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Two dimensional nanomaterials are atomically thin sheets of molecules that have
properties significantly different to their bulk counterparts. This dissertation inves-
tigates the electronic and optical properties of two dimensional materials and their
Van der Waals heterostructures, employing Raman spectroscopy as a powerful tool for
characterization. A relationship between strain, doping and photoluminescence in Van
der Waals heterostructures is established which contribute to the nanovariations to the
optical signal in microscale devices. These nanoscale variations in a two dimensional
sensing devices contribute to inaccuracies in the detection of analytes adsorbed to the
surface. Further, Machine vision techniques are also utilized to enhance the efficiency
and accuracy of Raman spectroscopy data analysis and image registration. This
registration leads to novel analysis of multispectral images. The research uses ad-
vanced strain analysis from Raman spectroscopy of two dimensional nanomaterials to
register Raman spectral maps with images of data acquired from different microscopic
techniques, such as Scanning Electron Microscopy, Kelvin Probe Force Microscopy,
and Scanning Near-Field Optical Microscopy. Optical microscopy is also used for the
rapid identification of high quality cleaved two dimensional flakes in an automated
way. A one-stage object detection neural network is used for identifying high quality
nanoflakes, and the model uses reinforcement learning as new high quality flakes are
confirmed via Raman spectroscopy. Novel machine vision techniques are further used
to subsegment multiterraced layers. The results contribute to the advancement of

two dimensional materials research and provide insights into potential applications of



these materials in various fields.
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Chapter 1: Introduction

1.1 Overview and Motivations

Heterostructures of stacked two dimensional (2D) materials have developed into a
major field in materials and condensed matter physics in recent years. Research on the
novel exotic phenomena that emerge when layered materials are reduced to a single
layer, and this is novel phenomena is compounded by combining dissimilar materials
through ’stacking’ to form heterostructures. The interactions between these layers
in these heterostructures are often more than the sum of their parts. In addition to
fundamental materials properties, the ultimate length scale of these materials and
their promising properties are hoped to eventually turn into practical applications
and devices. 2D materials are the individual or few layered sheets of bulk layered
Van der Waals materials. These bulk Van der Waals materials have strong covalent
or ionic bonds in the 2D plane but are glued together by weakly interacting Van
der Waals interactions out of plane. These materials are often one atom thick, like
graphene and boron nitride, or consist of multiple layers of atoms like transition metal
dichalcogenides (TMDCs). In the latter, chalcogenide layers sandwich a transition
metal, creating a 3 atom thick monolayer. In fig 1.1 a graphene TMDC heterostructure
is shown. The first discovered, and most widely studied of these materials is graphene,
and is the primary discussion of this dissertation.

Graphene is a single layer of sp? bound carbon atoms in a hexagonal pattern. It is
an isolated layer of the bulk graphite mineral. Graphene in particular is an exciting ma-

terial because of its high electron mobility and ease of doping. Because of the extreme



Figure 1.1. A schematic representation of a Van der Waals heterostructure device.
The bottom layer is a monolayer molybdenum disulfide MoS,, flake, the top layer is a
monolayer graphene sheet. The heterostructure has a doxorubicin molecule adsorbed
to the surface. In section 4 we describe probing this heterostructures electronic
structure to detect the adsorbed molecule.

exposed surface area, two dimensional materials are highly designable. Graphene has
been fabricated into field-effect transistors, inductors, antennas, waveguides, and a
host of other devices [13,16]. Due to its high strength and flexibility it is also seen
as a primary candidate for flexible devices[1]. Flexible optoelectronic devices like
lasers, LEDs, modulators and solar cells have been proposed that operate from the UV
spectrum down to the terahertz range [21|. This is because of graphene’s unique optical
and electronic properties such as its ultrahigh carrier mobility, zero bandgap, tunable
work function, fast carrier dynamics and strong light-matter coupling|43,52,147|.
Molybdenum disulfide is another material that is a hot topic in the two dimensional
devices field. It was one of the first two dimensional materials isolated after graphene
and has a number of properties that make it ideal for fabricating devices with,
including a tuneable direct bandgap with large on/off ratios and absorption in the

visible spectrum|113,143]. MoS; is also flexible, and with its superior semiconducting

2



properties compared to graphene it is natural to assume it can be used in flexible
electronics.

Layered Double hydroxides (LDH) are ionic solids made out of metal cations
sandwiching a layer of hydroxide anions. Research is ongoing in using these layered
double hydroxide materials as catalytic materials and in electrodes. Research into the
use of these layered double hydroxide materials in heterostructures is lacking. But
layered double hydroxide materials offer interesting applications in ion transport and
anion replacement inside of these Van der Waals heterostructures.

Fabrication of these materials is also a labor intensive process that is prone to
error and inconsistent results. The process generally involves a bottom up approach or
a top down approach. Bottom up approaches are the growth of monolayer materials,
often on conductive substrates. Top down approaches are exfoliation methods where
single layers are taken from a bulk crystal. Both methods have their advantages and
disadvantages, but from the growth substrate or from the crystal, transfer is inevitable.
This transfer process often damages the two dimensional materials, and detecting
damaged flakes is a laborious process. From cleaved samples, the researcher must sift
through the hundreds or thousands of flakes to locate mono or few layered materials
that are not excessively damaged. Then they must analyze these flakes to find high
quality samples. The automation of this process is necessary for higher throughput
sample preparation. In this thesis I intend to show new techniques for automating
this process, specifically in characterization of flakes and heterostructures.

These materials are often characterized using multiple microscopy and spectroscopic
techniques. However, due to the high uniformity of these materials, registering the
images of these microscopy methods can be difficult. To perform co-analysis, new

registration techniques must be developed. By analyzing the strain and doping of



these materials, we may find key points to register images. Location of these flakes
can also be problematic because of the low contrast between flake and substrate; and
monolayer and multilayer. Standard machine vision techniques and convolutional

neural networks can be used to assist in the identification of flakes.

1.2 Outline of Thesis

Current device fabrication techniques fail to produce devices with consistent material
properties. This is due to inhomogenieties induced from transfer methods and growth
conditions which lead to device to device variations that will effect the performance of
two dimensional devices. New techniques must be developed to detect these variations
to ensure uniform properties across all fabricated devices. In this dissertation I
intend improve the knowledge of two dimensional materials research by improving
in the detection of these inhomogenieties as well as develop techniques for optical
characterization of these materials.

In this dissertation I intend to show new techniques for determining layer number
of two dimensional materials using purely optical methods. I also intend to show
new techniques for registering Raman spectral maps with images of greatly different
resolution and information content using advanced Raman analysis. Finally, I intend to
use multimodal analysis to improve the understanding of variations between nanoscale
multilayered structures and report novel material properties that can be found in
these heterostructures by beating the diffraction limit when using advanced methods
of optical characterization.

Aim 1: Automatically detect monolayered materials using computer vision tech-

niques and optical microscopy by predicting material color based on Fresnel equations.



Aim 2: Exploit the extraction of strain and doping of Raman spectra for image
registration of Raman maps and other microscopy images of greatly different size and
scale.

Aim 3: Report novel material properties inside multilayered materials caused by
inter and intra device inhomogeneities. Determine the mechanism which cause these
inhomogeneities in these heterostructures so that they may be avoided or mitigated in
future fabrication efforts by using our techniques in Aim 2 to obtain sub-resolution

This dissertation begins with a literature review on the various materials I will
be examining, including previous research into their electrical and properties and
the devices which they are used for. Then I will discuss the methods I am using for
analyzing these materials, which is primarily focused on Raman spectroscopy, atomic
force microscopy and Kelvin Probe force microscopy. Finally I will discuss my three
aims of using Machine vision techniques for identification of flakes and layer number
estimation. Using advanced Raman analysis for image registration of Raman spectral
maps, and discussing the causes of the inhomogeneities of layered materials as well as

their unique properties.



Chapter 2: Literature Review

2.1 Graphene

Graphene was first isolated and characterized by Novoselov and Geim, who were
awarded with the Nobel Prize in physics in the year 2010. Their work with graphene
proved that atomically thin metallic films could be thermodynamically stable, which
was previously thought to be impossible. They also found a way to isolate this material,
through the “Scotch tape” method, or better known now as mechanical exfoliation.
Their initial characterization of few layer graphene included Resistivity based on gate
voltage, hall coefficient, carrier concentration and electron mobility. They found these
two dimensional films to be semimetalic with an overlap between the valence and
conduction bands and had electron mobilities greater than 10,000 cm?/V's [88].

They later went on to show that charge carriers in pristine single layer graphene
behave like massless Dirac fermions opening up the field quantum electrodynamics to
bench top experiments|87]. Then later characterized graphene by Raman spectroscopy,
noting the differences between single layer, multilayer and bulk carbon sheets. This
allowed for fast, nondestructive characterization of single layer graphene which until
this point was lacking[35].

Raman spectroscopy offers fast, non-destructive characterization of the mechanical
and electrical properties of a sample that is useful both in the lab and in large scale
applications. Graphene’s spectra is very similar to that of other carbon allotropes
which have been studied rigorously, reaching back almost 50 years ago by Koenig

and Tuinstra[124]. The spectra of carbon allotropes have given insight to the Raman



spectra of graphene, the primary difference is that graphite has 4 atoms per unit cell

whereas single layer graphene has two as shown in fig 2.1 .
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Figure 2.1. (Left) Top view of the unit cell of monolayer graphene showing the
nonequivalent atoms A and B and unit vectors a; and as. (Right) The reciprocal
space unit cell of graphene with high symmetry points I', K, K’ and M points[89].

Graphite has six phonon mode branches at the Brillouin zone center Figure 2.2,
three optical and three acoustic with two being doubly degenerate. These are I' =
Aoy + By + Eyy, + Eyy . The out of plane modes Ay, and By, are Raman inactive,
and the Elu mode is only infrared active. There is one other normal mode, A;,, at K
that is Raman active, but only if a defect is present. This gives rise to the primary
designations of the peaks of Raman spectroscopy. The Ey, phonon is attributed to the
“graphite” G peak, while the A;, creates the “Defect” D peak. [37] The D peak from
the A;, mode is doubly resonant and shifts due to excitation energy|98] by roughly
50 em~1/eV and its intensity decreases with increasing excitation energy because of
the Kohn anomaly at K[97]. The 2D peak is a D peak overtone caused by a double

phonon process where momentum is conserved by two phonons where the two phonons



are created with opposite wave vectors. Because of this, the 2D peak does not need a
defect to be Raman active. Much of the characterization below will be focused on the
2D and G peaks. There are several other peaks which include the D + D” and 2D’

peaks but are much weaker than the primary G and 2D peaks. The Raman spectrum of

AZu Eiu

A,

Figure 2.2. Vibrational modes of graphene. E,, and Ej, modes are in plane vibrations.
The Fy, mode is associated with the "Graphite" G peak in Raman spectroscopy. the
Ay, and Byy modes are out of plane and are Raman inactive. The A, mode at the K
point is also Raman active and responsible for the 'Defect’ D peak [87].

graphene is sensitive to several external perturbations including gate voltage, magnetic
fields, strain, doping and others. This makes Raman characterization a powerful
tool. When a magnetic field is applied to the graphene perpendicular to the graphene
plane electron trajectories become circular, which affects the backscattering condition.

Faugeras et al. shows that this causes the 2D peak to broaden and red shift. Under



large magnetic fields of >10T the electron energies are quantized into discrete Landau
levels[33]. When the separation of these energy levels reaches the phonon energy level
the phonons become strongly coupled. This allows Raman spectroscopy to probe
electron Landau levels [3].

An edge of a graphene crystal has open bonds which make graphene edges ideal
candidates for chemical functionalization. Graphene edges have different electrical
properties than central graphene. A graphene edge acts as defects as they break
translational symmetry of the crystal. There are two types of graphene edges, the
armchair and zig-zag edges. You et al. showed that you can determine edge chirality
(armchair or zig-zag) by Raman spectroscopy. The D band is shown to be stronger in
armchair regions while weaker in zig-zag regions. This was done using polarized Raman
spectroscopy, as the D band along the edge shows a strong polarization dependence
[141]. Casiraghi et al. showed that the D to G ratio indicative of a well-ordered
edge was not dependent on edge orientation. A macroscopically smooth edge was not
necessarily a microscopically smooth edge [17]. These changes in the Raman spectra
along the edge are caused due to the change in electron-phonon coupling and the
electron-photon electron-phonon matrix responsible for the Raman process[107].

Raman spectra of graphene has been used to great affect to determine the electron
doping and strain in graphene. When strain in graphene was first being discussed
these two phenomena were looked at individually. But, as I discussed in my aims,
this is not possible due to the bimodal sensitivity of the 2D and G peaks this is not
a perfect way of determining strain and doping. Strain properties of graphene were
measured by Lee et al. and found that this astounding material was the strongest
material ever researched with a breaking strength of 42 N m™. This study was done

by nanoindentation with an atomic force microscope [61|. These discoveries drove



an intense amount of effort into the mechanical properties of graphene and their
application in electronics. Strain engineering devices were theorized where graphene’s
band gap could be directly controlled by “graphene origami” and straining the graphene
through changes to the substrate[96] as well as stretchable electrodes |54, 64].

Characterization of strain in graphene has been done by a number of groups.
Proctor et al. observed graphene on a silicon substrate under high pressure in a
diamond anvil. They pressurized the substrate to 3.5 GPa and pressurized unsupported
graphene up to 8 GPa. They that the G and D peak would shift to a higher wave number
when pressure was applied|99]. Ni et al placed graphene on a flexible polyethylene
terephthalate substrate and applied tensile strain up to 0.8% and found that the G
and 2D bands shifted to lower wave numbers as much as -14.2 and 27.8 cm™ per 1%
strain. They calculated this strain could create a 300 meV band gap in graphene[84].
Huang et al. showed peak splitting in the G and 2D modes due to strain. This analysis
shows an opening of the band gap, deformation of the Dirac cones at K and K’ points,
and displacement from the K point [[48,49,76]. In these works they also determine
the Griineisen parameters for the G peak splitting.

Mohr et al. explains the origin of the 2D peak splitting in uniaxially strained
graphene. The polarization and strain direction cause different shifts in the D and 2D
bands due to symmetry breaking of the hexagonal system. In high strain scenarios
the 2D peak splits differently based on phonon direction, the K — M direction and the
I' = M direction|78]. A number of ab initio and TB calculations have been performed
and show that under very high strain values between 16-23% a band gap could be
formed by shifting the Dirac cones located at K and K’. The strain causes the Dirac
cones to move toward each other and eventually merge, resulting in an opening of

a realistic band gap.[27,95,96,112]. Because of the linear electronic dispersion in
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graphene, it is much more susceptible to changes in its carrier concentration than other
semiconductors like silicon. Graphene can be doped in a variety of ways but most
common is electrostatic doping. In this method source-drain electrodes are fabricated
onto graphene on top of a Si/SiO, substrate which is used as a back gate 89,147, or
an electrolyte gel can act as a top gate[31,114]. Because graphene is a single atomic
layer it is sensitive to contact doping. Graphene can reach levels of 4x10'? cm™ on
SiO, [116]. Chemical doping is also common by adsorption of a donor or acceptor
onto the graphene surface. Common dopants include nitric acid[53], ammonia[104],
water[111], NO,[108], and various metal chlorides and organics. Heteroatom doping
has been used to replace a carbon with a nitrogen or boron atom, opening a band gap
but also creating unwanted defects|[91].

Much of the characterization was done early by Ferrari where he shows that the
G peak FWHM decreases as doping increases with either holes or electrons. This is
because the Fermi level shift reduces the number of electronic states available causing
Pauli blocking. The G peak blue shifts with both hole and electron doping because of
the electron phonon coupling is reduced due to the Fermi shift, inhibiting the Kohn
anomaly at " [36]. The 2D band shifts primarily because of the lattice constant change.
The Kohn anomaly at the K-point is unaffected because the phonons involved in the
2D band are too far away from the K point to affect the Kohn anomaly [30].

Lee et al. is the primary source of separating strain from doping. In his work
he describes the trajectories of the 2D and G peaks in graphene that is strained or
doped|63]. By plotting the 2D peak location against the G peak location he shows a
simple vector decomposition method for the separation. This approach has been used
extensively[2,15,38,62,74,83]. The largest problem with this method is that the one

must assume either uniaxial or biaxial strain. Mueller et al. introduced a method for
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averaging peak splitting due to strain and decomposing any strain configuration into
a hydrostatic component and a shear component[82]. Hydrostatic strain represents a
uniform increase in graphene lattice. Shear strain represents a nonuniform deformation
of the lattice while leaving the area of the unit cell unchanged. In this calculation the
direction of doping must be know beforehand, but that is much more easily determined
than the strain configuration.

For all of graphene’s beneficial qualities, it lacks a band gap and interactions with
it’s substrate can lead to defects and unwanted doping or strain. Creating new Van
der Waals heterostructures and layered materials using graphene as a base opens
up opportunities for finding creating new materials that overcome the weaknesses
inherent in graphene. In particular hexagonal boron nitride (h-BN) and transition
metal dichalcogenides (TMDCs) have received a significant amount of attention.

Using h-BN as a substrate for graphene can offer several significant advantages
compared to other substrates. h-BN has a similar lattice structure as graphene, showing
only a 1.5% mismatch [134]. The different onsite energies of the B and N atoms give
a large band gap of 5.97 eV. The energies of the surface optical phonon modes of
h-BN are much larger than similar modes in SiO,, giving improved high-temperature
performance in h-BN /graphene devices. Banszerus et al. showed very small doping
values when graphene was placed on h-BN [11]. Because of the insulating properties of
h-BN, it has been incorporated into many different devices from light-emitting diodes
[138], field effect transistors|105], gas sensor|139], gate dielectric and ferroelectrics [93]

and many others.
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2.2 Transition Metal Dichalcogenides

Transition metal dichalcogenides are a type of material that consists of a transition
metal atom such as molybdenum of niobium bonded to two chalcogen atoms such as
sulfur or selenium in a honeycombed layered structure. These materials have unique
electronic and optical properties, including strong light-matter interactions, which
make them interesting for a variety of applications. As the material is scaled down
from a bulk material to a monolayer material the band gap aligns, and transfers from
an indirect band gap semiconductor to a direct band gap semiconductor [90]. MoS, is
one of the most interesting and widely researched monolayer material. This is because
of its indirect bandgap of 1.2 eV to direct bandgap of 1.8 eV transition, high on/off
current ratios of 10% at room temperature and carrier mobility of 200 cm?/Vs [5]. Like
other TMDCs, MoS, is a layer of molybdenum sandwiched between two layers of
sulfur to form a single total layer that is 0.65 nm thick as shown in Figure 2.3. These
atoms are bonded by strong covalent bonds and each layer is held together by weak
an der Waals forces.

Molybdenum disulfide has a number of interesting electronic capabilities when
compared to graphene. MoS,’s non zero bandgap means that it behaves as a semi-
conductor and it is efficient for logic and electronic devices. Short channel FETs and
low power electronic devices have been created with MoS, due to its two dimensional
structure [130]. Because of the 1.8 eV direct bandgap in MoS, it is an appropriate
material for switchable transistor devices. A monolayer of MoS, was been deposited
on Si0, substrate with a 30 nm thick layer of HfO, has been used to cover it that
work as a top-gated dielectric layer. The device displays the current on/off ratio at

room temperature 10% [102]. Lei Ye et al. prepared a heterojunction based on few
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Figure 2.3. Schematic representation of MoS,. [130]

layers of black phosphorous and molybdenum disulphide associated by Van der Waals
forces for photodetector based application in visible to infrared observation range. The
photoresponsivity achieved in this device 22.3 AW-! observed at 532 nm wavelength
and at 1.55 pum wavelength photoresponsivity has the value of 153.4 mAW™ in a
response time of 15 us[140]. Tyagi et al. utilized the magnetron sputtering technique
to explore the fabrication of a thin film transistor which contains crystal structure
that is hexagonal vertically aligned. This thin film Transistor exhibits a high field
effect Mobility of 24.1 cm? V! 571 and contains appreciable on/off current ratio 10°
[125].

TMDCs have also been used as biosensors which is discussed later in this dis-
sertation. The evolution of biosensors has an important role in detecting various
disease-causing factors. Biosensing has been used in some elementary ways to observe
these disease-causing factors more efficiently. MoS, exhibits promising semiconducting
properties, luminescence properties, and electrochemical properties as an excellent

probe for biosensing for the observation of the number of analytes. MoS, quantum
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dots exhibit a zero dimension also known as inorganic fullerenes have a size in the
range of less than 10 nm[34]. FET biosensors based on MoS, nanosheets illustrated
to observe pH, cancer biomarkers, proteins, etc. with enhanced selectivity and sensi-
tivity. In contrast to monolayers, few layer-based on MoS, displays a better sensitive
response|67]. Li et al. demonstrated the MoS, based FET sensors to detect arsenite.
MoS, covered with an ionophore. As a result, great selectivity was accomplished.
MoS,, sensors with Ti contacts detect 0.1 ppb amount of arsenite which is twofold
less than the consumption value of the world Health Organization (WHO). Various
reports have been demonstrated that are based on FET based biosensors. Sarkar et
al. illustrated that the detection of streptavidin (protein) with the utilization of the
MoS,-Si0O,-Si interface with the detection limit of 100 fM [106].

The phonon dispersion of MoS, has been theoretically and experimentally deter-
mined by a number of groups. However, only one high-symmetry direction of the
Brillouin zone in MoS, has been access by inelastic neutron scattering [132] which has
limited phonon dispersion DFT calculations. Tornatzky et. al. probed the phonon
dispersion in the high-symmetry directions by inelastic x-ray scattering [123]. This
study was done on 2H-MoS, however due to the 2D nature shown in the brilloin zone
by the quadratic dispersion of the out-of-plane acoustic modes (ZA) which is charac-
teristic of 2D materials, this phonon spectra is highly applicable to 2D MoS,.MoS,,
has four first-order Raman active modes, at 286, 383, 408, and 32 cm™ for the Ej,,

E/

5y A1g and Ey respectively, with the Ey; and A, peaks the most pronounced.
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2.3 Layered Double Hydroxides

Layered double hydroxides have sparked a significant amount of interest as electrodes
for supercapacitors as they have facile tunability of their composition, structure and
morphology. Electrodes with high specific capacitance is one of the keys to improve
the energy density of supercapacitors. Recently, a specific capacitance over 103 F-g™!
has been reported for transition metal oxides/hydroxides [120]. This is due to the rich
redox states, which can provide significantly improved specific capacitance compared
with carbon-based materials. Layered double hydroxides (LDHs) are a class of multi-
metal clay formed of brucite layers of metal cations surrounded by hydroxyls, forming a
M2+ (OH)g octahedra. The ease of tuning of the cation layer, with the exchangeability
of anions without altering the structure also give layered double hydroxides interesting
electrochemical /electronic properties. layered double hydroxides are easilly exfoliated
into monolayer sheets making them perfect for electrode use[68]. Much research
has been focused on the fabrication of layered double hydroxide devices, including
core/shell nanoplatelet arrays [44,121], carbon nanotube hybrid electrodes [22], 3D
flower structures [10,69] and flexible solar cells [40]. One interesting effect of layered
double hydroxides is their "memory effect". Calcinating carbonate layered double
hydroxide materials at moderately high temperatures forms layered double oxide,
and rehydrating the LDH can be done to reintroduce OH" as the interlayer anion|18].
This leads to structural deformations in the material by increasing the inter-layer
spacing, as well as storage for OH™ ions which creates a self-generated electrolyte
reservoir. For device fabrication, layered double hydroxide materials have been
created using one-dimensional heterostructures using carbon nanotubes [149|, two

dimensional heterostructures using graphene [137], and 3d structures like nanoflowers
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and nicklefoam [10,69]. My research focuses on the two dimensional face-to-face

structures which make full use of the large surface area of 2D substrates.
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Chapter 3: Methods

3.1 Raman Spectroscopy

A photon incident on a medium results most often with the transmission and reflection
of the photon. But for a small number of incident photons, scattering occurs due to
in inhomogeneities inside the medium. This can be elastic scattering with no change
of wavelength or non-elastic caused by atomic vibrations which produce a change in
the wavelength. Raman spectroscopy is a technique which analyzes the inelastically
scattered light from the sample, which is produced by the interaction of light with
atomic vibrations. The Raman effect has been studied since its discovery in 1930, and
today is a standard technique for analyzing crystals, pharmaceuticals, semiconductors,
and many other materials. The classical description of Raman scattering in crystals
considers an infinite crystalline sample. The atoms in the sample undergo quantized
vibrations which are represented by phonon quasiparticles.

Unlike IR spectroscopy, which requires a change in the dipole moment, Raman
spectroscopy requires a change in the polarizability of a molecule. Consider a dynamic
electric field characterized by E, which is a monochromatic plane wave of frequency

wy and momentum ky:

E(r,t) = Eelttir—et) | pre=ilkir—wit) (3.1)

We can write the displacement of the medium as a function of position and time

by a sum of random oscillations with wave vectors q and frequency w, as:
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X(r,t) = Z(X(q, wy) e Tt L X* (g t)e T wat)) (3.2)

q

We also consider the susceptibility tensor y. of the medium. We will use a Taylor
series expansion and only keep the first two terms because atomic displacements are

very small. Further terms in the expansion would concern a multi-phonon process.

OXe
v+ (55) Xl (53)

and the polarization P(r,t) is:

P(r,t) = eoxe(wr)E(r,t) (3.4)

The combination of the previous 4 equations leads to:

P(T, t) =€0Xe0 (Eei(krrfu.nt) + E*e*i(kﬂ"*wn‘/)) 4
€oe (X (q, wy) B/t r=(urtuwnt) oy (g gy ) prei(atarr=(urtugt)) |
€0Xe (X(q, wq)Eei((kl—q)-r—(w1—wq)t) + X*(q, wq)E*ei((kl_q).r_(wl_wq)t))

(3.5)

This combined equation leads to three components. One term is in phase with
the incoming light and represents Raleigh scattering. The other two out-of-phase
components are caused by interactions with the susceptibility of the medium and
represent inelastic Raman scattering. The inelastically scattered radiation has two
terms, the stokes scattering with wave vector k; — ¢ and frequency w; — w,; and the

anti-Stokes term with wave vector k; + ¢ and frequency w;, + w,. In most studies

19



only the Stokes component of the spectrum is considered, the intensity of Stokes
radiation is much larger than the anti-Stokes radiation and both components give
similar information.

The lattice vibrations, described by X (r,t) are represented by the phonon quasi-
particle. But not all of these lattice vibrations can be probed by Raman scattering.

The selection rules: )
Energy Conservation:

hw; = hw, £ huw,

2. Momentum Conversation —=2q=0 '—‘-;’:-q
qz2k

ki=ks+q—0<]q <2|k|
3. specific crystal symmetry considera-

Tﬁéollillfst rule, energy conservation, is self evident. The second rule, momentum
conservation of maintaining ¢ < k is shown in figure above. Because of this, single
phonon processes can only occur near the Brillouin center, the I' point. The third
point concerns modes of vibration where polarizability does not change in specific
crystal configurations.

These rules can be bent in a two phonon scattering process. If we were to continue
on the previous Taylor expansion of the susceptibility, we would include an additional
frequency component w; and ws for the two phonons included in this process. The
momentum conservation can be maintained for ¢ = —gs. In this case, there is no
limit to the magnitude of possible wave vectors and phonon modes outside of the

Brillouin center may participate in Raman scattering.
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3.1.1 Graphene phonon dispersion

To determine the physical properties of graphene from Raman spectroscopy we need
to examine the phonon dispersion of graphene. Phonon dispersion refers to the
relationship between the frequency and wave vector of phonons, which are quantized
lattice vibrations in a crystalline material. The phonon dispersion relation describes
how the vibrational frequency of a phonon changes as the wave vector is varied. Phonon
dispersion can be measured experimentally using techniques like inelastic neutron
scattering or Raman spectroscopy. The phonon dispersion relation is important for
understanding the thermal and mechanical properties of materials, as well as for
predicting their behavior in response to external stimuli.This phonon dispersion can be
calculated computationally with ab-intio density functional theory[129], or measured
experimentally by X-ray scattering[77|. Both figures agree on the phonon dispersion
which is shown in Figure3.1.

In graphene, the unit cell of the crystal is composed of 2 unequivalent atoms, and
the phonon dispersion is made of six branches: three optical and three acoustic. For
both the optical group and acoustic group, one branch corresponds to an out-of-plane
vibration mode, with the other to being in-plane longitudinal or transverse modes.
The optical transverse and longintudinal phonon modes near the brillouin center I'" are
degenerate and correspond to the in-plane Fy, mode. The vibrations at the K and K’
points have an A, symmetry, and is Raman active in a 2 phonon process, or a defect
activated process. It is this phonon that gives rise to the G and 2D peaks.

At the I" point the longitudinal optical phonon has a sharp kink in the phonon
dispersion where the derivative is discontinuous. This phenomena is known as the

Kohn anomaly and is found in the phonon dispersion of metals. There is another Kohn
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anomaly in the transverse optical branch at the K point. This discovery as made by
Piscance et al. [97]. The slope of this dispersion informs us on the strength of the
electron phonon coupling , the slope around the I' and K points is large, therefore the
electron phonon coupling around these points is also very large.

The two main peaks in graphene are the G peak and 2D peak at approximately
1580 cm™ and 2680 cm™ respectively when probing with a 532 nm laser. The G band
is due to a single phonon scattering event at the I' point. The G peak excitation
process is described in Figure 3.2. A photon is absorbed by the graphene, which
creates an electron/hole pair and the electron resides in an unstable virtual energy
state. The electron scatters a phonon which transfers energy from the electron to the
phonon. Then the electron recombines and emits a photon of a lower energy. The 2D
peak is a two phonon intervalley process described by Thomsen and Reich [122| where
an electron-hole pair is created like in the case for the G peak, But in the case of the
phonon scatters the electron from the K point to an nonequivalent K’ point, and is
scattered back to the original K point. This is a resonant two phonon process. The 2D
band is dispersive and shifts at a rate of 100 cm™ per eV of excitation energy. The 2D
peak’s dispersivity is due to the linearity of the band structure near the K point. This
linearity leads to a large range of resonant absorption energies. A different energy of
phonon is scattered at different absorption energies, and a because the phonon band
is so steep in this area, a small change in excitation energy leads to a large change in
the scattered phonon energy.

The identification of monolayer graphene is also important, and it is identified
primarily by the 2D peak. In bilayer and multilayer graphene the band structure
differs slightly. In multilayer graphene the coupling of out of plane interactions leads

to four parabolic bands instead of the single linear phonon band around the K point
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Figure 3.1. adapted from [129], Phonon dispersion of graphene. With two atoms
int he unit cell, graphene has six phonon branches: three are acoustic (A), three are
optical (O) phonon branches. The in-plane phonon modes are classified as longitudinal
(L) or transverse (T) according to the direction of the nearest carbon—carbon atoms.
Longitudinal (transverse) modes refer to vibrations parallel (perpendicular) to C-C
directions. The six phonon branches are named as follows: out-of-plane acoustic (ZA)
and out-of-plane optical (ZO) phonons, whereby the Z indicates that the displacement
vector is along the Z axis; transverse acoustic (TA), transverse optical (TO), longitu-
dinal acoustic (LA) and longitudinal optical (LO) phonons.
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Figure 3.2. Adapted from [37], The Raman process. Electron dispersion (solid black
lines), occupied states (shaded areas), photon absorption (blue lines) and emission
(red lines), intraband transitions accompanied by phonon emission (dashed arrows)

in Dirac space [73]. Due to this the 2D peak is no longer a single Lorentzian peak,

but is made of four closely clustered Lorentzian peaks

3.1.2 MoS;and Raman spectroscopy

MoS; is in a family of TMDC’s composed of two adjacent sheets of chalcogen atoms
separated by a layer of transition metal atoms, therefore a monolayer of the material
is a trilayer structure. A unit cell of MoS, is made up of three atoms, two sulfur and
one molybdenum. It has the same reciprocal lattice as graphene, as well as the same
symmetry points. In MoS, the two main bands are from the E! and A;,’ phonon
modes. The Ey,” phonon mode is similar to the graphene’s Eo, phonon mode (G band)

which is typically observed for MoS, at around 383 cm™. The A;” phonon mode is an
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Figure 3.3. Inelastic X-ray scattering measurements and density-functional perturba-
tion theory calculations of the phonon disperision of MoS, along the high-symmetry
directions. Circles represent measurements probing phonons with an in-plane lon-
gitudinal (L)/ in-plane transverse(T)/ and out-of-plane transverse (Z) components.
Values at the I" point are Raman and IR spectroscopy data.|[123|

out-of-plane vibration not shared by graphene which is observed in MoS, at 407 cm™,
and the 2LA(M) mode at around 408 cm™ are also commonly observed. The phonon
dispersion is shown in 3.3

The Raman set up may also be used to study the photoluminescence of nanomateri-
als. When a material is excited by a photon of light, it can generate excitons, which can
subsequently decay and emit photons through the process of luminescence. The energy
and lifetime of these emitted photons can provide information about the properties
of the excitons, such as their binding energy and mobility. Two dimensional MoS,
experiences a marked increase in photoluminescence compared to its bulk counterpart.

This is because the strong layer interaction between individual layers in MoS, which
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can result in forming excitons with low binding energies and short lifetimes. These
excitons are prone to dissociate before emitting a photon. Monolayer MoS, lacks
additional layers to form strong bonds with, allowing the formation of high binding
energy excitons with longer lifetimes.

Excitonic effects in MoS, very strongly influence the electronic properties. One of
the key features of monolayer

The relative intensity of the A and B exciton peaks can be strongly influenced
by external factors, such as temperature, doping, and strain. For example, at low
temperatures, the A exciton peak dominates the photoluminescent spectrum, while at
higher temperatures or under certain types of doping or strain, the B exciton peak
may become more prominent. (Include citations and Figures, which are representing
Raman and photoluminescence in MoS,)

Trions can also affect the photoluminescence of monolayer MoS, in several ways.
A trion is a three-particle complex formed by two electrons and one hole or two holes
and one electron in a material. In monolayer MoS,, trions can form due to the strong
Coulomb interaction between the electron and hole carriers in the material. One effect
is seen in the modification of the intensity of the excitonic peaks. Trions can act as a
competitor for excitons in the recombination process, leading to a reduction in the
intensity of the excitonic peaks. This effect is particularly pronounced at high carrier
densities, where the formation of trions becomes more probable due to the higher
density of carriers.

Trions can also modify the linewidth and energy position of the excitonic peaks.
The presence of trions can lead to a broadening of the excitonic peaks and a shift
in their energy position. This effect is due to the interaction between the trion and

exciton, which modifies the binding energy of the exciton and changes the energy
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required for their recombination.

3.1.3 Extracting Raman doping and Strain information

The primary information which we extract from the Raman spectral data is strain and
doping information. The background signal of Raman spectra for single layer graphene
was fit and subtracted using air PLS [148]. Then peaks were fit for both single layer
graphene and TMDC spectra using the non-linear least-squares minimization and
curve-fitting library (LMFIT) for python. Peaks were fit using Lorentzian line shapes
around the D, G*, G, 2D and 2D~ peaks, as well as around nearby shoulder peaks
if they were distinguishable.

The initial separation of strain and doping is accomplished by examining the
central peak position of the 2D and G line fits. These Raman frequencies are sensitive
to both strain and doping because of the change in lattice constants and force fields
that effect the phonon frequencies. Lee et al. created a procedure for extracting the
strain and doping of graphene through the statistical analysis of the changes in the
Raman frequency position [63|. By plotting the 2D and G peaks against each other we
are able to see trends in the spectra which represent modulation either by strain or by
doping, or both. Strain is seen in the single layer graphene Raman data as a cluster in
of the 2D /G correlation plot (Figure 3.4) with a linear slope of approximately 2.2. The
linear slope for p-doped single layer graphene is approximately 0.75 which is also seen
in Figure 3.4. At very low values of p-doping and n-doping the dependence should be
nonlinear, though, due to Fermi velocity (density of states) renormalization.

It is known that graphene on MoS, and SiO, substrate is typically p-doped.

Assuming linear correlation with Raman frequencies, we can extract the relative
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Figure 3.4. G vs 2D plot showing the split of graphene on the bare SiOs substrate
(light blue) and over MoS, island (green). Red/yellow line indicates a characteristic
slope for G-2D data correlation caused by pure doping/strain (isotropic biaxial).

change in strain and doping by solving the linear equation system:

e Qe,g bp.g € e

Wap Qe 2D bp,2D P Wap,

Where the vector (wg,,wap,) should be calibrated against unstrained and undoped
graphene reference sample, and a.2p/a. ; = 2.2 and b,2p/b, ¢ = 0.75 This equation

gives the system of equations:
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weg =€+ p+wg, (3.7)
Wop = 2.2 + O75p + Wap, (38)

Graphene has two different polarizations of optical modes that are degenerate at
zero strain. Depending on the axial direction of (uniaxial) strain, position of one of the
modes shifts with respect to the other one. This generates a Raman doublet for general
strain. Knowing a particular strain configuration is only possible with Raman mapping
in polarized light, which resolved the polarization of a phonon mode. However, even
in the case of non-polarized Raman data, position of individual components of the
doublet allows to separate the isotropic and anisotropic components of the strain. The
latter corresponds to the shear strain, although in order to determine specific shear
direction, a polarized spectroscopy will be required, also on a calibration sample with
know lattice orientation.

Mueller et al. developed a formalism to separate the doping and hydrostatic strain
and shear strain components[82| . Critically, the shear strain component does not
change the strain/doping correlation, that is, the slope of the curves in Figure 3.4.
While the hydrostatic component does not affect the splitting of the 2D or G peaks
into doublet, as it shown on Figure 3.5. The amount of the splitting allows us to
determine the magnitude of the shear strain, while the magnitude of the hydrostatic
strain can be determined by examining the averaged peak position (after splitting).
We can then determine the magnitude of the strain components and the doping
by examining the shift of the peaks in a “zero strain” case or a “zero doping” case.
Parametrization follows the paper by Das et al.: in the undoped case the 2D peak

shifts at a rate of 1.04 cm™! per 10'2 ecm™ hole density [29]. We use 2D splitting
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Figure 3.5. from [50]The dots and filled line represent the experimental data and the
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G-doublet for bare graphene. (inset) Schematics of G-line splitting with the shear
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the splitting.

data and the Grueneisen parameter and the shear deformation potential from [82] to

determine the strain components from:

wyp = (wap) (—aven + Bey) (3.9)

where o = 1.8 is the Grueneisen parameter for single layer graphene, and 5 = 0.99 is
the shear deformation potential. in figure 3.6 and 3.7 we see the fit parameters for the
graphene spectra.

The strain and doping of MoS, can also be determined from Raman correlation
data [103]. Peaks for MoS, were fit in the same way as the graphene peaks (Figure

3.8). For the case of MoS,; we compare E peak and A peak that are near 382 and
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Figure 3.6. The maps showing the fitted parameters for splitting of 2D peaks.

404 cm™! respectively. The E peak position is more sensitive to strain, similar to
the 2D peak of single layer graphene, while the A peak position is more sensitive to
doping, like the G peak of single layer graphene. The slope for strain correlation is
~4; the slope for doping is ~0.12. We can then use the undoped E peak position,
and a Gruneisen parameter for MoS, of ~0.86, to obtain the average strain. Then we
examine the unstrained A peak position which shifts at a rate of 4 cm™! per 1.8 10
cm~?2 [19] and determine the doping. Unlike graphene, the peak splitting in MoS, is is

not discussed.

wp =€+ p+wg, (3.10)

wa = 0.12¢ 4 0.86p + wa, (3.11)
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Figure 3.7. The maps showing the fitted parameters for splitting of G peaks.

3.2 Atomic Force Microscopy

Kelvin Probe Force Microscopy (KPFM) is a scanning probe microscopy technique
that measures the surface potential and work function of a sample. This technique
is a non-destructive, non-contact method that can be used to study the electronic
properties of a wide range of materials, from semiconductors to insulators. KPFM
has emerged as a powerful tool for the characterization of surface electronic properties
and has been used to study a variety of systems, including thin films, surfaces, and
interfaces.

The basic working principle of KPFM is based on the measurement of the electric
force between a conductive probe tip and the sample surface. A conducting tip is
brought close to the sample surface, and a small AC voltage is applied between the tip

and the sample. The AC voltage produces an electric field that perturbs the surface
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Figure 3.8. The maps showing the fitted parameters for MoS, peaks.

potential of the sample. The perturbation in the surface potential is detected by
measuring the change in the frequency of the AC voltage applied to the probe tip.
The principle of KPFM is based on the Kelvin probe, which was first introduced by
William Thomson, also known as Lord Kelvin, in 1867. The Kelvin probe is a method
for measuring the work function of a material by bringing it into contact with another
material of known work function. The Kelvin probe method measures the potential
difference between the two materials, which is proportional to the difference in their
work functions. The work function is a fundamental property of a material that
determines its electronic properties, such as electron affinity and ionization potential.
KPFM is a non-contact method of measuring the work function that is based on
the Kelvin probe method. In KPFM, a conductive probe tip is brought close to the
sample surface, but without touching it. The tip and the sample are separated by a
small gap, typically in the range of a few nanometers. The probe tip is then biased

with a small AC voltage, which creates an electric field in the gap between the tip and
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the sample. The electric field perturbs the surface potential of the sample, creating a
small AC voltage that is detected by a lock-in amplifier.

The lock-in amplifier is used to measure the change in the frequency of the AC
voltage applied to the probe tip. The frequency shift is proportional to the surface
potential of the sample. By measuring the surface potential, the work function of
the sample can be determined. The work function is an important parameter that
characterizes the electronic properties of the material, such as its electronic band
structure and its ability to form interfaces with other materials.

KPFM has several advantages over other techniques for measuring the work
function, such as photoemission spectroscopy and inverse photoemission spectroscopy.
KPFM is a non-destructive method that can be used to study samples in situ, under
a variety of environmental conditions, such as high vacuum, ambient, or in a liquid
environment. KPFM is also a high-resolution technique that can be used to study
surfaces with a resolution of a few nanometers. KPFM can be used to study a wide
range of materials, from metals to insulators, and it has been applied to study a
variety of systems, such as thin films, surfaces, and interfaces.

The value given by the KPFM probe is the contact potential difference (CPD)
which is the difference between the work function of the tip and the probed surface.
given by the equation below equation, where ¢ is the work function and e is the

elementary charge.

CPD = (¢tip - ¢sample)/e (312)

Prior to each set of the experiments, the ¢, of the tip was calibrated with freshly
cleaved highly oriented-pyrolytic graphite at ambient conditions. This value was used

for the sample ¢y, calculations:
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CPD = (¢up — drorc)/e (3.13)

In fact, highly oriented pyrolytic graphite (HOPG) doesn’t form interface dipoles with
ambient contamination on the surface such as hydrocarbon, waters, etc., because it
is chemically inactive[45]. The KPFM measurements are done in dual-pass regime:
during the first pass the instrument is measuring topography of the sample surface in
tapping mode, during the second pass the AFM tip is hold on distance z above the
surface. To measure CPD the electrostatic field is created by applying AC voltage
between tip and sample (VAC) during second pass and a lock-in amplifier tracks
variations in the response amplitude. An additional DC bias (VDC) is applied to the
tip, that the force is minimized when Vpo = Vopp . The electrostatic force is related
to the capacitance C between AFM tip and the sample:
10C

Fr = §§(AV)2 (3.14)

Here, the potential difference between the tip and the sample AV =V — Vgpp. V
is the sum of all externally applied voltages to the tip or sample. As a result, with both
AC voltage and a constant bias, V = Vpe — Ve X sin(wgt), the resulting electrostatic

force can be divided into one static and two dynamic spectral components:

1.0C
Fstatic = 5(6_2 [(VDC - VCPD>2 + VjC/Q] (315)
oC ‘
F,. = g(VDC — Vepp)Vacsin(wgt) (3.16)
15C
Fgwe = ZEVACCOS(Qwet) (317)
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3.17 is the fundamental equation describing AM-KPFM: When Vpe = Vepp, the
amplitude of the response at the angular frequency wE vanishes. In AM-KPFM, a

feedback loop minimizes the response amplitude by adjusting Vpe [8].

3.2.1 Extracting Charge Density in monolayer graphene and

MOSQ

For 2D materials with parabolic dispersion relation (with massive fermions), like MoSs,
the energy is given by: E = E, + h*k?/(2m*). Then, the density of states (DOS) is
constant for each band: = 2m*/(wh?). Then, the following integral gives the carrier

density dependence on the Fermi level (spin and valley degeneracy included):

_ 2m” o dE

- 7h2 E. 1+exp[%]

_2m*kT10 1+e F-E =N.log|1+e 1Bl — £
T om0 AT ) T e R

where we assume that both Fermi level F' and E. = —4.21 ¢V|60| are taken with

n(F)

respect to the vacuum level and, thus, are negative (this definition is consistent with
the definition for Dirac point Fp, conduction band edge E. and Fermi level F'. The
conduction band DOS is given by:

B 2m*kT B 2m* kT

wh? m, ma% Ep

N. ~ 7.610" cm > (3.18)

with m, being the free electron mass, ag = 0.53 A, Ep = 27 ¢V, and effective mass in
MoS, is taken to be 0.35m,[94].

There are two limits to be noted: for non-degenerate doping (|F| > |E.|, Fermi
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level lies below the bottom of CB), one can use log(1 + z) ~ z and write:

(3.19)

F|— |E,
n >~ N, exp {—M}

kT
while in the degenerate doping limit (|E.| — |F| > kT > 0, Fermi level is within
the CB), unity is neglected compared to the large exponential, and we derive linear
dependence of the charge density on the Fermi level:

| Ee| — |F]

~ N,
" kT

(3.20)

Correspondingly for the monolayer graphene, which is gapless with a linear disper-
sion relation F = hvpk, we derive:

(Ep — F)°

2,2
Th?vy

ng(F) = = N, (Ep — F)? (3.21)

where the Dirac point Ep = xspg ~ —4.57 eV[144|, and Fermi velocity vp ~
1.16 10° m/s[58]. We emphasize that N, is not a density of carriers, neither it is a
2D-DOS in a classical sense: N, ~ 5.46 10" cm™2 eV 2.

Since the 2D materials are electrically isolated from the Si substrate by the oxide
layer, they are at floated potential and the charge transfer produces 2D charge densities
+eny, equal (by magnitude and opposite by sign) in both layers, and generates 20V,
a potential difference between TMDC and single layer graphene (¢(z + d/2) = £6V).
This potential difference is linearly proportional to the surface charge formed at each
of the materials, as the result of charge transfer.

Then, the positions of the Fermi levels, both defined with respect to the higher
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vacuum level in single layer graphene, are:
|Fyl = [F7] = Ap |Fitosa| = [Fifns,| + 28V + Arasos, (3.22)

where the differences: Ap = Fg(o) — F > 0 is the Fermi level (up)shift in graphene,
which can be measured as work function difference taken on and off the TMDC island,
and Appros,, the Fermi level (down)shift in MoSs.

Knowing the expression for TMDC and single layer graphene DOS, one can easily
calculate the charge transfer and, then, the potential difference between the layers
in the vertical heterostructure. Thus, the relation between the measured single layer
graphene work function and the doping level of TMDC can be established, as shown

in the Figure 4d of main text.

3.3 Sample Preparation

Exfoliation of layered materials, also known as mechanical cleaving, into few layers
of high quality material was the first developed method of exfoliation with graphene
[89]. This is a relatively easy approach for material production but comes with a
number of issues such as the inability to scale, and the relatively small area one can
acquire. There have been a number of other methods of exfoliation from bulk crystals
of layered materials which include sonication, intercallation, ball-milling and others
[72]. Chemical vapor deposition (CVD) provides a continuous sheet of layered material
but some CVD grown materials only work on specific substrates. For graphene this is
most often copper but also on nickel, platinum or gold [117]. The CVD grown product

can be transferred to semiconducting substrates through various means discussed
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below.

CVD graphene is grown through the decomposition of CH, gas in high temperatures
(>1000 °C). Graphene has also been grown on silicon silicon carbide which creates
high quality large area graphene on a semiconducting substrate. In this method,
SiC substrates are annealed at high temperature (>1400 °C). The SiC decomposes
into silicon and carbon. The silicon evaporates and leaves behind monolayer sp?
hybridized carbon. However, amorphous carbon is sandwiched between the graphene
and SiC substrate [85]. The limited growth substrate for graphene introduces a new
challenge, transfer of the graphene onto a new target substrate. Wet chemical and dry
chemical techniques have been utilized for transferring epitaxially and CVD grown
graphene [126]. In the wet process, graphene transfer is directed by etching away a
metal substrate with iron cloride, hydrochloric acid, or nitric acid or electrochemical
bubbling based on the permeation based on permeation of H or O ions through
the graphene metal interface. Dry methods use an adhesive which can pull the
graphene off of its substrate and releases through heat, pressure or UV exposure[24].
We used CVD grown graphene transferred with the assistance of polymers such
as PMMA to prevent the graphene from tearing . This introduces yet another
problem, the contamination of the sample by transfer medium. The polymer must
be cleaned through dissolution by organic solvent such as acetone. Polymer residue
introduces impurities which dope the material. Numerous treatments have been
proposed including annealing, plasma treatment, ozone treatment, laser cleaning, and
e-beam treatment [25,115,118,133|. These treatments, however, bring additional
challenges. They may increase the chemical sensitivity or oxidation of the graphene
surface which would lead to additional defects.

Many methods have been reported to prepare MoS, such as mechanical exfoliation
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of bulk MoS,, chemical exfoliation , CVD (sulfurization of Mo based compound or
sulfurization of Mo and Mo based oxides), thermal decomposition of (NH,),MoS,
and vapor-solid growth from MoS, powder. Despite the great progress in preparation
methods, controllable synthesis of 2D TMDCs with a uniform-large scale production
remains an open question. Among all synthesis methods,the CVD one is a promising
candidate for production of 2D MoS, films on a wafer-scale, necessary for practical
applications like large scale integrated electronics[119]. In CVD process, 2D MoS,
is grown under the flow of argon gas in a quartz tube furnace at high temperature.
Molybdenum trioxide (MoQj) is placed in a high-temperature area of the furnace (600-
800 °C) and sulfur powder is put in a low- temperature area of furnace. The reaction
starts while argon gas continuously flows to protect the atmosphere. After evaporation
of two precursors, the sulfur vapor is driven by argon gas through molybdenum source.
The reaction of sulfur and molybdenum vapor leads to grow 2D MoS, on a substrate,
placed upside-down close by MoO,. When the reaction is completed, argon is pumped
to cool it to room temperature. The stoichiometric ratio of Molybdenum to sulfur
plays a key role in the morphology and shape of 2D MoS,: the ratio of 1:1 causes to
grow the hexagon shape flakes and an uneven ratio will give rise to triangles as seen
in Figure 4.13. Because some substrates of MoS, growth are unsuitable, it may also
be transfered with many of the same drawbacks as transferring graphene.

Graphene was transferred in a number of ways throughout this dissertation. For
bubble transfer, graphene (purchased form Graphenea, grown by CVD method on Cu
foil) was covered by polysiloxane film. Then, it was put under pressure 1 MPa for
30 min. To delaminate graphene from the Cu foil, the electrochemical method (10V
and 1A) has been applied. In this process, H2 bubbles were generated at the interface

between graphene and the substrate (Cu) and caused graphene to detach from Cu.
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The reduction reaction (equations shown below) of aqueous solution (NaOH) occurred
according to the voltage applied between anode (Pt) and the cathode (Cu). This
causes hydrogen bubbles and hydroxide ions to form at the interface between copper
and graphene. To rinse the polymer film/graphene, it was transferred into DI water
and left it for 10 min, this step was repeated twice. Then, the polymer film/graphene
was scooped onto a clean SiO, /Si substrate. Finally, polysiloxane film was peeled off
from graphene after baking on hot plate (at 1000C and for 30 min) (Figure.3.1).

One alternative to peeling off the graphene film was dissolution of the sacrificial
PMMA polymer support via the new Soxhlet extraction method developed by Ayodele
et al. [9]. The apparatus, as shown in Figure 3.9, consists of a glass chamber equipped
with a siphoning tube, vapor tube, and reflux condenser. The composite sample
was carefully inserted into the extraction chamber using tweezers, and reagent-grade
acetone was added into the flat bottom flask placed inside a heating mantle. The
solvent was heated to achieve steady boiling of the solvent (> 57 °C), allowing
ultra-pure acetone to evaporate and subsequently condense and fill up the chamber
containing the PMMA /graphene/SiO2 composite. The automated batch extraction
process was allowed to continue for 4 h without any mechanical disturbance, after
which the 2D material was removed from thimble, dried in a stream of ceN2 gas, and
then stored in an air-tight sample holder.

For mechanical exfoliation, highly oriented pyrolitic graphite was cleaved using
dicing tape from Ultron Systems. Repeated cleaving of a graphite flake increases the
likelyhood of acquiring monolayer graphene. Graphene was then deposited manually
from the tape onto a substrate or automatically using the QPRESS exfoliator module
provided by Brookhaven National Labs.

For our experiments, MoS, was grown in accordance with |6]. High quality 2D MoS,
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Figure 3.9. from [9], diagram of Soxhlet-assisted graphene transfer. (a) Graphene on Cu
foil, (b) graphene spin-coated with PMMA, (c) Cu foil removal by the electrochemical
method and subsequent transfer on the SiO2/Si substrate, (d) graphene attached on
the Si02/Si-PMMA composite, (e) Soxhlet apparatus setup for PMMA removal, and
(f) ultra-clean graphene on the target substrate.

samples were grown at 650 °C on Si/SiO, substrates using a home-built CVD setup
with a one-inch quartz tube fitted in Lindberg furnace equipment. Figure 3.10 shows
that the morphology and shape of 2D MoS, varies depending on the stoichiometric
ratio of Molybdenum to sulfur:hexagon shape flakes grow when the ratio is 1:1, an
uneven ratio will give rise to triangles. The SEM and Raman analysis confirm that
the majority of MoS, flakes are monolayers, however, some flakes, especially hexagons,

have small islands of second- and third-layer.
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Figure 3.10. from [6], (a and b) Helium Ion Microscopy of as-grown MoS,; (c and d)
SEM images of MoS, transferred to conductive substrate for CAFM characterization;
Raman maps of monolayer MoS,: (f) at 383 ¢!, and (e) at 402cm™. The scale bars in
(a, d, e and f) are 5 pm and in (b) 50 pm, in (c¢) 500 nm
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Chapter 4: Results

4.1 Nanoflake Detection

The quality of graphene and other layered materials depends highly on fabrication
method. Exfoliated graphene is generally considered to be the highest quality when
compared to other methods of graphene growth, mainly chemical vapor deposition
(CVD) graphene and epitaxially grown graphene. This is because the graphene grown
through CVD or epitaxy is not grown on a suitable substrate for most use cases.
CVD graphene is grown on metallic foils, and epitaxial graphene is grown on silicon
carbide which contains a buffer layer of bulk carbon. The transfer of these materials
can leave induce wrinkles, tears, contamination and defects on the graphene.Many
researchers have attempted to resolve this issue [9,126]. However exfoliated graphene
is still considered the highest quality material for individual flakes [131].

Exfoliated materials have a number of benefits, for small sample sizes the researcher
requires almost no equipment other than tape. Samples are relatively pristine as the
cleaving process exposes sheets interior sheets which have minimal exposure to the
atmosphere. Layered material exfoliation is relatively fast and easy. The technician
touches tape to a bulk crystal, for graphene that would be Highly oriented pyrolytic
graphite which is pure and ordered graphite. The technician folds and peels the tape
repeatedly to exfoliate thinner and thinner crystals of layered material before touching
the tape to the final substrate. Exfoliating technique, peeling speed, angle of the
peeling, and other variables can affect the yield of the layered material and most

of this is guesswork by the technician. Because of this, layered material exfoliation
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requires trained technicians and the process only works on small samples. Exfoliated
layered materials generally can not reach sizes greater than a few hundredum? and for
high quality monolayered material it is much more likely to see flakes in tens of us size.
These samples are much higher in quality than their CVD or epitaxial counterparts,
but CVD and epitaxial graphene may be measured in areas of hundreds of cmsy or
more.

Automation of large area, high yield, high quality layered materials is critical to
research efforts. The QPRESS team at Brookhaven National Lab have developed the
first fully mechanized exfoliation platform, or "exfoliator" using pressure sensitive
adhesive tape on rollers which can precisely measure pressure, temperature, speed and
angle peeling in this exfoliation process. This completely removes the technician from
the process. Due to this the exfoliator can create a significant amount of high and low
quality samples which must be categorized.

After flakes have been exfoliated, they must be categorized as high quality or low
quality. This is generally by a trained technician who inspects the flakes optically
to find high quality candidates and then confirms the quality of the flakes through
Raman spectroscopy or atomic force spectroscopy to identify layer count. While this
is possible to do by hand it is also time consuming and prone to error.

In this section I will discuss the use of convolutional neural networks for detecting
high quality samples, the potential for reinforcement learning towards finding and
categorizing high quality exfoliated flakes. We use Retinanet one-stage detector which
has two key advantages to standard one stage region-proposal detection networks. The
first is a set of hierarchical feature pyramids that merge information from different scales.
This multi-scale learning is beneficial when material flakes may be very large or very

small. The second is a focal loss function, which minimizes the foreground-background
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class imbalanced that is a common issue in single-stage detectors. Retinanet is a fast
detection network that has shown strong performance in traditional computer vision
benchmarks |70, 71].

In any given image of a substrate it is unlikely that there is a high quality sample
of graphene. As can be seen in Figure 4.1 most individual images in a single section
of the stitched image do not contain a flake, and there may be thousands of region
proposals for flake detection that are easy to disprove as the target class, that class
being a high quality flake. The generic loss function for region proposals is cross

entropy, which is defined as:

—log(p), ify=1
CE(p,y) = (4.1)

—log(1 —p), otherwise

in the above, y € {£1} where y specifies the ground truth, and and p € ||0, 1| is
the model’s estimated probability for the class with label y=1. We can simplify this

by saying

P, ify=1
bt = (4-2)
1 —p, otherwise
CE(p,t) = CE(p;) = —log(p:) (4.3)

In training the network, loss for each region proposal is summed to define a total
loss for each training example. It can be seen that if there are thousands of region
proposals with only one or two positive classes the small loss from the negative classes

will still be overwhelming. This has normally been addressed by adding a term « for
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positive classes where alpha € [0, 1] and 1 — « for negative classes. therefore:

a, ify=1

1 — «a, otherwise

CE(p) = —aulog(p) (4.5)

however, for a very large class imbalance, this is not enough. Focal loss modifies

this « term:

FL(pt) = —(1 — p)"log(p:) (4.6)

where 7 is a modulating factor generally between 0 and 5. v = 0 is equivalent to
Cross Entropy. as 7 increases, the loss is more heavily downweighted. For our training

we used a 7 of one.

4.1.1 Results

We used a pretrained Retinanet framework trained on the COCO dataset, stripped the
final classification layer and substituted our own class of monolayer flakes. We trained
on 400 annotated images of exfoliated graphene flakes. We evaluated our model on a
F3 score of = 1/2 as we were more concerned with Recall than precision.

In training it was discovered that the neural network had a hard time distinguishing
monolayer samples from bilayer samples. As it is possible to determine layer count
through Raman spectroscopy, and the color difference betwee mono and bilayer is so

small, this distinction wasn’t made. Instead the model was trained to find few-layer
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samples and ignore bulk samples. If a flake had a portion of few layer material it was
considered a true positive. Figure 4.1 shows 50cm by 50cm stitched scan with a 20x
magnification objective. Each blue boxed region is an individual image with potential
high quality graphene. The right image in Figure 4.1 shows an individual image with
a bounding box surrounding a flake. The flake on the right is a mono layer flake, while

the flake on the left may contain a monolayer flake.

Figure 4.1. Output of the flake detection algorithm for flake detection. (Left) 5 cm
by 5 cm stitched image of 4 inch SiO, wafer with exfoliated graphene. Graphene
exfoliation includes multilayer and monolayer samples. (Right) One image of the
stitched macroimage that contains three graphene flakes.

We wish to estimate the layer number of multi terraced flakes, we examine the
optical characteristics of the nanomaterials. Optical contrast between the material
and substrate, and different levels of the multi terraced flake originates from the
integrated contrast of each wavelength component. A reflection based model based on
Fresnel’s law has been adopted|39]. The model tracks the reflection or transmission of
a wavelength of light through the material, dielectric film and substrate. The total

reflected light is a beam resulted from all the optical paths which is dependent on the
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wavelength of the incident light, the incident angle, refractive indices, and thickness.

For a three material system, we can estimate the reflection by:

Py rpe B0 4 pye B 01402 4 g pae—2itn 7
R\ = | ——2— > : 28T (4.7)
1+ rirge2id1) 4 pipge—2i(d1+d2) 4 popae2i(d2)
where 7 is the relative index of refraction:
SR R N . (48)
ng + N n1 + No No + N3
and ¢ is the phase shift:
2mhincost 2mhanocost
b= b= (4.9)

ng, N1, N, ng are the refractive indexes of air (nyg = 1), 2D material, dielectric layer
and silicon respectively. These are each dependent on wavelength while hy and hs are
the thickness of the 2D flake and the dielectric layer. 8; and 6, are the angle, which
we will approximate to be one because of the angle of illumination of the microscope.
we can estimate the optimal Si/SiO, thickness for distinguishing monolayer materials
by finding the largest contrast magnitude given the the above equations. We used a
refractive index of 1, 2-1.1i, 1.45 and 3.88 for air, graphene, SiO, and Si respectively.
For graphene layer thickness we used 33 % 35n where n is the number of layers. In
Figure 4.2 we see the calculated contrast of graphene at various layer thicknesses and
substrate thicknesses.

Unfortunately, our images have a significant vignetting effect which can be seen
in Figure 4.3.Without removing this, any machine learning algorithm for clustering

these materials is bound to fail. Correcting for vignetting has been applied before
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Figure 4.2. (top) Optical contrast of a monolayer layer of graphene at different
wavelengths and dielectric thickness. (bottom) Optical contrast of multiple layers of
graphene at various wavelengths when a 285 nm substrate is used.

using a gaussian blur and blending|66] however because we had multiple images A
more accurate background could be calculated by applying a Gaussian filter to each
image for each multi-image in a multi-image set, then finding the median brightness
value at every pixel. This creates a vignette mask which we can invert and blend with
each image individually. The blend we used was the same proposed by [66] which is a

"hard light" blend, where each pixel of each RGB channel undergoes the following;:
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Figure 4.3. (Left) gray scale image of multi-layer graphene flake. (Left inset) intensity
profile across the image. (Right) Sobel filter showing potential regions for classification.

2ab, ifa <0.5
f(a,b) = (4.10)
1-2(1—-a)(1—10), otherwise

where a and b are pixel intensities in a given RGB channel for the image and mask
respectively. This approach to background subtraction even removes some artifacts
that are unique to every microscope. figure 4.4 shows this subtraction on an arbitrary
image.

After correcting for vignetting effects, we may begin an unsupervised clustering to
determine flake color. The apparent color and contrast of our material depends on the
sensitivities of the microscope’s camera. We employ a number of clustering algorithms
to attempt to find the mono layer material. Some work has been done in this space
[101]. However, these papers have focused on individual pixel values. Instead, we
use a Sobel filter as seen in Figure 4.3. We cluster pixels inside detected edges, and
normalize their color. Then we may use a single layer as a data point instead of every

pixel. This allows us to work with much larger data sets in a reasonable amount of
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Figure 4.4. Top left) A microscope image before vingetting removal. Top Right) A
microscope image after vingetting removal. Notice that this median subtraction even
removes some lighting artifacts seen in the left side of the left image. Bottom left and
right, gray scale intensity plots taken along the horizontal red line in the top images.

compute time. Detected monolayers are shown in figure 4.5

These values shown in Figure 4.6 are the center location of RGB values determined
by K means clustering. Due to the nature of the clustering exact layer differentiation
was not possible, however the clusters roughly align with color values of mono and
bilayer graphene, 3-5 layer graphene and 5+ layer graphene as determined Raman
spectroscopy from previously labeled flakes used to train the flake detection neural

network. These clusters show a relatively linear increase in contrast from the SiO,
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Figure 4.5. (Left) Raw, unfiltered image of possible few layer graphene. (Right)
Masked detection of few layer graphene.
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Figure 4.6. RGB clustering using K means clustering arrived at these RGB values for
few and multi-layer graphene.
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substrate which is expected from Fresnel equations. Using this methodology it is
possible to interpolate a linear relationship between these data points using this RGB
color space for more accurate estimations of layer numbers in graphene. This technique
may also be used in other two dimensional materials, or the Fresnel equations may be

modified for any number of heterostructures by adding additional reflection terms.

4.1.2 Summary

I have used machine vision techniques to improve the detection of few layer graphene
flakes by creating a median subtraction unique to the microscope which will allow
for more accurate flake detection using regional neural networks. Using the dataset
generated from this flake detection algorithm I was able to generate a simple algorithm
for predicting layer number of two dimensional flakes using only optical methods. I
used Fresnel equations to predict the optical contrast of layered materials at specific
layer counts. The relationship between layer number and contrast is linear, which
allows us to predict layer count of two dimensional materials. This method will be
extended to Van der Waals heterostructures to estimate layer count of individual

materials inside a heterostructure in future research.

4.2 Image Colocalization /registration

Since the discovery of graphene the preparation and classification of two dimensional
(2D) materials has seen large improvements|12,41,42,47,55,65,136]. Analysis of these
materials is done on a variety of instruments that output information at different
resolutions, physical scale and orientation. Correlating information between images

from different instruments is a labor intensive process that involves overlaying images
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and is prone to error and guess work. The issue increases when different methods do
not closely resemble one another as is the case with Raman vs. electron microscopy
characterization. In this work we use novel techniques to extract strain and doping
information in order to find similarities between microscopic images and Raman
spectral maps. This novel advanced Raman analysis allows us to correlate features
in SEM and AFM images that would otherwise not be visible in the Raman spectral
map.

Classification of 2D samples must be done manually by locating and characterizing
these materials via Raman spectroscopy, atomic force microscopy (AFM) and scanning
electron microscopy (SEM) to determine layer count and quality of these materials.
This is a time intensive process that requires trained personnel. Subsequent processing
includes projection of Raman maps onto AFM or SEM images to correlate data,
requiring further manual alignment. This process is a good candidate to be improved
by machine vision technology. Due to diffraction limited resolution Raman spectral
maps are at a much lower spacial resolution and often do not show the same patterns
as AFM/SEM images. We found that by analyzing the strain and doping of 2D
materials these characteristic features appear in the Raman spectral images. The
techniques described in this paper will allow one to correlate multimodal images
containing Raman spectral maps allowing for accurate coanalysis and simplifying the
task of building large libraries for machine learning approaches in the future.

Raman spectroscopy correlation of monolayered materials can be particularly
difficult since these materials are often very uniform optically and microscopy images
(Figure 4.7a,b) do not share features with the Raman spectral maps (Figure 4.7
c-e,h-j). While some features correspond to the wrinkles in the SEM image and AFM

topography scan, no one image has enough information to correlate the Raman map
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with either SEM or AFM image. Extracting strain and doping information from the
Raman spectral data (Figure 4.7 f,g) allows us to more accurately correlate images by
revealing features that are not present in other characteristic measures. Defected areas
in the graphene like wrinkles and cracks often show a large shift in the strain or doping
of the materials, and these wrinkles are visible in the microscopy images. The regions
with large strain or doping variations appears with high contrast in the Raman spectral
maps. Much research of hyperspectral image registration is done in the medical field
where high resolution Raman maps of tissue samples can be overlayed with high
resolution MRI or optical data. There are two primary ways to register images, feature
based methods and intensity based methods. Feature based methods extract some
information from the image, such as key points, edges, or corners. Researchers may
implant markers in their tissue samples before beginning, giving key points to reference
[80,92] or they may use automatic identification of key points by using the SIFT or
SURF algorithms [23,142]. These detect key points such as edges and corners and
register the key points between images. These methods require distinct features for
the best results. Intensity based methods are most often used when key points are
difficult to determine. They attempt to match pixel intensities by minimizing some
metric like mutual information [56] or cross correlation [7].

In this work, data from different instrumentation are set into a similar coordinate
base and resolution matched using ridge detection and Hough transformations. This
study provides an excellent method for the coanalysis of Raman spectroscopy mapping,
atomic force microscopy and other microscopic techniques using strain and doping
analysis to register Raman spectroscopic map as key points. Sample under investigation

is graphene field-effect transistor (GFET).
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Figure 4.7. from [109] A) SEM image of GFET sample. B) 10 x 10 um? AFM
image of GFET sample. C-E) graphene G Raman peak center, width and amplitude
respectively. F) graphene doping extracted from Raman Map. G) graphene strain
extracted from Raman map of sample. H-J) graphene 2D Raman peak center, width
and amplitude respectively. It is clear from these images that the characteristic G and
2D peaks of graphene do not give enough information to register all images. However,
strain and doping maps provide enough information to register all images.

4.2.1 Strain and Doping Analysis

Strain and doping information can be extracted from Raman spectra for a number of
materials including graphene [81], MoS, [128], WSe, [59] as well as other transition
metal dichalcogenides [50,51]. The process is similar for all of these materials, and
follows the process put forth by Mueller et al. [81]. In monolayer graphene, strain
and doping will shift the 2D and G Raman peaks linearly with increasing strain and
doping. The shift of both peaks can be characterized by the ratio Aw}y,/Awland

Awdp/ Awg where w is the peak center, h is the influence due to hydrostatic strain,
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and d is the influence due to doping. The vector O = (Wyp, wg) represents the peak

location of an unstrained and undoped spectra of monolayer graphene. The shift away

d

from 0 can be represented by a linear combination of Awl,/ Aw! and Awdp,/Aw,

whose magnitudes correspond to the magnitude of strain and doping respectively. This
analysis is applicable to other materials where the Gruneisen parameter and the shear
strain deformation potential is known. We used a O = (1583, 2678), Awlp /Awh = 2.2,

Awdp/Awd = 0.75

4.2.2 Image Preparation

First, Raman hyperspectral maps must be converted to images that will undergo
image registration. The wrinkles in 2D material create doping effects that radiates out
from the wrinkle. We can detect where the wrinkle is by applying a ridge filter. This
will calculate the center of the wrinkle using the eigenvalues of the Hessian matrix.
Then binarize the image and remove noise by masking over areas of low strain. Images,
which are all gray scale at this point, are processed using median or bilateral filtering
based on image quality, resolution and contrast. For samples with good contrast and
high resolution, median filtering can be applied. This technique reduces shot-noise
by replacing the center pixel of the filtering kernel by the median pixel in the kernel.
Due to this however, ridges can be moved a few pixels so this technique should only
be used on high resolution images. If contrast or resolution is lower, bilateral filtering
should be applied. Bilateral filtering applies a Gaussian filter over largely uniform
areas, while preserving edges. This filtering will also reduce noise, but leave the edge
positions intact. We use median filtering for AFM and SEM images, while optical

images are filtered using the bilateral filter. Raman-spectra mapped images are not
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Figure 4.8. from [109], Automatic Line recognition using Hough Transformation. Left
Ridge filter is applied by convolving Hessian Matrix and extracting eigen values. (cen-
ter) Image erosion to remove noise. (right) example of a simple Hough Transformation
from 2 lines to two points.

filtered due to their low resolution.

Binary images must be created after the filtering, as shown in Figure 4.8 Each
image has a ridge filter applied by analyzing the Hessian matrix. The maxima of this
matrix represents the center of ridges. Thresholding is then applied, creating a binary
image where white pixels represent the wrinkles in the graphene. A series of opening
and closing morphological operations can be used to smooth the edges.

A Hough transformation is applied to the binarized images to transform our ridge
pixel coordinates into parameter space[32] of zsin(f) + ycos(d) = R(#). The pixel
coordinates are transformed to sinusoidal functions and plotted on a 2D histogram.
The largest bins are along the intersections of these functions. The location of the
largest bin describes the equation of a line corresponding to a ridge. By selecting a
number of the largest bins we extract the longest strait wrinkles in the pictures. These
maxima may be used as key points for our transformation. The selection of these key
points is critical to successfully aligning images. Wrinkles must be long enough to

appear in the Hough transformation, and should be straight.
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4.2.3 Registration

In order to register images extrinsic or intrinsic information is required. Extrinsic
information requires the use of markings placed on the substrate which adds time,
complexity and cost to a project. Intrinsic information would take the form of
information inside of the image which we can use to link images such as key points from
edges and corners, or intensity from hyperspectral information. Mutual Information is
a intensity metric of two images which is maximized to register two images. This is
often the preferred method of image registration in most applications where the images
are of similar scale, and the images may contain similar information. However because
these hyperspectral images are often very different in resolution and information,
Mutual Information maximization is not a good candidate for registration. Raman
spectral maps of heterostructures at the small scale often have large intensity shifts
over micron distances which do not appear in microscopy images. This makes intensity
based matching problematic. Key point identification is the method we wish to pursue.

Because 2D materials are nearly uniform over their surface it can be difficult to
register two images. If a given sample was perfectly uniform over the entire image
area, it would be impossible to register. However, most two dimensional materials are
non-uniform at the smallest scales where we can detect wrinkles, tears and defects in
the materials. These small defects show brightly in the hyperspectral Raman images
after strain and doping is extracted. Two dimensional materials that are folded or
wrinkled show large strain or doping variations around these defects, and these defects
can be used for image registration. We can find the maxima of this strain variation in
the Raman spectral map and use these as ’edges’ for keypoint matching. In Figure 4.9

a and b, wrinkles can be seen in the SEM and AFM images. These wrinkles align well
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with the doping maxima in Figure 4.9 c. Figure 4.9 d includes all three characterization
methods registered. We can transform the spacial coordinates of the wrinkles and
strain into Hough space. The units of Hough space are r and theta, and every point in
Hough space describes a line in real space with the equation z sin(6) + y cos(6) = R(0).
A two dimensional histogram is generated by the sinusoids in Hough space. The largest
bin in this histogram describes a line in real space. Because of our preprocessing this

line will match strait sections in the wrinkles of our two dimensional materials.

Figure 4.9. from [109] A) SEM image with detected wrinkles on right. B) Raman
image, with detected lines on right C) AFM image, with detected lines on right. D)
Aligned images by Hough transform.

4.2.4 Alignment

Using the spacial coordinates of wrinkles, we can determine rotation of the images by
following the procedure presented by Chitsobhuk et al[26]. Rotation of an image in
Hough space is represented by a shift along the X axis. By aligning our key points

vertically we determine the rotation of the image. We can also use phase correlation
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to determine the translation. By transforming the spacial coordinates by a discrete

Fourier transform we determine translation by:

f2<x7y):f1(x_tr’y_ty) (411)

Fy(3p,v) = T By (9, v) (4.12)

where f; and f, are signals related by a translation (¢, and t,), (F} and F; are
their Fourier transformations, the transformations will have the same intensity but
will be shifted by the phase e?7(¥t=tvt)

We also attempted SIFT and SURF based registration of our images by registering
the doping map with the AFM and SEM images. In the AFM and SEM images, many
key points could be detected, and the AFM and SEM images could be registered.
However, due to the low resolution of our Raman maps, few keypoints were detected.
corners and T junctions are difficult to distinguish in these low resolution areas and
fine detail is lost. Matching key points between the images may have been possible

with fine parameter tuning, but we could not accomplish it with our samples.

4.2.5 Sample Preparation

The GFET-S10 was acquired from Graphenea. SEM paramaters for image acquisition
of GFET include an accelerating voltage of 3.0 kV and a working depth of 3.4 mm.
The equipment used in the experiment include Horiba Raman Confocal Microscope
with 532 nm Laser excitation, Zeiss Auriga FIBFESEM, and Asylum MFP-3D Origin+
AFM. This method requires two criteria to be met in order to perform alignment.

Crystal edges must be distinguishable and images must be roughly the same size and
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scale. Raman features must be fit and converted into an image prior to alignment.
Samples analyzed with Raman Spectroscopy are fit by Lorentzian function using

the non-linear least-squares minimization curve-fitting python library (LMFIT). For

graphene flakes these include D, G, and 2D peaks at ~1350 cm™!, ~1580 cm ™! and

~2690 cm~! respectively.

4.2.6 Summary

In this work I show new techniques for Raman Image registration using advanced
strain and doping analysis of the Raman signal of monolayer graphene. Registering
hyperspectral images of 2D materials is particularly difficult due to the lack of keypoints
on un-patterned substrates. The strain/doping maps can assist by creating these
keypoints. Registration of these images allow for multimodal analysis from these
various instruments by aligning multiple images into a single coordinate space. This
is done by Hough transformations and arbitrary resolution definitions to generate
a new coordinate frame where spatial information may be preserved and correlated
on a pixel by pixel basis. With this method, a Raman map of graphene has been
registered with SEM and AFM images after extracting strain and doping information
from the Raman spectroscopic map. This technique can also be applied to other two
dimensional materials where strain and doping information can be extracted, such as
MoS, [128], WS, [59], and other transition metal dichalcogenides [51|. The ability to
register and correlate Raman spectral maps with other microscopy methods will be

useful to both researchers and industry for device fabrication.
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4.3 Multimodal Analysis of Graphene in bilayer and
heteromaterial structures

In nano-scale devices, small deformities in the materials can lead to drastic differences
in the electrical and optical properties of these devices. These deformities may come
from strain induced in the material, contamination, or crystal lattice mismatch. In
this section I intend to show a number of intra-device inhomogeneities which effect
the electrical and optical characteristics of potential Van der Waals structures. I have
discovered a number of unique properties emergent from these structures and will
discuss the causes of these below. I show 5 different two dimensional materials and Van
der Waals structures each with unique properties below. Graphene Bilayers which exibit
lattice mismatching detected via Raman spectroscopy and confirmed with scanning
nearfield optical microscopy. Graphene niobium diselenide heterostructures with
large strain mismatch on the niobium crystal. Graphene MoSs heterostructures that
show doping dependent photoluminescence and charge transfer variations between the
graphene and MoS, layers. And Graphene Layered Double Hydroxide heterostructures

which show incredibly high graphene strain and unexpected doping effects.

4.3.1 Improved Graphene Monolayer Transfer

As previously discussed in this dissertation, transfer methods can leave residue and
introduce defects into the monolayer material. Polymer residue can significantly
influence the charge carrier density and mobility of graphene [14,100]. In my lab a
polymer blend of polyfuranone chain products (PCP) derived from angelica lactone

and polymethylmethacrylate (PMMA) was used to transfer graphene via wet chemistry
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Figure 4.10. from|9] Analysis of the purity of graphene using mixed polymer transfer
method. a) doping map of graphene transferred by polymer blend method. Blue
dotted region is few layer graphene. b) doping map of graphene transferred by PMMA
method. c¢) strain map of graphene transferred by polymer blend method. Blue dotted
region is few layer graphene d) strain map of graphene transferred by PMMA method.
e) 2D center vs 2D width. f) 2D center vs G center.

and below we show a reduced polymer residue with this polymer blend (PB).

The Raman spectra was fit using Lorentzian peaks for the 2D, G, and D peaks.
We observed a uniform doping in PB-transferred sample which is in contrast with
PMMA where a larger doping variance was obtained. The PB sample has an area of
few layer graphene, which has been removed as outliers from the scatter plots (green
hexagon shapes in Figure 4.10 a,c. Likewise, in Figure 4.10 b,d, we see that there are
areas of comparatively high strain and low strain in both samples but the PB sample
has more uniform strain. From the correlation plot, we clearly observed that the
PMMA-transferred sample has a wider 2D peak, and a significant shift in both the G
and 2D peak when compared with PB sample (Figure 4.10 e). In Figure 4.10 f, we plot

the G peak vs the 2D peak of both samples. Using vector decomposition, we obtained
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the amount of strain and doping that causes peak shift as previously discussed in this
dissertation. Points on the plot which lie at the intersection of the two lines would
have zero strain and zero doping. As strain is introduced to the sample, the peak
locations will shift along the red curve, with both G and 2D peaks shifting to a lower
wave number for tensile strain and shifting to a higher wave number for compressive
strain. Higher p-doping values will shift the peak along the magenta curve away from
the intersection. We expect our sample to be p-doped and so n-doping is ignored.
The correlation map of the Raman G and 2D peaks shows that the PB-transferred
graphene has less variation in both strain and doping and is closer to Dirac point
than the PMMA-assisted transfer. From the Raman spectra characterizations, the PB
transfer method shows more uniform, high-quality graphene than the PMMA transfer

method.

4.3.2 Graphene Bilayers

Figure 4.11. The red dashed lines surround an island of multilayer graphene. At the
center of this location we see a pillar of Molybdenum Oxide. We can see Raman
spectral maps of this region showing multiple different strain and doping regions on
this multilayered graphene.
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The unique properties of stacked layered materials cause nano-scale variations in
strain and charge transfer due to lattice mismatch and work function differences. These
variations lead to signal distortion when using 2D materials as devices. In this chapter
we attempt to categorize some of variables and quantify them. Figure 4.11 and Figure
4.12 show a graphene bilayer (outlined by red dashes in Figure 4.11) suspended by a
MoO post. What appears to be a uniform bilayer graphene crystal on the scanning
electron microscope shows significant variation of the Raman signal. In the Raman
spectra of Figure 4.11, the bottom of the graphene bilayer shows an increase in 2D
and G peak amplitude, and a sharpening of both peaks as well. near the top of the
bilayer is a separate region where the material is significantly doped and strained. We
can analyze Figure 4.12 to understand why. In this figure, the graphene was analyzed
with Kelvin probe force microscopy and scanning nearfield optical microscopy. The
KPFM shows an increase in the CPD along the top of the material, indicating an
increase in the work function of the material. The bottom image shows the first and
second harmonic of the sSSNOM device. The left and right show two distinct regions
where the local density of states is radically different from one another. The darker
region in the sSSNOM image correlates with the reduced doping region in the Raman
map, and a higher work function in the Kelvin Force Probe image. This is caused
by two separate twist angles between the graphene layers. When first grown, the
bilayer graphene grew from two different seed crystals, which spread to merge into a
single area of bilayer graphene .The sSNOM image shows qualitative differences in the
local density of states of the two regions of this bilayer graphene area. The change in
magnitude of this density of states implies the brighter region has a 30 degree relative
twist angle[127]. Using the registration techniques I discussed in Aim 2, we correlate

Raman spectral data with sSSNOM and KPFM results. We see that this twist angle
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reduces P doping of the bilayer, as well as greatly increases strain. We expect that the
bright region of the sSSNOM image has the larger twist angle compared to the dimmer
region which has a small twist angle corresponding to A-B stacked graphene. This
30 degree twist would cause a lattice mismatch and would account for the greatly
increased strain. We intend use this information in future work to more accurately
determine doping values for bilayer graphene at various twist angles. The 2D peak in
bilayer graphene splits to 4 separate peaks due to the degenerate nature of the peak,
and it is not clear the best way of extracting strain and doping information from these

bilayer peaks.

Figure 4.12. (Top Left) SEM image of Bilayer graphene. (Top Right) KPFM image of
bilayer graphene. The KPFM image shows a 2meV difference between the top of the
bilayer and the bottom of the bilayer. (Bottom Left and Right) SNOM images showing
First harmonic (Left) and second harmonic (Right). The darker regions indicate a
lower local density of state.

In Figure 4.13 we see another bilayer graphene region covering small MoS, flakes.

this bilayer area is lifted slightly off of the substrate by MoO posts marked by stars.
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Figure 4.13. (a) Scanning electron microscope image of a bilayer region of graphene
covering MoS, crystals. (b) Atomic Force Microscope topography map showing
graphene forming a tent on top of MoO posts. (c) Hydrostatic strain of the graphene.
(d) doping of the bilayer graphene. Magnitudes of the shear strain in bilayer graphene
is not well defined.

The Raman signal of this material shows significant strain and doping across the
bilayer area, however there is a reduction of strain around these posts, caused by
lifting the graphene off of the substrate. The MoS, crystals underneath do not appear
to affect the bilayer graphene. By lifting the graphene off of the substrate we are
applying a strain to the material. With this suspended graphene we should expect to
have less doping due to interactions with the substrate. In future work, we will use

this information to more accurately characterize the Raman signal of bilayer graphene.
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4.3.3 Graphene / NbSe, heterostructure

With the registration techniques discussed in Aim 2, we are able to correlate Raman
spectral data of NbSe, with KPFM imformation. Figure 4.14-4.17 show analysis of
monolayer graphene on top of NbSe, flakes. Raman spectroscopy shows significant
variation in the spectra of graphene on top of this crystal, while this difference is not
reflected in in the Kelvin Probe Force Microscopy. The graphene on top of NbSe,
shows an increased work function between 3 to 4 meV. However, the 2D and D center
positions are red shifted on the majority of the flakes, representing a tensile strain, but
towards the top of the crystal there is a blue shift representing a compressing strain.
The blue shifted area also has a significantly higher magnitude. This differential in
strain is incredibly high, up to 10% compared to previous results. This differential
in shear strain is close to opening a band gap in the graphene, where a shear strain
of 14% may open a bandgap. This discovery could lead to simplified fabrication
of non-zero bandgap graphene devices due to the simplicity of this graphene NbSe,

heterostructure.

70



Width = 1656.40 ym WD = 5.1 mm EHT = 5.0(

Figure 4.14. NbSe, flakes on SiO, covered by graphene.

4.3.4 Grapene / Layered Double Hydroxide heterostructure

Mg/Al Layered double hydroxide flakes were deposited onto SiO, substrates shown in
4.18. The layered double hydroxide flakes are reported to have Raman active signatures
however they were incredibly faint and we were unable to resolve the Raman spectra
of our layered double hydroxide material [57]. The Mg/Al layered double hydroxide
material we fabricated is reported to be positively charged|68]. However, in our study
of the material using Raman spectroscopy of the heterostructure which is shown in
4.19, we find that the graphene Raman signature shows significant N doping compared

to the substrate where the graphene is P doped by the SiO,. This implies that the
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Figure 4.15. Work function of graphene on NbSe,. (Top) Kelvin Probe Force image of
graphene covering Niobium Diselenide (NbSe,, (Bottom) line plots of work function
across the NbSe, /graphene heterostructure. The graphene on bare SiO, has a work
function of 4.7 eV, The work function of graphene on top of NbSe, increased by 3-4
meV compared to graphene on SiO,.

layered double hydroxide material is an electron donor. The graphene spectra shows
a change in carrier density of more than 10'3/cm?. This may be higher, as N type
doping quickly becomes nonlinear in the Raman spectra, making it difficult to predict
using Raman spectroscopy. This result also implies a large imbalance in the work
function of the material at the edge of the layered double hydroxide materials, as the
graphene changes from being P doped to N doped. This large shift in doping values

compared to the expect P doping result may be caused in the fabrication. In the
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Figure 4.16. Raman maps of graphene covering NbSe,. The graphene covering NbSe,
has sharpened peaks for the G, 2D and D peaks. The 2D center shifts strongly with
strain and the D center shifts with doping. Indicating tensile strain and doping on
top of this crystal. Each pixel is 200 um.
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Figure 4.17. Raman Scatter plots of graphene on NbSe,. The 2D vs G plot shows
some strain represented by the vertical stretching of cluster of points. The G peak has
a tight distribution between its peak location and width, which is expected. However,
the 2D peak shows a bimodal distribution along of width vs peak location, representing
high hydrostatic and tensile strain.
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Figure 4.18. (Left SEM image of Mg/Al layered double hydroxide material deposited
on SiO, substrate. Large hexagons are bulk crystals roughly 60 nm in height. Smaller
crystals are visible covering the substrate. (Right) Atomic force microscope height
map of graphene covering Mg/ Al layered double hydroxide flake. Thinner, but still
bulk layered double hydroxide crystals are visible in this Afm map, however the surface
roughness of the substrate combined with the graphene covreing the layered double
hydroxide makes the thinnest layered double hydroxide material very difficult to detect
via AFM.

process of exfoliating and depositing the layered double hydroxide material, formamide
or counteranions like NO;~ or CO5~ may have been adsorbed to the surface of the
layered double hydroxide material. Another possible explanation is anion adsorption
onto the graphene surface from the mobile anion layer between static cations. This
opens up the possibility for controlled doping through anion exchange inside the layered
double hydroxide material or controlling the "memory effect" of these materials which

was discussed in the literature review.
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Figure 4.19. Strain (Left) and doping (Right) Raman spectral maps of graphene
covering Mg/ Al layered double hydroxide flakes. The graphene on top of layered double
hydroxide crystals has a small factor of strain due to lattice mismatches compared
to the SiO, substrate, however the doping map shows significant N doping of the
graphene on top of these layered double hydroxide crystals.

4.3.5 Graphene / MoS2, Label-free Detection of Doxorubicin

In this section, a multidimensional optical technique is developed to understand
the role of strain in its effects on the electrical properties of these Van der Waals
heterostructures. We fabricated a heterostructure out of monolayer graphene and
monolayer Molybdenum Disulfide crystals, which were used for Biosensing. We report
optical label-free detection of doxorubicin, a common cancer drug, via photoluminescent
shift, Raman shift, and graphene enhanced Raman scattering. The physical origin
of the local non-uniform optical broadening of these signals may be revealed by this
multidimensional nanoscale imaging, leading to better strategies for the mitigation of
this variability in these materials for future device fabrication. Significant efforts have
been made to fabricate biosensing devices from a range of 2D materials [4,110,135,146].
Knowledge on what allows successful multimodal detection and what limits biosensing

capabilities of 2D heterostructures is scarce. Two dimensional materials often have

1)



atomic impurities, crystalline defects, or folds which can modify their optical properties.
Study into how these nano-scale non-uniformities affect the micron scale devices is
critical, and the role that these defects play in a materials properties is not yet
understood. Techniques which can detect these non-uniformities such as Scanning
Electron Microscopy lack the ability to detect the electrical properties of the materials,
while the optical methods which can detect the inhomogeneities lack the resolution to
see the defects. The scale of these non-uniformities can also be signifigantly smaller
than the active area of a sensing device. Thus, in order to reveal mechanisms that
control sensing, we use multiple characterization tools to correlate these techniques.
We use Raman and near-field microscopies, scanning probe, and electron microscopy
to unvail physical processes behind label-free multimodal detection of doxorubicin
(DOX), which is an anthracycline cancerdrug, using vertical heterostructures from two
dimensional materials.

Doxyrubicin, a widely used drug for treating various types of cancer, is known
for certain drug resistances and side effects. A reliable method for detecting the
amount of drug in different biological samples, especially at the point of care, is crucial.
Recently, DOX has been detected on various two dimensional materials including
graphene oxide and other nanocomposites [20,46,86,150]. Dox has been detected in
various cell lines and real samples through Raman microscopy and surface enhanced
Raman spectroscopy. We use three different channels are used to detect DOX: throug
hanalyzing the graphene enhanced Raman spectra of the drug, the Raman shift of
monolayer graphene, and the photluminescence shift of single-layer MoS,.

This device we studied is a label-free device which avoids the need for a high-optical-
contrast receptor for the analyte. This device shows the capability of being more

versatile in sensing a wide array of analytes, which could enable agnostic biosensing
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Figure 4.20. from [50]Multidimensional detection of doxorubicin (DOX) drug in
Van der waals heterostructure using Raman shift of graphene, DOX GERS, and
photoluminescence of MoS,. A) schematic representation of analyte molecule on
monolayer graphene / MoS, heterostructure on Si/SiO, substrate. B) GERS signal of
DOX /single layer graphene (red), vs reference Raman spectra of DOX in dimethyl
sulfoxide solution (cyan), and single layer graphene (gray); red (cyan) arrows mark

DOX (DMSO) lines. C) shift of the MoS, photoluminescent spectrum: with DOX
(red) and w/o Dox (cyan); inset shows DOX molecular molecule. D) The fit of the
measured photoluminescence spectra from (C). A/B-exciton and trion (X°) lines are
shown; shifting of peak position (Aw) and intensity (AP) are indicated using A-exciton
fit; The inset shows the schematics of the optical bands of MoS,.

and detecting of unknown biothreats where receptors are unavailable or have not
yet been developed. However, lable-free biosensing has lower specificity than labled
biosensing. To increase specificity we choose to use multiplex sensing which has shown
promise when combined with machine learning to converting multiple inputs to a
readable test result. [28,75,145]

Molybdenum disulfide is a well known two dimensional transition metal dichalco-
genide with a strong photoluminescent(PL) signal. Adsorption of molecules to the
TMDC modulates the photoluminescence signal. In Figure 4.20c, we show the photo-
luminescence spectra of MoS, before and after incubation with 172 nM solution of

DOX for 15 minutes and note a marked difference. The photoluminescence spectra is
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Figure 4.21. from [50], e and f) Typical G and 2D Raman spectra of single layer
graphene: with DOX (red) and before incubation (blue); G and 2D-line intensities
were normalized by unity. g and h) Correlation plots and (i-1) partial distribution
plots for peak position and with for G- and 2D- lines, spaced equally on the MoS,
island, at diffraction limited step sizes, same color code as in (e and f); clear line red
shift and broadening is detected with DoX.

dominated by two excitonic subbands B- and A- excitons, and a trion X~. We plot these
points in Figure 4.20d. The shift of the peak position (Aw), peak intensity (AP), and
with (A~) are evidence of analyte adsorption, resulting in doping and strain imposed
onto the 2D material. These shifts vary depending on the type and concentration
of the analyte. Table 4.1 provide the values for a given concentration. Our fitting
shows that the peak positions of the A-exciton and trion, the width broadens and

the intensity decreases, while the B-exciton is only partially influenced with a small
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intensity difference. Reducing noise in the signal would improve the ability to detect
low concentrations of DOX. The variation of the signal in the pristine no-analyte
material increases the total uncertainty and reduces device performance as discussed

below.
Table 4.1. photoluminescence Fit Parameters for Figure 4.20d

We 0l P
Trion

With DOX || 1.739 4+ 0.002 60. £ 3 32+4

W/O DOX | 1.719 £+ 0.003 60. + 9. 15+ 3
A-exciton

With DOX || 1.815 4+ 0.0002 82.0 + 0.3 793 + 4

W/0O DOX | 1.806 + 0.002 90.7 £ 0.3 586 + 3
B-exciton

With DOX || 1.953 £+ 0.001 135.8 £ 2 203 £1

W/O DOX | 1.955 £+ 0.002 135.0 £ 2 197 + 2

The graphene Raman spectra may also be analyzed, adding another channel to
this multiplexed detection with the photoluminescence data. Parts e and f of Figure
4.21 show a strong red shift and broadening of the G and 2D bands when DOX is
adsorbed. Panels g-1 show statistical information about the shift and broadening
of both peaks where each point is a diffraction limited region on the sample with a
spot size less than 0.1 ym?2. The data points aggregate in two separate clusters with
point-to-point variability caused by non-uniformity of the signal in the 2D-mode which

will be discussed next.
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4.3.6 Stability of 2D Van der Waals heterostructure Materials

Scanning electron microscopy reveals non-uniformities in the structure of the MoS,
/ graphene heterostructure. Figure 4.23e shows SEM of a typical heterostructure
of MoS, covered by monolayer graphene. White nanocrystals are visible near the
edge of the heterostructure (metal precipitation cite) which shows charging, likely due
to growth of insulating molybdenum oxide or Mo,O,. Other samples also had this

contamination near the center of the MoS, crystals (metal nucleation site).

160 f
120!
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Figure 4.22. from [50] Photoluminescence spectra of MoS, island. Stars in inset show
location the photoluminescence was taken.
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Figure 4.23. from [50], Correlation plots and partial distribution functions for peak
positions and with for A-exciton (red) and trion (orange) lines, measured locally;

Clustering is visible for trion points, which are highlighted in the partial distribution
plots.

The surface of the MoS, heterostructure appears mostly uniform in the SEM image.
However, the optical properties of the heterostructure show substantial variation with
the large scatter of Raman and photoluminescence distributions Figure 4.21 and Figure
4.22. The variability in pristine material could produce uncertainty in detection of
analytes. In order to find the physical origin for such variation, we used scattering
scanning near-field optical microscopy (sSNOM). By aligning the large area scans
of the heterostructer we correlate different characterization channels including SEM,
scanning probe imaging, as well as photoluminescence and Raman microscopy at a

lower resolution. in Figure 4.25 b-d, the sSSNOM image of second harmonic optical
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Figure 4.24. from [50], confocal maps of MoS, PL: (top row) fitted intensity and
(bottom row) peak position for (left) trion and (right) A-exciton; arrows show regions
of higher photoluminescence intensity for trion( lower for A-exciton). All scale bars
are 1 pm.

amplitude (see methods section) reveals variation of the surface impedance of the
heterostructure at submicrometer scale not captured by SEM or AFM. We claim that
the bright regions correspond to the local defects of the MoS,. We regularly observe
such contrast at the edges of MoS, crystals which are prone to oxidation. Similar
regions in the center of the island should correspond to concentrated sulfur vacancies,
reactive to oxygen, and formation of oxy-sulfate regions which may appear as nanoscale

posts that wrinkle the graphene which drapes above. The series of maps in Figure
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Figure 4.25. from [50], test of the MoS, /graphene heterostructure. (a and e) Scanning
electron microscopy image, and (b-d and f-h) sSSNOM images of two MoS, islands
covered by monolayer graphene. The island that is well covered by graphene (a) shows
nearly no degradation after 242 or 705 days in ambient conditions. The island (e) has
torn graphene covered the MoS, island, which has lead to severe degradation of the
device. All scale bars are 1 pm.

4.25 b-d, f-h show how such regions may grow while protected (or not protected) by
graphene. The larger island (a), is covered with intact monolayer graphene, which
preserves the oxidized region after nearly 2 years in ambient conditions, except for a
small oxide crystal growth near the bottom right corner where a gouge in the graphene
has exposed the MoS, to oxygen. While in the smaller island (e) the graphene is
cracked, leading to oxidation over the same period. The sSSNOM mapping also shows
large wrinkles in the graphene which show up as bright diagonal lines in (d) which do

not contribute to alterations of the optical properties over time.



Pristine material was also analyzed in another island of the same MoS, /graphene
heterostructure mapped in Figure 4.22 by photoluminescence in panel a and by SEM
in panel e (and will be correlated in Figure 4.27h. Several features are clearly resolved:
graphene ruptures off of the island, an oxide crystallite on the bottom left edge of the
MoS,, crystal, numerous oxy-sulfate nanoposts and graphene wrinkles around those
posts, as well as several regions of darker SEM contrast (likely, more conductive than
bare monolayer graphene). Confocal photoluminescence image of the same area is
present in Figure 4.22a, inset. On this MoS, island there is considerable variability in
the photoluminescence intensity and lineshape.Similar to the large area photolumines-
cence data in Figure 4.20. The main variability of micro-photoluminescence results
from the A and X states, to be analyzed separately. Panel b presents the correlation
plot for fitted photoluminescence peak position and width for A-exciton (red) and
trion (orange) states by the local optical probe on the surface of the graphene/ MoS,
heterostructure. This corresponds with the analysis in figure 4.24. Microphotolumi-
nescence reveals a large non-uniformity in optical signal. Trion partial distribution
functions for both Ay and Aw show three major clusters (highlighted by ovals in panel
b and green curves in ¢ and d), which correspond to the regions of heterostructure
where materials properties are locally modulated. Maps in Figure 4.22f-i show the
distribution of the peak position, Aw, and peak intensity, AP, with diffraction limited
resolution. These maps show a negative correlation for the photoluminescence strength
of A-exciton and trion (shown by the red and orange arrows). The trion photolumi-
nescence is at a maximum where the A-exciton photoluminescence is depressed which
is what is shown in the blue and black spectra in panel A. The A-exciton dominated
spectra is shown in the purple photoluminescence curve in panel a. We speculate that

this correlation may be the result from the non-uniform doping of the MoS, island.
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Figure 4.26. from [50], (a) typical MoS, Raman spectrum, fitted with E;, and Ay,
lines. (b) A-line intensity map. (c¢) Typical Raman spectra for graphene off/on MoS,
island, fitted by G(orange), D (pink), and 2D (green) lines; splitting of G- and 2D-
lines is shown in the fit. (d) Raman map of 2D-aplitude showing the island location,
cg. map in (b). (e) High-angular annular dark-field scanning transmission electron

microscopy (HADF STEM) image of MoS, lattice: notice grain boundaries and
individual defects; scale bar is 2nm.

In highly doped areas, neutral excitons are bound to free charges and are converted
into trions [79].

While it is useful to shed light on the photoluminescent variability, the confocal pho-
toluminescence characterization does not have the spacial resolution to determine the
mechanism of non-uniform optical signaling. We developed a multidimensional imaging

method combining sSSNOM and Kelvin probe force microscopy with photoluminescence

and Raman microscopy.
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Figure 4.27. from [50], Raman mapping of doping and strain non-uniformities in the
heterostructure. (f and g) Calculated doping and strain for MoS, layer overlaid with
SEM map; (h) sSNOM phase image of the same area. (i-k) single layer graphene
doping, hydrostatic and shear strain maps. All scale bars except in (e) are 1 pm.

Multiple sources of optical non-uniformity, stemming from the variation of the
doping level, have been studied with micro-Raman imaging: typical Raman spectra of
monolayer graphene/MoS, heterostructure are shown in Figure 4.26 Panel a presents
A- and E-modes of the MoS, layer; an A-intensity map is shown in the inset of b.
Mode frequencies, fitted as in a, allow us to determine the strain and doping (60) of
the island underneath the graphene, generating the maps presented in panels f and
g (see the Methods section for details). MoS, doping is lower along the vertical axis
of the island; thus, both the amount of charge transfer and graphene Er should be
lower. Charge doping and strain in graphene have been calculated. Parts i and j of
Figure 4.27 show graphene doping and isotropic/hydrostatic strain. Furthermore, the
splitting of the G and 2D doublet modes (see the fitted curves in panel c) yields the

shear (non-isotropic) component of the strain (panel k).
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4.3.7 Summary

The analysis above reveal the existence of non-uniformities in 2D materials at the
nanoscale level and the multidimensional characterization which I proposed in Aim 2
allow for the identification of doping and strain variations as the origin of inhomogeni-
eties of optical and electrical properties. When these defects are averaged over the
device area, variability in local response induces a broadening of the spectral signal,
which raises device-to-device variability and, ultimately, lowers the sensitivity and
the limit of detection by increasing background signal and systematic error. The
work above show that in order to improve the performance of devices based on 2D
heterostructures, non-uniformity of doping and strain — two major mechanisms for
optical signal variations — must be addressed. New methods of strain-free and doping-
free transfer need to be developed, and failing that, each device must be analyzed

thoroughly for deviations.

4.4 Instrumentation

SEM sample imaging was performed on a field emission scanning electron microscope
Zeiss Auriga FIB/FESEM. Confocal PL and Raman characterization were performed
using a Horiba Jobin Yvon LabRAM HR-Evolution Raman system; 488 nm (for Raman)
and 532 nm (for PL) laser excitation wavelengths were used. A Horiba XploRA Raman
system was used for taking the Raman spectra at 532 nm of excitation; WiTec Raman
alpha 300 Confocal system, excitation: 488 nm, 532 nm. sSNOM maps were collected
using a scattering type scanning near-field optical microscope (custom-built Neaspec

system) in pseudoheterodyne mode excitation 1577-1579 cm™* (at PSU, laboratory
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of Dr. Rotkin). The AFM/KPFM characterization was performed using (1) Oxford
Research AFM (MFP-3D infinity); (2) Dimension Icon AFM in PeakForce Kelvin
probe force microscopy in frequency modulated mode (PFKPFM-FM, Bruker Nano
Inc., Santa Barbara, CA). Prior to measuring the samples, the KPFM response of
the probe was checked against an Au—Si—Al standard and the work function of the Al
reference metal layer was calibrated against a freshly cleaved highly oriented pyrolytic
graphite (HOPG) reference sample (PFKPFM-SMPL, HOPG-12M, Bruker SPM
Probes, Camarillo, CA); 4.6 eV was used for the work function reference value for

HOPG.
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Chapter 5: Conclusions and Future

work

Current device fabrication techniques leave much to be desired. Due to inhomogenieties
caused by transfer methods and growth conditions lead to device to device variations
that will effect the performance of two dimensional devices. New techniques must be
developed to fabricate these devices without defects and new methodologies must be
utilized to detect these variations to ensure uniform properties across all fabricated
devices. In this thesis I have developed a new method for determining the number of
layers in two dimensional materials using only optical microscopy and optical contrast
by Fresnel equations. This methodology can be extended to any two dimensional
materials and their Van der Waals heterostructures. I have also used advanced Raman
analysis to extract strain and doping information from large characterization area
for use in registering Raman spectral maps with other microscopy methods. This
methodology can be extended to other two dimensional materials. Finally, I used
the registration techniques for examining local variations of layered materials and
discovered novel properties of these heterostructures which will be useful in future
device fabrication.

Each of my three aims has a future work which may be investigated. The control
and detection of lattice angles in bilayer graphene is critical for the application of
multi-layered graphene structures. More research is needed into the control of the
growth of these materials to prevent these mismatches from occurring unintentionally.

structures Layered double hydroxides have interesting interactions with graphene
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substrates. More research is needed in the work function characterization of graphene
in these heterostructures. Molybdenum disulfide photoluminescence may be controlled
by strain engineering of graphene in MoS, /graphene heterostructures. In terms of
registration, more signals may be found for registration purposes in large area two
dimensional materials for spectroscopic analysis. This research can be extended
into other high resolution optical spectroscopic methods such as FT-IR. Finally, the
detection and prediction of few-layer flakes in homogeneous materials seems perfectly
extensible into two dimensional heterostructures. Research into the apparent color of
these heterostructures is not something currently being studied and optical estimation

of layer number or z height is possible using Fresnel equations.
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