𝑉 –
V curve. Typically, the high level of noise requires a smoothing technique to be able to see
the features of interest.
The other method to directly measure the conductance is to use a lock-in technique
which adds a small AC signal 𝑉1 cos(𝜔𝑡) to the bias such that the signal can be expanded
in the following way:
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𝐼(𝑉 + 𝑉1 cos(𝜔𝑡)) = 𝐼(𝑉) +

𝑑𝐼
1 𝑑2𝐼
| 𝑉1 cos(𝜔𝑡) +
| 𝑉 2 (1 + cos(2𝜔𝑡)) + ⋯
𝑑𝑉 𝑉0
4 𝑑𝑉 2 𝑉 1
0

(2.22)
In this way the 0th harmonic gives the current signal, the 1st harmonic gives a term
𝑑2 𝐼

𝑑𝐼

proportional to 𝑑𝑉, the 2nd harmonic gives a term proportional to 𝑑𝑉 2 and so on. To access
the 1st harmonic, the lock-in amplifier is tuned to frequency 𝜔 and the output signal will
𝑑𝐼

result in a term directly proportional to 𝑑𝑉, and thus the density of states, with any noise at
a frequency where 𝜔𝑛𝑜𝑖𝑠𝑒 ≠ 𝜔 cut from the signal. Likewise, if one is interested in
obtaining

𝑑2 𝐼
𝑑𝑉 2

, of use when acquiring information on electrons involved in inelastic

tunneling57,62-64, the lock-in can be tuned to 2𝜔. The value for the modulation amplitude
𝑉1 will act to define the resolution of the measurement with higher values averaging over
a higher energy range and vice versa. The value of 𝑉1 is therefore chosen with some care
to be no greater than the thermal resolution limit (~3𝑘𝐵 𝑇) to maximize the energy
resolution65. An example of such a lock-in measurement of the density of states of a single
monolayer of MoS2 is provided in figure 2.12b.
In addition to taking a spectrum at a single point, it is often beneficial to be able to
take a series of spectra in a line and therefore map the density of states as a function of
𝑑𝐼

position along the path ( 𝑑𝑉 (𝑥, 𝑉)). This is achieved by first taking a spectrum at a single
point, reinstating the feedback loop, moving the tip to the next point along a line (of a
predefined number of points per line), removing the feedback loop and taking another
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spectrum. An example of such a measurement is provided in figure 2.12c where the tip
moves across a grain boundary in single layer MoS2 and the variation of the quasiparticle
band gap at the grain boundary is detected.

Figure 2.12| a, Topographical imaging using STM showing a grain boundary on
monolayer MoS2 acquired during this thesis. b, Scanning tunneling spectroscopy
taken at a point on the topography in Fig.12a showing the density of states of single
layer MoS2 displaying the quasiparticle band gap. c, A series of point spectra taken
along the dotted black arrow in Fig.12a showing the evolution of the quasiparticle
band gap across the grain boundary. d, CITS maps taken at four different energies
over the topography in Fig.12.a showing the variation in the spatial evolution of the
density of states around the grain boundary.
Lastly STM allows for the mapping of the density of states spatially at
predetermined energies in the so-called conductance imaging tunneling spectroscopy
(CITS) modality. This is taken simultaneously while scanning the topography to allow the
user to correlate density of states changes with topographic features. In this modality, the
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tip will scan first a line recording the surface topography, then the tip will follow the same
path stopping for some time at each point (of a predefined number of points per line),
removing the feedback, taking a spectrum (or a few points on a spectrum), reinstating the
feedback loop, and moving to the next point.

This is repeated through the entire

topographic scan, yielding a data file containing the density of states at predefined energies
𝑑𝐼

at each point in an area ( 𝑑𝑉 (𝑥, 𝑦, 𝑉)) in addition to the surface topography ( 𝑧(𝑥, 𝑦)). An
example of such a measurement is provided in figure 2.12d over the same area in the
topographic image in figure 2.10a and the line profile in figure 2.12c. The same mid-gap
states and depletion of states at the conduction band edge displayed in the line profile are
clearly present with 2D spatial information in the CITS map.

2.3. Scanning Tunneling Microscopes Employed in this Thesis
2.3.1. UHV LT Unisoku STM – Temple University
The majority of the measurements illustrated throughout this thesis have been
performed using a commercially available Unisoku USM1300 3He scanning tunneling
microscope housed in an ultra-high-vacuum (UHV) chamber as depicted in Fig.2.13a. This
system allows measurements at different temperatures from 50 K down to 360 mK, in
magnetic field applied perpendicular to the sample’s surface up to 9 T. The pressure in the
chambers is maintained at a level of 10-11 Torr or better to optimize surface cleanliness.
The UHV chamber that holds the STM is placed inside of the superconducting magnet, in
a continuous flow cryostat. A vacuum interspace and thermal shutters allow the thermal
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contact with a 1K pot and 3He pot, allowing for the measurement down to 360mK.
Measurements performed at low temperature reduce noise from thermal drift of the piezos
and thermal vibrations, but also increases the spectroscopic energy resolution by
decreasing kBT as described in the previous section.
As discussed in the previous section, STM requires a metallic tip to raster scan over
a sample surface with a separation distance of less than 1nm while maintaining a tunneling
current. Thus, for a high-quality measurement the sample must not only be conducting but
the surface must be clean of contamination. Surface contamination can cause the tip to
crash into the sample, in some cases compromising the apex aspect ratio and therefore the
lateral resolution. More importantly, the tip has a proclivity for picking up contamination
that can introduce noise and alter its density of states. Since the underlying theory of STM
relies on the tip having a flat density of states in the energy range of interest, picking up
surface contamination that alters the tip density of states compromises the integrity of the
data. Therefore, surface preparation is made a priority before STM measurements and the
UHV environment is, for many semiconducting and metallic surfaces, a necessity. This
system has various surface preparation tools in order to maximize the cleanliness of the
sample surface. These capabilities include an electron beam (e-beam) heating stage, that
can reach temperatures up to 1600oC, an Ar ion sputtering gun as well as a cold cleavage
stage. Additionally, the preparation chamber includes a triple source e-beam evaporator
with the ability to control the substrate temperature between -180oC → 1600oC. This
allows for the growth of simple materials in-situ, guaranteeing a pristine surface.
Preliminary surface characterization tools including low-energy electron diffraction
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(LEED) and Auger spectroscopy are present in this chamber as well.

Lastly, the

preparation chamber includes a high voltage e-beam tip preparation stage to form the tip
apex of certain materials, including Nb and W, whose material properties allow the apex
to melt and recrystallize into sharp faceted edges, conducive for STM.
The MoS2 films measured in this thesis are grown ex-situ in the tube furnace by
CVD, outlined in the previous section, and therefore must be transferred to the STM after
being exposed to air. During this transfer the surface of the films becomes contaminated
by, among other things, water coming from the atmosphere that needs to be removed before
performing the measurement. After loading the films into the UHV chambers they were
degassed at 300oC – 350oC on the heating stage in the preparation chamber for at least 6
hours to remove the water and residual contamination from the growth process. The films
were subsequently transferred to the STM head without breaking the vacuum.
It is of critical importance in an STM measurement to be able to maintain a constant
tip-sample distance, typically less than 1nm, and therefore it is typical to prioritize vibration
isolation when setting up such a laboratory. Multiple stages of vibration isolating systems
are used to guarantee the necessary level of mechanical and electromagnetic dampening.
The UHV chambers are supported by a table floating on pneumatic legs that sit on top of a
40-ton inertial block, which is floating on a second stage of pneumatic legs, both of which
serve to minimize vibration transmitted to the scanner. An additional level of passive
vibration isolation is provided by springs that hold the STM head, depicted in Fig.2.13b.
It is important that all stages are tuned to have different resonant frequencies in order to
avoid the coupling of the systems through certain frequencies. In addition to noise resulting
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from vibration, the junction is also susceptible to radio-frequency (rf) and acoustic noise.
To minimize these sources of noise, the system is housed inside of a faraday cage lined
with specialized walls, designed to attenuate acoustic noise.
Fig.2.13b depicts a schematic of the Pan-style STM scan head design66. The tip
holder is screwed directly on to the piezo tube scanner, which is responsible for the fine
raster scanning during the measurement. This design allows to change the tip while the
cryostat is cold. The sample is then suspended over the tip, locked onto a different set of
piezos, which control the course lateral position of the sample with respect to the tip
position. This capability allows for the measurement of different locations over the same
sample. The maximum scan window of the STM at low temperatures is approximately 1.5
x 1.5 µm2. Therefore, the x-y stage is convenient when there is an inhomogeneous sample
morphology or when shaping the tip on gold, as it allows the tip to move over different
areas of the sample surface. The tip-sample distance when locking the holders into place
is between 2 – 5mm. In order to achieve the measurement criteria of the tunneling regime
(< 1nm distance), the tip is moved close to the sample using the stack piezos, which utilize
a slip-stick motion to move toward the sample in one-step increments. During each step,
the software checks whether the set-point tunneling current is achieved. The approach
continues like this until the set-point current is recorded in which case the software stops
the approach and the measurement is ready to be performed.
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Figure 2.13| a, Cartoon depiction of the UHV chambers that house the STM at
Temple University along with the cryostat, 9T magnet and vibration isolation
mechanism. b, Schematic of the STM scan head consisting of the scan and coarse
approach piezos (yellow), the sample holder (orange) and the tip holder (blue). c,
Photograph of the Unisoku STM system from the perspective 90o with respect to the
cartoon in Fig.212a.
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The liquid helium used to cool the STM is a very expensive asset that is becoming
increasingly rarer with time. In order to reduce the waste of helium gas, we have added
a Cryomech helium recovery system to the exhaust line of the cryostat. To minimize
the transmission of vibration from the compressor to the system the compressor and
liquifying plant is located on the 7th floor of the building where the STM system is in
the basement. During normal measurements, the helium boils in the cryostat and is
directed from the exhaust to the manifold shown in Fig.2.14a where it is combined with
helium coming from the exhaust line of the pumping line on the 1K pot and eventually
directed to the 7th floor. The manifold is designed to simultaneously collect helium gas
from a second low temperature scanning probe microscopy system that is currently
being constructed in the adjacent lab space. Additionally, the manifold has a pressure
gauge and flow monitors which handle different ranges of gas flow in order to quantify
the amount of helium coming from the cryostat during transfers of liquid.
Once the helium reaches the 7th floor, it is directed to a collection bag shown in
Fig.2.14b. When the bag is fully inflated, the compressor (Fig.2.14c) is activated and
moves the helium into the high-pressure storage containers shown under the collection
bag in Fig.2.14b. The helium then travels through a liquid nitrogen cold trap and finally
to the cold head and storage dewar (Fig.2.14d) where it is liquified. Once enough liquid
is generated, it is transferred to a transportation dewar which is wheeled to the basement
where it is eventually transferred back into the cryostat, completing the cycle.
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Figure 2.14| a, The manifold in the basement which collects the helium gas from the
system from the cryostat relief and 1K pumping line and directs it to the 7th floor to
the collection bag. b, The collection bag sitting on a support which stands above the
high pressure collection tanks and the nitrogen cold trap. c, The compressor which
takes the helium gas from the collection bag and pushes it into the high pressure
storage tanks shown in Fig.2.14b. d, The liquification plant with a cold head, liquid
storage dewer and interface control.
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2.3.2. UHV LT Createc STM – CNM Argonne National Laboratory
The measurements depicted in Chapter 4 of this thesis have been carried out using
a UHV LT Createc STM as part of a user project at the Center for Nanoscale Materials
(CNM) at Argonne National Laboratory. The STM measurements were carried out in the
group of Prof. Saw Hla. A cartoon depiction of this system is shown in Fig.2.15a. This
STM setup has many similarities to the STM at Temple University, in that it is a similar
tube design, it is housed in UHV chambers and there are several stages of vibration
isolation. There are a few differences however as the STM is in direct thermal contact with
the He bath inside of the cryostat giving a base operating temperature of 4.2K and minimum
pressure in the range of 10-10 Torr. This system is unique in that, despite the fact that it
operates at low temperature, it has a window in the cryostat that gives the user optical
access to the tip-sample junction, depicted in Fig.2.15b. The experiment performed at the
CNM required optical access because the sample holder had a hole, which the user had to
align with the tip before tip-sample approach. Details on this experiment and the custom
sample holder can be found in Chapter 5 of this thesis.
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Figure 2.15| a, Cartoon depiction of the UHV chambers that house the STM at the
CNM at Argonne along with the cryostat and vibration isolation mechanism. b,
Photograph of the optical access of the tip-sample junction during the alignment
process.

2.4. Summary
While the CVD method of growing MoS2 yields uniform film thickness over large
areas, the film is comprised of small, interconnected grains with a high density of grain
boundaries which is undesirable for device fabrication and makes it difficult to study the
intrinsic electronic properties of the pristine material. Therefore, APCVD was used to
synthesize the high-quality mono- to few layer MoS2 films measured throughout this thesis.
The morphology and quality of these films were characterized using Raman spectroscopy,
photoluminescence spectroscopy and AFM.
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The primary measurement technique in this thesis is STM/STS, which utilized
electron tunneling to yield the spatially resolved electronic density of states of the material
in addition to atomic-scale resolution topography. Practically, the study of materials using
STM requires surface preparation, which is achieved using several different tools in the
UHV chambers which the STM is housed. The measurements are performed at lowtemperature to minimize the thermal drift and thermal vibration while increasing the
possible spectroscopic energy resolution. Two machines were responsible for the data
presented in this thesis with the Unisoku STM at Temple responsible for the data in
Chapters 3 and 4 and the Createc STM at the CNM responsible for the data in the 5th
chapter. This thesis documents mono- to few layer MoS2 films synthesized in a tube
furnace and the study of their electronic properties using STM/STS.
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CHAPTER 3
INTERLAYER COUPLING OF MOS2 SYSTEMS – THE ROLE
OF THE VAN DER WAALS GAP

3.1. Thickness Dependent Density of States
3.1.1. Valence Band Edge Shift
A promising application of 2D materials is their integration in van der Waals
heterostructures27. The philosophy of these structures is the combination of two or more
2D layered materials by vertical stacking, cherry-picking the desirable properties, to create
a material with predetermined qualities and functionalities. As a result of their van der
Waals cohesion, materials can be combined without the need for lattice matching or
interlayer alignment. These materials can be stacked mechanically, using a stamping
mechanism to exfoliate and deposit67, or synthetically using epitaxial growth or CVD68. In
practice, the heterostructure often exhibit different properties than the parent compounds.
Therefore, understanding the nature of the interlayer interactions that take place in the van
der Waals gap is a key scientific challenge for the functionalization of new van der Waals
heterostructures. This chapter will highlight the study of the van der Waals gap in MoS2
structures by layer addition and varying the crystallographic alignment between adjacent
layers.

52

One of the more interesting properties of semiconducting TMDs is the evolution of
their quasiparticle band gap with increasing thickness from one monolayer69,70. These
additional layers experience a weak, van der Waals cohesion in contrast to the strong
bonding between elemental species in-plane. This kind of layered stacking is illustrated in
Fig.3.1. Despite the weak interaction, this material is sensitive to interlayer interactions,
experiencing changes in its optical and electronic properties as a result of stacking of
additional layers71 as well as crystallographic alignment72.

Figure 3.1| Schematic of the 3R stacking of three MoS2 unit cells showing the van
der Waals gap between layers.
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To elucidate the effect of this stacking on the electronic properties of few layer
MoS2, LT-STM measurements were performed. As outline in the previous chapter of this
thesis, the APCVD growth of MoS2 on HOPG results in mono- to few layer films where
the area of successive layers decreases revealing large terraced regions of the basal plane.
It is well known that the electronic density of states is altered by edges, grain boundaries
and defects on MoS2 and it is therefore of critical importance to produce high-quality, large
area terraces on which to perform STM measurements26,73-76. Such terraces can be seen in
Fig.3.2a and Fig.3.2b revealing the basal planes of one, two and three-monolayer thickness.
These layers were identified by first verifying the graphite substrate by its lattice parameter
and metallic density of states and then observing each step height to be of one monolayer
thickness.
Point tunneling spectroscopy measurements were performed away from defects,
grain boundaries and edges in several different locations on each layer and then averaged,
producing the spectra revealed Fig.3.2c. It is important to note that these spectra were
recorded over regions that displayed different crystallographic orientations with respect to
the underlying layers. These dI/dV spectra were obtained by averaging 30 I-V curves per
point and taking the numerical derivative. They are displayed in log-scale to sharpen the
band edges and therefore facilitate the easy identification of the energy at which the band
edge exists. This presentation style comes at a price however, as it also makes the noise
inside the gap more obvious compared to the presentation in a linear scale. Each spectrum
displays the semiconducting density of states of MoS2 with the quasiparticle band gap
evident from the valence band maximum (VBM) just above -2.0eV to the conduction band
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minimum (CBM) located just above 0eV. This asymmetry of the spectra about the Fermi
level (EF) indicates that the films are n-doped, likely coming from the defect density typical
of the APCVD synthesis method26,75,77. Upon closer inspection of the band edges, there
exists a shift of the VBM from -1.79eV to -1.62eV from the one- to two-monolayer
spectrum resulting in a reduction of the quasiparticle band gap as the thickness increases.
This effect is more obvious in Fig.3.2d where the band edges are magnified. There is an
additional shift of the VBM from two- to three-monolayers, further reducing the
quasiparticle band gap, but it is not as dramatic as that from the original one. Furthermore,
each spectrum displays a CBM at 0.27 ± 0.05eV.
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Figure 3.2| a, b STM topography showing the exposed basal planes of one-, twoand three-monolayer thick MoS2 on top of the HOPG substrate (V = +1.75 V, +3.0 V,
I = 10 pA, 200pA). The scale bars represent 50nm. c, Scanning tunneling
spectroscopy measurements from different points on each thickness revealed in
Fig.3.2a and Fig.3.2b. d, A magnification of the band edges of the spectra in Fig.3.2c
(Vset = 1.5 V, I = 200pA).
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Accurately determining the band edges from the dI/dV spectrum becomes vital
when measuring small variations in the band-gap with STS. Therefore, we developed a
reliable and systematic procedure that is used for all spectroscopic data presented in this
thesis. This process is shown schematically in Fig.3.3. First, a rough energy range inside
the gap is identified and an average conductance (black-dashed line) and standard deviation
value is obtained. Next, a threshold (red-dashed line) is chosen as a multiple of the standard
deviation of the in-gap conductance. This threshold is chosen such that it is above the noise
inside the gap and only intersects with the spectrum near the CBM and VBM. When
comparing different spectra, the same multiple value is used. A segment of ±10 points at
each of these two intersection points is taken, and a linear fit is applied to each segment
(magenta lines). The point at which each fit-line crosses the average in-gap conductance
(black-dashed line) is identified as the VBM and CBM (black squares). Finally, the
variation of each band extrema is tested by increasing the number of points over which the
linear fit is taken (multiple magenta lines). The algorithm for this procedure is presented
in Appendix A.

57

Figure 3.3| STS spectra showing the procedure used for band edge identification. The
magenta lines represent a linear fit to the edges of the CBM and VBM and the black
square represents the band edges, where the fit-line intersects with the in-gap mean.

3.1.2. Agreement with ARPES/XPEEM
To further investigate the observed effect of the density of states with increasing
thickness, we employ kinetic-energy-filtered x-ray photoemission microscopy (XPEEM)
and micro-angle-resolved photoemission spectroscopy (µ-ARPES). These measurements
were carried out at the UE49-PGM-a beamline at the BESSY-II storage ring (Helmholtz
Zentrum Berlin) in collaboration with professor Alexander X. Gray and Florian Kronast.
These techniques offer a complimentary perspective to STM/STS utilizing photoemission
to measure the filled electronic states of a material with spatial and momentum-space
resolution. An area-averaged photoemission spectrum measuring a twin sample, to that
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measured by STM in the previous section, is shown in Fig.3.4. This spectrum shows a
combination of the filled states of both the HOPG substrate and the MoS2 film.

Figure 3.4| Area-averaged matrix element weighted density of states photoemission
spectrum of few-layered MoS2 film on a HOPG substrate (hν = 100 eV).

XPEEM allows for the measurement of the mapping of photoemission intensity at
different energy values providing insight into the spatial variation of the density of states.
Three XPEEM images are shown in Fig.3.5a – Fig.3.5c at energies of 8.4eV, 2.7eV and
1.8eV, respectively. Each image shows a stark contrast in signal between the MoS 2 film
and the underlying HOPG substrate. The first two images show a homogenous signal over
the film indicating that the density of states of the MoS2 is not dramatically different
between layers at those energies. The third image however, taken at the energy at the edge
of the valence band edge, shows contrast between the monolayer film and the subsequent
layers indicating a relative shift of the valence band edge with increased thickness. To
further examine this phenomenon, spatially-resolved angle-integrated photoemission
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spectra were taken on top of an exclusively monolayer island (A), a bi-layer island (B) and
the HOPG substrate (C). Each spectrum is shown in Fig.3.5d. Interestingly, there is a clear
splitting between the mono- and bilayer spectrum at the VBM, corroborating the STS
results of the previous section. Furthermore, µ-ARPES spectra were taken around areas A
and B and are displayed in the left and right panels of Fig.3.5e, respectively. Both spectra
are taken from the Γ to the M point where the hybridized Mo-dz2 and S-pz states straddle
the Γ point at a binding energy of about 2.3eV. There is a clear shift of the VBM toward
EF for the bilayer MoS2 bands, in agreement with the STS and XPEEM results. It is
expected that the direct gap in monolayer MoS2 is present at the K-point in momentum
space however this point is convoluted by the intense π bands of the HOPG substrate and
is therefore not shown78,79.
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Figure 3.5| a-c, XPEEM mapping of the mono- to bilayer MoS2 film measured on HOPG
substrate at energies of 8.4eV, 2.7eV and 1.8eV, respectively (hν = 100 eV). b, Spatially
resolved angle-integrated photoemission spectra taken on the exclusively single layer
MoS2, the bilayer MoS2 and the HOPG substrate labeled in Fig.3.4a as A, B and C,
respectively. The energy range near the VBM is enhanced and shown to the right of the
figure. e, Momentum-resolved µ-ARPES spectra measured along the Γ-M symmetry
direction in the Brillouin zone in the area outlined in black circles and labeled as 1 and 2
in Fig.3.4a.
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3.1.3. DFT Modeling
To elucidate the mechanism at play, we employ density functional theory (DFT) to
model the mono- to few layer MoS2 system. These calculations were carried out in the
group of professors Arun Bansil and Jouko Nieminen and were performed within the
framework of a realistic, Slater-Koster type tight-binding (TB) model Hamiltonian in
which the overlap amplitudes were obtained through fits to first-principles band structures
of one- and several-layer thick MoS2 films using WANNIER90 and VASP codes. Details
of the calculations can be found in the following reference71.
The electronic band structure was calculated in this framework along the K-Γ-M
high symmetry directions for mono-, bi- and tri-layer MoS2 and is illustrated in Fig.3.6.
The monolayer band structure shows the VBM and the CBM are located at the K-point in
momentum space. As the thickness is increased to two layers, the valence band at the Kpoint reduces in energy while at the Γ-point it increases causing the emergence of the VBM
at the Γ-point. As the thickness is further increased to three layers, the magnitude of the
band gap reduces further. The reduction of the magnitude of the band gap with increasing
thickness is consistent with the STS data and the shift of the VBM at the Γ-point
corroborates the µ-ARPES measurement.
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Figure 3.6| a-c, Calculated electronic band structures for mono-, bi- and tri-layer MoS2,
respectively. The blue dashed line represents the CBM where, for the bi- and tri-layers,
the CBM of the mono- and bi-layer is copied for reference. The red dashed line
represents the VBM. The double-sided black arrow represents the gap.

Based on these band structure calculations, and the assumption of an s-wave STM
tip with a constant density of states, STS spectra was modeled for mono-, bi- and tri-layer
MoS2 films and is shown in Fig.3.7. The clear VBM shift from mono- to bi-layer seen in
Fig.3.2c is replicated in this calculation along with the CBM that does not change with
increasing thickness.
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Figure 3.7| Simulated dI/dV spectra for mono-, bi- and tri-layer MoS2. The spectra are
artificially offset in conductance for clarity.

The fundamental mechanism behind the shift of the valence band at the Γ- and Kpoints with increasing thickness becomes clear when considering the different orbitals
responsible for the bands in the vicinity of EF. The S-pz, Mo-dz2 and Mo-dx2-y2 orbitals are
shown for monolayer, top layer in a tri-layer stack and middle layer in a tri-layer stack in
Fig.3.8. For the monolayer film (first column), the top of the valence band at the Γ-point
has a strong S-pz and Mo-dz2 character. For the multi-layer case, the orbitals of the
interfacial S atoms overlap with each other, rehybridizing these states at the Γ-point. Thus,
top of the valence band at the Γ-point is dominated by the orbitals of the interfacial S atoms
and those of the adjacent Mo atoms while the surface S atoms contribute very weakly. This
orbital overlap of the interfacial S-pz, that causes the energy of the valence band at the Γ-
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point to increase with increasing layers, is therefore responsible for the reduction of the
magnitude of the quasiparticle band gap seen by STS as well as increase of states at the Γpoint measured by µ-ARPES.

Figure 3.8| The orbital contributions to the VBM and CBM in mono- to few layer MoS2
films. The top, middle and bottom rows are the orbital contributions from S-pz, Mo-dz2
and Mo-dx2-y2 orbitals, respectively. The left, middle and right columns correspond to the
single monolayer, top layer in a tri-layer and middle layer in a tri-layer respectively.
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3.2. Crystallographic Rotation in MoS2/HOPG and Bilayer MoS2 Systems
3.2.1. The Moiré Pattern
A unique aspect of 2D, van der Waals materials is their ability to be stacked together
to create heterostructures where, despite the weak cohesion, the interlayer interaction alters
the materials electronic structure67,80,81. When this thesis was being written there have been
over 600 different materials which have been predicted to offer stable 2D phases82 and
collectively cover a broad range of properties. In principle, when considering the stacking
of several 2D materials with desirable properties the fabrication possibilities become
practically limitless.
The heterostructure studied in this section is monolayer MoS2 on an HOPG
substrate which display a large range of lattice registry due to the lattice mismatch in
addition to the random rotational alignment provided from the APCVD growth. Due to
the 2D nature of monolayer MoS2, this lattice registry can be observed as a moiré pattern
by STM as shown in Fig.3.9. The moiré pattern is the interference pattern resulting from
the superposition of two distinct wavelengths. In Fig.3.9a, the atomic resolution image of
the top layer of C atoms of the substrate is shown with an interatomic displacement of 2.46
± 0.02 Å. Similarly, Fig.3.9b shows the top-most sulfur atoms of monolayer MoS2 film,
on top of the substrate shown in Fig.3.9a, displaying a lattice constant of 3.13 ± 0.03 Å83.
Both measured values agree with those in literature26,84. In addition to the periodicity of
the atomic lattice of MoS2, the STM topography in Fig.3.9b also exhibits a super lattice
caused by the moiré pattern. In order to access the orientation and periodicity found in the
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atomic resolution images, the fast-Fourier transform (FFT) is obtained and displayed in the
inset of each image. The FFT represents the real-space topographic image in reciprocalspace and therefore represents both the MoS2 and HOPG lattices as six Bragg peaks in a
hexagonal pattern. These peaks are highlighted in white dashed circles in the insets of
Fig.3.9a and Fig.3.9b. The FFT of the MoS2 topography also illustrates the moiré super
lattice as the six peaks in the hexagonal pattern with a smaller k-vector (larger real-space
periodicity) than the atomic lattice. These peaks are highlighted by blue circles in the inset
in Fig.3.9b. A simulation of this atomic orientation is displayed in Fig.3.9c where the
direction of the MoS2, HOPG and moiré lattices are given by the black, red and blue arrows,
respectively. The observed moiré pattern is produced when there is an 11o difference in
the crystallographic orientation of the MoS2 and HOPG lattice. The same moiré pattern
displayed in Fig.3.9b is apparent in the simulation because this phenomenon is predicated
on the atomic registry. This means that the bright spots in the simulation represent
positions of coincident atomic positions between the S and C atoms so that only the top
layer, or S atoms, can be seen. Similarly, in STM the bright spots represent areas of higher
conductance caused by the increased available states. This is located where the atoms of
the film are closest to the atoms of the substrate, which occurs at coincident atomic
positions.
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Figure 3.9| a,b STM atomic resolution image of the top layer of the HOPG substrate (V
= +1.0 V, I = 200 pA) and monolayer MoS2 (V = -0.8 V, I = 10pA), respectively. The
insets represent the FFT with the white dashed circles outlining the Bragg peaks of the
atomic lattice and the blue dashed circles outlining the moiré superlattice. All scale bars
represent 3nm. c, A cartoon depicting the 11o crystallographic misorientation of the
monolayer MoS2 film in Fig.3.9b with respect to the underlying HOPG substrate and the
resulting moiré pattern. The blue, black and red arrows outline the moiré, MoS2 and
HOPG lattices, respectively.
The APCVD growth yields monolayer MoS2 with a random array of
crystallographic orientation with respect to the underlying HOPG substrate. Five examples
of these orientations are displayed in Fig.3.10. Each orientation yields a unique moiré
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pattern with a different periodicity, highlighted by the white circles in the corresponding
FFTs shown below each topographic image. The underlying HOPG lattice was directly
measured using STM by finding the edge of the film where the substrate was exposed. Due
to the symmetry of the hexagonal structure of both the film and substrate lattice, the
orientation angle is defined as the smallest angle between the reciprocal-space S-S and CC lattice vectors in their respective FFTs.

Figure 3.10| a – e, STM atomic resolution images showing varying moiré patterns
resulting from the different crystallographic orientations of the monolayer MoS2 with
respect to the underlying HOPG substrate. The respective difference in crystallographic
orientation is written in the upper right corner of each image. All scale bars represent
2nm. f – j, Corresponding FFT images to the atomic resolution images shown in
Fig.3.10a – Fig.3.10e. The blue circles outline the primary Bragg peak of the MoS2
lattice and the white circles represent the moiré superlattice.
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From a strictly geometrical perspective the wavelength of the moiré pattern depends
on the lattice parameters of the substrate (𝑎𝐻𝑂𝑃𝐺 ) and the film (𝑎𝑀𝑜𝑆2 ) and the angle
between the crystallographic directions of each (𝜗)85. This relationship is given below by
eq.3.1.
𝐿(𝜗) =

𝑎𝐻𝑂𝑃𝐺
2
𝑎
𝑎
√1 + ( 𝐻𝑂𝑃𝐺 ) − 2( 𝐻𝑂𝑃𝐺 )𝑐𝑜𝑠𝜗
𝑎𝑀𝑜𝑆2
𝑎𝑀𝑜𝑆2

(3.1)

The relationship between the moiré periodicity and the relative crystallographic
angle in eq.3.1 is depicted graphically by the red line in Fig.3.11. From this perspective,
we expect a monotonic reduction in the moiré lattice constant as a function of relative
crystallographic orientation between the MoS2 and the substrate from 0o to 30o. The
experimental data, extracted from the atomic resolution images in Fig.3.10, does not fully
agree with the geometric trend. This data is overlaid on the trend in Fig.3.11 and shows
good agreement until the final point which deviates from the geometrically expected trend.
A similar deviation from the trend has been observed on moiré patterns caused by different
orientations of graphene grown on transition metal surfaces86. In that work, Merino, et. al.
suggest that the film-substrate interaction is sufficient to cause the system to adjust in order
to minimize the mismatch of nearly coincident points. Therefore, it is likely that the 26.9 o
MoS2-HOPG rotated system has an energetically unfavorable orientation, causing an
adjustment in the system that results in a moiré periodicity that deviates from the
geometrically expected trend.
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Figure 3.11| Period of the moiré lattice from the atomic resolution images presented in
Fig.3.10 with the red curve depicting the expected geometrical trend from eq.3.1
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3.2.2. Quasiparticle Band Gap Dependence on Moiré Periodicity
To understand the role of the rotational alignment on the electronic density of states
of the MoS2-HOPG system, STS spectra were recorded on each of the five moiré patterns
shown in Fig.3.10. I-V spectra were taken on different areas of each domain and then
averaged to obtain the numerical derivative presented in Fig.3.12a. Each dI/dV curve is
presented in log-scale to emphasize the band edges and the procedure mentioned in section
3.1.1 was used to quantify the one-electron quasiparticle band gap. To summarize the main
result, the magnitude of the quasiparticle band gap is presented as a function of the relative
crystallographic orientation angle in Fig.3.12b. There is a reduction of the quasiparticle
band gap with increasing relative crystallographic orientation angle until the 27.9o system,
similar to the trend of the moiré periodicity. This suggests a close relationship between the
moiré lattice constant and the quasiparticle band gap, depicted in Fig.3.12c.
Insight into this relationship can be obtained by considering the atomic registry
between the film and the substrate as a function of the relative crystallographic angle. As
discussed in the previous section, the maxima of the moiré pattern exist at a minimum of
the lateral displacement of atomic positions between the C atoms of the substrate and the
S atoms of the MoS2. Therefore, the periodicity of the moiré pattern is inversely correlated
with the number of coincident (or nearly coincident) atomic positions per unit area between
the film and the substrate. This point is illustrated in the cartoons of Fig.3.12d and
Fig.3.12e which show the MoS2 film on an HOPG substrate with a relative crystallographic
orientation of 0o (aligned) and 30o (misaligned), respectively. When the film and the
substrate are aligned, there is a larger expected moiré periodicity and accordingly the

72

cartoon shows the S atoms sitting in between the C atoms of the substrate with no overlap.
On the other hand, when the film and substrate are misaligned, at the minimum expected
moiré periodicity, the cartoon depicts all of the S atoms partially overlapping the C atoms
of the substrate. Due to the lattice mismatch between MoS2 and HOPG, it should be noted
that these cartoons do not represent commensurate cells but rather serve as a guide to show
possible atomic overlap scenarios. According to DFT reports, varying the atomic registry
by in-plane rotation affects the charge transfer between monolayer MoS2 and graphene
which alters the electronic band structure87. Thus, the number of coincident atomic
positions is directly related to the interaction between the film and the substrate, mediated
by charge transfer, that explains the observed relationship between the quasiparticle band
gap and the moiré periodicity.
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Figure 3.12| a, Averaged numerical derivative of I-V spectroscopy acquired on the
atomic resolution topographies presented in Fig.3.10. The corresponding band gap and
difference in crystallographic angle is displayed on top of and next to each curve,
respectively. b, Summary plot of the quasiparticle band gap vs. the corresponding
difference in crystallographic orientation angle. c, Summary plot of the quasiparticle
band gap vs. the corresponding moiré superlattice periodicity. d,e A cartoon schematic
showing the atomic positions in a MoS2/HOPG heterostructure for a relative
crystallographic orientation of 0o and 30o respectively. The C, Mo and S atoms are
represented by black, purple and yellow spheres, respectively.
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3.2.3. DFT Modeling
To further investigate the effect of varying crystallographic orientation on the
electronic band structure of MoS2/HOPG heterostructures, we again employ DFT. The
system modeled was monolayer MoS2 on top of a single layer of graphene to create a
practical simulation cell. To that end, it is not feasible to model an arbitrary relative
crystallographic orientation between the film and the substrate because the lattice mismatch
causes the simulation cell to become unreasonably large. As a result, only the aligned (0o)
and misaligned (30o) systems are modeled. To replicate the effect of rotation in light of
the experimental conclusions, the distance between the lower S layer of the MoS2 and the
C layer of the graphene is varied in both systems. Varying this distance therefore is a
method for tuning the interlayer interaction that was related to the moiré periodicity in the
previous section. The details of the calculation can be found in the following reference72.
The electronic band structure calculations for the aligned and misaligned system is
shown in Fig.3.13a and Fig.3.13d. Interestingly, the aligned system retains the direct band
at the K-point whereas the misaligned system shows the VBM located at the Γ-point and
the CBM at the K-point indicating that the substrate orientation can affect the nature of the
band gap. The magnitude of the gap, however, does not change dramatically simply with
rotation.

The interlayer distance is increased (decreased) by 0.4 Å for the aligned

(misaligned) system and the resulting electronic band structure is displayed in Fig.3.13b
(Fig.3.13e). To show the general result, the quasiparticle band gap, both direct and indirect,
is plotted as a function of interlayer distance in Fig.3.13c and Fig.3.13f for the aligned and
misaligned system. For the aligned system, increasing the interlayer distance causes a
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reduction in the magnitude in the gap whereas by decreasing the interlayer distance, there
is an initial increase in the magnitude of the gap until 0.15 Å where the valence band at the
Γ-point increases causing an indirect gap and a reduction in the magnitude. In the
misaligned system, the reduction of the interlayer distance causes a steep decrease in the
indirect band gap as the VBM at the Γ-point continues to rise. The behavior of the Γ-point
is mediated by the interaction between the same S-pz and Mo-dz2 orbitals discussed in the
previous section and the C-p orbitals from the graphene substrate. The increase in the
interlayer interaction, simulated by a reduction of the interlayer distance, can be related to
the density of the coincident atomic positions in the experimental data which both of which
are shown to result in a reduction of the quasiparticle band gap.
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Figure 3.13| a,b The calculated electronic band structure for a monolayer MoS2/graphene
heterostructure with a relative crystallographic orientation of 0o for the unperturbed
structure and for a structure with an increased interlayer distance by 0.4 Å, respectively.
c, The evolution of the 0o band gap measured at the K-point (closed circles) and between
the Γ-point at the VBM and the K-point at the CBM (open circles) for varying interlayer
distances. d,e The calculated electronic band structure for a monolayer MoS2/graphene
heterostructure with a relative crystallographic orientation of 30o for the unperturbed
structure and for a structure with a reduced interlayer distance by 0.4 Å, respectively. f,
The evolution of the 30o band gap measured at the K-point (closed circles) and between
the Γ-point at the VBM and the K-point at the CBM (open circles) for varying interlayer
distances.
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3.2.4. Crystallographic Rotation in Bilayer MoS2 Structures
The relative crystallographic orientation of homo-bilayer TMDs has also attracted
considerable attention for its ability to tune the optical properties and electronic band
structure of the material 88-93. In this section, we investigate the change in the quasiparticle
band gap of the bilayer MoS2 island shown in Fig.3.2. The underlying monolayer film has
a grain boundary that splits it into two domains with different crystallographic orientations.
The bilayer region also has a grain boundary that yields two domains with different
crystallographic orientations. Therefore, of the exposed area on the bilayer section, there
are three domains whose bilayer regions have distinct relative crystallographic orientations
compared with the underlying monolayer, providing a platform to measure the effect of
bilayer rotation. The atomic resolution topographies of the three bilayer domains are
presented in Fig.3.14 where the moiré pattern is less obvious because the superstructure is
convoluted with the monolayer MoS2-HOPG moiré pattern.
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Figure 3.14| a – c, STM atomic resolution topography of the top layer of a bilayer MoS2
system with varying relative crystallographic orientation. The relative crystallographic
orientation is displayed in the upper right corner of each image. Scale bars represent
2nm. d – f, Corresponding FFT images to the atomic resolution images in Fig.3.15a –
Fig.3.15c.

3.2.5. Quasiparticle Band Gap Dependence on Bilayer Twist Angle
To investigate the effect of the twisted bilayer system on the electronic properties,
I-V spectroscopy is recorded in different regions on each domain, averaged together and
the numerical derivative is taken to yield the spectra presented in Fig.3.15a.

The

quasiparticle band gap reduces with increasing crystallographic rotation between the two
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MoS2 layers, presented in Fig.3.15b. This qualitative trend is in good agreement with the
observed change in the optical band gap with crystallographic rotation, found in
literature88,93. The intuitive explanation of this behavior is that with rotation between
bilayer films, there is a steric effect which changes the interlayer distance which in turn
alters the band structure. This effect can be seen in Fig.3.15c – Fig.3.15e where the for the
aligned case (Fig.3.15c) the S atoms of the top layer fits in the space in between the S atoms
of the bottom layer. In contrast to the MoS2-HOPG case, the both the top and the bottom
film have the same lattice parameter and therefore, this cell in the cartoon repeats. For the
misaligned case, where there is a relative crystallographic angle of 28.5o (Fig.3.15e), the S
atoms of the upper and lower film start to overlap causing an increase in the interlayer
displacement. This increased separation between the upper and lower levels of a bilayer
MoS2 system has been predicted to increase the magnitude of the indirect band gap of the
bilayer system, in agreement with the measured results88,89,93.
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Figure 3.15| a, Averaged numerical derivative of I-V spectroscopy acquired on the
bilayer MoS2 atomic resolution topographies presented in Fig.3.15. The corresponding
band gap and relative crystallographic orientation between MoS2 layers is displayed on
top of and next to each curve, respectively. c – e, A cartoon schematic showing the
relative atomic positions in a bilayer MoS2 structure for a relative crystallographic
orientation of 0.3o, 14.2o and 28.5o respectively. The Mo and S atoms are represented by
purple and yellow spheres, respectively with the bottom layer faded for clarity.
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3.3. Conclusion
In summary, the effect of the interlayer interaction on the electronic band structure
of mono- to few layer MoS2 films was investigated. The quasiparticle band gap was
measured as a function of thickness between one to three layered films where the
magnitude of the gap was found to reduce with increasing thickness. Most notably, the
VBM shifted toward the EF by approximately 150meV moving from one to two layers with
a subtler shift from two to three layers. As a complimentary technique, XPEEM and µARPES were used to measure the spatial variation of and structure of the valence band
edge. A clear shift was observed at the VBM in the photoemission spectrum between
mono- and bilayer MoS2 islands where the contrast at this point was observed in the
XPEEM image, spatially delineating the mono- and bilayer regions. An increase at the Γpoint of the Brillouin zone, was observed on the bilayer, compared to the monolayer
regions using µ-ARPES however the behavior at the K-point was not measured because of
the convolution of states at that point contributed by the substrate. To elucidate the
mechanism and identify the responsible orbitals, we employ DFT to model the physical
system. The electronic band structure calculations show the direct gap of the monolayer
reduce in magnitude and become an indirect gap at the bi- and tri-layer as a result of an
increase in the energy of the VBM at the Γ-point. The tunneling dI/dV spectrum was
simulated based on these calculations and replicated the VBM shift observed in the
tunneling data. By orbital decomposition, the increase of the VBM at the Γ-point was
found to be a result of the overlap of interfacial S-pz orbitals of adjacent layers, and the
Mo-dz2 orbitals from the adjoining Mo atoms.
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The relative crystallographic orientation between adjacent layers of MoS2-HOPG
heterostructures and MoS2-MoS2 bilayers was also explored. Monolayer MoS2 films on
an HOPG substrate produces a moiré pattern whose periodicity is geometrically expected
to depend on the lattice parameter of the substituent layers and the relative crystallographic
orientation angle.

Of the five systems measured, one of them deviates from the

geometrically expected trend indicating that the real system accommodates the film by
achieving a more energetically favorable orientation. The quasiparticle band gap follows
the trend of the moiré periodicity indicating that the two are related. The moiré periodicity
is inversely related to the density of coincident atomic positions or higher interlayer
interaction. Therefore, the increase of the quasiparticle band gap as a function of moiré
periodicity is due to the decreasing interlayer interaction. This idea is corroborated by DFT
where the electronic band structure calculation yields a smaller quasiparticle band gap by
applying a reduction of the interlayer distance or increase in interlayer interaction. This
change in the band structure is due to the interlayer overlap of the S-pz orbitals with C-p
orbitals of the substrate.
Finally, three different crystallographic orientations between adjacent layers in
bilayer MoS2 were measured. The quasiparticle band gap was found in increase with
increasing angle between 0o and 30o. This is due to the increase in interlayer displacement
with increasing angle due to a steric effect of the interfacial S atoms and the fact that two
layers have the same lattice parameter. It is well known that the increase in separation
between adjacent bilayer MoS2 layers results in an increase in the indirect band gap of the
system.
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CHAPTER 4
THE EFFECT OF DEFECTS ON THE ELECTRONIC PROPERTIES OF
MOS2

Up to this point, the MoS2 films shown in this thesis have been considered as
perfectly crystalline layers. In reality, the films grown by the APCVD method tend to be
decorated with defects including atomic vacancies, adatoms, interstitials, substitutions,
grain boundaries and edges. A few of these defects are apparent in the large scale STM
topography shown in Fig.4.1. The electronic properties of semiconductors are so sensitive
to defects that during the infancy of experiments they used to be regarded as a class of
materials with irreducible properties94. Since then defect engineering has been used, most
famously, in the silicon semiconducting industry as a means to control the transport
characteristics of devices95. Monolayer MoS2, and in general all 2D materials, by nature
have a high surface to volume ratio, amplifying the role of crystalline defects in device
application. Specifically, they play a powerful role in the interface between TMDs and
various contacts of the device. In this chapter, the defects in MoS2 are characterized using
STM to elucidate their role on the local electronic density of states of the material. Defect
dynamics are also investigated using kelvin probe force microscopy (KPFM) and scanning
transmission electron microscopy (STEM).
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Figure 4.1| An STM topography of monolayer MoS2 sheet displaying various point
defects and a grain boundary (V = 1 V, I = 10 pA).
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4.1. Atomic Scale Defects in Monolayer MoS2
4.1.1. Topographic Signatures of Point Defects in STM
In order to identify point defects using STM, one must consider that the topography
produced is a convolution of the surface morphology and the local density of states.
Additionally, STM does not have chemical sensitivity. Therefore, one must rely on indirect
arguments and referencing literature using other techniques which offer chemical
measurement. Four common defects found in the literature on MoS2 or related materials
are shown in Fig.4.2.

Figure 4.2| A cartoon depicting different typical atomic site defects that have been
observed with STM. The top row shows the c-axis view and the bottom row is a side
angle perspective. From left to right; pristine MoS2, an intersitial Mo atom, a S vacancy
in the upper level, an O substitute for the S atom in the upper level and lower level.
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The first defect in Fig.4.2 is attributed to a molybdenum intersitial atom that sits in
the van der Waals gap beneath the molybdenum atom in the MoS2 crystal and the substrate.
This defect arises naturally during the growth process when there is unreacted Mo species
that gets trapped during the formation of the crystalline layer.

The resulting STM

topography of such a defect is outlined by the blue dashed circle in Fig.4.3a. The position
of the defect can be intuited by that fact that the three lobes that are illuminated are at the
S atomic sites where the center is between the three naturally on the same axis as the Mo
atom in the crystal. The presentation of this defect in an STM topography is dependent on
the scanning bias as demonstrated by the two panels in Fig.4.3a. When the scanning bias
is negative, probing the occupied energy levels, the defect appears as a bright, three-lobed
feature whereas in the positive bias, probing the empty energy levels, the defect does not
appear differently from the rest of the lattice. This behavior is indicative of an electrondonor nature of the defect which has been described in similar materials to due to a
transition metal interstitial96,97.
The other defect in Fig.4.3a, outlined by the white dashed circle, is attributed to a
single or double S vacancy in the crystal. The chalcogen vacancies are one of the most
abundant defects in TMDs owing to their relatively low formation energy, 2.1 – 2.6eV for
S vacancy formation in MoS298,99. In MoS2 films, the atoms visible to STM come from the
top S lattice. Therefore, S vacancies present as an absent atom in the lattice and do not
change with scanning bias. This phenomenon is present in Fig.4.3a between the two panels
where, although the surrounding atoms may look different, there is a hole in the same S
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atomic position at both energies. The energy invariance in the STM measurement indicates
that the feature is topographic in nature.
The defects present in Fig.4.3b that appear as flower shaped depressions are
attributed to O substitutions of the S atom in the lattice. These appear with the same STM
topographical signature in other TMDs and have been modelled using DFT100. As
indicated in the inset of the figure, there are two different kinds of defects present in the
figure, both with the signature flower shape, but one with a bright center and the other with
a dark center. This subtle difference is attributed to the O substitution of a S site from the
upper (bright center) and the lower (dark center) lattice as visually presented in the cartoon
in Fig.4.2. Oxygen substitution defects have been studied using simulatanous atomic
resolution non-contact AFM (nc-AFM) and STM allowing for the measurement of the pure
topography (nc-AFM) where one can delineate between different atoms of the upper lattice.
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Figure 4.3| a, Energy dependent point defects where the left panel topography has been
acquired with +1 V and the right panel with -1.5 V. b, Two point defects that produce
similar, but different “flower” morphology. The two insets show zoomed topographic
images of the two different kinds of defects.

4.1.2. The Change in the Local DOS from Point Defects
Atomic scale point defects have been predicted to alter the surrounding local
density of states by shifting the conduction and valence band extrema and inducing midgap states101,102. An example of this sensitivity of the band gap to defects can be seen in
Fig.4.4a where tunneling spectroscopy is acquired above two defects overlaid with that
taken on a pristine area for reference. The band gap is reduced significantly from 2.15eV
on the pristine film to approximately 0.75eV on top of each defects. The identity of these
defects is not known as they don’t show clear signatures like the previously shown defects.
While they have a different presentation in positive and negative bias, shown in Fig.4.4b
and the first panel in Fig.4.4c, they don’t resemble known defects in the STM literature.
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The spatial modulation of the density of states around the defects is elucidated by
the CITS maps presented in Fig.4.4c. In the conduction band (top row) the defects display
a relatively higher conductance but below 0.76eV, display a lower conductance compared
to the surrounding film. At energies acquired inside the gap of the pristine film, the area
around the defects display three bright lobes aligned in the same orientation as the lobes in
the topography at negative bias. There appear to be two distinct steps in conductance,
consistent with the STS, one around -0.3 to -0.4 eV and another around -0.8 to -0.9 eV.
While the shape of the density of states is similar there is an apparent different in energy
of approximately 80meV between the two defects. This difference can be seen both in the
STS as well as the CITS maps at negative energy. This small difference in the density of
states indicates that they are not the same defect, but they are not completely different
either.
Few defects have been predicted to have the same kind of severe alteration of the
LDOS in MoS2 observed around these defects, however one possible defect could be
adjacent Mo-Sx vacancies where x is the number of adjacent S species missing. This kind
of defect has been predicted to greatly alter the LDOS by the formation of multiple in-gap
states that may be the observed steps in the STS99. Additionally, it is feasible that the
difference in energy between the two STS curves could be due to one of these vacancies
having an extra S vacancy, for example one being MoS5 and the other being MoS6. This
is all speculation however, as there is no way to tell for sure what the chemical composition
of these defects are but it is clear that they greatly alter the local density of states of the
single layer MoS2.
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Figure 4.4| a, Point tunneling spectroscopy on the pristine film (black curve) and on each
of the two defects displayed in Fig.4.4b. The vertical dashed lines represent the energies
of the CITS maps shown in Fig.4.4b. b, The STM topography depicting the two defects
over which STS was acquired in Fig.4.4a (V = -2.0 V, I = 100pA). c, The first panel is
the STM topography showing the morphology of two point defects acquired at posive
bias (V = 1.0 V, I = 100 pA) and the remaining panels show the CITS map at discrete
energies displayed in the upper left hand corner of each panel.
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4.2. Extended Two-Dimensional Defects in MoS2
4.2.1. How Grain Boundaries Alter the Quasiparticle Band Gap in
MoS2
Another common defect seen in monolayer TMD films is the grain boundary which
exists as a result of adjacent islands merging during the growth process26. This can occur
between islands that have the same crystallographic orientation, forming a mirror grain
boundary or it can occur between two islands with different crystallographic orientations.
In some cases, if the two islands have the same orientation they will merge together and
partially stitch together where there are regions where the film continues and regions with
large film vacancies.
This scenario is dislayed in Fig.4.5 where it can be seen from the large-scale
topography that there is a line of film vacancies stemming from a corner in the edge of the
MoS2 island. These film vacancies seemingly come in different relative sizes with likely
a varying amount of material vacant. To find out how these vacancies can affect the LDOS
of the material, we focus on the smallest region of vacant film in Fig.4.5b, magnifying it
in Fig4.5c and take STS directly on top of the defect, shown in Fig.4.5d. The spectroscopy
over the defect (red curve) is overlaid with one taken on the pristine film for reference
(black curve). From the magnified topography, the vacancy is made up of at lease 10
missing S atoms from the top S lattice, but it is unclear how much Mo or bottom S is
missing. The change in the density states of this film vacancy is severe, reducing the band
gap to approximately 0.8eV while pushing the conduction band maxima to higher energy.
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This spectroscopic behavior is similar to the defects investigated in the last section,
validating the suggestion that they are similaraly composed of adjacent vacant Mo and S
species.

Figure 4.5| a, Large scale STM topography showing a one monolayer MoS2 crystal with
a faceted edge where an incomplete grain boundary extends from the corner through the
film (V = 3.0 V, I = 250 pA). b, A magnified STM topography of Fig.4.5a showing that
the grain boundary is comprised of several aligned defects (V = 1.0 V, I = 30 pA).

c, A

further magnification from the white dashed square in Fig.4.5b showing the defect with
atomic scale resolution (V = 1.0 V, I = 30 pA). d, A comparison of the point tunneling
spectroscopy on the defect shown in Fig.4.5c with a spectrum acquired on a pristing
monolayer of MoS2.
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The scenario displayed in Fig.4.5 with a partial stitching at the grain boundary is a
rare case, however, where more frequently found is a complete stitching of the grain
boundary like the one displayed in Fig.4.6. In this case, the grain boundary appears as a
depression when scanning at positive bias and a protrusion when scanning at negative bias.
This is because, like the cases of the defects investigated above, the grain boundary
severely alters the LDOS by reducing the gap significantly. This phenomenon is shown in
Fig.4.6a where the spectra acquired on the grain boundary display a reduced gap depending
on the position on the boundary. There are similarities again between the electronic
structure of the grain boundary and that of the film-vacancy defects shown in Fig.4.4.
Specifically, there are steps in the conductance in the range inside the gap of the pristine
film that occur at slightly different energies depending on where the spectrum was
acquired. Additionally, there is a crossover in the conductance between the pristine film
spectrum and that on the grain boundary in the conduction band around 0.75eV. The
similarities between the film-vacancy defects and the grain boundary is natural within the
framework of the findings presented in literature that suggest that most grain boundaries
are comprised of 8-4-4 or 7-5 rings which locally deviate from the stoichiometry of the
surrounding film103,104.
A better perspective for how the LDOS changes spatially is found in the CITS
panels of Fig.4.6b. These maps show the crossover in conductance in the conduction band
where initially the conductance on the grain boundary is higher but then becomes lower at
energies lower than 0.75eV. The spatial modulation of the valence band extrema displays
a chain of repeating regions along the grain boundary which may give insight into the
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atomic structure. Because of the violently changing LDOS on the grain boundary, it is
difficult to obtain atomic resolution using STM and it is therefore difficult to elucidate the
atomic structure. The maps acquired at energies below -1.36eV display repeating circular
regions of high conductance which is consistent with the prediction that the grain
boundaries are comprised of repeating rings of off-stoichiometric MoS2.

Figure 4.6| a, Point tunneling spectroscopy on the pristine film (black curve) and on
three different points on the grain boundary displayed in Fig.4.4b. The vertical dashed
lines represent the energies of the CITS maps shown in Fig.4.4b. b, The first panel is the
STM topography showing the morphology of the grain boundary (V = 1.0 V, I = 100 pA)
and the remaining panels show the CITS map at discrete energies displayed in the upper
left hand corner of each panel.
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4.2.2. Probing the Metallic Edge States with STM
A fascinating feature of 2D semiconducting TMDs is the existence of a 1D metallic
edge state along the border of the islands due to the undercoordinated edge states105,106.
This phenomenon mimics the well-known 2D metallic surface states that can appear upon
the termination of a bulk insulator107. The metallic nature of the edge states offers a higher
catalytic reactivity when compared to the pristine film, making their production and
maximization an avenue for catalysis engineering108. It is at the corner of these edge states
where Majoranna fermions are predicted to exist which also motivates the investigation of
edge states in semiconducting TMDs for quantum computing applications47.
The metallic edge states present on a bilayer island of MoS 2 can be seen in the
energy dependent STM topographies displayed in Fig.4.7a. The edge states are seemingly
absent in the positive energy regime however they are prominent when scanned at a
negative bias. This fact is evident in Fig.4.7b showing a topographic line profile taken
along the white dashed lines in the topographies in Fig.4.7a. These features are not purely
topographic, however and their origins in the topography become clear when considering
the spectra shown in Fig.4.7c acquired on the pristine bilayer film (black curve) and on the
edge (red curve). Due to the asymmetry of the band gap with respect to the Fermi level,
the pristine MoS2 spectra and the metallic edge-state spectra are similar in the conduction
band but deviate strongly at the energies inside the gap. Therefore, the height difference
between edge and pristine layer seen in the topography is due to the increased states found
at the edge at energies inside the gap. Unlike the rest of the measurements taken in this
thesis, the STM measurement below has been taken at room temperature and so the drift
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made it impossible to acquire the spectrum precisely on the edge which is why there is a
small band gap evident in the spectrum.

Figure 4.7| a, Scanning tunneling microscopy topographies of the edge of a bilayer MoS2
crystal on top of a monolayer acquired at different energies, displayed in the upper righthand corner. b, Line profiles acquired along the white dashed lines in Fig4.7a. c, A
comparison of the point tunneling spectroscopy acquired on the basal plane of the bilayer
crystal compared to the spectrum acquired on the edge of the crystal.
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4.3. Defect Dynamics
The MoS2 films measured in this thesis were degassed at 300oC for about 12 hours
prior to STM measurement in order to obtain a clean surface. The effect of this annealing
was investigated by Kelvin probe force microscopy (KPFM) in the group of Prof. Goran
Karepetrov at Drexel University. This technique is a modality of AFM where the tip is
scanned across a sample surface in the non-contact regime. In this regime, an electrostatic
force between the tip and sample exists because of the difference between the work
functions of the two materials, namely the contact potential difference (CPD). The
software provides a feedback loop which applies a DC voltage (VDC) between the tip and
the sample and finds the value of the VDC that minimizes the force. The value of VDC when
the force is minimized is equal to the CPD which is equal to the difference between the
work functions of the tip and sample. Therefore, if the tip is calibrated one can determine
the local work function of the sample.
An example of AFM and simultaneous acquisition of KPFM is displayed in Fig.4.8a
and b where a few-layer film of MoS2 is measured immediately following the annealing at
320oC. The annealing and measurement are performed in UHV conditions to minimize the
surface contamination. The corresponding layer dependent work function distribution is
plotted in Fig.4.8c where the tip was calibrated on the HOPG surface where the known
work function is φHOPG = 4.6Ev109. The same area was measured again 72 hours after the
annealing process where the results are displayed in Fig.4.8d-f. The work function of the
MoS2 layer relaxed to its equilibrium value after existing in a metastable state immediately
following the annealing process. The process is found to be reversible in that the work
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function will again go into a metastable state if heated again to 320oC with a similar
relaxation. The metastable behavior of the work function is most likely due to the
formation and migration of S vacancy defects by the annealing process76. The time over
which the work function changes comes from the migrating of the S vacancies to the edges
and grain boundaries where they eventually terminate. This technique shows that the local
value of the work function is different on the edges and grain boundaries of this material,
consistent with the STM measurements shown in the previous sections.

Figure 4.8| a,b Atomic force microscopy topography and simultaneous Kelvin probe
force microscopy (KPFM) measurement of few layer thick MoS2 film acquired
immediately after annealing. C, The distribution of the layer dependent work functions
obtained from Fig.4.8b. d,e nc-AFM and KPFM measurement of the same area acquired
72 hours after annealing. F, The distribution of the layer dependent work function
distribution obtained from Fig.4.8b.
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The proposed theory of S vacancy migration was validated by annular dark field
scanning transmission electron microscopy (ADF-STEM) measurements taken on films
grown in the same conditions. These measurements were taken at Brookhaven national
laboratory in the group of Prof. Yimei Zhu. A sequence of ADF-STEM images is
displayed in Fig.4.9 over a period of 750s where the film was exposed to the continuous
irradiation of the electron beam. In ADF-STEM the brightest atoms are the Mo atoms
and the darker atoms are the S atoms110. In the top row there are initially two S vacancy
defects that by the third panel recombine with adatoms on the surface. In contrast, the
bottom row shows a Mo vacancy which does not change over the course of the scanning.
This experiment demonstrates that S vacancies, natural or created by thermal annealing
can recombine with adatoms on the surface of the film, which could over the course of
time lead to a work function value which eventually reaches equilibrium when the S
vacancies are filled.

100

Figure 4.9| a, Annular dark field scanning transmission electron microscopy (ADFSTEM) images showing two sulfur vacancies (outlined with white circles). b, ADFSTEM image acquired 525s after the image in Fig.4.9a where one of the S vacancy sites
has been reoccupied (white square) and a mobile adatom came into frame (white arrow).
C, ADF-STEM image acquired 750s after the image in Fig.4.9a where both S vacancy
sites are not reoccupied. d-f, ADF-STEM images showing a Mo vacancy at 0s, 525s and
750s corresponding to the times in Fig.4.9a-c.

The equilibrium state formed after the annealing was able to be quenched, freezing
the individual grains in their metastable state.

The quenching was carried out by

immediately flowing liquid nitrogen to cool the sample to room temperature rapidly
following annealing.

The sample was cooled from 300oC to room temperature in
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15minutes. The result of the quenching can be seen below in Fig.4.10b where different
grains possessed discrete work functions terminating at grain boundaries. The system does
not decay with time as the same system displayed in Fig.4.10b was found to maintain the
values of work function for 7 days. Once the system is quenched into this state it doesn’t
have enough energy at room temperature to escape requiring another annealing at 120oC
to bring it to its equilibrium value. This seems to indicate that prolonged exposure to high
temperature is necessary for the formation and migration of the defects which bring the
system to its equilibrium state.

Figure 4.10| a,b Non-contact atomic force microscopy (nc-AFM) topography and
simultaneous Kelvin probe force microscopy (KPFM) measurement of few layer thick
MoS2 film after rapid quenching the annealing process.
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4.4. Conclusion
Defects in 2D systems have an amplified role compared to their 3D counterparts. There
are certain point defects in single layer MoS2 which can be identified using STM such as
S vacancies, Mo interstitials and O substitutions. Defects which are likely made up of MoSx vacancies have a significant effect on the local density of states, reducing the
quasiparticle band gap from 2.15eV to 0.75eV. In addition, grain boundaries also have
been found to have a similar impact on the local density of states and show circular
structures in their CITS maps which may be indicative of their atomic structure. Metallic
edge states and grain boundaries have been shown to have a significantly different work
function than the pristine film as measured by KPFM. Lastly, KPFM measurement suggest
a metastable state in few-layer MoS2 which is produced by annealing of the films. The
metastable state relaxes to an equilibrium condition over a period of several days but can
also be frozen by rapidly cooling the sample following annealing.

ADF-STEM

measurements show the recombination of S vacancies following annealing which imply
that the changing work function may be due to the number of S vacancies which can
migrate and eventually terminate over time.
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CHAPTER 5
ELECTRONIC PROPERTIES OF ATOMIC-SCALE STRAIN FIELDS IN
MONOLAYER MOS2

5.1. Strain Engineering in 2D Materials
The ability to control nanoscale electronic properties by introducing macroscopic strain
presents a pathway for the implementation of 2D materials into flexible electronics and
next generation strain engineering devices. Single-layer MoS2, like graphene, exhibits
flexibility out of plane coupled with a high intrinsic tensile strength allowing the film to
sustain up to 11% strain before rupturing111,112. This intrinsic property not only produces
a large range for tuning in possible strain engineering applications but also elects these
crystals as prime candidates for components in future flexible devices such as mountable
physiological monitoring devices, touch screens and flexible energy storage systems113-117.
The effect of strain on the optical band gap of single layer MoS2 and related materials
has been well documented by measuring the photoluminescence spectrum118-120. The beam
diameter of such experiments, however, is at best a few hundred nanometers121,122. Thus,
the effect of macroscopic strain on the atomic-scale remains unclear. In addition, the
quasiparticle band gap, which differs from the optical gap by the value of the exciton
binding energy, has not been studied as a function of systematic strain. This is a significant
difference as the exciton binding energy has been found to be large in these systems123.
Recently, Zhang, et. al. studied directly the reduction of the quasiparticle bandgap of
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bilayer MoS2 by utilizing an in-plane heterojunction however, this technique has an
intrinsic ceiling on the applied strain and is not uniform over the crystal124. Furthermore,
despite the myriad of existing literature there has not been a direct measurement of the
local atomic scale strain nor strain relaxation mechanisms. This chapter will highlight the
systematic study of the quasiparticle band gap, atomic lattice deformation and strain
relaxation effects as a function of bending radius of curvature using low temperature
scanning tunneling microscopy and spectroscopy.

5.2. Straining Monolayer MoS2
5.2.1. Custom Strain Inducing Sample Holder
There have been several successful attempts to use strain to tune the electronic
properties of 2D materials utilizing a variety of different methods. One such method is to
pattern the substrate either with small bumps to deform the crystal122 or holes over which
the 2D material is suspended111,112,125. Another method is to use the lateral substrate motion
by either exploiting the dissimilar thermal expansion coefficient between sample and
substrate126 or by gluing the sample directly to a piezoelectric crystal127. One of the most
popular methods of straining 2D films, and the one that I will concentrate on here, is to
bend the substrate which naturally will cause a tensile strain to its surface and subsequently
transfer the strain to the adhered film118,128-130. When a slab is bent and there is no shear
relaxation on either surface, the neutral plane of the slab will maintain the same length, but
the top and bottom surface will experience a tensile and compressive strain, respectively.
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This is shown schematically in Fig.5.1a. The cartoon presented in Fig.5.1b shows how the
corresponding strain is transferred to a MoS2 film adhered to a bent substrate. Using this
simple geometry, the tensile strain on the surface of the slab can be defined by the following
relationship:
𝜀𝑁𝑜𝑚𝑖𝑛𝑎𝑙 =

𝐿+ 𝜕𝐿
𝐿

=

𝜏
2𝑟

(5.1)

where 𝐿 is the length of the neutral plane, 𝜕𝐿 is the change of length on the surface, 𝜏 is
the substrate thickness and r is the radius of curvature over which the substrate is bent.

Figure 5.1| a, Schematic of bending a substrate to induce tensile strain in a film that
is adhered to the top surface showing also the corresponding compressive strain to the
bottom. b, A cartoon depiction of a substrate transmitting strain to a film by bending
the substrate.

Our goal was to use this philosophy to measure the atomic scale deformation and
correlate such a deformation with local changes in the electronic density of states of single
layer MoS2 using STM. This requires some additional preparation of the sample holder
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compared to other groups who use this method to perform optical measurements such as
photoluminescence and Raman spectroscopy. Compared to STM measurements, these
optical measurements have less stringent criteria on substrates and mechanical stability.
For examples, a high quality STM measurement requires atomically flat and electrically
conductive substrates to be fixed to a sample holder with a high degree of mechanical
stability. While other groups use flexible and insulating polymer substrates, this is not
conducive to STM measurements. Therefore, I designed a modified Omicron sample
holder which holds a wedge and bridge shown in Fig.5.2. The as-grown sample is placed
in between the wedge and the bridge so that when the bridge is screwed to the sample
holder, it conforms the sample to the radii of curvature of the wedge. The assembly is
made from oxygen free copper for high thermal conductivity and uniform thermal
expansion and contraction. Table 5.1 shows the nominal strain values achieved by using
wedges with different radii of curvature calculated using Eq.5.1 with the thickness of the
HOPG substrate being 100µms. The ability to use the as grown sample allows us to
circumvent the need for a damaging transfer technique, necessary for moving the film to
polymer substrates, and ensures a clean film-substrate interface.
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Figure 5.2| a, Schematic of the custom-built sample holder with 1mm radius of
curvature wedge and bridge. b, Positions of the pieces from Fig.5.1a during the
measurement when the bridge is screwed to the sample plate. c, Cartoon showing all
the wedges with radii of curvature used in the measurements, outlined in Table 5.1.

Radius of Curvature (mm)

(%)

∞(flat)

0

3.5

1.4

2.0

2.5

1.5

3.3

1.0

4.9

Table 5.1| The nominal tensile strains achieved on the MoS2 films based on the radii
of curvature of the semi-circular wedge in the custom-built sample holder assembly.
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5.3. Correlating Atomic-Scale Lattice Deformation with Band Gap
5.3.1. Modified Lawler-Fujita Algorithm
The novelty of studying strain using STM is that it is not necessary to rely on
nominal strain values extracted from facile geometrical arguments but rather it is possible
to directly measure the atomic lattice deformation. That being said, it is not that one can
simply take a raw atomic resolution STM topography and extract the lattice deformation
but rather it is necessary to take some care to remove experimental artifacts intrinsic to the
piezoelectric scanner. These effects can be minimized using a modified Lawler-Fuijita
algorithm (discussed further in Appendix B) which takes an atomically resolved STM
topography and outputs a position dependent displacement field, u(r)131. This analysis is
predicated on the fact that the atomic lattice seen in an STM topography can be represented
by the following function:
𝑇(𝒓) = 𝑇0 𝑒 −𝑖𝒌∙(𝒓+𝒖(𝒓))

where 𝑇0 is the amplitude of the signal, 𝑘 =

2𝜋
𝑎0

(5.2)

is the wave vector of the atomic lattice and

𝑢(𝑟) is the total displacement field.
The total displacement field will include effects of the intrinsic scanner artifacts as
well as any crystal strain. Therefore, in order to isolate the strain, a calibration process
must be applied. The process takes the atomic resolution topography of a well-known,
unstrained crystalline lattice, in this case we use Ag(111), and deconstructs the x- and ydirection components of the displacement field:
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𝑢(𝒙) = 𝑋𝐶𝐴𝐿 (𝑢𝑥−𝐶𝐴𝐿 (𝑥) + 𝑢𝑦−𝐶𝐴𝐿 (𝑥) + 𝑢𝑥 (𝑥))

(5.3)

𝑢(𝒚) = 𝑌𝐶𝐴𝐿 (𝑢𝑥−𝐶𝐴𝐿 (𝑦) + 𝑢𝑦−𝐶𝐴𝐿 (𝑦) + 𝑢𝑦 (𝑦))

(5.4)

First the overall x- and y-direction calibration factors are achieved by simultaneously
testing a range of both XCAL and YCAL values, which adjust the lattice uniformly, and
finding the minimum deviation from the perfect lattice. Once this is achieved, each atomic
position is paired with a corresponding atomic site in the ideal lattice and 𝑢𝑥−𝐶𝐴𝐿 and 𝑢𝑦−𝐶𝐴𝐿
terms are identified. Taking these terms over the entirety of the topography, one can find
four distortion terms, namely 𝑢𝑥−𝐶𝐴𝐿 (𝑥), 𝑢𝑥−𝐶𝐴𝐿 (𝑦), 𝑢𝑦−𝐶𝐴𝐿 (𝑥) and 𝑢𝑦−𝐶𝐴𝐿 (𝑦) from which
a linear correction is applied to each term to remove the effect of piezo creep. The effect
of this calibration procedure can be seen in Fig.5.3 where excellent agreement is reached
between the real and ideal lattice of Ag(111).
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Figure 4.3| a, Raw atomic positions extracted from an STM topography of Ag(111)
shown as open red circles with the ideal lattice positions overlaid as closed black
circles. b, Initial calibration of the piezoelectric scanner in the x- (XCAL) and ydirection (YCAL) applied to raw atomic positions from Fig.S1a. c, Linear correction
of 𝑢𝑥−𝐶𝐴𝐿 (𝑥), 𝑢𝑥−𝐶𝐴𝐿 (𝑦), 𝑢𝑦−𝐶𝐴𝐿 (𝑥) and 𝑢𝑦−𝐶𝐴𝐿 (𝑦) applied to calibrated atomic
positions from Fig.S1b.
After applying these corrective scanner calibration factors to an atomic resolution
STM topography of MoS2, I again obtain the x- and y-direction displacement fields which,
this time, correspond to strain induced lattice deformation. The position dependent strain
in each direction can be extracted from the displacement fields by taking the partial
derivative of the displacement field in its respective direction:
ε𝑥 = 𝜕𝑥 u𝑥

(5.5)

ε𝑦 = 𝜕𝑦 u𝑦

(5.6)

To obtain the average x- and y-direction strain over an atomically resolved STM
topography, I plot u𝑥 (𝑥) and u𝑦 (𝑦) as a function of their respective directions and obtain
a linear fit with the slope being equal to the average strain. This process is demonstrated
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in Fig.5.4 which shows the difference between a single layer of MoS2 under nominal strain
of 0% (Fig.5.4a) and maximal nominal (Fig.5.4c). To further minimize the effect of the
scanner, atoms contributing to the edges of the topographies are removed from
consideration.

Figure 5.4| a,c Atomic resolution topography of MoS2 with nominal strain 0% (a)
and 4.9% (c) where only the atoms inside the dashed black square are considered.
Scale bars represent 2nm. b,d Corresponding displacement field distributions from
Fig.5.4a (b) and Fig5.4c (d) where the average strain is extracted as the slope of the
linear fit for each distribution.
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In the x- and y-direction the strain changes from -0.12% and 0.21% to 2.67% and 1.16% from the flat sample to the sample bent to a 1mm radius of curvature. The scanner
is aligned such that the x-direction, or the fast scan direction, is perpendicular to the
bending axis whereas the y-direction, or the slow scan direction, is parallel to the bending
axis. Therefore, one would expect there to be a positive tensile strain in the x-direction
and a negative tensile strain, corresponding to compression, in the y-direction on the film.
The perpendicular compression comes from the fact that MoS2 has a positive Poisson’s
ratio132.
To see how this trend continues for intermediate points, I calculate the average strain
in both directions and plot them as a function of nominal strain in Fig.5.5. The measured
x-direction strain increases almost linearly until 2.5% nominal strain where the maximum
strain is always less than what is expected. There are even crystals with this nominal strain
that display strain values corresponding to a relaxed lattice. This is true to a greater degree
for the nominal 4.9% strain where the maximum strain achieved is 3.1%. The strain in the
y-direction shows a similar trend in the compressive direction. This indicates that the film
has a propensity to slip with respect to the substrate during the transmission of strain. This
is plausible given that the film and substrate are both van der Waals layered material and
therefore there is a weak adhesion between them. This kind of slipping behavior has been
both theoretically predicted133 as well as experimentally seen118 in such bending
experiments.
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Figure 5.5| a, Measured average strain in the x-direction (perpendicular to the
bending axis) as a function nominal strain corresponding to different radii of
curvature. The inset shows corresponding strain measured in the y-direction (parallel
to the bending axis). The error bars represent a 95% confidence interval for the
distribution of displacement field values.
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5.3.2. Strain Induced Quasiparticle Band Gap Reduction
To investigate the effect of strain on the local electronic density of states of
monolayer MoS2, point spectroscopy was taken in multiple regions within the atomic
resolution topography frame from which the strain was obtained. The spectra were
averaged together and those with the smallest band gap per nominal strain are shown in
Fig.5.5a with all band gap values plotted vs. nominal strain in Fig.5.5b. In qualitative
agreement with the trend of the optical gap in literature, the quasiparticle band gap reduces
as a function of nominal strain. The trend is not linear however, as the trend from 0% to
2.5% nominal strain reduces faster than that from 2.5% to 4.9%. Additionally, there are
regions where the quasiparticle band gap reflects that of a relaxed film. This corroborates
the fact that there is a slipping of the film with respect to the substrate which relaxes the
imposed strain and therefore makes the calls into question the usefulness of the nominal
strain.
When the effect of the measured tensile strain on the magnitude of the quasiparticle
band gap, a clear trend appears. This trend is shown in Fig.5.5c. If we focus on the regions
displaying positive tensile strain, a negative correlation between the quasiparticle band gap
and the tensile strain is observed with the gap reducing at a rate of approximately
400meV/% tensile strain. This value is higher than those found in literature for the rate of
reduction of the optical gap with nominal strain, with most values falling below 100meV/%, however the ambiguous role of the exciton binding energy invalidates the
direct comparison134. This idea is exemplified by Zhang, et. al., who measured the decay
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of the band gap of -500meV/% strain in bilayer MoS2 as a function of distance from lateral
heterojunction using STM124.
There is one monolayer region that was found to have a negative tensile strain in
the x-direction likely as a result of slipping of the film and/or substrate. Interestingly, this
point does not symmetrically mirror the trend of the positive tensile strain indicating that
compression could have a different effect on the quasiparticle band gap. Lu, et. al. used
DFT to investigate positive and negative strain on monolayer MoS2 finding that not only
is the band gap smaller for positive strain than it is for its negative counterpart, but the band
gap initially increases with negative strain before reducing again135. This is explained to
be primarily a result of the change in length of the Mo-S bond which is naturally smaller
for compressive strains than for tensile strains. In the same study they also find that there
is not a significant difference between uniaxial and isotropic strain in terms of their effect
on the band gap of monolayer MoS2. This indicates that for our study, the relative
orientation between the crystallographic axis and the bending axis has little influence on
how the strain effects the quasiparticle band gap.
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Figure 5.6| a, A series of vertically offset tunneling spectra taken on monolayer films
displaying the minimum gap on each respective radii of curvature (V = +1.5 V or
+1.0 V, I = 100 pA). b, A summary of the evolution of the quasiparticle band gap
(Eg) as a function of the nominal strain. c, Corresponding summary of the evolution
of the quasiparticle band gap as a function of the measured strain along the xdirection. The blue shaded region represents a compressive strain whereas the red
shaded region represents a compressive strain. The dashed blue line represents a
linear-fit of the data displaying a compressive strain. The gap has been determined
by making a linear fit to the conductance spectrum within a voltage window at the
valence band and conduction band edges and finding the zero intercept. All error
bars represent +/- 95% confidence interval to the mean.

117

5.4. Strain Fields and Partial Strain Relaxation
5.4.1. Ripple Formation
Another advantage of using STM to measure the effect of strain on materials is that
it allows us to measure inhomogeneous strain fields on the nanoscale and their
corresponding influence on the density of states. We exploit this capability to study the
possible strain relaxation mechanisms responsible for the lattice relaxation observed in the
previous section. Evidence of such a mechanism is shown by the two parallel ripples in
Fig.5.7a. This structure was found on a monolayer MoS2 with nominal strain of 3.3%. The
scan areas depicted in the topographies in Fig.5.7 have been taken at an angle of 25o with
respect to the x-direction or expected tensile strain direction. Intuitively, ripples in a sheet
are caused by compressive strain however it has been found using molecular dynamics
simulations on CVD MoS2 that ripples can nucleate through tensile strain and subsequent
relaxation133. The same study shows that slipping of van der Waals layers is expected
above strain values of 2%, consistent with our findings.
To study how such a structure effects the local electronic properties of the film, a
line profile of point spectra is acquired along the dotted line in Fig.5.7b with the spectra
depicted in Fig.5.7c. The spectra are acquired from the region between the two ripples
towards the right side of the right most ripple in Fig.5.7a corresponding to the bottom to
top-most spectra in Fig.5.7c. There is a clear outward shift of the valence band edge of
about 150meV at the point directly on top of the ripple causing a larger band gap away
from the parallel-ripple structure. To determine the extent of the valence band edge shift,
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a conductance map is acquired at the energy just inside the VBM at -1.72eV over the
topography shown in Fig.5.7a. The conductance map is displayed in Fig.5.7d showing that
the abundance of states at the VBM is localized between the parallel ripples, with the
ripples forming the boundaries. This unique structure presents possibilities for strain
engineering conduction channels in this, and similar materials.
In order to understand the strain field that produces such topographical structures,
I calculate the strain at each atomic position in the direction parallel to the ripples using the
modified Lawler-Fujita algorithm outline above. To highlight variations in the strain field,
I removed the average slope of the displacement field to give relative values of strain. The
average strain removed in the direction parallel to the ripples was naturally compressive.
The map of the strain field in the direction parallel to the ripples is displayed in Fig.5.7e
overlaid on the topography in Fig.5.7b. Given the nature of the density of states, it was
expected that the region between the two ripples would yield a higher relative strain than
that away from the two ripples. It is also intuitive that the region on top of the ripple would
experience a compressive strain relative to the surrounding regions.

While both

expectations are observed, there are unexpected oscillations in strain moving away from
the two ripples that are not apparent in the topography. This indicates that the strain
responsible for the formation of the ripple is not localized on top of the ripple manifests as
oscillations which extend at least 15nm from the ripple.
To compare the local strain field with the local electronic properties, I average the
strain in the direction parallel to the ripple over the height of the topography in Fig.5.7e
and plot it in Fig.5.7f on top of the band gap extracted from the spectra in Fig.5.7c. The
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shift of the quasiparticle band gap is approximately 150meV and occurs directly on the
ripple. The gap shift starts to occur on the side of the ripple where there is the highest
relative compression then there is a kink where the strain becomes relatively more positive
before again increasing on the other side of the ripple where there is again a high relative
compression. The behavior of the band gap is clearly related to the strain field between
the two ripples and on top of the right-most ripple however it’s unclear whether the
oscillations of the strain far from the ripple are strong enough to have a significant influence
on the density of states. The average strain however clearly effects the quasiparticle band
gap however as the magnitude is reduced compared to the relaxed film. The compression
that this region experienced is significant given how much the gap is reduced compared to
the compressed region recorded in Fig.5.6c.
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Figure 5.7| a, Three dimensional, high resolution STM image showing two roughly
parallel ripples on monolayer MoS2 (V = +0.8 V, I = 100 pA). b, An enhanced view
of the ripple on the right side of Fig.5.7a where the region to the left of the ripple is
towards the ripple on the left side of Fig.5.7a (V = +0.8 V, I = 100 pA). c, Fifty
tunneling spectra displayed in log scale acquired along the dotted white line in Fig.3b
where the first spectrum is taken on the left of the line (V = +1.0 V, I = 110 pA). d, A
map of the spatial variation of the density of states in the same region as the
topography in Fig.5.7a at an energy near the valence band edge (V = -1.72 V). e, A
map of the spatial variation of the strain field in the direction perpendicular to the
ripples overlaid on the 3D topography shown in Fig.5.7b. f, The averaged strain
across the height of Fig.5.7c from left to right plotted along with the quasiparticle
band gap extracted from each spectrum in Fig.5.7c. All scale bars represent 5nm.
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5.4.2. Partial Delamination
More evidence of film relaxation was discovered on monolayer MoS2 film
subjected to a nominal strain of 4.9%.

Several regions of this film presented an

inhomogeneous moiré pattern that was typically present close to defects. This phenomenon
indicates that the film is well adhered to the substrate in only some regions, those that
display the moiré pattern. An example of this kind of topography is displayed in Fig.5.8a
where the film appears to be bunched around a defect with a small area showing the moiré
pattern. The strain map shows that there is a high relative strain on the defect and along
the line where the lattice appears to be wrinkled but there is very little relative strain on the
area showing the moiré pattern.
To elucidate the electronic properties of such a defect, two line profiles of point
spectra were taken perpendicular to each other where the paths are displayed in the insets
of Fig.5.8c and Fig.5.8d. These profiles show that there are localized in-gap states that
appear directly above the defect and that the magnitude of the gap increases, as the VBM
shifts outward, in the region on top of the moiré pattern. To focus on the spatial variation
in the electronic density of states, conductance maps were taken at a variety of different
energies close to the CBM and the VBM shown in Fig.5.8e-j and Fig.5.8k-p, respectively.
In these maps, the defect clearly alters the density of states of the material where there is
initially an abundance of states at 1eV and then an absence of states around 0.7eV relative
to the surrounding areas. Close to the VBM there are highly localized in-gap states at 1eV and -1.7eV of about ½ nm radius surrounding the defect. More interestingly, the
spatial variation of the VBM displays a ring of relatively higher states that is in the same
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shape as the area yields the moiré pattern. This region decreases in area with increasing
energy but maintains the same shape. The center of this area is the same area shown in the
point spectroscopy profile where there is an outward shift of the VBM.
The presence of an inhomogeneous moiré pattern suggests two possibilities; either
the film is slipping over the strained substrate, or the substrate is slipping under the film.
If the film was slipping with respect to the strained substrate, the area adhered to the
substrate should be strained and therefore should show a reduced gap. Instead, this region
displays an enhanced band gap and a reduced relative strain compared to surrounding
regions. This indicates that the substrate is initially straining the film but then slips under
and delaminates from most of the rest of the film, relaxing faster than the MoS2. The areas
that are not delaminated are pinning the film to the substrate. This causes the areas that are
well adhered to the sample, specifically those exhibiting the moiré pattern, to relax faster
than areas which are delaminated and therefore yield a larger gap and smaller relative strain
than the surrounding areas.
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Figure 5.8| a, Three dimensional, high resolution STM image showing the
inhomogeneous moiré pattern at a defect site (V = -1.0V, I = 110pA). b, A map of
the spatial variation of the biaxial strain field overlaid on the 3D topography from the
area outlined by the dashed box in Fig.5.8a. All scale bars represent 2nm. c,d
Twenty (c) and thirty (d) tunneling spectra taken over two perpendicular lines shown
in their respective insets where the first spectrum is at the top right (c) and the top left
(d) of the line, respectively. e – p, The evolution of the spatial density of states at
energies near the conduction band edge (e – j) and the valence band edge (k – p) (V =
+1.0V, I = 110pA). The voltage of the conductance map is displayed in the lower
left-hand corner of each figure.
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5.5. Conclusion
Strains of up to 3.1% were achieved on monolayer MoS2 by bending the as-grown
substrate using a custom-built sample holder and studied using low temperature STM. The
atomic lattice distortion was measured and analyzed using a modified Lawler-Fujita
algorithm. The quasi-2D sheet was found to have a propensity to relax, likely by slipping,
when strains of 2.5% and greater were applied. The quasiparticle band gap was found to
decrease with measured strain with a rate of 401meV/% positive tensile strain.
MoS2 sheets displayed evidence of nanoscale strain relaxation in the form of 1D
ripple formation as well as partial delamination from the substrate. Two parallel ripples
were investigated showing a strain mediated channel of higher conductance at the VBM
that was spatially localized in the region between the two ripples. In addition to the ripple,
the region displayed oscillations in the strain field that extended at least 15nm away from
the ripple indicating that the strain responsible for the ripple is not localized. In addition,
partial delamination of the MoS2 film from the substrate was observed as an
inhomogeneous moiré pattern. These areas displayed a spatially non-uniform Eg which
was higher on the moiré pattern area than the surrounding areas. The defects that
apparently caused the pinning of the film to the substrate also affected the local density of
states displaying highly localized in-gap states around -1eV and -1.7eV. This work
provides a method for determining the real space lattice distortion of atomically resolved,
low temperature STM topographies to correlate with local changes in the density of states.
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CHAPTER 6
CONCLUSIONS AND OUTLOOK

Molybdenum disulfide’s promise for implantation in next generation electronic
devices arises from its quasiparticle band gap which is essential for, among other things,
field effect transistors (FETs) and light emitting diode (LEDs). Being able to control the
magnitude of this quasiparticle band gap by various tuning parameters offers a versatility
that increases the usefulness of this material in industrial applications. In this thesis,
scanning tunneling microscopy and spectroscopy was used to determine various tuning
knobs for controlling the quasiparticle band gap such as thickness, relative crystallographic
orientation, defects and strain. While thickness (between one and three monolayers) and
crystallographic orientation were found to change the band gap on the order of 100meV,
defects and strain were found to be much more powerful tuning knobs, changing the band
gap on the order of 1eV. The change in the density of states offered by defects is spatially
limited to a few nanometers which limits the practicality of this tuning knob. On the other
hand, strain offers a controllable knob to tune the electronic structure of MoS2 but is limited
by slipping of the van der Waals sheet with respect to the substrate above 3.1%.
Molybdenum disulfide and 2D materials in general display rich physics, resulting
in a surge in research over the past 15 years. However, in many ways the field of 2D
materials is still in its infancy with fundamental questions left unanswered. For example,
understanding the role of the substrate on the electronic properties, the formation and
migration of defects and the effect of doping on these materials are poorly understood yet
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they are vital to implementation in future technology. Additionally, exotic physics has
been predicted but not yet experimentally observed in monolayer MoS2 such as toplogical
superconductivity and the projected existence of Majorana fermions along the metallic
edge states. The work that has been done in this thesis will help to build the foundation for
the future study of two dimensional materials physics.
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APPENDIX A
BAND GAP DETERMINATION ALGORITHM

The following Matlab code is to determine the band gap and energies of the
conduction band minima and valence band maxima. The input data is a two column .txt
file where the first column is the bias in volts and the second is the dI/dV (numerical or
lock-in with appropriate offsets applied). The code will output a plot of the dI/dV vs. V in
log scale.

062117_GAPDETERMINATIONDIDVINPUT_V1.M.
%Define the filename and the location(path) of the two column .txt file
%with the first column being the bias and the second being dI/dV
FILENAME = '';
PATH = '';

std =3.8; %Coefficient of the standard dev. of gap defining threshold
Initial_Window_Size = 5; % Initial number of points to fit on band edge
Final_Window_Size = 15; % Final number of points to fit on band edge
FS = 12; %Font Size
%Open and read the file
M = dlmread(strcat(PATH,FILENAME,'DEG.txt'));
NoC = size(M);
V_vec = M(:,1);
G_vec = M(:,2);
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L = length(V_vec);
Index_zero = length(V_vec)/2;

%Define the in-gap region around zero
Window_near_zero = 150;
V_vec_zero = V_vec(Index_zeroWindow_near_zero:Index_zero+Window_near_zero);
G_vec_zero = G_vec(Index_zeroWindow_near_zero:Index_zero+Window_near_zero);

%find the standard deviation of the "noise in the gap"
G_vec_zero_mean = mean(G_vec_zero)
G_vec_zero_length = length(G_vec_zero);
for ii = 1:G_vec_zero_length
G_variance(ii) = (G_vec_zero_mean - G_vec_zero(ii))^2;
end
G_vec_zero_std = sqrt(sum(G_variance)*G_vec_zero_length^(-1));
G_threshold = std*G_vec_zero_std;

%Plots the dI/dV curve highlighting the threshold as a dashed red line
plot(V_vec, G_vec); hold on;
plot(V_vec, G_threshold + 0*V_vec, '--r');
xlabel('Voltage (V)','FontSize',FS);
ylabel('log(dIdV)','FontSize',FS);
title(strcat(FILENAME,' Degree MoS2-HOPG'),'FontSize',FS);

ax=gca;
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ax.Box = 'on';
ax.TickDir = 'in';
ax.TickLength = [0.02 0.02];
ax.FontSize = 12;
ax.YLimMode = 'manual';
ax.YLim = [G_vec_zero_mean/20 500*G_threshold]; hold on
ax.XLim = [V_vec(1) V_vec(L)];
ax.YScale = 'log';

%Defines roughly the energy range of VBM and CBM
V_seg_neg = V_vec(1:length(V_vec)- Index_zero);
G_seg_neg = G_vec(1:length(V_vec)- Index_zero);
V_seg_pos = V_vec(Index_zero:length(V_vec));
G_seg_pos = G_vec(Index_zero:length(G_vec));

%Finds the intersection index and dI/dV value between threshold and
curve near the VBM and CBM
[A,n3] = min(abs(G_seg_neg-G_threshold));
[B,n4] = min(abs(G_seg_pos-G_threshold));

plot(V_seg_neg,G_seg_neg,'.:c','linewidth',0.1);
plot(V_seg_neg(n3),G_seg_neg(n3),'om');
plot(V_seg_pos,G_seg_pos,'.:r','linewidth',0.1);
plot(V_seg_pos(n4),G_seg_pos(n4),'om');

%Make linear approximation in window around threshold intersection with
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%band edge iterating window size and creating a distribution of band
edge
%values.
m = 1;
for ii = Initial_Window_Size:Final_Window_Size
Window_near_VBM = ii;
V_VB = V_seg_neg(max([1,n3Window_near_VBM]):min([L,n3+Window_near_VBM]));
G_VB = G_seg_neg(max([1,n3Window_near_VBM]):min([L,n3+Window_near_VBM]));
V_VB_approx = [V_seg_neg(max([1,n35*Window_near_VBM]):0.01:min([L,n3+5*Window_near_VBM]))];
p = polyfit(V_VB,G_VB,1);
G_VB_approx = polyval(p,V_VB_approx);
[~,n] = min(abs(G_VB_approx - G_vec_zero_mean));
ValB_edge = V_VB_approx(n);
ValB_edge_vec(m) = ValB_edge;
Window_near_CBM = ii;
V_CB = V_seg_pos(max([1,n4Window_near_CBM]):min([L,n4+Window_near_CBM]));
G_CB = G_seg_pos(max([1,n4Window_near_CBM]):min([L,n4+Window_near_CBM]));
V_CB_approx = V_seg_pos(max([1,n44*Window_near_CBM]):0.01:length(V_seg_pos));
p = polyfit(V_CB,G_CB,1);
G_CB_approx = polyval(p,V_CB_approx);
[A,n] = min(abs(G_CB_approx - G_vec_zero_mean));
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ConB_edge = V_CB_approx(n);
ConB_edge_vec(m) = ConB_edge;

plot(V_VB_approx,G_VB_approx,'-m');
plot(ValB_edge,G_vec_zero_mean,'sk', 'linewidth',4);

plot(V_CB_approx,G_CB_approx,'-m');
plot(ConB_edge,G_vec_zero_mean,'sk','linewidth',4);
m = m+1;
end

plot(V_vec_zero, G_vec_zero, '.:k'); hold on;
plot(V_vec, G_vec_zero_mean+0*V_vec,'--k');

%find the standard deviation of the "VBM_distribution"
ConB_edge_mean = mean(ConB_edge_vec);
ConB_edge_vec_length = length(ConB_edge_vec);
for ii = 1:ConB_edge_vec_length
CBM_std_squared(ii) = (ConB_edge_mean - ConB_edge_vec(ii))^2;
end
ConB_edge_std = sqrt(sum(CBM_std_squared)*ConB_edge_vec_length ^(-1));

%find the standard deviation of the "CBM_distribution"
ValB_edge_mean = mean(ValB_edge_vec);
ValB_edge_vec_length = length(ValB_edge_vec);
for ii = 1:ConB_edge_vec_length
VBM_std_squared(ii) = (ValB_edge_mean - ValB_edge_vec(ii))^2;
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end
ValB_edge_std = sqrt(sum(VBM_std_squared)*ValB_edge_vec_length ^(-1));

%Display CBM, VBM and GAP values with corresponding standard deviation
values
disp(strcat('dIdV CBM: ', num2str(round(1000*ConB_edge_mean)./1000),'
+/- ',num2str(round(1000*ConB_edge_std)./1000),' V'));
disp(strcat('dIdV VBM: ', num2str(round(1000*ValB_edge_mean)./1000),'
+/- ',num2str(round(1000*ValB_edge_std)./1000),' V'));
disp(strcat('dIdV GAP: ', num2str(round(1000*(ConB_edge_meanValB_edge_mean))./1000),' +/',num2str(round(1000*(ValB_edge_std+ConB_edge_std))./1000),' V'));
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APPENDIX B
MODIFIED LAWLER FUJITA ALGORITHM

The following Matlab code is to determine the real-space atomic positions from an
atomic resolution STM topography and compare them with the ideal lattice site. It is
inspired, but different, from the well-known Lawler-Fujita algorithm131. For best results
the sample atomic resolution images are Fourier filtered such that the atomic modulation
is the dominating signal and the images are imported as ascii matrix files.

The

Lawler_Fujita_Variant_v4.m code is designed to find the piezo calibration factors and the
linear correction terms to calibrate the scanner from a reference material with a well-known
lattice parameter. The Lawler_Fujita_Variant_StrainCalc_v3.m code asks the user to enter
the calibration information and calculates the strain of a sample topography.
The Lawler_Fujita_Variant_v4.m code takes the reference atomic resolution
topography and generates a hexagonal lattice with ideal lattice constant as defined by the
user. It then uses a 2D gaussian fitting to find the atomic positions in both the ideal and
real images. Then, the two are overlaid and the program asks the user to define a reference
atom from each lattice to be artificially put in the same reference position, for simplicity
this should be the top-left most atom from each lattice. Next, the user is asked to first rotate
the reference lattice and then correct the real space lattice in the X- and Y-directions in
order to correct for the piezo calibration factors. From this point, the algorithm will fit the
displacement field vs. position to find the linear correction factors, first on very small scale,
then on a moderate scale and lastly on a large scale. All three corrections are combined to
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produce four linear correction factors pxx, pxy, pyy and pyx (where pij is the linear correction
factor for the i displacement j direction).
The Lawler_Fujita_Variant_StrainCalc_v3.m code uses the X- and Y-direction
piezo calibration factors and the four linear correction factors obtained by the reference
topography used in Lawler_Fujita_Variant_v4.m and applies them to sample atomic
position topography to determine the deformation on that lattice. It starts the same way as
the Lawler_Fujita_Variant_v4.m where it generates the ideal lattice, compares it with the
sample atomic positions and asks the user to set a reference point. The user then will rotate
the reference sample about the reference point but this time will not change the X- and Ydirection deformation as it is already corrected for the piezo calibration factors. The
program will then calculate the displacement fields, ur(r), ux(x) and uy(y) as matrices. From
these matrices, the strain fields can be determined by calculating the spatial derivative
using an image processing software such as WSxM136.

LAWLER_FUJITA_VARIANT_V4.M
PATH='C:\\Users\dantr\Desktop\NbSe2 Calibration\';
FILENAME = 't0707_003';

theta1 = 47;

% a_ref = 0.288; %Au(111)
% a_ref = 0.2887; %Ag(111)
% a_ref = 0.32;

%MoS2

%Choose your reference material by
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a_ref = 0.3445; %NbSe2

% uncommenting the line

% a_ref = 0.2461; %HOPG

fid = fopen(strcat(PATH,FILENAME,'.txt'),'r');
DD = fscanf(fid,'%s');
EE = regexp(DD,'Amplitude:');
FF = regexp(DD,'nm');
XAmp = str2double((DD((EE(1)+10):(EE(2)-4))));
YAmp = str2double((DD((EE(2)+10):(EE(3)-4))));
ZAmp = str2double((DD((EE(3)+10):(FF(3)-1))));
M = dlmread(strcat(PATH,FILENAME,'.txt'),'\t',5,0);
L = length(M);
pix_to_length_x = (XAmp)/L;
pix_to_length_y = (YAmp)/L;
k=(2*pi)/(a_ref*cosd(30));
fclose(fid);
Adj = 0.25;
WINDOW = 1/2;

for ii = 1:L
XAmplitude(ii)=ii*XAmp/L;
YAmplitude(ii)=ii*YAmp/L;
end
for i = 1:round(L*Adj)
if isequal(i,1)
XAmplitude_Adjusted = XAmplitude(i);
YAmplitude_Adjusted = YAmplitude(i);
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else
XAmplitude_Adjusted =
horzcat(XAmplitude_Adjusted,XAmplitude(i));
YAmplitude_Adjusted =
horzcat(YAmplitude_Adjusted,YAmplitude(i));
end
end

XAmplitude_ref = horzcat(XAmplitude, XAmplitude_Adjusted +
XAmplitude(end));
YAmplitude_ref = horzcat(YAmplitude, YAmplitude_Adjusted +
YAmplitude(end));
LL = length(XAmplitude_ref);
for ii = 1:LL
for jj = 1:LL
T1(ii,jj) = ZAmp/5*(exp(-(sqrt(1)*k*(XAmplitude_ref(ii)*cosd(theta1) +
YAmplitude_ref(jj)*sind(theta1)))));
T2(ii,jj) = ZAmp/5*(exp(-(sqrt(1)*k*(XAmplitude_ref(ii)*cosd(theta1+60) +
YAmplitude_ref(jj)*sind(theta1+60)))));
T3(ii,jj) = ZAmp/5*(exp(-(sqrt(1)*k*(XAmplitude_ref(ii)*cosd(theta1+120) +
YAmplitude_ref(jj)*sind(theta1+120)))));
end
end
T = T1 + T2 + T3; %Construct the reference lattice matrix
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Ref = imregionalmax(real(T)); %finds the local maxima in reference
matrix
Real = imregionalmax(M); %finds the local maxima in the topography
xReal=[];
xRef=[];
for i = 1:L
for j = 1:L
if isempty(xReal);
if isequal(Real(i,j),1);
xReal = i;
yReal = j;
end
else
if isequal(Real(i,j),1);
xReal = [xReal i];
yReal = [yReal j];
end
end
end
end
for i = 1:LL
for j = 1:LL
if isempty(xRef);
if isequal(Ref(i,j),1);
xRef = i;
yRef = j;
end
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else
if isequal(Ref(i,j),1);
xRef = [xRef i];
yRef = [yRef j];
end
end
end
end

ThresRef = 0.15*max(xRef);
[C1,n3] = min(abs(xRef - ThresRef));
ThresReal = 0.15*max(xReal);
[D1,n4] = min(abs(xReal - ThresReal));
pix = 7;

O = exist(strcat(FILENAME,'real.txt'));
if isequal(O,0);
for j = round(ThresReal):(length(xReal)-n4)
if yReal(j) >= xReal(round(ThresReal)) && yReal(j) <=
xReal((length(xReal)-n4))
for i = 1:pix
yR(i) = round(yReal(j)) + (i-(((pix-1)/2)+1));
xR(i) = round(xReal(j)) + (i-(((pix-1)/2)+1));
end
A = max(M(xR,yR));
[A1,n1] = max(A);
N1 = M(xR,yR)';
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f1 = fit(yR.',N1(:,n1),'gauss1');
Cx = coeffvalues(f1);
PosxReal(j) = Cx(2);

B = max(M(xR,yR)');
[B1,n2] = max(B);
N2 = M(xR,yR);
f2 = fit(xR.',N2(:,n2),'gauss1');
Cy = coeffvalues(f2);
PosyReal(j) = Cy(2);
Progress_Real_Image = (j/(length(xReal)-n4))*100
end
end
fid = fopen(strcat(FILENAME,'real.txt'),'w');
fprintf(fid,'x(pix)\t y(pix)\n');
for i=1:length(PosxReal)
A = PosxReal(i);
B = PosyReal(i);
fprintf(fid,'%f\t %f\n',A,B);
end
fclose(fid);
elseif isequal(O,2)
X = dlmread(strcat(FILENAME,'real.txt'),'\t',1,0);
PosxReal = X(:,1)';
PosyReal = X(:,2)';
end
figure(1);
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s=surf(XAmplitude, YAmplitude, M); hold on;
colormap(hot);

scatter3(PosxReal*pix_to_length_y,PosyReal*pix_to_length_x,ones(1,lengt
h(PosxReal))*ZAmp*1.5,'k'); hold on;
s.EdgeColor = 'none';
xlim([0 XAmp])
ylim([0 YAmp])
view([0,90]);

P = exist(strcat(FILENAME,'reference.txt'));
if isequal(P,0);
for j = round(ThresRef):(length(xRef)-n3)
if yRef(j) >= xRef(round(ThresRef)) && yRef(j) <=
xRef((length(xRef)-n3))
parfor i = 1:pix
y(i) = round(yRef(j)) + (i-(((pix-1)/2)+1));
x(i) = round(xRef(j)) + (i-(((pix-1)/2)+1));
end
A = max(real(T(x,y)));
[A1,n1] = max(A);
N1 = real(T(x,y))';
f1 = fit(y.',N1(:,n1),'gauss1');
Cx = coeffvalues(f1);
PosxRef(j) = Cx(2);
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B = max(real(T(x,y))');
[B1,n2] = max(B);
N2 = real(T(x,y));
f2 = fit(x.',N2(:,n2),'gauss1');
Cy = coeffvalues(f2);
PosyRef(j) = Cy(2);

Progress_Reference_Image = (j/(length(xRef)-n3))*100
end
end
fid = fopen(strcat(FILENAME,'reference.txt'),'w');

fprintf(fid,'x(pix)\t y(pix)\n');
for i=1:length(PosxRef)
A = PosxRef(i);
B = PosyRef(i);
fprintf(fid,'%f\t %f\n',A,B);
end
fclose(fid);
elseif isequal(P,2)
Y = dlmread(strcat(FILENAME,'reference.txt'),'\t',1,0);
PosxRef = Y(:,1)';
PosyRef = Y(:,2)';
end
figure(2);
s=surf(XAmplitude_ref, YAmplitude_ref, real(T)); hold on;
colormap(hot);
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scatter3(PosxRef*pix_to_length_x,PosyRef*pix_to_length_y,ones(1,length(
PosxRef))*0.2,'k'); hold on;
s.EdgeColor = 'none';
xlim([0 (1+Adj)*XAmp])
ylim([0 (1+Adj)*YAmp])
view([0,90]);
PosxReal = (PosxReal(PosxReal ~=0));
PosyReal = (PosyReal(PosyReal ~=0));
PosxRef = (PosxRef(PosxRef ~=0));
PosyRef = (PosyRef(PosyRef ~=0));

DeltaX = 1;
DeltaY = 1;
DeltaTheta = 0;
fig = figure(3);
scatter((PosxRef)*pix_to_length_x,
(PosyRef)*pix_to_length_y,'filled','k','DisplayName','Reference'); hold
on;
scatter((PosxReal)*pix_to_length_x,(PosyReal)*pix_to_length_y,'r','Disp
layName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
title('Select Central Atom For Both Lattices, First Reference(!) then
Real')
for i = 1:2
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shg
dcm_obj = datacursormode(fig);
set(dcm_obj,'DisplayStyle','window',...
'SnapToDataVertex','off','Enable','on')
waitforbuttonpress
c_info{i} = getCursorInfo(dcm_obj);
end
F = cell2mat(c_info);
FF = struct2cell(F);
PosRef_Center = cell2mat(FF(2,:,1));
PosReal_Center = cell2mat(FF(2,:,2));
close(fig)
PosxRef_Centered = (PosxRef)*pix_to_length_x-PosRef_Center(1);
PosyRef_Centered = (PosyRef)*pix_to_length_y-PosRef_Center(2);
PosxReal_Centered = (PosxReal)*pix_to_length_x-PosReal_Center(1);
PosyReal_Centered = (PosyReal)*pix_to_length_y-PosReal_Center(2);
fig = figure(3);
f1 = scatter(PosxRef_Centered,
PosyRef_Centered,'filled','k','DisplayName','Reference'); hold on;
f2 =scatter(PosxReal_Centered,
PosyReal_Centered,'r','DisplayName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Centered*DeltaX)*1.1
max(PosxReal_Centered*DeltaX)*1.1])
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ylim([min(PosyReal_Centered*DeltaY)*1.1
max(PosyReal_Centered*DeltaY)*1.1])
title('Make Unique Nearest Neighbors (w = Y+, s = Y-, d = X+, a = X)');
Flag = 1;
while (Flag>0)
k = waitforbuttonpress;
KEY_NAME = get(gcf,'CurrentCharacter')

if KEY_NAME == 'd'
DeltaX = DeltaX+0.0025;
end
if KEY_NAME == 'a'
DeltaX = DeltaX-0.005;
end
if KEY_NAME == 'w'
DeltaY = DeltaY+0.0025;
end
if KEY_NAME == 's'
DeltaY = DeltaY-0.005;
end
if KEY_NAME == 'z'
DeltaTheta = DeltaTheta-(0.1);
end
if KEY_NAME == 'x'
DeltaTheta = DeltaTheta+(0.1);
end
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if KEY_NAME == ' '
Flag = 0;
end

for i = 1:length(PosxRef_Centered)
theta(i) = atand(PosyRef_Centered(i)/PosxRef_Centered(i));
PosxRef_Theta(i) = PosxRef_Centered(i)*(cosd(theta(i)DeltaTheta)/cosd(theta(i)));
PosyRef_Theta(i) = PosyRef_Centered(i)*(sind(theta(i)DeltaTheta)/sind(theta(i)));
end

delete(f1)
delete(f2)
fig = figure(3);
f1 = scatter(PosxRef_Theta,PosyRef_Theta,'filled','k'); hold on;
f2 = scatter(PosxReal_Centered*DeltaX,
PosyReal_Centered*DeltaY,'r'); hold on;
legend(' ');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Centered*DeltaX)*1.1
max(PosxReal_Centered*DeltaX)*1.1])
ylim([min(PosyReal_Centered*DeltaY)*1.1
max(PosyReal_Centered*DeltaY)*1.1])
title('Make Unique Nearest Neighbors (w = Y+, s = Y-, d = X+, a =
X-)');
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end
delete(fig)
fig = figure(3);
f1 =
scatter(PosxRef_Theta,PosyRef_Theta,'filled','k','DisplayName','Referen
ce'); hold on;
f2 = scatter(PosxReal_Centered*DeltaX,
PosyReal_Centered*DeltaY,'r','DisplayName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Centered*DeltaX)*1.1
max(PosxReal_Centered*DeltaX)*1.1])
ylim([min(PosyReal_Centered*DeltaY)*1.1
max(PosyReal_Centered*DeltaY)*1.1])
title('Rough Calibration');
PosxRef_Cal = [PosxRef_Theta 0];
PosyRef_Cal = [PosyRef_Theta 0];
PosxReal_Cal = [PosxReal_Centered*DeltaX 0];
PosyReal_Cal = [PosyReal_Centered*DeltaY 0];

for i = 1:length(PosxReal_Cal)
if abs(PosxReal_Cal(i)) < WINDOW*max(abs(PosxReal_Cal)) &&
abs(PosyReal_Cal(i)) < WINDOW*max(abs(PosyReal_Cal))
PosxReal_Window(i) = PosxReal_Cal(i);
PosyReal_Window(i) = PosyReal_Cal(i);
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end
end
for i = 1:length(PosxRef_Cal)
if abs(PosxRef_Cal(i)) < WINDOW*max(abs(PosxReal_Cal)) &&
abs(PosyRef_Cal(i)) < WINDOW*max(abs(PosyReal_Cal))
PosxRef_Window(i) = PosxRef_Cal(i);
PosyRef_Window(i) = PosyRef_Cal(i);
end
end
PosxReal_Window = PosxReal_Window(PosxReal_Window ~=0);
PosyReal_Window = PosyReal_Window(PosyReal_Window ~=0);

for i = 1:length(PosxReal_Window)
for j = 1:length(PosxRef_Window)
u_x_array(j) = PosxReal_Window(i) - PosxRef_Window(j);
u_y_array(j) = PosyReal_Window(i) - PosyRef_Window(j);
u_r_array(j) = sqrt(u_x_array(j)^2 + u_y_array(j)^2);
end
[U_R,nnn] = min(u_r_array);

if isequal(i,1)
u_r_mag = U_R;
u_r_ref_index = nnn;
u_r_real_index = i;
u_x_mag = u_x_array(nnn);
u_y_mag = u_y_array(nnn);
else
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u_r_mag = horzcat(u_r_mag, U_R);
u_r_ref_index = horzcat(u_r_ref_index,nnn);
u_r_real_index = horzcat(u_r_real_index, i);
u_x_mag = horzcat(u_x_mag, u_x_array(nnn));
u_y_mag = horzcat(u_y_mag, u_y_array(nnn));
end
end
u_r = [u_r_real_index' u_r_ref_index' PosxReal_Window' PosyReal_Window'
u_r_mag' u_x_mag' u_y_mag'];
p_xy = polyfit(PosxReal_Window,u_y_mag,1);
f_xy = p_xy(1)*PosxReal_Window + p_xy(2);
p_xx = polyfit(PosxReal_Window,u_x_mag,1);
f_xx = p_xx(1)*PosxReal_Window + p_xx(2);
p_yy = polyfit(PosyReal_Window,u_y_mag,1);
f_yy = p_yy(1)*PosyReal_Window + p_yy(2);
p_yx = polyfit(PosyReal_Window,u_x_mag,1);
f_yx = p_yx(1)*PosyReal_Window + p_yx(2);
figure(4)
subplot(2,2,1)
plot(PosxReal_Window,u_y_mag,'or'); hold on;
plot(PosxReal_Window,f_xy,'-k');
xlabel('PosxReal');
ylabel('u_y');
subplot(2,2,2)
plot(PosxReal_Window,u_x_mag,'or'); hold on;
plot(PosxReal_Window,f_xx,'-k');
xlabel('PosxReal');
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ylabel('u_x');
subplot(2,2,3)
plot(PosyReal_Window,u_y_mag,'or'); hold on;
plot(PosyReal_Window,f_yy,'-k');
xlabel('PosyReal');
ylabel('u_y');
subplot(2,2,4)
plot(PosyReal_Window,u_x_mag,'or'); hold on;
plot(PosyReal_Window,f_yx,'-k');
xlabel('PosyReal');
ylabel('u_x');
for i = 1:length(PosxReal_Cal)
PosyReal_Cal2(i) = PosyReal_Cal(i) - (p_xy(1)*PosxReal_Cal(i) +
p_yy(1)*PosyReal_Cal(i) + p_yy(2) + p_xy(2));
PosxReal_Cal2(i) = PosxReal_Cal(i) - (p_xx(1)*PosxReal_Cal(i) +
p_yx(1)*PosyReal_Cal(i) + p_xx(2) + p_yx(2));
end
fig = figure(5);
f1 =
scatter(PosxRef_Cal,PosyRef_Cal,'filled','k','DisplayName','Reference')
; hold on;
f2 = scatter(PosxReal_Cal2,
PosyReal_Cal2,'r','DisplayName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Cal)*1.1 max(PosxReal_Cal)*1.1])
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ylim([min(PosyReal_Cal)*1.1 max(PosyReal_Cal)*1.1])

for i = 1:length(PosxReal_Cal2)
for j = 1:length(PosxRef_Cal)
u_x_array_Cal(j) = PosxReal_Cal2(i) - PosxRef_Cal(j);
u_y_array_Cal(j) = PosyReal_Cal2(i) - PosyRef_Cal(j);
u_r_array_Cal(j) = sqrt(u_x_array_Cal(j)^2 + u_y_array_Cal(j)^2);
end
[U_R_Cal,nnn_Cal] = min(u_r_array_Cal);

if isequal(i,1)
u_r_mag_Cal = U_R_Cal;
u_r_ref_index_Cal = nnn_Cal;
u_r_real_index_Cal = i;
u_x_mag_Cal = u_x_array_Cal(nnn_Cal);
u_y_mag_Cal = u_y_array_Cal(nnn_Cal);
else
u_r_mag_Cal = horzcat(u_r_mag_Cal, U_R_Cal);
u_r_ref_index_Cal = horzcat(u_r_ref_index_Cal,nnn_Cal);
u_r_real_index_Cal = horzcat(u_r_real_index_Cal, i);
u_x_mag_Cal = horzcat(u_x_mag_Cal, u_x_array_Cal(nnn_Cal));
u_y_mag_Cal = horzcat(u_y_mag_Cal, u_y_array_Cal(nnn_Cal));
end
end

u_r_Cal = [u_r_real_index_Cal' u_r_ref_index_Cal' PosxReal_Cal'
PosyReal_Cal' u_r_mag_Cal' u_x_mag_Cal' u_y_mag_Cal'];
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p_xy_Cal = polyfit(PosxReal_Cal,u_y_mag_Cal,1);
f_xy_Cal = p_xy_Cal(1)*PosxReal_Cal + p_xy_Cal(2);
p_xx_Cal = polyfit(PosxReal_Cal,u_x_mag_Cal,1);
f_xx_Cal = p_xx_Cal(1)*PosxReal_Cal + p_xx_Cal(2);
p_yy_Cal = polyfit(PosyReal_Cal,u_y_mag_Cal,1);
f_yy_Cal = p_yy_Cal(1)*PosyReal_Cal + p_yy_Cal(2);
p_yx_Cal = polyfit(PosyReal_Cal,u_x_mag_Cal,1);
f_yx_Cal = p_yx_Cal(1)*PosyReal_Cal + p_yx_Cal(2);
figure(6)
subplot(2,2,1)
plot(PosxReal_Cal,u_y_mag_Cal,'or'); hold on;
plot(PosxReal_Cal,f_xy_Cal,'-k');
xlabel('PosxReal');
ylabel('u_y');
subplot(2,2,2)
plot(PosxReal_Cal,u_x_mag_Cal,'or'); hold on;
plot(PosxReal_Cal,f_xx_Cal,'-k');
xlabel('PosxReal');
ylabel('u_x');
subplot(2,2,3)
plot(PosyReal_Cal,u_y_mag_Cal,'or'); hold on;
plot(PosyReal_Cal,f_yy_Cal,'-k');
xlabel('PosyReal');
ylabel('u_y');
subplot(2,2,4)
plot(PosyReal_Cal,u_x_mag_Cal,'or'); hold on;
plot(PosyReal_Cal,f_yx_Cal,'-k');
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xlabel('PosyReal');
ylabel('u_x');
for i = 1:length(PosxReal_Cal2)
PosyReal_Cal3(i) = PosyReal_Cal2(i) - (p_xy_Cal(1)*PosxReal_Cal2(i)
+ p_yy_Cal(1)*PosyReal_Cal2(i) + p_yy_Cal(2) + p_xy_Cal(2));
PosxReal_Cal3(i) = PosxReal_Cal2(i) - (p_xx_Cal(1)*PosxReal_Cal2(i)
+ p_yx_Cal(1)*PosyReal_Cal2(i) + p_xx_Cal(2) + p_yx_Cal(2));
end
fig = figure(7);
f1 =
scatter(PosxRef_Cal,PosyRef_Cal,'filled','k','DisplayName','Reference')
; hold on;
f2 = scatter(PosxReal_Cal3,
PosyReal_Cal3,'r','DisplayName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Cal)*1.1 max(PosxReal_Cal)*1.1])
ylim([min(PosyReal_Cal)*1.1 max(PosyReal_Cal)*1.1])
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LAWLER_FUJITA_VARIANT_STRAINCALC_V3.M
PATH='C:\\Users\dantr\Desktop\NbSe2 Calibration\';
FILENAME = 't1205_152_Filtered2';

% 1.5K NbSe2(t0707_003) Calibration Unisoku System
DeltaX = 0.7575;
DeltaY = 0.795;
p_xx_Calibrated = [-0.0033 0.0077];
p_yx_Calibrated = [-0.0014 -0.0205];
p_xy_Calibrated = [0.0000 -0.0202];
p_yy_Calibrated = [0.0034

0.0009];

theta1 = 80.3;
WINDOW = 1/4;

% a_ref = 0.288; %Au(111)
% a_ref = 0.2887; %Ag(111)
% a_ref = 0.32;

%MoS2

a_ref = 0.3445; %NbSe2

%Choose your reference material by
% uncommenting the line

% a_ref = 0.2461; %HOPG

fid = fopen(strcat(PATH,FILENAME,'.txt'),'r');
DD = fscanf(fid,'%s');
EE = regexp(DD,'Amplitude:');
XAmp = str2double((DD((EE(1)+10):(EE(2)-4))));
YAmp = str2double((DD((EE(2)+10):(EE(3)-4))));
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ZAmp = str2double((DD((EE(3)+10):(EE(3)+16))));
M = dlmread(strcat(PATH,FILENAME,'.txt'),'\t',5,0);
L = length(M);
pix_to_length_x = (XAmp)/L;
pix_to_length_y = (YAmp)/L;
k=(2*pi)/(a_ref*cosd(30));
fclose(fid);
Adj = 0.5;
%Define pixel length in x(y) as total length of x(y) / number of pixels
in
%x(y)
for ii = 1:L
XAmplitude(ii)=ii*XAmp/L;
YAmplitude(ii)=ii*YAmp/L;
end
%Make the size of the reference lattice larger than that of the real
%lattice to ensure that there is 1:1 ref:real atom despite rotation
for i = 1:round(L*Adj)
if isequal(i,1)
XAmplitude_Adjusted = XAmplitude(i);
YAmplitude_Adjusted = YAmplitude(i);
else
XAmplitude_Adjusted =
horzcat(XAmplitude_Adjusted,XAmplitude(i));
YAmplitude_Adjusted =
horzcat(YAmplitude_Adjusted,YAmplitude(i));
end
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end

XAmplitude_ref = horzcat(XAmplitude, XAmplitude_Adjusted +
XAmplitude(end));
YAmplitude_ref = horzcat(YAmplitude, YAmplitude_Adjusted +
YAmplitude(end));
LL = length(XAmplitude_ref);
for ii = 1:LL
for jj = 1:LL
T1(ii,jj) = ZAmp/5*(exp(-(sqrt(1)*k*(XAmplitude_ref(ii)*cosd(theta1) +
YAmplitude_ref(jj)*sind(theta1)))));
T2(ii,jj) = ZAmp/5*(exp(-(sqrt(1)*k*(XAmplitude_ref(ii)*cosd(theta1+60) +
YAmplitude_ref(jj)*sind(theta1+60)))));
T3(ii,jj) = ZAmp/5*(exp(-(sqrt(1)*k*(XAmplitude_ref(ii)*cosd(theta1+120) +
YAmplitude_ref(jj)*sind(theta1+120)))));
end
end
T = T1 + T2 + T3; %Construct the reference lattice matrix
Ref = imregionalmax(real(T)); %finds the local maxima in reference
matrix
Real = imregionalmax(M); %finds the local maxima in the topography
xReal=[];
xRef=[];
for i = 1:L
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for j = 1:L
if isempty(xReal);
if isequal(Real(i,j),1);
xReal = i;
yReal = j;
end
else
if isequal(Real(i,j),1);
xReal = [xReal i];
yReal = [yReal j];
end
end
end
end
for i = 1:LL
for j = 1:LL
if isempty(xRef);
if isequal(Ref(i,j),1);
xRef = i;
yRef = j;
end
else
if isequal(Ref(i,j),1);
xRef = [xRef i];
yRef = [yRef j];
end
end
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end
end

ThresRef = 0.1*max(xRef);
[C1,n3] = min(abs(xRef - ThresRef));
ThresReal = 0.1*max(xReal);
ThresRealUpper = 0.1*max(xReal);
[D1,n4] = min(abs(xReal - ThresReal));
[D2,n5] = min(abs(xReal - ThresRealUpper));
pix = 7;

O = exist(strcat(FILENAME,'real.txt'));
if isequal(O,0);
for j = round(ThresReal):(length(xReal)-n5)
if yReal(j) >= xReal(round(ThresReal)) && yReal(j) <=
xReal((length(xReal)-n5))
for i = 1:pix
yR(i) = round(yReal(j)) + (i-(((pix-1)/2)+1));
xR(i) = round(xReal(j)) + (i-(((pix-1)/2)+1));
end
A = max(M(xR,yR));
[A1,n1] = max(A);
N1 = M(xR,yR)';
f1 = fit(yR.',N1(:,n1),'gauss1');
Cx = coeffvalues(f1);
PosxReal(j) = Cx(2);
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B = max(M(xR,yR)');
[B1,n2] = max(B);
N2 = M(xR,yR);
f2 = fit(xR.',N2(:,n2),'gauss1');
Cy = coeffvalues(f2);
PosyReal(j) = Cy(2);

Progress_Real_Image = (j/(length(xReal)-n5))*100
end
end
fid = fopen(strcat(FILENAME,'real.txt'),'w');
fprintf(fid,'x(pix)\t y(pix)\n');
for i=1:length(PosxReal)
A = PosxReal(i);
B = PosyReal(i);
fprintf(fid,'%f\t %f\n',A,B);
end
fclose(fid);
elseif isequal(O,2)
X = dlmread(strcat(FILENAME,'real.txt'),'\t',1,0);
PosxReal = X(:,1)';
PosyReal = X(:,2)';
end
for i = round(ThresReal):(length(xReal)-n5)
for j = round(ThresReal):(length(xReal)-n5)
if isequal(i,j)
else
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if abs(PosxReal(i) - PosxReal(j))*pix_to_length_x <= 0.2 &&
...
abs(PosyReal(i) - PosyReal(j))*pix_to_length_y <=
0.2
if M(xReal(i),yReal(i)) > M(xReal(j),yReal(j))
PosxReal(i) = PosxReal(i);
PosyReal(i) = PosyReal(i);
else
PosxReal(i) = 0;
PosyReal(i) = 0;
end
end
end
end
end
figure(1);
s=surf(XAmplitude, YAmplitude, M); hold on;
colormap(hot);

scatter3(PosxReal*pix_to_length_y,PosyReal*pix_to_length_x,ones(1,lengt
h(PosxReal))*ZAmp*20,'k'); hold on;
s.EdgeColor = 'none';
xlim([0 XAmp])
ylim([0 YAmp])
view([0,90]);
P = exist(strcat(FILENAME,'reference.txt'));
if isequal(P,0);
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for j = round(ThresRef):(length(xRef)-n3)
if yRef(j) >= xRef(round(ThresRef)) && yRef(j) <=
xRef((length(xRef)-n3))
parfor i = 1:pix
y(i) = round(yRef(j)) + (i-(((pix-1)/2)+1));
x(i) = round(xRef(j)) + (i-(((pix-1)/2)+1));
end
A = max(real(T(x,y)));
[A1,n1] = max(A);
N1 = real(T(x,y))';
f1 = fit(y.',N1(:,n1),'gauss1');
Cx = coeffvalues(f1);
PosxRef(j) = Cx(2);

B = max(real(T(x,y))');
[B1,n2] = max(B);
N2 = real(T(x,y));
f2 = fit(x.',N2(:,n2),'gauss1');
Cy = coeffvalues(f2);
PosyRef(j) = Cy(2);

Progress_Reference_Image = (j/(length(xRef)-n3))*100
end
end
fid = fopen(strcat(FILENAME,'reference.txt'),'w');

fprintf(fid,'x(pix)\t y(pix)\n');
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for i=1:length(PosxRef)
A = PosxRef(i);
B = PosyRef(i);
fprintf(fid,'%f\t %f\n',A,B);
end
fclose(fid);
elseif isequal(P,2)
Y = dlmread(strcat(FILENAME,'reference.txt'),'\t',1,0);
PosxRef = Y(:,1)';
PosyRef = Y(:,2)';
end
figure(2);
s=surf(XAmplitude_ref, YAmplitude_ref, real(T)); hold on;
colormap(hot);

scatter3(PosxRef*pix_to_length_x,PosyRef*pix_to_length_y,ones(1,length(
PosxRef))*0.2,'k'); hold on;
s.EdgeColor = 'none';
xlim([0 (1+Adj)*XAmp])
ylim([0 (1+Adj)*YAmp])
view([0,90]);

PosxReal = (PosxReal(PosxReal ~=0));
PosyReal = (PosyReal(PosyReal ~=0));
PosxRef = (PosxRef(PosxRef ~=0));
PosyRef = (PosyRef(PosyRef ~=0));
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%Define the "matching point" where the real lattice = reference lattice
= 0
fig = figure(3);
scatter((PosxRef)*pix_to_length_x,
(PosyRef)*pix_to_length_y,'filled','k','DisplayName','Reference'); hold
on;
scatter((PosxReal)*pix_to_length_x,(PosyReal)*pix_to_length_y,'r','Disp
layName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
title('Select Central Atom For Both Lattices, First Reference(!) then
Real')
for i = 1:2
shg
dcm_obj = datacursormode(fig);
set(dcm_obj,'DisplayStyle','window',...
'SnapToDataVertex','off','Enable','on')
waitforbuttonpress
c_info{i} = getCursorInfo(dcm_obj);
end
F = cell2mat(c_info);
FF = struct2cell(F);
PosRef_Center = cell2mat(FF(2,:,1));
PosReal_Center = cell2mat(FF(2,:,2));
close(fig)
PosxRef_Centered = (PosxRef)*pix_to_length_x-PosRef_Center(1);
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PosyRef_Centered = (PosyRef)*pix_to_length_y-PosRef_Center(2);
PosxReal_Centered = (PosxReal)*pix_to_length_x-PosReal_Center(1);
PosyReal_Centered = (PosyReal)*pix_to_length_y-PosReal_Center(2);
fig = figure(3);
f1 = scatter(PosxRef_Centered,
PosyRef_Centered,'filled','k','DisplayName','Reference'); hold on;
f2 =scatter(PosxReal_Centered,
PosyReal_Centered,'r','DisplayName','Real'); hold on;
xlim([min(PosxReal_Centered*DeltaX)*1.25
max(PosxReal_Centered*DeltaX)*1.25])
ylim([min(PosyReal_Centered*DeltaY)*1.25
max(PosyReal_Centered*DeltaY)*1.25])
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
title('Make Unique Nearest Neighbors (w = Y+, s = Y-, d = X+, a = X)');
DeltaTheta = 0;
Flag = 1;
%Find correct rotation and any adjustment in x and y piezo calibration
while (Flag>0)
k = waitforbuttonpress;
KEY_NAME = get(gcf,'CurrentCharacter')
if KEY_NAME == 'd'
DeltaX = DeltaX+0.005;
end
if KEY_NAME == 'a'
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DeltaX = DeltaX-0.005;
end
if KEY_NAME == 'w'
DeltaY = DeltaY+0.005;
end
if KEY_NAME == 's'
DeltaY = DeltaY-0.005;
end
if KEY_NAME == 'z'
DeltaTheta = DeltaTheta-(0.1);
end
if KEY_NAME == 'x'
DeltaTheta = DeltaTheta+(0.1);
end
if KEY_NAME == ' '
Flag = 0;
end
for i = 1:length(PosxRef_Centered)
theta(i) = atand(PosyRef_Centered(i)/PosxRef_Centered(i));
PosxRef_Theta(i) = PosxRef_Centered(i)*(cosd(theta(i)DeltaTheta)/cosd(theta(i)));
PosyRef_Theta(i) = PosyRef_Centered(i)*(sind(theta(i)DeltaTheta)/sind(theta(i)));
end
delete(f1)
delete(f2)
fig = figure(3);
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f1 = scatter(PosxRef_Theta,PosyRef_Theta,'filled','k'); hold on;
f2 = scatter(PosxReal_Centered*DeltaX,
PosyReal_Centered*DeltaY,'r'); hold on;
legend(' ');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Centered*DeltaX)*1.1
max(PosxReal_Centered*DeltaX)*1.1])
ylim([min(PosyReal_Centered*DeltaY)*1.1
max(PosyReal_Centered*DeltaY)*1.1])
title('Make Unique Nearest Neighbors (w = Y+, s = Y-, d = X+, a =
X-)');

end

PosxReal_Cal = PosxReal_Centered*DeltaX;
PosyReal_Cal = PosyReal_Centered*DeltaY;
PosxRef_Cal = [PosxRef_Theta 0];
PosyRef_Cal = [PosyRef_Theta 0];

for i = 1:length(PosxReal_Cal)
PosyReal_Cal(i) = (PosyReal_Cal(i) (p_xy_Calibrated(1)*PosxReal_Cal(i) +
p_yy_Calibrated(1)*PosyReal_Cal(i) + p_yy_Calibrated(2) +
p_xy_Calibrated(2)));
PosxReal_Cal(i) = (PosxReal_Cal(i) (p_xx_Calibrated(1)*PosxReal_Cal(i) +
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p_yx_Calibrated(1)*PosyReal_Cal(i) + p_xx_Calibrated(2) +
p_yx_Calibrated(2)));
end
delete(fig)
fig = figure(3);
f1 =
scatter(PosxRef_Cal,PosyRef_Cal,'filled','k','DisplayName','Reference')
; hold on;
f2 = scatter(PosxReal_Cal,
PosyReal_Cal,'r','DisplayName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Cal)*1.25 max(PosxReal_Cal)*1.25])
ylim([min(PosyReal_Cal)*1.25 max(PosyReal_Cal)*1.25])
title('Rough Calibration');

for i = 1:length(PosxReal_Cal)
if abs(PosxReal_Cal(i)) < WINDOW*max(abs(PosxReal_Cal)) &&
abs(PosyReal_Cal(i)) < WINDOW*max(abs(PosyReal_Cal))
PosxReal_Window(i) = PosxReal_Cal(i);
PosyReal_Window(i) = PosyReal_Cal(i);
end
end

PosxReal_Window = PosxReal_Window(PosxReal_Window ~=0);
PosyReal_Window = PosyReal_Window(PosyReal_Window ~=0);
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for i = 1:length(PosxReal_Window)
for j = 1:length(PosxRef_Cal)
u_x_array(j) = PosxReal_Window(i) - PosxRef_Cal(j);
u_y_array(j) = PosyReal_Window(i) - PosyRef_Cal(j);
u_r_array(j) = sqrt(u_x_array(j)^2 + u_y_array(j)^2);
end
[U_R,nnn] = min(u_r_array);

if isequal(i,1)
u_r_mag = U_R;
u_r_ref_index = nnn;
u_r_real_index = i;
u_x_mag = u_x_array(nnn);
u_y_mag = u_y_array(nnn);
else
u_r_mag = horzcat(u_r_mag, U_R);
u_r_ref_index = horzcat(u_r_ref_index,nnn);
u_r_real_index = horzcat(u_r_real_index, i);
u_x_mag = horzcat(u_x_mag, u_x_array(nnn));
u_y_mag = horzcat(u_y_mag, u_y_array(nnn));
end
end
u_r = [u_r_real_index' u_r_ref_index' PosxReal_Window' PosyReal_Window'
u_r_mag' u_x_mag' u_y_mag'];
p_xy = polyfit(PosxReal_Window,u_y_mag,1);
f_xy = p_xy(1)*PosxReal_Window + p_xy(2);
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p_xx = polyfit(PosxReal_Window,u_x_mag,1);
f_xx = p_xx(1)*PosxReal_Window + p_xx(2);
p_yy = polyfit(PosyReal_Window,u_y_mag,1);
f_yy = p_yy(1)*PosyReal_Window + p_yy(2);
p_yx = polyfit(PosyReal_Window,u_x_mag,1);
f_yx = p_yx(1)*PosyReal_Window + p_yx(2);
figure(4)
subplot(2,2,1)
plot(PosxReal_Window,u_y_mag,'or'); hold on;
plot(PosxReal_Window,f_xy,'-k');
xlabel('PosxReal');
ylabel('u_y');
subplot(2,2,2)
plot(PosxReal_Window,u_x_mag,'or'); hold on;
plot(PosxReal_Window,f_xx,'-k');
xlabel('PosxReal');
ylabel('u_x');
subplot(2,2,3)
plot(PosyReal_Window,u_y_mag,'or'); hold on;
plot(PosyReal_Window,f_yy,'-k');
xlabel('PosyReal');
ylabel('u_y');
subplot(2,2,4)
plot(PosyReal_Window,u_x_mag,'or'); hold on;
plot(PosyReal_Window,f_yx,'-k');
xlabel('PosyReal');
ylabel('u_x');
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for i = 1:length(PosxReal_Cal)
PosyReal_Cal1(i) = PosyReal_Cal(i) - (p_xy(1)*PosxReal_Cal(i) +
p_yy(1)*PosyReal_Cal(i) + p_yy(2) + p_xy(2));
PosxReal_Cal1(i) = PosxReal_Cal(i) - (p_xx(1)*PosxReal_Cal(i) +
p_yx(1)*PosyReal_Cal(i) + p_xx(2) + p_yx(2));
end

fig = figure(5);
f1 =
scatter(PosxRef_Cal,PosyRef_Cal,'filled','k','DisplayName','Reference')
; hold on;
f2 = scatter(PosxReal_Cal1,
PosyReal_Cal1,'r','DisplayName','Real (Window Adjustment)'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Cal1)*1.25 max(PosxReal_Cal1)*1.25])
ylim([min(PosyReal_Cal1)*1.25 max(PosyReal_Cal1)*1.25])

for i = 1:length(PosxReal_Cal1)
if abs(PosxReal_Cal1(i)) < 2*WINDOW*max(abs(PosxReal_Cal1)) &&
abs(PosyReal_Cal1(i)) < 2*WINDOW*max(abs(PosyReal_Cal1))
PosxReal_Window2(i) = PosxReal_Cal1(i);
PosyReal_Window2(i) = PosyReal_Cal1(i);
end
end
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PosxReal_Window2 = PosxReal_Window2(PosxReal_Window2 ~=0);
PosyReal_Window2 = PosyReal_Window2(PosyReal_Window2 ~=0);

for i = 1:length(PosxReal_Window2)
for j = 1:length(PosxRef_Cal)
u_x_array(j) = PosxReal_Window2(i) - PosxRef_Cal(j);
u_y_array(j) = PosyReal_Window2(i) - PosyRef_Cal(j);
u_r_array(j) = sqrt(u_x_array(j)^2 + u_y_array(j)^2);
end
[U_R,nnn] = min(u_r_array);

if isequal(i,1)
u_r_mag = U_R;
u_r_ref_index = nnn;
u_r_real_index = i;
u_x_mag = u_x_array(nnn);
u_y_mag = u_y_array(nnn);
else
u_r_mag = horzcat(u_r_mag, U_R);
u_r_ref_index = horzcat(u_r_ref_index,nnn);
u_r_real_index = horzcat(u_r_real_index, i);
u_x_mag = horzcat(u_x_mag, u_x_array(nnn));
u_y_mag = horzcat(u_y_mag, u_y_array(nnn));
end
end
u_r = [u_r_real_index' u_r_ref_index' PosxReal_Window2'
PosyReal_Window2' u_r_mag' u_x_mag' u_y_mag'];
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p_xy1 = polyfit(PosxReal_Window2,u_y_mag,1);
f_xy1 = p_xy1(1)*PosxReal_Window2 + p_xy1(2);
p_xx1 = polyfit(PosxReal_Window2,u_x_mag,1);
f_xx1 = p_xx1(1)*PosxReal_Window2 + p_xx1(2);
p_yy1 = polyfit(PosyReal_Window2,u_y_mag,1);
f_yy1 = p_yy1(1)*PosyReal_Window2 + p_yy1(2);
p_yx1 = polyfit(PosyReal_Window2,u_x_mag,1);
f_yx1 = p_yx1(1)*PosyReal_Window2 + p_yx1(2);
figure(4)
subplot(2,2,1)
plot(PosxReal_Window2,u_y_mag,'or'); hold on;
plot(PosxReal_Window2,f_xy1,'-k');
xlabel('PosxReal');
ylabel('u_y');
subplot(2,2,2)
plot(PosxReal_Window2,u_x_mag,'or'); hold on;
plot(PosxReal_Window2,f_xx1,'-k');
xlabel('PosxReal');
ylabel('u_x');
subplot(2,2,3)
plot(PosyReal_Window2,u_y_mag,'or'); hold on;
plot(PosyReal_Window2,f_yy1,'-k');
xlabel('PosyReal');
ylabel('u_y');
subplot(2,2,4)
plot(PosyReal_Window2,u_x_mag,'or'); hold on;
plot(PosyReal_Window2,f_yx1,'-k');
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xlabel('PosyReal');
ylabel('u_x');

for i = 1:length(PosxReal_Cal)
PosyReal_Cal2(i) = PosyReal_Cal1(i) - (p_xy1(1)*PosxReal_Cal1(i) +
p_yy1(1)*PosyReal_Cal1(i) + p_yy1(2) + p_xy1(2));
PosxReal_Cal2(i) = PosxReal_Cal1(i) - (p_xx1(1)*PosxReal_Cal1(i) +
p_yx1(1)*PosyReal_Cal1(i) + p_xx1(2) + p_yx1(2));
end

fig = figure(6);
f1 =
scatter(PosxRef_Cal,PosyRef_Cal,'filled','k','DisplayName','Reference')
; hold on;
f2 = scatter(PosxReal_Cal2,
PosyReal_Cal2,'r','DisplayName','Real (Window Adjustment)'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Cal)*1.25 max(PosxReal_Cal)*1.25])
ylim([min(PosyReal_Cal)*1.25 max(PosyReal_Cal)*1.25])

for i = 1:length(PosxReal_Cal2)
for j = 1:length(PosxRef_Cal)
u_x_array_Cal(j) = PosxReal_Cal2(i) - PosxRef_Cal(j);
u_y_array_Cal(j) = PosyReal_Cal2(i) - PosyRef_Cal(j);
u_r_array_Cal(j) = sqrt(u_x_array_Cal(j)^2 + u_y_array_Cal(j)^2);
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end
[U_R_Cal,nnn_Cal] = min(u_r_array_Cal);

if isequal(i,1)
u_r_mag_Cal = U_R_Cal;
u_r_ref_index_Cal = nnn_Cal;
u_r_real_index_Cal = i;
u_x_mag_Cal = u_x_array_Cal(nnn_Cal);
u_y_mag_Cal = u_y_array_Cal(nnn_Cal);
else
u_r_mag_Cal = horzcat(u_r_mag_Cal, U_R_Cal);
u_r_ref_index_Cal = horzcat(u_r_ref_index_Cal,nnn_Cal);
u_r_real_index_Cal = horzcat(u_r_real_index_Cal, i);
u_x_mag_Cal = horzcat(u_x_mag_Cal, u_x_array_Cal(nnn_Cal));
u_y_mag_Cal = horzcat(u_y_mag_Cal, u_y_array_Cal(nnn_Cal));
end
end
u_r_Cal = [u_r_real_index_Cal' u_r_ref_index_Cal' PosxReal_Cal'
PosyReal_Cal' u_r_mag_Cal' u_x_mag_Cal' u_y_mag_Cal'];
p_xy_Cal = polyfit(PosxReal_Cal,u_y_mag_Cal,1);
f_xy_Cal = p_xy_Cal(1)*PosxReal_Cal + p_xy_Cal(2);
p_xx_Cal = polyfit(PosxReal_Cal,u_x_mag_Cal,1);
f_xx_Cal = p_xx_Cal(1)*PosxReal_Cal + p_xx_Cal(2);
p_yy_Cal = polyfit(PosyReal_Cal,u_y_mag_Cal,1);
f_yy_Cal = p_yy_Cal(1)*PosyReal_Cal + p_yy_Cal(2);
p_yx_Cal = polyfit(PosyReal_Cal,u_x_mag_Cal,1);
f_yx_Cal = p_yx_Cal(1)*PosyReal_Cal + p_yx_Cal(2);
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figure(7)
subplot(2,2,1)
plot(PosxReal_Cal,u_y_mag_Cal,'or'); hold on;
plot(PosxReal_Cal,f_xy_Cal,'-k');
xlabel('PosxReal');
ylabel('u_y');
subplot(2,2,2)
plot(PosxReal_Cal,u_x_mag_Cal,'or'); hold on;
plot(PosxReal_Cal,f_xx_Cal,'-k');
xlabel('PosxReal');
ylabel('u_x');
subplot(2,2,3)
plot(PosyReal_Cal,u_y_mag_Cal,'or'); hold on;
plot(PosyReal_Cal,f_yy_Cal,'-k');
xlabel('PosyReal');
ylabel('u_y');
subplot(2,2,4)
plot(PosyReal_Cal,u_x_mag_Cal,'or'); hold on;
plot(PosyReal_Cal,f_yx_Cal,'-k');
xlabel('PosyReal');
ylabel('u_x');
for i = 1:length(PosxReal_Cal2)
PosyReal_Cal3(i) = PosyReal_Cal2(i) - (p_xy_Cal(1)*PosxReal_Cal2(i)
+ p_yy_Cal(1)*PosyReal_Cal2(i) + p_yy_Cal(2) + p_xy_Cal(2));
PosxReal_Cal3(i) = PosxReal_Cal2(i) - (p_xx_Cal(1)*PosxReal_Cal2(i)
+ p_yx_Cal(1)*PosyReal_Cal2(i) + p_xx_Cal(2) + p_yx_Cal(2));
end
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fig = figure(8);
f1 =
scatter(PosxRef_Cal,PosyRef_Cal,'filled','k','DisplayName','Reference')
; hold on;
f2 = scatter(PosxReal_Cal3,
PosyReal_Cal3,'r','DisplayName','Real'); hold on;
legend('show');
xlabel(DeltaX);
ylabel(DeltaY);
xlim([min(PosxReal_Cal)*1.25 max(PosxReal_Cal)*1.25])
ylim([min(PosyReal_Cal)*1.25 max(PosyReal_Cal)*1.25])

for i = 1:length(PosxReal_Cal3)
for j = 1:length(PosxRef_Cal)
u_x_array_Fin(j) = PosxReal_Cal3(i) - PosxRef_Cal(j);
u_y_array_Fin(j) = PosyReal_Cal3(i) - PosyRef_Cal(j);
u_r_array_Fin(j) = sqrt(u_x_array_Fin(j)^2 + u_y_array_Fin(j)^2);
end
[U_R_Fin,nnn_Fin] = min(u_r_array_Fin);
if isequal(i,1)
u_r_mag_Fin = U_R_Fin;
u_r_ref_index_Fin = nnn_Fin;
u_r_real_index_Fin = i;
u_x_mag_Fin = u_x_array_Fin(nnn_Fin);
u_y_mag_Fin = u_y_array_Fin(nnn_Fin);
else
u_r_mag_Fin = horzcat(u_r_mag_Fin, U_R_Fin);
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u_r_ref_index_Fin = horzcat(u_r_ref_index_Fin,nnn_Fin);
u_r_real_index_Fin = horzcat(u_r_real_index_Fin, i);
u_x_mag_Fin = horzcat(u_x_mag_Fin, u_x_array_Fin(nnn_Fin));
u_y_mag_Fin = horzcat(u_y_mag_Fin, u_y_array_Fin(nnn_Fin));
end
end

figure(9)
subplot(2,2,1)
plot(PosxReal_Cal3, u_x_mag_Fin,'or');
xlabel('PosxReal');
ylabel('u_x Corrected');

subplot(2,2,2)
plot(PosyReal_Cal3, u_y_mag_Fin,'or');
xlabel('PosyReal');
ylabel('u_y Corrected');

subplot(2,2,3)
plot(abs(PosxReal_Cal3),
u_x_mag_Fin+abs(PosxReal_Cal3)*(p_xx(1)+p_xx1(1)+p_xx_Cal(1)),'or');
xlabel('PosxReal');
ylabel('u_x Before Correction');

subplot(2,2,4)
plot(abs(PosyReal_Cal3),
u_y_mag_Fin+abs(PosyReal_Cal3)*(p_yy(1)+p_yy1(1)+p_yy_Cal(1)),'or');
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xlabel('PosyReal');
ylabel('u_y Before Correction');

X_Strain_Factor = p_xx + p_xx1 + p_xx_Cal
X_Strain_Factor_std = std(u_x_mag_Fin)
Y_Strain_Factor = p_yy + p_yy1 + p_yy_Cal
Y_Strain_Factor_std = std(u_y_mag_Fin)
figure(10)
plot(abs(PosxReal_Cal3),
(u_x_mag_Fin+abs(PosxReal_Cal3)*(p_xx(1)+p_xx1(1)+p_xx_Cal(1)))min((u_x_mag_Fin)),'or'); hold on
plot(abs(PosyReal_Cal3),
(u_y_mag_Fin+abs(PosyReal_Cal3)*(p_yy(1)+p_yy1(1)+p_yy_Cal(1)))min((u_y_mag_Fin)),'ok');
legend('u_{x}', 'u_{y}')

u_r_mat = zeros(length(M),length(M));
u_x_mat = zeros(length(M),length(M));
u_y_mat = zeros(length(M),length(M));

PosyReal_Cal31 = -1*(PosyReal_Cal3 - max(PosyReal_Cal3));
for i = 1:length(PosxReal_Cal3)
x_index(i) =
round(length(M)*(PosxReal_Cal3(i)+1)/(max(PosxReal_Cal3)+1));
y_index(i) =
round(length(M)*(PosyReal_Cal31(i)+1)/(max(PosyReal_Cal31)+1));
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u_r_mat(x_index(i),y_index(i)) = u_r_mat(x_index(i),y_index(i)) +
u_r_mag_Fin(i);
u_x_mat(x_index(i),y_index(i)) = u_x_mat(x_index(i),y_index(i)) +
u_x_mag_Fin(i)+abs(PosxReal_Cal3(i))*(p_xx(1)+p_xx1(1)+p_xx_Cal(1));
u_y_mat(x_index(i),y_index(i)) = u_y_mat(x_index(i),y_index(i)) +
u_y_mag_Fin(i)+abs(PosyReal_Cal3(i))*(p_yy(1)+p_yy1(1)+p_yy_Cal(1));

if abs(u_r_mat(x_index(i),y_index(i))) > 0
for ii = 1:25
for jj = 1:25
u_r_mat(x_index(i)+(13-ii),y_index(i)+(11-jj)) =
u_r_mat(x_index(i),y_index(i));
u_x_mat(x_index(i)+(13-ii),y_index(i)+(11-jj)) =
u_x_mat(x_index(i),y_index(i));
u_y_mat(x_index(i)+(13-ii),y_index(i)+(11-jj)) =
u_y_mat(x_index(i),y_index(i));
end
end
end
end

n = size(PosxReal_Cal3)
figure(12)
imagesc(u_x_mat);
figure(13)
imagesc(u_y_mat);
dlmwrite(strcat(FILENAME,'_ux_matrix.txt'),u_x_mat);
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dlmwrite(strcat(FILENAME,'_uy_matrix.txt'),u_y_mat);
dlmwrite(strcat(FILENAME,'_ur_matrix.txt'),u_r_mat);

