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Abstract

Probing Transition Metal Dichalcogenide Monolayers and Heterostructures

by Optical Spectroscopy and Scanning Tunneling Spectroscopy

Heather M. Hill

Atomically thin two-dimensional materials, such as graphene and semiconductor

transition metal dichalcogenides (TMDCs), exhibit remarkable and desirable optical

and electronic properties. This dissertation focuses on the excitonic properties of

monolayer TMDCs taken first in isolation and then in contact with another material.

We begin with a study of the exciton binding energy in two monolayer TMDCs,

WS2 and MoS2. We observe excited states of the exciton by two different opti-

cal spectroscopy techniques: reflectance contrast and photoluminescence excitation

(PLE) spectroscopy. We fit a hydrogenic model to the energies associated with the

excited states and infer a binding energy, which is an order of magnitude higher than

the bulk material.

In the second half of this work, we study two types of two-dimensional vertical

heterostructures. First, we investigate heterostructures composed of monolayer WS2

partially capped with graphene one to four layers thick. Using reflectance contrast to

measure the spectral broadening of the excitonic features, we measure the decrease in

the coherence lifetime of the exciton in WS2 due to charge and energy transfer when

in contact with graphene. We then compare our results with the exciton lifetime in

MoS2/WS2 and MoSe2/WSe2 heterostructures. In TMDC/TMDC heterostructures,



the decrease in exciton lifetime is twice that in WS2/graphene heterostructures and

due predominantly to charge transfer between the layers.

Finally, we probe the band alignment in MoS2/WS2 heterostructures using scan-

ning tunneling microscopy (STM) and spectroscopy (STS). We confirm the monolayer

band gaps and the predicted type II band alignment in the heterostructure. Drawing

from all the research presented, we arrive at a favorable conclusion about the viability

of TMDC based devices.
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1

Chapter 1

Introduction to TMDCs and

Graphene

In this chapter, we will discuss some of the basic properties of transition metal

dichalcogenides (TMDCs) and graphene. These properties include the physical struc-

ture of the lattice, the chemical components, the band structure, and some funda-

mental optical properties, namely Raman modes, absorption, and photoluminescence.

This chapter will give all the necessary ground work to understand the remainder of

this dissertation.

1.1 Physical Structure

Since the first isolation of a single layer of graphene [1], many of its remarkable phys-

ical and electronic properties have been documented (see Chapter 1 Sections 2.1 and

3). Building off of the incredible success of graphene, a whole host of quasi-two-

dimensional materials have become the focus of much theoretical and experimental
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investigation. Transition metal dichalcogenides, one such class of layered 2D materi-

als, will be our primary focus.

In this section we will describe the physical structure of TMDCs and graphene.

First, we will briefly review the chemical components of TMDCs and graphene. We

will then explain the lattice stucture of both materials.

1.1.1 Chemical Components

The term transition metal generally refers to elements in the “d-block” of the peri-

odic table, thus named because the highest energy electrons reside in the d-orbital.

In Figure 1.1, transition metals are indicated on the periodic table by a dark blue

outline, with molybdenum and tungsten outlined in cyan. The atomic number for

molybdenum and tungsten are 42 and 74, respectively. Chalcogens, also known as

the oxygen family, are group 16 of the periodic table. In Figure 1.1, chalcogens are

indicated on the periodic table by a red outline, with sulfur and selenium outlined in

pink. Sulfur and selenium have atomic numbers 16 and 34, respectively. Additionally,

carbon, the atom that comprises graphene, is marked in green and has atomic num-

ber 6. Transition metal dichalcogenides (TMDCs) have the general chemical formula

MX2 [2], where M can be either molybdenum, Mo, or tungsten, W, and X either

sulfur, S, or selenium, Se.

1.1.2 Lattice Structure

Graphene is a hexagonal honeycomb lattice of carbon that is one atom thick [3], see

Figure 1.2. Each carbon atom is covalently bonded with its three nearest neighbors,

with one loose bond out-of-plane [4]. The distance between adjacent carbon atoms
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Figure 1.1: Simplified periodic table. Transition metals are outlined in dark blue,
with molybdenum and tungsten outlined in cyan. Chalcogens are outlined in red,
with sulfur and selenium outlined in pink. Carbon is also outlined in green.

is approximately 1.42 Å [4]. In thicker samples, the individual layers of are bonded

to one another by weak van der Waals interactions [1]. These weak interlayer bonds

allow for layers to be readily cleaved through methods such as mechanical exfoliation.

Figure 1.2: Qualitative image of the lattice structure of graphene. The green dots
represent carbon atoms, and the lattice constant, a, is labeled.
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Viewed from above, TMDCs are also a hexagonal honeycomb lattice composed

of alternating M type (transition metal) and X type (chalcogen) atoms, see Figure 1.3.

However, any lattice point seemingly filled by a single chalcogen atom is actually two

chalcogen atoms one atop the other in a trigonal prismatic configuration. The spacing

between the stacked chalcogens is about 3.11 Å [5]. A top and side view of the lattice

are shown schematically in Figure 1.3, with the transition metal atoms in blue and

the chalcogen atoms in red.

Figure 1.3: Qualitative image of the lattice structure of TMDCs. The blue dots
represent the transition metal atoms, and the red dots represent the chalcogen atoms.
(a) The lattice viewed from above. The lattice constant, a, is labeled. (b) The lattice
viewed from the side for a bilayer TMDC. The interlayer spacing and the distance
between chalcogen atoms are both labeled.

In thicker TMDCs, individual layers are held to one another by van der Waals

forces, much like graphene [6]. The layers are oriented in 2H stacking [7], i.e. the

chalcogens of one layer are aligned with the transition metal of the next layer (see

Figure 1.3(b)). The interlayer spacing has been measured to be 6.5 Å[8].
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1.2 Band Structure

Calculating the energy of the lattice as a function of k, reciprocal space or lattice

momentum, can be done in a few different ways. One option is the tight-binding

model. Another prevalent method is computational density functional theory (DFT).

For our purposes the details of these calculations are not essential; it is sufficient that

these calculations can be done with reasonable levels of accuracy. In this section, we

will present the band structure of graphene and MoS2. We will also discuss some

general properties of the band structure in semiconductors.

Figure 1.4: Band structure of monolayer graphene and bulk MoS2. (a) The band
structure of monolayer graphene, from [9], with a magnified view of the K-point. (b)
Simplified band structure of bulk MoS2, from [6].

In Figure 1.4 we provide the band structure of monolayer graphene and bulk

MoS2. We will give a more detailed discussion of the band structure of TMDCs

in later sections and chapters. For now, we will focus predominantly on properties

common to all band structures, using the information provided in [10].

The lower band is called the valence band, and, in an undoped sample, this

band is filled with electrons. The conduction (upper) band is empty in an undoped



1.2. Band Structure 6

sample. The electrons in the valence band have limited movement within the band as

all of the energy states are filled. Electrons in the conduction band are able to move

fairly easily as the majority of the band is unfilled.

The band structure reveals the available transitions between the valence and

conduction bands. If we look at the band structure of graphene, the conduction

band and valence bands connect at the K-point, i.e. graphene is a semimetal. This

Dirac cone allows electrons to move from the valence to conduction band quite easily.

Generally, transitions can be made between any valence band local maximum and any

conduction band local minimum. A few such transitions are indicated by arrows in

the band structure of MoS2. A direct transition, such as the transitions marked A and

B in Figure 1.4(b), occurs between a valence band maximum and a conduction band

minimum at the same point in k-space. An indirect transition, like the transition

labeled I in MoS2, occurs between a maximum and minimum at different points in

k-space. Direct transitions are favorable, because they do not require phonons (lattice

vibrations).

The band gap of a material is the energy difference between the valence band

maximum and conduction band minimum. Generally, a material with a band gap, Eg,

that takes the values 0 eV < Eg ≤ 4 eV is called a semiconductor. If the lowest energy

transition is a direct transition, it is called a direct-gap semiconductor. Similarly,

if the lowest energy transition is an indirect transition, it is called an indirect-gap

semiconductor. If the band gap is larger than 4 eV, the material is called an insulator.

The band structure dictates quite a few of the optical properties. For this

reason, it is important to understand the band structure before we delve into the

specific optical properties of TMDCs.
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1.3 Optical Response in TMDCs and Graphene

In this section, we will discuss the basic optical properties of TMDCs and graphene.

Specifically, we will review the Raman scattering and linear absorption of monolayer,

few-layer, and bulk TMDCs and graphene. We will also examine the layer depen-

dence of the photoluminescence in TMDCs. These optical properties are essential to

the work investigated in depth in this dissertation. However, there are many other

fascinating optical properties that will, sadly, not be covered, e.g. second harmonic

generation, valley-spin coupling, etc.

1.3.1 Raman Scattering

The Raman spectrum of a material gives insight into the vibrational modes of the

material. The Raman modes in graphene are often used to characterize the thickness

of few-layer samples [11], since the modes are quite sensitive to the number of layers.

The three important Raman peaks are the D, G, and 2D peaks; the G and 2D features

are shown in Figure 1.5. In monolayer graphene, the G and 2D peaks occur at 1587

cm−1 and 2658 cm−1, respectively. The D peak is often known as the defect peak, and

its presence is an indication of inhomogeneities and residue on the sample [11]. With

increasing layer number, the G peak increases in magnitude, while the 2D decreases

in height, broadens, and blueshifts. An easy metric for determining the thickness of

a few-layer graphene sample is the ratio of the intensity of the G and 2D peaks. The

G to 2D ratio is about 1:2 for monolayer [12], 1:1 for bilayer, and 2:1 for trilayer. The

graphene Raman spectra are shown in Figure 1.5 for monolayer, bilayer, trilayer, and

a thicker few-layer sample.
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Figure 1.5: Layer dependence of the Raman modes of graphene. The peak on the
left is the G mode, and the right is the 2D mode. The Raman spectra are shown for
monolayer, bilayer, trilayer, and a thicker few-layer sample of about 5 layers thick.

The Raman modes in TMDCs have been thoroughly measured and reported

[13, 14, 15]. We will begin with the Raman modes of MoS2 and then address the

similarities and differences amongst the Raman spectra of the other TMDCs.

In MoS2, we observe two Raman modes: the E1
2g and A1g [13]. The Raman

modes are depicted in terms of atomic vibrations in Figure 1.6(c). E1
2g is an in-

plane vibrational mode, and A1g is an out-of-plane vibrational mode. Figure 1.6(a),

from [13], shows the Raman spectrum of MoS2 as the layer number increases. For

monolayer MoS2, E1
2g has a frequency of 384 cm−1, and A1g has a frequency of 403

cm−1. With increasing sample thickness, the E1
2g mode redshifts, and the A1g mode

blueshifts (see Figure 1.6(b)). The difference in frequency of the two modes is a

particularly useful metric for distinguishing flake thickness. Additionally, the intensity
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of the Raman modes are stronger for monolayer samples than bulk. This is likely due

to the substrate interference from the SiO2 layer on top of the silicon [13].

Figure 1.6: Raman spectroscopy of MoS2 [13]. (a) Raman spectra for samples from
one to six layers (1L to 6L) thick and bulk. (b) Peak frequency and frequency
difference between the two modes as a function of sample thickness, given in number
of layers (L). (c) Depiction of the atomic vibrations of the Raman modes.

In WS2, we see the same two vibrational modes, E1
2g and A1g, at 356 cm−1 and

417 cm−1, respectively, in monolayer samples (see Figure 1.7 from [14]). We observe

a redshift for E1
2g and a blueshift for A1g with increasing sample thickness (Figure

1.7(d)). One notable feature of the Raman spectrum of WS2 is the resonant Raman

scattering when excited with 514.5 nm light [14]. We can see in Figure 1.7(b) that

there are many new features in the spectrum. The most notable is a longitudinal
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acoustic mode, 2LA(M), which overlaps with the E1
2g mode such that the E1

2g no

longer discernible in the spectrum. The 2LA(M) redshifts with increasing number of

layers similar to the E1
2g, see Figure 1.7(d). For 647 nm excitation, the Raman modes

increase in intensity as the sample thickness increases suggesting that the Raman

mode intensity depends predominantly on scattering volume. For 488 nm excitation,

the Raman modes increase for monolayer through trilayer, but the bulk intensities are

lower than those for the monolayer. This is likely due to substrate interference. For

514.5 nm excitation, the modes all increase with decreasing number of layers reaching

a maximum intensity at monolayer thickness.

Figure 1.7: Raman spectroscopy of WS2 [14]. Raman spectra for samples from one
to three layers (1L to 3L) thick and bulk when excited by 488 nm (a), 514 nm (b),
and 647 nm (c) laser light. (d) Peak frequency of the E1

2g, A1g, and 2LA(M) modes
as a function of sample thickness for the different excitation wavelengths.
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In MoSe2, there are three Raman modes, see Figure 1.8. The A1g mode occurs

at about 240 cm−1 for monolayer samples and undergoes a 2 cm−1 blueshift for

bilayer. The E1
2g mode is found at 287.2 cm−1 for monolayer MoSe2 and redshifts

with increasing thickness. Finally, one out-of-plane mode, B1
2g, that is inactive in

bulk becomes active for thinner layers at 353 cm−1 [15].

Figure 1.8: Raman spectroscopy of MoSe2 [15]. Raman spectra are plotted for samples
from monolayer (1L) to five-layers (5L) thick.

In bulk WSe2, two clear peaks are visible in the Raman spectrum at 248 cm−1

and 250.8 cm−1 corresponding to the E1
2g and A1g modes, respectively (see Figure

1.9). However, in thinner flakes, there is only one peak in the same frequency range.

This peak could be one of the modes or both modes at nearly degenerate frequencies.

As in MoSe2, thinner layers have a B1
2g mode at 309 cm−1 that is inactive in bulk [15].
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Figure 1.9: Raman spectroscopy of WSe2 [15]. Raman spectra are plotted for samples
from monolayer (1L) to five-layers (5L) thick.

1.3.2 Linear Absorption

The linear absorption of a material allows us to probe the band structure. The onset

of absorption can reveal information about the band gap and excitons, a bound state

electron-hole pair that will be described in detail in Chapter 2.3.1 and Chapter 3.

In this section, we will describe the basic properties of the absorption of graphene

and TMDCs. In later chapters, the absorption will be used to probe a few different

material properties.

Over a fairly wide spectral range, the absorption of graphene is nearly a flat

2.3%, in agreement with modeling the system as massless Dirac fermions [16]. This

approximation is valid in the energy range from 0.5 to 1.2 eV, as shown in Figure

1.10(a). However, at lower and higher energies, this approximation breaks down.

At lower energies, there is a dip in the absorption (see Figure 1.10(b)) that can be

modeled with inter- and intra-band transitions for noninteracting massless fermions,
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Figure 1.10: Optical absorption of monolayer graphene [17]. (a) Absorption of
graphene from 0.5 eV to 1.2 eV, where the absorption is approximately flat as pre-
dicted for a massless Dirac fermion. (b) Absorption of graphene from 0.25 eV to
0.8 eV, where the dip depends on the temperature and doping. (c) Absorption of
graphene over a wide energy range from 0.25 eV to 5.25 eV. A broad exciton peak
can be seen centered at 4.62 eV.

where the magnitude of the dip will depend on temperature and doping [16]. At

higher energies, we excite an exciton that is formed at a saddle point in the band

between adjacent K points. Thus, the higher energy absorption is dominated by a

broad excitonic absorption peak. Figure 1.10(c) is the full absorption spectrum of

monolayer graphene with a clear signature of the exciton at 4.62 eV [17].

In TMDCs, the linear absorption is dominated by excitons from various points
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Figure 1.11: Optical absorption of monolayer TMDCs [18]. Absorption of monolayer
MoSe2 (a), WSe2 (b), MoS2 (c), and WS2 (d). The A and B peaks, from excitons
at the K-point of the Brioullin zone, are labeled for all four materials. The unlabeled
C peaks (C and D for WSe2) are seen at higher energies around 2.5-3 eV.

in the band. The absorption for monolayer MoS2, MoSe2, WS2, and WSe2 are given

in Figure 1.11 (from [18]). For all four materials, the lowest energy peak is known

as the A exciton, a direct transition that occurs at the K-point in the band [6] (see

Figure 1.4(b)). The next lowest energy transition, the B peak, also occurs at the-K

point. The energy difference between these two peaks arises due to splitting of the

valence band at the K-point from spin-orbit coupling. The higher energy broad C

peak, or the C and D peak in WSe2, comes from several different transitions around

the Γ point of the band [19, 20].
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1.3.3 Photoluminescence in TMDCs

TMDCs are often noted because of their highly efficient photoluminescence (PL) [6];

photoluminescence is described in detail in Chapter 2.3.1. For now, we will simply

recall that PL is the light emmitted when an exciton radiatively recombines. The

photoluminescence from a monolayer TMDC is dominated by the A exciton PL, as

shown in Figure 1.12. In monolayer PL, there is also a weak higher energy feature

associated with the B exciton and a lower energy shoulder on the A exciton peak

from the trion, an exciton with an extra bonded electron.

Figure 1.12: Photoluminescence of monolayer TMDCs. Normalized PL of (a) MoS2,
(b) WS2, (c) MoSe2, and (d) WSe2. The PL spectra are dominated by the A exciton
for each material.

As the thickness of a TMDC flake increases, the interlayer interactions cause

changes in the band structure. With the addition of one layer, TMDCs evolve from
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a direct gap semiconductor in monolayer to an indirect gap semiconductor in bilayer

[6]. With increasing sample thickness, the valence band Γ point increases in energy

as the conduction band minimum associated with the indirect transition (unlabeled

Q point) decreases in energy, see Figure 1.4(b). Thus, the energy of the indirect

transition decreases as the thickness increases. This trend is seen very clearly in

the PL of MoS2, Figure 1.13(a), where the PL from the indirect transition becomes

visible in bilayer and continues to decrease in energy for thicker samples. The A

exciton only experiences a slight redshift with increasing sample thickness, but there

is a marked decrease in intensity most notable from monolayer to bilayer, as shown

in Figure 1.13(b). The intensity decreases because the A transition is no longer the

lowest energy transition.

Figure 1.13: Photoluminescence of MoS2 as a function of thickness [6]. (a) Normalized
PL for MoS2 from one to six layers thick (1lay to 6lay). PL peaks originating from the
A, B, and indirect (I) transitions are labeled. The spectra are offset for clarity, and,
in the thicker samples, the indirect PL is multiplied by the factor shown. (b) PL of
monolayer and bilayer MoS2 demonstrating the decrease in the A peak PL intensity.
The inset shows the PL quantum yield (QY) for 1 to 6 layer thick MoS2.
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Chapter 2

Experimental Techniques

In this chapter, we will cover the experimental techniques featured in the forthcom-

ing chapters. We aim to provide the essential details, such that a graduate stu-

dent just starting in the field could build the setups and perform the measurements.

The techniques are all optical, except scanning tunneling microscopy/spectroscopy

(STM/STS) addressed in the last section of this chapter. First, we will discuss the

physics behind the measurement, then the experimental setup, and, finally, any spe-

cial procedure necessary to perform the measurements or analyze the data. The

techniques we will cover are Raman spectroscopy, reflectance contrast, photolumi-

nescence (PL) spectroscopy, photoluminescence excitation (PLE) spectroscopy, and

STM/STS.

2.1 Raman Spectroscopy

One of the most fundamental optical techniques is Raman spectroscopy. There is

commercial equipment made specifically for Raman spectroscopy, and the technique
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is starting to be used in fields as diverse as archeology [21]. However, Raman spec-

troscopy is perhaps the most essential in materials science. In particular, crystalline

solids are marked by very specific Raman signals making Raman spectroscopy an ex-

cellent method for characterization. In this section, I will describe the concept behind

Raman spectroscopy and the fundamentals of an experimental setup.

2.1.1 Concept

Lattices have vibrational modes called phonons, and Raman spectroscopy allows us to

experimentally measure these phonons. Imagine that a material is in its vibrational

ground state. When the material absorbs a photon, it is excited into a short lived

excited state (virtual energy state), then it relaxes down in energy. If the material

returns to the ground vibrational state, the photon emitted has the same wavelength

as the photon absorbed. However, if the material relaxes to a vibrational energy state

higher in energy, the light emitted will have lower energy than the absorbed light.

This case is known as Stokes Raman scattering [10] and is shown schematically in

Figure 2.1. If we excite a material that is already in an excited vibrational state,

then the system can relax down to the ground vibrational state after absorbing the

photon. In this case, the photon energy emitted will be higher than the incident

photon energy (anti-Stokes Raman scattering [10]), see Figure 2.1.

If we know the energy of the incident light and measure the energy of the emitted

light, we can find the energy of the phonons in the material. The energy of a phonon

is given by the equation [10]:

Ephonon = |Eγinc − Eγemit | (2.1)
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Figure 2.1: Qualitative image of Stokes and anti-Stokes Raman scattering. The
incident light (green) excites the material from the vibrational ground state (Stokes)
or an excited vibrational state (anti-Stokes) to a virtual energy state. When the
material relaxes, it emits light that can have energy equal to the incident light (not
shown), less than the incident light (Stokes), or more than the incident light (anti-
Stokes).

Where the phonon energy, Ephonon, is given in terms of the absolute value (to account

for Stokes and anti-Stokes scattering) of the difference in energy between the inci-

dent, Eγinc , and emitted, Eγemit , light. This quantity is often expressed in terms of

wavenumbers in units of inverse centimeters, cm−1. The wavenumber for a phonon,

∆w, is defined in terms of the wavelength of the excitation light, λinc, and the wave-

length of the emitted light, λemit:

∆w =
1

λinc
− 1

λemit
(2.2)

2.1.2 Experimental Setup

In this section, we provide the essential elements for a Raman spectroscopy setup,

excluding elements purely for alignment, e.g. mirrors, or necessary only for specific
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types of experiments, e.g. polarizers. In a generic Raman setup, a laser is focused

onto the sample with an objective, and the light from the sample is collected with

the same objective, i.e. backscattering geometry. The collected light passes through

a filter that blocks the laser but transmits the signal from the sample, which has

a wavelength very close to that of the laser. A few different types of filters can be

used. If we only want to measure Stokes (anti-Stokes) scattering, we can use a long

(short) pass filter with a sharp edge close to the wavelength of the laser. To measure

both the Stokes and anti-Stokes scattering we must use a notch filter that transmits

higher and lower wavelength light blocking only a narrow band about the wavelength

of the laser. After the filter, the light enters a spectrometer with a high line-density

grating; the spectrally dispersed light is then measured by a charge-coupled device

(CCD). Figure 2.2 is a schematic diagram of a Raman spectroscopy setup with all

the elements described. Our Raman measurements were performed on a Renishaw

invia-Raman microscope.

Figure 2.2: A schematic depiction of a Raman spectroscopy setup. From left to right,
there is a laser, an objective to focus the laser on the sample, a filter to block the
laser light, a spectrometer, and a CCD.
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2.2 Reflectance Contrast

In this section, we will discuss reflectance contrast spectroscopy. Reflectance contrast

is the experimental technique that we will use the most in this dissertation. First, we

will explain the relationship betweeen reflectance contrast and absorption. Next, we

will describe the essential elements of the experimental setup. Finally, we will detail

the experimental procedure and data processing.

2.2.1 Reflectance Contrast and Absorption

Reflectance contrast measures the light reflected by a sample compared to the light

reflected by the substrate. For samples much thinner than the wavelength of the

incident light and on a transparent substrate, the reflectance contrast is proportional

to the absorption of the material. Solving Maxwell’s equations for a thin dielectric

film, we find [16]:

∆R

R
=
Rs −Rr

Rr

=
4

n2
sub − 1

A (2.3)

Where ∆R
R

is the reflectance contrast, Rs is the reflected light from the sample, Rr is

the reference signal from the substrate, nsub is the index of refraction of the substrate,

and A is the absorption of the sample. Therefore, refleactance contrast gives us an

easy way to approximately measure the absorption of the material.

2.2.2 Experimental Setup

Reflectance contrast uses a broadband light source to measure the light reflected from

the sample and the substrate. Typically the light source is a lamp, in our setup a

tungsten-halogen lamp, although a supercontinuum or similar braodband laser light
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source can be used. For a lamp, it is necessary to create a roughly collimated beam

out of the diffuse light. This is done with a lens that focuses the light onto a very

small pinhole. A second larger pinhole is placed before a second lens a focal length

away from the first pinhole to create roughly parallel beams. The light enters into a

microscope where it is focused onto the sample. When a lamp is used, an additional

lens is placed just before the microscope to help focus the light to as small a spot as

possible with typical spot size in the 2-3 µm range. The signal from the microscope

is focused onto the entrance of a grating spectrometer paired with a liquid nitrogen

cooled CCD. A schematic diagram of a reflectance contrast setup is depicted in Figure

2.3. A real setup would include mirrors for alignment and other optical elements.

Figure 2.3: A schematic depiction of a reflectance contrast setup. From left to right,
there is a lamp, a series of lenses and pinholes, a microscope, a spectrometer, and a
CCD.

2.2.3 Measurement Procedure

In each measurement, the light reflected off of the sample is measured over the portion

of the spectrum selected by the spectrometer, likely requiring a few spectra to measure

the entire desired energy range. To get the reflectance contrast for a flake, we measure

the reflected light from the flake and the substrate. Additionally, we measure a

background spectrum with the lamp light blocked. Once we measure all the spectra,
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we calculate the reflection contrast, ∆R
R

, using Equation 2.3 with the background

spectrum subtracted from the sample and reference spectra. Long measurements will

typically have a good signal to noise ratio. However, in some cases we smooth the

reflectance contrast spectrum with a 5 or 10 point adjacent averaging.

2.3 Photoluminescence Spectroscopy

In this section, we will discuss photoluminescence spectroscopy in semiconductors.

First, we will discuss the theory behind photoluminescence. We will then describe

the photoluminescence spectroscopy experimental setup.

2.3.1 Photoluminescence in Semiconductors

In semiconductors, there is a gap between the valence and conduction band. When

a semiconductor is excited by light with energy larger than or equal to the band

gap, an electron from the valence band can be excited into the conduction band (see

Figure 2.4(a)). The vacancy left behind in the valence band is a positively charged

quasi-particle called a hole [10]. If the Coulumb forces are sufficient between the

electron and hole, they can form a bound state called an exciton. When the electron

and hole recombine, light is emitted with energy equal to the band gap minus the

binding energy of the exciton [10]. This emitted light is called photoluminescence

(PL). Figure 2.4(b) qualitatively shows the process of exciton creation and radiative

recombination.
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Figure 2.4: Schematic depiction of photoluminescence in semiconductors. (a) The
valence and conduction band of a semiconductor with an electron in the valence band
being excited into the conduction band by incoming light. The energy of the band
gap is indicated in purple. (b) An exciton is shown radiatively recombining and
emitting photoluminescence (PL). The energy of the PL and the binding energy of
the exciton, Ebinding, are indicated with respect to the energy levels of the exciton.

2.3.2 Experimental Setup

A photoluminescence spectroscopy setup is similar to a Raman spectroscopy setup.

A laser with energy high enough to create excitons enters into a microscope, where

it is focused on the sample. The light from the sample is collected in backscattering

configuration and passes through a filter that blocks the reflected laser light. The

remaining signal, the photoluminescence, then passes through a spectrometer to be

spectrally dispersed and measured by a CCD. The essential elements of a photolumi-

nescence setup are depicted in Figure 2.5. In a real setup, there would be additional

optical elements, mirrors for alignment, etc. Our measurements were performed on a

Renishaw invia-Raman microscope.
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Figure 2.5: A schematic depiction of a photoluminescence spectroscopy setup. From
left to right, there is a laser, a microscope to focus the laser on the sample, a filter to
block the laser, a spectrometer, and a CCD.

2.4 Photoluminescence Excitation Spectroscopy

In this section, we will discuss an optical technique called photoluminescence exci-

tation (PLE) spectroscopy. PLE incorporates elements of photoluminescence spec-

troscopy and reflectance contrast. We will describe the concept behind photolumi-

nescence excitation spectroscopy, the elements of a typical experimental setup, and

the measurement procedure.

2.4.1 Concept

In Chapter 2.3.1, we discussed photoluminescence in semiconductors. However, this

picture was a bit simplistic. Firstly, a material will only absorb a certain percentage

of the incident light. The amount of light absorbed as a function of excitation energy

is the absorption of the material. The absorption of TMDCs is determined largely by

the excitons, see Figure 1.11.

The second complicating factor is the efficiency of radiative recombination. For

any excitation energy, there will be non-radiative relaxation channels that compete

with radiative recombination and limit the efficiency [10]. Therefore, not all of the

absorbed photons will be reemitted. Additionally, when we excite a semiconductor,
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we do not necessarily know where in the band we are exciting, especially at high

excitation energies when more transitions are accessible. In order to radiate at one

part of the band, say the K-point like in TMDCs, the electron and hole must first

relax to that part of the band. Thus, the quantum efficiency will depend on the

relaxation pathways within the valence and conduction bands.

Photoluminescence excitation spectroscopy (PLE) allows us to probe these in-

tricacies. In PLE, we measure the PL intensity as a function of the excitation wave-

length. This is distinct from both reflectance contrast, which simply measures the

light absorbed as a function of wavelength, and PL spectroscopy, which uses only a

single excitation energy. If we compare the PLE with reflectance contrast, we can

infer information about the relaxation pathways in the material, as we will discuss in

Chapter 3.

2.4.2 Experimental Setup

In PLE, as in reflectance contrast, we use a broadband light source, either a lamp or a

supercontinuum laser. In our setup, we used a supercontinuum laser. A laser provides

two advantages: higher intensity and a collimated beam. However, supercontinuum

lasers have high intensity pulses, which can easily damage samples. A lamp source

would be unlikely to damage a sample, however, may not have sufficient power. The

light, from either source, passes through a variable wavelength filter or, as in our

setup, a monochromator (grating spectrometer). Either one allows us to select the

excitation wavelength.

After the monochromator, the light passes through an adjustable neutral density

filter, so we can select the power at each wavelength. The light is then focused onto
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the sample with either an objective or a microscope with the signal collected in

backscattering geometry. The signal passes through a filter which can block all the

excitation wavelengths we use in the experiment but not the PL. This is typically

done with a long pass filter with the edge close in wavelength to the sample PL.

The closer the filter edge is to the PL wavelength, the closer we can get to resonant

excitation. Finally, the light enters a grating spectrometer coupled to a CCD. The

essential elements of a PLE setup are shown in Figure 2.6. Once again, we do not

include mirrors and other standard optical elements.

Figure 2.6: A schematic depiction of a photoluminescence excitation setup. The setup
consists of a supercontinuum laser source, a monochromator to select the excitation
wavelength, a variable ND filter to adjust the power, an objective to focus the laser
on the sample, a filter to remove the excitation light from the signal, a spectrometer,
and a CCD.

2.4.3 Measurement Procedure

A typical measurement has a few steps. First, we select the initial excitation wave-

length and adjust the monochromator accordingly. The neutral density filter must be

set such that the average power of the light is the desired value, then we measure the

PL spectrum of the sample. We continue to the next excitation wavelength following

the same steps. Once all of the spectra are taken, we can fit a peak or peaks to each
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PL spectrum. Finally, we create a plot of the integrated intensity of the peak as a

function of the excitation wavelength. This is the PLE spectrum for the sample.

2.5 STM and STS

In this section, we will discuss scanning tunneling microscopy (STM) and scanning

tunneling spectroscopy (STS). First, we will address the theory behind STM and STS

measurements. Next, we will briefly describe the fundamental features of a typical

experimental setup. Both of these sections are guided by a textbook from Chen [22].

Finally, we will outline how the data is analyzed (more details in Chapter 5).

2.5.1 Concept

In both STM and STS, a conducting tip is brought close to the surface of a sample.

A voltage difference is applied between the material and the tip. If the voltage is

sufficient, electrons can tunnel between the surface of the sample and the tip. We

are able to measure the tunneling current into or out of the sample. The tunneling

current depends on the tip to surface distance, the bias voltage, and the sample’s

local density of states.

For STM measurements, the tip moves parallel to the sample (x-y plane) to

create an image of the surface. The measurement is performed in what is known as

constant current mode. In constant current mode, the height of the tip adjusts to

keep the tunneling current at a constant value set by the user. The surface image is

constructed by recording the height of the tip as a function of the x-y position.

In STS, the height of the tip is kept constant as the voltage is varied, a.k.a
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constant height mode. We measure the tunneling current as a function of voltage and

obtain an I-V curve. This measurement is performed at various x-y positions on the

sample.

2.5.2 Experimental Setup

STM/STS experimental setups are fairly complicated. Here, we will only provide a

broad overview of a few of the key elements. The conducting tip is one fundamental

part of the setup. The tip must have a single atom at its apex in order to obtain a well

defined STM image. We used mechanically cut tungsten tips. The height and position

of the tip is controlled by a set of electronics using a Piezoelectric tube. Additionally,

there are electronics that amplify the tunneling current before it is recorded. Finally,

the setup is incredibly sensitive to vibrations, thus it must be designed to isolate the

sample and tip from external vibrations. This is typically done with gas suspension

or mechanical springs.

2.5.3 Data Processing

In STS measurements, we obtain I-V curves for a number of points on sample. The

quantity of interest is dI/dV , which is related to the conductance of the material

[22]. We take the derivative of our data with respect to voltage to obtain a dI/dV

curve. Once we have the dI/dV curves, we can find the band gap of the sample

from the onsets of the current. To do so, the data is fitted with a model to extract

the current onset voltages. The model we use to fit the dI/dV curves, described in

detail in Chapter 5, takes into account thermal broadening, the in-plane momentum

dependence of the tunneling probability, and tip-induced band bending.
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Chapter 3

Exciton Binding Energy in

Monolayer MoS2 and WS2

In this chapter, we will discuss the experimental observation of the excited states and

binding energy of the excitons in monolayer TMDCs. First, we will describe the non-

local screening model we used for our two-dimensional system. Next, we will address

how the binding energy can be determined experimentally. We will particularly focus

on the optical techniques of reflectance contrast and photoluminescence excitation

spectroscopy (PLE). We will present the results of these two measurements on WS2

and MoS2 and the binding energies we extract. Finally, we will compare our results

with other published values.

3.1 Modeling the Exciton

In this section, we will discuss a theoretical model for excitons in two-dimensional

materials. The presentation of this discussion is strongly guided by the preprint and
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published version of a paper by Berkelbach et al. [23]. Professor Tim Berkelbach and

Professor David Reichman developed this model and graciously collaborated with us

to apply the model to our experimental results.

3.1.1 Hydrogenic Model

In quantum mechanics, the hydrogen atom, a bound state of an electron and proton,

is a preferred system, because it can be analytically solved. The hydrogenic model

is frequently used to describe Wannier excitons in inorganic semiconductors [10]. In

three dimensions, the screened hydrogen Hamiltonian is given by:

H =
P 2

2µ
+ Veh(r) = −~2∇2

r

2µ
− e2

εr
(3.1)

Where H is the Hamiltionian operator, P is the momentum operator, µ is the effective

mass, V is the interaction potential, ~ is the reduced Planck constant, e is the charge

of an electron, ε is the dielectric screening constant, r is the distance between the

electron and proton or hole, and the last two terms are the operators in real-space

spherical coordinates.

However, excitons occur within a material with its own complicated set of po-

tentials. Typically, the influence of the surrounding material is accounted for in two

ways: dielectric screening and electron/hole effective mass. First, we treat the mate-

rial as a slab of uniform dielectric screening of magnitude ε. This dielectric screening

constant will be the value used for the Coulomb screening in Equation 3.1. The
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reduced mass of the exciton, µ, is given by:

µ =
1

m−1
e +m−1

h

(3.2)

Where me is the effective mass of the electron, and mh is the effective mass of the

hole. For Wannier excitons, where the distance between electron and hole is larger

than the lattice constant, the band structure of the lattice is incorporated into the

mass of the electron and hole through the effective mass approximation (see Appendix

A).

The energy levels in the hydrogen atom take discrete values determined by the

principal quantum number, n, and the equation:

E3D
n = − µe4

2~2ε2

1

n2
(3.3)

The energy spectrum resulting from this equation is known as the Rydberg series.

Each energy state is referred to by its principal quantum number, n, and the orbital it

occupies, s from the spherical symmetry. Therefore, the energy levels are denoted 1s,

2s, 3s, etc. We will use the term Rydberg series and the ns notation in our excitonic

system as well.

When we restrict the hydrogen model to two dimensions, the Hamiltonian re-

mains the same but the energy spectrum becomes:

E2D
n = − µe4

2~2ε2

1

(n− 1/2)2
(3.4)

Therefore, in the hydrogen model, the binding energy in two dimensions is four times
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that in three dimension, E2D
b = 4E3D

b .

3.1.2 Nonlocal Screening Model

Simply confining the hydrogen Hamiltonian to 2D is not valid for our system. The 2D

hydrogen model assumes that the dielectric screening is a constant and the same value

as in 3D. However, the material is now approximately limited to two dimensions, while

the electric field between the electron and hole extends into all three dimensions. The

limitation of the screening to a thin layer leads to nonlocal screening of the exciton, as

we will explain using the field lines between the electron and hole (see Fig. 3.1). The

field lines that extend out of the material experience little or no screening, since they

do not pass through the sample, while field lines passing through the material will

experience screening. Therefore, an electron and hole that are spatially close, and

consequently have fewer field lines extending outside the material, will experience

stronger screening than an electron and hole with greater separation.

Figure 3.1: Qualitative depiction of the interaction between an electron and hole at
smaller and larger separation in a 2D layer [24]. At larger separation, the electric
field extends into the surrounding medium more than at small e-h separation and,
therefore, undergoes reduced screening.

To incorporate distance dependence in the screening, we return to the Poisson’s
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equation to solve for the potential, φ(r), in terms of the charge density, n(r). The

charge density will include contributions from external, next(r), and induced, nind(r),

charge densities. Poisson’s equation is:

∇2φ(r) = −4πn(r) = −4π[next(r) + nind(r)] (3.5)

The induced charge density can be found using the polarization of the material,

nind(r) = −∇ ·P(r). In the linear response regime, we introduce χ defined such that

P(r) = −χ∇rφ(r). In 3D, solving Poisson’s equation yeilds the Coulomb potential,

φ(r) = e2/εr and ε = 1 − 4πχ. To restrict to two dimensions, we create a two

dimensional polarization and polarizability,

P2D(ρ) = −χ2D∇ρφ(ρ, z = 0) (3.6)

Where ρ is the charge separation. Consequently, the induced charge density becomes:

nind(r) = δ(z)χ2D∇2
ρφ(ρ, z = 0) (3.7)

Where the charges are strictly confined to the plane of the material, set at z = 0. If

we plug this back into Poisson’s equation, Equation 3.5, we can solve for the Fourier

transform of the potential:

φ2D(q) =
2πe

q(1 + 2πχ2Dq)
(3.8)

Where we can define the 2D screening as ε2D(q) = 1 + 2πχ2Dq. Note that the
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dielectric screening now has q dependence unlike the 3D case [23]. If we take the

Fourier transform to recover the real space interaction potential, we obtain [23],

V2D(ρ) = eφ(ρ) =
e2

4χ2D

[
H0

(
ρ

2πχ2D

)
− Y0

(
ρ

2πχ2D

)]
(3.9)

Where H0 is a Struve function, and Y0 is a Bessel function of the second kind. While

the potential takes a rather complicated form, we can understand the general behavior

by looking at the trends for small and large ρ. At large ρ, the potential behaves as

1/ρ, meaning we recover an unscreened Coulomb potential. Looking back to Figure

3.1, this makes sense, because at large enough distances a negligible number of the

field lines are passing through the material. At smaller ρ, the potential behaves as

log(ρ), a much weaker interaction due to increased screening. The crossover from the

strongly screened to unscreened Coulomb interaction is 2πχ2D, the 2D polarizability

length.

Now that we have a 2D interaction potential we can use the variational method,

as was done for excitons in semiconductor quantum wells [25, 26, 27], on our Hamil-

tonian to approximately solve for the exciton binding energy. We select a radially

symmetric 2D test function,

ψ(ρ, a) =

√
2

πa2
e−

ρ
a (3.10)

This test function is the ground state solution to the unscreened 2D hydrogen Hamil-

tionian. Variational analysis is performed using a as a tunable parameter, where a is

an estimate of the exciton radius. To obtain the binding energy, we minimize the sum

of kinetic and potential energy, T (a) + V (a), where T (a) = 1/(2µa2) is the kinetic
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energy of our test function.

In [23], this procedure is performed for the four most common TMDCs: MoS2,

MoSe2, WS2, and WSe2. The table below, from the same paper, gives the reduced

mass, 2D polarizability, binding energy from the non-local screening method, and

binding energies calculated using the many-body Bethe-Salpeter equation (BSE) from

several other references. While some of the BSE binding energy values are twice the

nonlocal screening binding energies, Shi et al. [28] found that with high enough k-

point sampling the BSE binding energies converge to values similar to the binding

energies we find.

Figure 3.2: Monolayer TMDC reduced mass, 2D polarizability, exciton binding energy
calculated from the nonlocal dielectric screening model, and exciton binding energy
calculated using the BSE [23].

3.2 Experimental Observation

In this section, we will discuss the experimental observation of the exciton binding

energy. One method involves measuring the transition energy of the lowest energy

exciton state and the energy of the quasiparticle band gap. The photoluminescence

or reflectance contrast gives the transition energy, and the band gap can be found
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with scanning tunneling spectroscopy. The binding energy of the exciton is given by

the equation [24]:

Eb(n) = Eg − Etr(n) (3.11)

Where n is the principal quantum number and takes only integer values, Eb(n) is

the binding energy of the nth state, Eg is the quasi-particle gap, and Etr(n) is the

transition energy of the nth excitonic energy state. The nth state binding energy in

the 2D hydrogen model (recall from Equation 3.4) is given by [23]:

Eb(n) =
µe4

2~2ε2(n− 1/2)2
(3.12)

If we cannot measure the band gap directly, as in optical measurements in

TMDCs, we can measure the transition energy of multiple energy states to extrapolate

to the band gap and ascertain the excitonic energy spectrum. Unfortunately, the

transition energies of the higher excited states are not probed by photoluminescence,

therefore, we first turn to absorption (reflection contrast) as a possible method to

probe the excited exciton states.

3.2.1 Reflectance Contrast of TMDCs

If there was no interaction between electrons and holes, the absorption in a semicon-

ductor would be a step function, 0 for energies below the band gap and nonzero for

energies above the band gap. However, in TMDCs we have strong electron-hole inter-

actions, which lead to exciton formation. For a semiconductor with a single band, we

would expect to have an absorption peak for each discrete energy level of the exciton

and a step function for the continuum limit of a free unbounded electron, i.e. the
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band gap. The absorption features will have decreasing oscillator strength, which is

proportional to the area of the absorption peaks, in addition to decreasing energy

spacing between states/features. The absorption of a semiconductor with excitons

is qualitatively shown in Figure 3.3, where the first 3 energy states are shown along

with the band gap. In a real material, there are more excited exciton states.

Figure 3.3: Qualitative graph of the absorption from a semiconductor with exciton
formation in a single band. The peaks correspond to the ground, first excited, and
second excited exciton states with a step function for the band gap.

If we can measure the absorption of a material and obtain a spectrum like the

one above, then finding the binding energy would be simple. We would substract the

energy of the ground state exciton peak from the energy of the step function onset,

a.k.a. the energy of the band gap.

However, in TMDCs there are many exciton transitions in different bands and

at different points in k-space, including very broad higher energy features [19, 20].

Additionally, electron-phonon interactions broaden all the features [19]. Therefore, a

typical TMDC will have an absorption/reflectance contrast spectrum like the one in
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Figure 3.4 from a monolayer MoS2 sample. We can still see the lowest energy (1s) state

of the excitons, labeled A, B, and C in Figure 3.4, but the higher energy exciton states

are not clearly visible due to the high spectral background. The spectrum in Figure

3.4 is found from Kramers-Kronig constrained variational analysis performed on the

experimental reflectance contrast spectrum of a mechanically exfoliated monolayer

MoS2 sample on a fused silica substrate [18].

Figure 3.4: Absorption spectrum of monolayer MoS2. The absorption is found by per-
forming Kramers-Kronig constrained variational analysis on the measured reflectance
contrast spectrum for a sample on fused silica.

How to observe the small absorption peaks from excited exciton states is the fun-

damental dilemma for experimentally probing the exciton binding energy of TMDCs.

One easy potential solution is taking the derivative of the absorption to render small

features more readily observable. We will use this strategy on WS2.

In our following analysis, we use the reflectance contrast in lieu of absorption.

Recall for thin materials on a transparent substrate, the reflectance contrast is pro-

portional to the absorption [16] (see Chaper 2.2.1). Since we only need the overall
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shape of the absorption to discern the excitonic features, the reflection contrast serves

well as a substitute for absorption.

3.2.2 Reflectance Contrast of WS2

We are able to observe the excited states of the WS2 A exciton by taking the derivative

of the reflection contrast with respect to energy, d
dE

(
∆R
R

)
. In a paper by Chernikov

et al. [24], we measured the reflectance contrast of WS2 on a silicon substrate with

a 300 nm silicon dioxide epilayer (Si/SiO2). The inset of Figure 3.5 is an example of

a low temperature reflection contrast spectrum. The spectrum looks different from

the absorption in Figure 1.11(d) due to the interference from the SiO2 epilayer, but

the exciton ground state peaks are still clearly visible. However, the higher energy

excited states are not obvious. We took the derivative of the spectrum, plotted over a

smaller energy range in Figure 3.5. Now we can clearly see an entire series of excited

state features. The excited states are labeled using the Rydberg series convention

with their energy quantum number, n, and orbital, s. A point of inflection in the

derivative spectrum corresponds to a peak in the reflectance contrast.

Unfortunately, we are unable to observe the quasi-particle band gap. However,

we can fit the nonlocal screening model (from Section 3.1.2) to the transition energies

of the excited exciton states and extrapolate to the band gap. In Figure 3.6, we plot

the experimental transition energies as a function of quantum number n alongside the

hydrogen and nonlocal screening models fitted to the experimental data. To fit the

nonlocal screening model, Professor Tim Berkelbach used the DFT calculated exciton

reduced mass, µ = 0.16m0 where m0 is the rest mass of an electron [23]. The model

has two adjustable parameters: ρ0 = 2πχ2D, the screening length, and Eg, the band
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Figure 3.5: Derivative of the reflectance contrast spectrum of monolayer WS2 [24].
The excited exciton states are labeled by their quantum number. The 1s feature has
been scaled by a factor of 0.03. The inset shows the as-measured reflection contrast
over a wider energy range with the A, B, and C excitons labeled.

gap. Minimizing the root-mean-squared deviation, the parameters that give the best

fit are ρ0 = 75 Å and Eg = 2.41 eV [24]. We can see in Figure 3.6 that the nonlocal

screening model fits the experimental data very well. The same band gap, 2.41 (±

0.04) eV, is obtained when the 2D hydrogen model is fitted to the data for n = 3− 5.

The unscreened 2D hydrogen model is a good fit for n ≥ 3 [24]. Higher en-

ergy exciton states are more spatially separated, therefore, more of the field lines

pass outside of the material and are unscreened (look back at Figure 3.1 for a help-

ful depiction). Thus, for higher energy states, the behavior approaches that of the

unscreened 2D hydrogen model. To investigate this trend, we examine the effective

dielectric screening as a function of n, plotted in the inset of Figure 3.6. If we rewrite



3.2. Experimental Observation 42

Equation 3.12, the effective dielectric constant for the nth energy state, εn, is [24]:

εn =

√
µe4

2~2Eb(n)(n− 1/2)2
(3.13)

To find the effective dielectric constant, we use the difference in energy between the

calculated band gap and the experimental transition energies as the binding energy

of the nth state, Eb(n). In Figure 3.6, we can see that the effective dielectric quickly,

asymptotically approaches 1. Furthermore, for n ≥ 3 the effective dielectric screening

remains roughly constant as n increases. This suggests that the screening no longer

has strong eletron-hole separation dependence.

Finally, we can calculate the binding energy of the A-exciton of WS2. From

the reflectance contrast we know that the transition energy of the 1s state is 2.09 eV

in our sample, and from the fits to our experimental data we know that the band

gap is 2.41(±0.04) eV. As stated in Equation 3.11, the binding energy for the nth

state is the difference between the band gap and the transition energy of that state,

Eg − Etr(n). Therefore, the exciton binding energy is 0.32(±0.04) eV [24]. The

nonlocal screening model calculated ab initio a binding energy of 0.50 eV for pristine

suspended monolayer WS2 [23] (see Figure 3.2). The calculated value agrees with the

experimental binding energy as well as we would expect since the substrate, with its

additional screening, would reduce the exciton binding energy. The screening length

from our experimental data, r0, does not agree well with the ab initio value, because

the screening length partially accounts for the screening from the substrate.

With the nonlocal screening model, we also calculate the spatial extent of the 1s

exciton wavefunction to be 30 Å[24]. The thickness of a single layer of WS2 is about
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Figure 3.6: Transition energies of the excited states of the monolayer WS2 A exciton
as a function of quantum number n [24]. The experimental values are obtained from
the derivative of the reflection contrast. The theory transition energies derive from
fitting the nonlocal screening model to the experimental values for n = 1−5. The 2D
hydrogen model curve is obtained by fitting to the experimental data for n = 3− 5.
The grey dashed line is the band gap from the nonlocal screening model, and the
shaded grey area is the uncertainty. The inset shows the evolution of the effective
dielectric constant with quantum number n.

6.5 Å, suggesting that the two-dimensional approximation is reasonable. Additionally,

the large spatial spread implies a small distribution in reciprocal space. Therefore,

the effective mass approximation is also reasonable because the distribution in k-space

would be tighly centered on the K/K’-point and should not be affected much by the

rest of the Brillouin zone.

We also investigate the effect of sample thickness on the exciton binding energy.

In Figure 3.7(a), we show the derivative of the reflection contrast for monolayer,

bilayer, four-layer, and bulk WS2. The A exciton 1s feature only shifts slightly in
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energy with decreasing sample thickness. However, we see that in thinning from bulk

to monolayer the energy of the 2s increases dramatically. The energy of the 1s and 2s

states are plotted as a function of layer number in Figure 3.7(b). Using an anisotropic

3D hydrogen model and ab initio values for the material parameters, we can calculate

the exciton binding energy in the bulk material. We find a bulk binding energy of

0.05 eV and a band gap of 2.1 eV [24], both in good agreement with experimentally

obtained values [29]. The dashed lines in Figure 3.7(b) indicate the monolayer and

bulk band gaps. It is clear that the band gap and binding energy increase in energy

as the sample gets thinner.

Figure 3.7: Thickness dependence of the band gap and exciton binding energy in
WS2 [24]. (a) Derivative of the reflectance contrast for monolayer (1L), bilayer (2L),
four-layer (4L), and bulk WS2. The A exciton 2s state is indicated with a dotted
arrow. (b) Energy of the 1s and 2s features of WS2 as a function of layer number.
The upper and lower dashed lines indicate the monolayer and bulk quasiparticle band
gaps, respectively.

After this comprehensive study on WS2, it is easy to imagine that there is no

need to explore other methods for obtaining the exciton binding energy. However,
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WS2 is a unique material even among TMDCs. It is easier to observe the WS2 excited

exciton states for two reasons. First, the WS2 A exciton 1s state has a much sharper

absorption feature than the other TMDCs. Secondly, compared to the other TMDCs

the splitting between the A and B exciton in WS2 is quite large, and the spectral

background is low in the energy range just above the A exciton 1s peak (see Figure

1.11). Therefore, the excited exciton states are less likely to be obscured by the A or

B exciton 1s peak or the background. We find that the other TMDCs do not have

discernible signatures of the excited exciton states in reflectance contrast. Therefore,

we need to investigate alternate methods for observing the Rydberg series and exciton

binding energy.

3.2.3 PLE of TMDCs

The details of PLE measurements were presented in Chapter 2 section 4. For our

present discussion recall that PLE measures the PL intensity as a function of the

energy of the light used to excite the sample. If the number of photons emmitted by

the material depends solely on the number of photons absorbed, the PLE would have

the same shape as the absorption. In Figure 3.8(a), we plot the PLE and absorption

of monolayer MoS2 and WS2 on fused silica substrates. We can see that there are

differences between the PLE and absorption spectra. To quantify the difference, we

calculate the relative quantum efficiency (QE) in arbitrary units using the equation:

QE ∝ PLE × Eexc
A

∝ # A exciton photons emitted

# photons absorbed
(3.14)
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Where Eexc is the excitation energy, and A is the absorption. In an ideal system with

fast relaxation to the lowest energy state and negligible nonradiatve recombination,

the quantum efficiency would be 1 and independent of energy. In Figure 3.8(b), we

plot the relative QE from our PLE and absorption measurements. There is an order of

magnitude decrease in the QE at higher energy in the range measured. This indicates

that there are significant nonradiative decay channels with strong excitation energy

dependence.

Figure 3.8: PLE, absorption, and relative QE of monolayer MoS2 and WS2 [30].
(a) Absorption (right axis) and PLE (left axis) of monolayer MoS2 (top) and WS2

(bottom) on fused silica. The PLE spectra are normalized to the intensity of the B
exciton peak. The blue curves are a guide to the eye. (b) Relative QE of monolayer
MoS2 and WS2. The relative QE is found by normalizing the PLE to the absorption
and photon energy. The B exciton is marked by a dashed grey line. The QE is
normalized to the highest value in range.

We did not investigate the source of this energy dependent decay channel. How-

ever, in the paper by Kozawa et al. [31] they observed the same QE reduction in their

own PLE measurements and investigated the energy dependence of the absorption
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and subsequent relaxation. Carvalho et al. [20] reported that higher energy pho-

tons are predominately absorbed near the Γ-point in the band nesting region, where

the valence and conduction bands are parallel to one another enhancing the absorp-

tion. Kozawa et al. calculated the 2D band structure around the region of band

nesting. Their calculations suggested there are local minima/maxima in the conduc-

tion/valence band near the band nesting region where the electron and hole are likely

to relax, the Λ-point for electrons and Γ-point for holes. Radiative recombination is a

slower process for indirect transitions, and it is a multi-phonon process to move from

the Λ- or Γ-point to the K/K’-point of the Brioullin zone, where the A transition

occurs. This could explain the reduced QE for higher energy visible photons.

The QE reduction at higher energy is useful for observing excited exciton states

that are masked in the reflection contrast by the large C transition. In the PLE, the

background from these higher energy transitions is reduced in the region where we

would expect to see excited exciton states. Additionally, the excited exciton states

should exhibit efficient relaxation into the ground state exciton, as has been seen in

GaAs quantum wells [32], since the states are already at the K-point. Efficient excited

state relaxation and reduced spectral background both suggest that PLE would be a

promising method to observe the Rydberg series of the excitons in TMDCs.

Before we address the results of our PLE measurements on TMDCs, we will

verify that the experimental conditions are appropriate. First, we demonstrate that

we have linear power dependence in the range used in the experiment. We measure

the PL counts as a function of power starting from the value used in our measurements

and up to five times that value. As can be seen in Figure 3.9(a), the dependence is

indeed linear. We also find that the PLE was power and sample independent. In
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Figure 3.9(b), we plot the PLE taken at two different powers on two different samples

of the same material on the same type of substrate.

Figure 3.9: Power and sample dependence of PL and PLE [30]. (a) Monolayer MoS2

PL intensity as a function of the laser excitation power. The red line is a linear fit to
the data. (b) PLE of two different samples of monolayer MoS2 on the same type of
substrate (BN on Si/SiO2) excited at different powers.

Furthermore, exciton-exciton annihilation should not be significant for the laser

fluence we use. The paper by Sun et al. [33] investigated the carrier density depence

of the annihilation rate in MoS2 for laser fluence from 8 to 46 µJ/cm2. The reported

exciton density dependent annihilation rate was kA = (4.3± 1.1)× 10−2 cm2/s. The

laser fluence in our measurements is on order 0.01 µJ/cm2. MoS2 absorbs about 10%

of the light (the exact amount varies with energy). We assume that each absorbed

photon will create an exciton, and we use an average excitation energy for the range

in our PLE measurements (∼ 2.5 eV). We obtain an exciton density of approximately

2 × 109 excitons/cm2 and, therefore, an annihilation rate of kA ≈ 108 s−1. The rate

of annihilation (∼ 10 ns) is much slower than the exciton emission lifetime (∼10-100
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ps). Therefore, exciton-exciton annihilation is negligible in our measurements.

Figure 3.10: Absorption, PLE, and relative QE for monolayer MoS2 on BN [30].
(top) Absorption (right axis) and PLE (left axis) of monolayer MoS2 on a thin BN
flake on a Si/SiO2 substrate. The PLE spectrum is normalized to the intensity of the
B exciton peak. The blue curve is a guide to the eye. (bottom) Relative QE from
normalizing the PLE to the absorption and photon energy. The QE is normalized to
the first data point.

We do find that different substrates change the PLE spectrum, see Figure 3.10

(top) where we plot the PLE for a monolayer MoS2 sample on a thin (∼ 20 nm)

BN flake on a Si/SiO2 substrate. The BN and SiO2 epilayer (300 nm thick) produce

interference which leads to a drastic change in the effective absorption of the MoS2.

Using an approximate BN thickness from AFM and a simulation of the absorption,

we obtain the effective absorption for the sample, also plotted in Figure 3.10 (top).

When we calculate the relative QE, plotted in Figure 3.10 (bottom), we see the trend

is very different from the sample on fused silica. However, the simulated absorption

is quite sensitive to the thickness of the BN which has a level of uncertainty from the
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AFM measurement. It is possible the differences in the QE arise from an inaccurate

simulated absorption. As this sample provides the clearest excited exciton spectrum,

we have reason to believe that it is a good sample (few defects, etc.). It is possible

that this sample truly experiences more efficient relaxation into the A exciton from

all points in the band.

3.2.3.1 PLE of WS2

We first present the PLE of monolayer WS2 since we can compare with the excited

exciton states in the reflectance contrast. In Figure 3.12, we plot the PLE with

the background subtracted of monolayer WS2 on fused silica (as-measured spectrum

shown in Figure 3.11). In Figure 3.12, we also plot the derivative of the room temper-

ature reflectance contrast on the same sample; the reflectance contrast over a wider

spectral range is included in the inset. We find the transition energies of the excited

state excitons from the point of inflection in the derivative of the reflectance contrast.

In the figure, we indicate the position of the 2s and 3s peaks by dashed lines. The

features in the PLE spectrum align well with the excited states in the reflectance

contrast, therefore, we feel confident assigning them to the Rydberg series of the A

exciton. In the PLE, we are also able to see a small 4s peak that is not clear in the

derivative of the room temperature reflectance contrast.

To extract the band gap, we can use the nonlocal screening model on states

n = 1 − 4 or the 2D hydrogen model on the 3s and 4s states (recall that the 2D

hydrogen model is a reasonable approximation for n ≥ 3). From both methods we

obtain a band gap of 2.33(±0.05) eV and a binding energy of 0.32(±0.05) eV, which

agrees with our low temperature reflectance contrast results.
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Figure 3.11: PLE of monolayer WS2 on fused silica [30]. The PLE is normalized to
the highest value in range. The background curve (dark grey line) is subtracted from
the PLE for Figure 3.12.

Figure 3.12: PLE (right axis) and derivative of the reflectance contrast (left axis) of
monolayer WS2 on fused silica [30]. The PLE has a smooth background subtracted
(see Figure 3.12) and is normalized to the highest value in range. The 1s, 2s, and
3s energies are indicated by dashed grey lines. The reflectance contrast over a wider
spectral range is given in the inset.



3.2. Experimental Observation 52

3.2.3.2 PLE of MoS2

We now turn to MoS2 which has excited exciton states that could not be discerned

in the reflectance contrast. In Figure 3.13(a), we plot the the PLE of MoS2 for two

monolayer samples: one on fused silica and one on a thin (∼ 20 nm) flake of BN

on a Si/SiO2 substrate (silicon with a 300 nm epilayer of SiO2). MoS2 on BN has a

stronger PL signal which enhances the PLE features.

Figure 3.13: Excited exciton transition energies in monolayer MoS2 from PLE and
from theory [30]. (a) PLE of two monolayer MoS2 samples: one on fused silica
and one on a thin BN flake on a Si/SiO2 substrate. The PLE is normalized to the
highest value in range and vertically offset. The smooth black lines are guides to the
eye, and the grey dashed lines roughly indicate the energies of the 2s and 3s excited
state features. (b) Experimental and theoretical values for the transition energies of
the Rydberg series of the MoS2 B exciton. Experimental values are from the PLE
spectra, and the theory values are found by fitting the nonlocal screening model to
the experimental data. The calculated band gap is mark by a dashed grey line.

Much like the PLE of WS2, we see two distinct peaks in the PLE of MoS2 at 2.24

(±0.02) eV and 2.34 (±0.03) eV. The energies of these peaks vary slightly between
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the two samples likely due to the sensitivity of the energy of the excited states to the

dielectric environment [24]. In WS2 the spin-orbit splitting of the A and B excitons

is larger than in MoS2. Therefore, the WS2 A exciton excited states have transition

energies less than that of the B exciton 1s, and their assignment to the Rydberg series

of the A exciton is unambiguous. However, in MoS2 the A and B splitting is much

less, so we must carefully consider the assignment of the excited exciton states as

they could be part of the Rydberg series of the A, B, or A and B excitons.

There are three possible assignments for the observed features: the peaks could

be the A and B exciton 2s states, the A exciton 2s and 3s states, or the B exciton 2s

and 3s states. We are able to exclude the A and B exciton 2s states assignment. If we

assume that the A and B excitons have the same binding energy, the energy difference

between the A and B 2s states would be the same as the energy difference between

the 1s states. However, the energy difference between the two observed peaks is only

about 0.1 eV compared to the 0.15 eV for the 1s states (see the absorption spectrum

in Figure 3.8). Furthermore, the B exciton is calculated to have larger reduced mass

[34, 35] (in Berkelbach’s calculations µB = 0.28m0 compared to µA = 0.25m0[23]) and,

consequently, a larger binding energy. If we assume the mass scaling of the exciton

binding energy in the 2D hydrogen model, we would expect the spacing between the 2s

states to be 0.19 eV. This suggests an even greater discrepancy between the observed

energy separation and what we would expect for the 2s states. Additionally, since

the A and B exciton 1s states have similar oscillator strength in MoS2, the 2s states

should likewise have similar oscillator strengths. Instead, we observe a reduction by

a factor of 2 between the integrated area of the observed peaks, a typical oscillator

strength reduction between 2s and 3s states. Therefore, we conclude that the observed
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features must be the 2s and 3s states of a single Rydberg series.

The observed PLE features could be the 2s and 3s states of the A exciton

Rydberg series. This assignment yields a binding energy of 0.64(±0.08) eV, see Figure

3.14 for the band gap and theory fit for this assignment. We cannot definitively

exclude this assignment. However, the exciton binding energy is twice that of the A

exciton in WS2. We have no reason to anticipate such a large difference in binding

energy between the two materials from theoretical calculations [23, 28, 36] or from

the binding energies measured in other TMDCs [24, 37, 38, 39, 40]. Additionally, it is

much larger than the other experimentally obtained binding energies in MoS2 [41, 42]

(further comparison with other experimental work found in Chapter 3 section 3.2).

Finally, as mentioned, the oscillator strengths are similar for the A and B exciton in

MoS2. Therefore, we ought to see the excited states of the B exciton as well. The

absence of these features in the PLE complicates this assignment.

Our preferred interpretation is that the peaks arise from the 2s and 3s states

of the B exciton. Assuming a similar band gap and binding energy for the A exciton

Rydberg series, the A exciton 2s and 3s transition energies would be 2.05 eV and

2.15 eV which are close to the energy of the B exciton 1s state. The B exciton 1s

state would likely obscure the much smaller spectral features of the A exciton 2s

and 3s, which is probably why we do not observe them. Additional support for this

assignment comes from the oscillator strengths. The area of the PLE features is

related to the oscillator strengths of the states. By fitting Lorentzian peaks to the

Rydberg features (see Figure 3.15), we obtain oscillator strengths relative to the B

exciton 1s peak of 0.22(±0.07) and 0.10(±0.08) for the 2s and 3s peaks, respectively.

From reflectance contrast on WS2, we obtain oscillator strengths of 0.14(±0.06) and
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Figure 3.14: Experimental and theoretical values for the transition energies of the
Rydberg series of monolayer MoS2 if we assign the observed peaks to the A exciton
Rydberg series [30]. The experimental values come from PLE, and the theory val-
ues come from fitting the nonlocal screening model to the experimental data. The
calculated band gap is indicated by a dashed grey line.

0.06(±0.03) for the 2s and 3s features relative to the 1s state which agree well with

our observation in MoS2. Our theoretical model also predicts oscillator strengths

of 0.23 and 0.11 for the B exciton Rydberg series, in excellent agreement with the

experimental results.

To fit the theoretical model to the experimental data, Professor Tim Berkel-

bach used the reduced mass from ab intio calculations, µ = 0.27m0. The adjustable

parameters are the band gap and 2D polarizability; he found the best fit to the B ex-

citon Rydberg series with χ2D = 9.3 Å and Eg = 2.47 eV. The polarizability is higher

than calculated for a suspended sample [23] (see Figure 3.2) as was the case in the

fit of the WS2 reflectance contrast data [24]. The higher polarizability compensates

for the screening from the substrate. In Figure 3.13(b), we plot the experimental

values for the transition energies of the excitonic states alongside the energies from
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Figure 3.15: PLE of monolayer MoS2 on a thin BN flake on a Si/SiO2 substrate [30].
The PLE is normalized to the highest value in range. The grey line is the smooth
background, the pink and purple lines are Lorentzian fits to the excitonic features,
and the black lines are the sum of all the curves. From Figure (a), we find the ratio
of the integrated area of the 1s and 2s features. From Figure (b), we find the ratio
of the 2s and 3s integrated areas. In Figure (b), there is a break in the vertical axis
along with a change in the scale. Additionally, we see a small peak that may be the
4s state.

the nonlocal screening fit. The agreement is very good. From the band gap, we find

a binding energy of 0.44(±0.08) eV for the MoS2 B exciton. This value agrees well

with the A exciton binding energy in WS2. MoS2 is predicted to have a larger binding

energy than WS2 (0.54 eV compared to 0.50 eV from the nonlocal screening model

[23] and Figure 3.2) in addition to the expected difference in binding energy for A

and B excitons. Finally, our binding energy agrees well with the calculated value,

0.54 eV for a suspended sample, when we consider the binding energy reduction due

to screening from the substrate.
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3.3 Conclusions

In this section, we will offer our final thoughts on the exciton binding energy in

TMDCs. First, we will summarize the chapter. Next, we will compare our experi-

mental exciton binding energy with the binding energy from theoretical calculations

and other experimental techniques. Finally, we will comment on the importance of

our research and describe some topics still open for investigation.

3.3.1 Summary

In this chapter, we experimentally investigated the exciton binding energy in mono-

layer MoS2 and WS2. First, we described a nonlocal screening model for an exciton

in a 2D material. Next, we used reflectance contrast and PLE to probe the Rydberg

series of the A and B exciton in WS2 and MoS2, respectively. We fit the nonlocal

screening model to the transition energies of the Rydberg series to extract the band

gap and exciton binding energy. The exciton binding energy in monolayer was a

remarkable order of magnitude larger than the binding energy in bulk.

3.3.2 Comparison with Other Works

In this subsection, we will compare our experimental binding energy results for WS2

and MoS2 with the available literature to date. First, we will briefly note the wide

range of published theoretical binding energy values. We will then compare our results

with other published experimental results.
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3.3.2.1 Theory Comparisons

There are a dozen different theoretical calculations for the binding energy in mono-

layer TMDCs. The majority are GW-BSE calculations [19, 28, 36, 43, 44, 45, 46, 47],

a few are modified hydrogenic model calculations much like the nonlocal screening

model [23, 48], and a few are alternate Hamiltonian formulations [34, 35]. The result-

ing binding energies vary from ∼ 0.1 - 1eV. Our theoretical and experimental results

fall towards the middle of this large range. However, the best measure of the accuracy

of our results is comparison with other experimental binding energy values.

3.3.2.2 Experimental Comparisons

There have been a great deal of experimental studies on the exciton binding energy of

monolayer TMDCs. We did not perform measurements on MoSe2 or WSe2, but they

should have comparable exciton binding energies to MoS2 and WS2. The published

exciton binding energy for monolayer MoSe2 is about 0.55 eV (Ugeda et al.) [38],

and the published binding energies for WSe2 are 0.37 eV (He et al.) [37] and ∼ 0.6

eV (Wang et al.) [40]. For MoSe2, the binding energy was obtained from direct STS

measurement of the band gap and PL measurement on the same sample to obtain

the 1s transition energy. The measurements were performed for a monolayer sample

on bilayer graphene and another sample on bulk graphite. The He et al. paper [37]

directly measured the band gap optically for samples on Si/SiO2 and quartz without

recourse to a particular theoretical model. The Wang et al. paper [40] used a BSE

model fit to excited states observed with single- and two-photon PLE for a sample

on Si/SiO2. All three values are reasonably similar to our values for MoS2 and WS2

(we do expect some variation from one material to another). We note that the papers
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that directly measure the band gap and do not rely on a model are closer in value

to the binding energies we measure. Additionally, the MoSe2 paper uses samples

on graphene/graphite which changes the dielectric environment and, therefore, the

binding energy.

There have also been studies on the materials we examined, WS2 and MoS2.

For WS2, the paper by Ye et al. [39] reports an exciton binding energy of ∼ 0.7 eV for

a monolayer sample on fused quartz. They used one- and two-photon PLE to observe

excited exciton states and fit the experimental results with a GW-BSE theory. This

binding energy is twice what we measured, but it is likely that the discrepancy arises

from the different theory models implemented.

For MoS2, there are two experimental papers. The paper by Zhang et al. [41]

uses STS and PL on a monolayer sample on graphite to obtain the bang gap and 1s

transition energy. In the STS data, they observe two possible tresholds and accord-

ingly report two potential binding energies, 0.22 (±0.1) eV and 0.42 (±0.1) eV. The

second value agrees very well with our results. Additionally, since the sample is on

graphite we would expect a change in the exciton binding energy due to the dielectric

screening. Therefore, the lower binding energy of 0.22 eV also might not be incom-

patible with our results. The second paper by Klots et al. [42] uses photocurrent

measurements to find the transition energy and band gap for a suspended sample.

From their measurement they obtain a binding energy of ≥ 0.57 eV. A suspended

sample is expected to have a larger binding energy than a sample under the influence

of screening from a substrate. Therefore, their results agree well with ours when the

substrate screening is taken into account.



3.3. Conclusions 60

3.3.3 Impact and Future Work

Our work has practical and theoretical implications. The binding energy is an im-

portant quantity for implementing TMDCs in optoelectronic devices. Additionally,

experimentally obtained excited exciton state transition energies offer a means for

testing the accuracy of theoretical models.

There are many related topics still to be explored. The first, very simply, is low

temperature PLE measurements on suspended samples. We expect that we would see

more of the Rydberg series, as was the case with low temperature reflectance contrast

measurements. It would also be interesting to see if WSe2 and MoSe2 samples have

excited exciton features in their PLE spectra. Finally, we plan to investigate the

sensitivity of the binding energy to the dielectric environment.
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Chapter 4

Interlayer Interactions in

WS2/Graphene Heterostructures

In this chapter, we will discuss the interlayer interactions in WS2 and graphene verti-

cally stacked heterostructures. First, we will describe the samples and how they are

prepared. Next, we will present the photoluminescence, Raman, and reflectance con-

trast experimental results on the heterostructures. In particular, we will focus on the

graphene layer number dependence of these measurements and compare them with

TMDC/TMDC heterostructures. We will use reflectance contrast to extract informa-

tion about the rate of charge and energy transfer in heterostructures. Finally, we will

explain the implications of our results and describe ongoing and future experimental

plans.
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4.1 Samples

In this section, we will describe the method used to create our heterostructure sam-

ples, depicted in Figure 4.1 and Appendix B. First, we exfoliate monolayer WS2

onto a fused silica substrate. The thickness of the WS2 flake is verified by Raman,

PL, and reflectance contrast spectroscopy. Next, we exfoliate graphene onto a thin

film of polypropylene carbonate (PPC) transferable polymer. We identify graphene

flakes from monolayer to four-layers thick using Raman and reflectance contrast spec-

troscopy. We transfer each graphene flake onto a monolayer WS2 flake such that half

of the WS2 flake is covered by the graphene flake while the other half remains un-

covered. We make at least two heterostructures with each graphene thickness. After

the transfer, the samples are cleaned with an acetone bath followed by an IPA rinse.

Reflectance contrast measurements are taken in various spots on the WS2 flake before

and after the transfer to verify that the transfer process does not alter the reflectance.

4.2 Experimental Results

In this section, we will present our experimental results on a series of WS2/graphene

heterostructures. First, we will discuss the quenching of the WS2 photoluminescence

when capped with graphene. Next, we will compare the Raman spectrum of graphene

on and off of monolayer WS2. Finally, we will present reflectance contrast measure-

ments on the heterostructure and component flakes. Specifically, we will explore the

broadening of the excitonic features of WS2 in the heterostructure reflectance contrast

spectrum. We will relate the broadening to the exciton coherence lifetime and track

the graphene-thickness dependence. We will compare our WS2/graphene results with
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Figure 4.1: Schematic depiction of the polymer transfer technique used to assemble
heterostructures. In brief, a flake is exfoliated onto PPC (see Appendix B) then
transferred onto another flake. The flake on polymer is aligned onto the flake on the
substrate. After making contact, the polymer is melted then rinsed off.
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reflectance contrast measurements performed on TMDC/TMDC heterostructures.

4.2.1 Photoluminescence Quenching

We perform photoluminescence measurements using a Renishaw Raman inVia micro-

scope and a 532 nm linearly polarized CW laser. We take PL maps on bare WS2

(i.e. no graphene on top) and capped WS2 (i.e. with graphene on top) regions of our

samples. An example PL map is given in Figure 4.2(b). The bright tip is uncapped

monolayer WS2, and the darker red is the region capped with monolayer graphene.

In Figure 4.2(a), we provide two representative PL spectra: one from the uncapped

region and another from the capped region. In the inset of Figure 4.2(a), we plot the

capped WS2 spectrum with the scale selected to show the lineshape.

Figure 4.2: Quenching of monolayer WS2 PL when capped with graphene. (a) PL
spectra from monolayer WS2 when uncapped and capped with monolayer graphene.
The capped spectrum is also plotted in the inset to show the shape of the spectrum.
(b) PL intensity map superimposed on an optical image of the sample. The bright
red tip is monolayer WS2, and the darker red region is where the WS2 is capped with
monolayer graphene. The scale bar gives the integrated intensity in arbitrary units.
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The PL is quenched significantly when WS2 is capped with graphene. To quan-

tify the quenching, we define the quenching factor, ρ:

ρ =
IW
IWG

(4.1)

Where IW is the PL intensity of uncapped WS2, and IWG is the PL intensity of capped

WS2. For monolayer graphene on monolayer WS2, we find a quenching factor of ∼16

for the A exciton PL of WS2. The quenching factor suggests an exciton coherence

lifetime of about 1 ps assuming an uncapped emission lifetime of ∼ 20 ps [49]. We will

see in section 2.3 that this is an order of magnitude longer than the lifetime we extract

from the reflectance contrast measurements. This is likely due to small pockets of

imperfect contact in heterostructures; in AFM measurements on heterostructures we

see tiny bubbles. In these regions of poor contact, the PL will not be quenched.

Therefore, our PL measurements on the heterostructure will be disproportionately

skewed by unquenched pockets, and the quenching factor from PL measurements will

not be representative of the true quenching when the layers are in good contact.

We also note that the trion feature is much less pronounced in the PL spectrum

from the heterostructure. For monolayer graphene capped WS2, we find the the A

trion feature has a quenching factor of ∼42, more that 2 times the quenching of the

neutral exciton. This is likely due to static charge transfer when n-doped WS2 is in

contact with graphene. We will see a corresponding decrease in the trion feature in

the reflectance contrast measurements in section 2.3.

For bilayer, trilayer, and four-layer graphene capped WS2, we find A exciton

quenching factors of ∼14, ∼4, and ∼2.5, respectively. This apparent decrease in
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quenching is likely due to the decreasing quality of the contact from increasing rigidity

of the graphene as the thickness increases.

4.2.2 Raman Spectroscopy of Graphene

Figure 4.3: Raman spectroscopy of graphene in WS2/graphene heterostructures.
Graphene G mode (left) and 2D mode (right) for monolayer (top) and trilayer (bot-
tom) graphene on and off of monolayer WS2.

We perform Raman spectroscopy using the same laser and Renishaw invia mi-

croscope as the PL measurements. We track the Raman modes of graphene on the



4.2. Experimental Results 67

fused quartz subsrate and on monolayer WS2. In Figure 4.3, we give the Raman

spectra for monolayer and trilayer graphene. The G and 2D peaks are plotted for

graphene on and off of WS2. The changes in the position and width of the Raman

peaks for monolayer to four-layer thick graphene are given in Figure 4.4. We do not

see a significant change in the position of the G peak, which is unexpected. The PL

and reflectance contrast suggest static charge transfer, and the position of the G peak

is sensitive to the doping in graphene [50]. It is possible that the change in the doping

of graphene is insufficient to cause a discernible change in the energy of the G peak.

We do see a shift and change in width for the 2D peak which has been associated

with a change in the dielectric environment [50]. This is expected as the presence of

WS2 changes the dielectric environment.

Figure 4.4: Change in the peak position and width of the G and 2D modes of graphene
from monolayer to four-layers thick on and off of monolayer WS2. A positive peak
shift indicates that the peak has a higher wavenumber when graphene is on WS2

compared to on fused silica. A positive change in width indicates that the peak is
wider when graphene is on WS2. The values are given in cm−1, and the numbers in
parentheses are the uncertainties.
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Figure 4.5: Low temperature reflectance contrast of a WS2/graphene heterostructure.
Reflectance contrast is plotted for monolayer WS2 (blue line), bilayer graphene (green
line), and the heterostructure (red line). In the inset, we plot the A exciton feature
for WS2 and the heterostructure.

4.2.3 Reflectance Contrast of WS2/Graphene Heterostruc-

tures

We perform reflectance contrast on the individual layers and the heterostructure. The

liquid-nitrogen cooled (∼77 K) measurements in Figure 4.5 and the room temperature

measurements in Figure 4.6 are both taken on the same sample with bilayer graphene.

The essential features stay the same at room temperature, but the excitonic features

are narrower when cooled.

There are a few differences between the individual layer spectra and the het-

erostructure spectrum. In a näıve estimation, we might expect that the heterostruc-
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Figure 4.6: Room temperature reflectance contrast of a WS2/graphene heterostruc-
ture. Reflectance contrast is plotted for monolayer WS2 (blue line) and the het-
erostructure (red line). On the right is an optical image of the sample with the WS2

and graphene regions indicated by outlines and shading.

ture spectrum should be similar to the sum of the two individual layer spectra. To

test the reasonability of this assumption, we model the reflectance contrast for the

system. First, we use dielectric functions for WS2 and graphene that produce cal-

culated reflectance contrast similar to our individual layer experimental results. We

then sum the modeled reflectance spectra. Next, we calculate the heterostructure

reflectance spectrum using the same dielectric functions for the WS2 and graphene

layers. These results are plotted in Figure 4.7. We can see that the two spectra are

very similar. Therefore, in a heterostructure with negligible interlayer interactions,

we would expect the heterostructure spectrum to be approximately the same as the

sum of the constituent layer spectra. Any deviation between the summed spectrum

and the heterostructure spectrum would arise from interlayer interactions.

We now compare the sum of the experimental reflectance contrast spectra of

the individual layers and the experimental reflectance contrast spectrum of the het-
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Figure 4.7: Calculated reflectance contrast of a WS2/graphene heterostructure. Re-
flectance contrast is modeled for the individual layers and the heterostructure. We
plot the sum of the monolayer WS2 and bilayer graphene calculated reflectance con-
trast spectra (dashed red line) and the heterostructure calculated reflectance contrast
spectrum (blue line).

erostructure, see Figure 4.8. There are a few notable differences in the heterostructure

spectrum: consistent spectral redshift, reduction of the trion, and broadening of the

excitonic features. The spectral redshift is likely due to bandgap renormalization and

change in the exciton binding energy due to dielectric screening. This effect is still

under investigation, but preliminary results suggest we are able to track the 2s and

3s states of the WS2 A exciton in the reflectance contrast of the heterostructure to

obtain the bandgap and binding energy (as done in Chapter 3).

In the low-temperature WS2 reflectance contrast, we can see a small peak on the

low energy shoulder of the A exciton. This peak is from the trion (electron-electron-
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Figure 4.8: Sum of the experimental reflectance contrast of monolayer WS2 and
bilayer graphene (cyan line) and the experimental reflectance contrast of the het-
erostructure (red line). The inset shows the A exciton feature with the summed
spectrum shifted.

hole bound state); the trion is much clearer in the derivative of the reflectance contrast

as in Figure 4.9. In the derivative of the reflectance contrast of the heterostructure,

we no longer see a feature indicative of the trion. This is compatible with our PL

results. It is likely the result of reduced doping in WS2 from static charge transfer as

we have an n-doped WS2 flake in contact with less-doped semimetal graphene. It is

unclear why the change in the doping of graphene is not perceptible in the Raman

spectrum.

In the inset of Figure 4.8, we can see that the width of the A exciton feature

increases slightly when in contact with graphene. To quantitatively examine this
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Figure 4.9: Derivative of the reflectance contrast of the monolayer WS2 flake (top)
and the heterostructure (bottom) with the reflectance contrast as a grey shaded area.
The dashed grey line indicates the position of the trion peak in the WS2 spectrum
and where we would expect the feature in the heterostructure spectrum. The inset
in the top plot is the derivative of the reflectance contrast shown over a larger energy
range.

broadening, we convolute the summed spectrum (after redshifting it by hand) with

a Lorentzian peak and fit to the heterostructure data. The heterostructure spectrum

is plotted alongside the convoluted spectrum in Figure 4.10. From the width of the

Lorentzian, we are able to find the broadening of the excitonic features. For the

specific spectrum in Figure 4.10, we find a broadening of 6.5 meV for the A exciton

and 10 meV for the B exciton when in contact with bilayer graphene.
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Figure 4.10: The summed reflectance contrast of monolayer WS2 and bilayer graphene
convoluted with a Lorentzian (dashed blue line) and the reflectance contrast of the
heterostructure (red line).

We can relate this broadening to the coherence lifetime of the exciton with the

equation:

τ =
~

∆Γ
(4.2)

Where τ is the exciton coherence lifetime, and ∆Γ is the change in the width of the

peak. From this equation we are able to obtain the lifetime of the exciton in the

heterostructure. For WS2 in contact with bilayer graphene, we find an A exciton

coherence lifetime of about 100 fs.
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4.2.4 Graphene Thickness Dependence

To investigate the graphene thickness dependence of the exciton coherence lifetime,

we build heterostructures with graphene from one to four layers thick. For each

sample we perform reflectance contrast measurements as shown in section 2.3. For all

the samples we observe the same general behavior discussed in the previous section:

redshift and broadening of the WS2 excitonic features in the heterostructure. In

Figure 4.11, we show the redshift of the WS2 A and B exciton in the heterostructure

as a function of the graphene thickness. There is surprisingly very little change in the

redshift with increasing graphene thickness. As the graphene flake gets thicker, more

of the space around the WS2 layer would screen the exciton interactions. However,

our results suggest that after the first layer of graphene the increased screening does

not contribute to a significant change in the band gap or binding energy.

Figure 4.11: Redshift of the WS2 A and B exciton reflectance contrast peaks in the
heterostructure compared to uncapped WS2 as a function of graphene flake thickness.
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We also examine the trend in the broadening of the WS2 A and B exciton in

the heterostructure as a function of graphene thickness. We find that there is once

again a very weak dependence on the thickness of the graphene, but potentially the

broadening increases slightly with increasing thickness (see Figure 4.12). Additionally,

the broadening of the B exciton is consistently about 5 meV more than that of the

A exciton.

Figure 4.12: Broadening of the WS2 A and B exciton reflectance contrast peaks in
the heterostructure compared to uncapped WS2 as a function of graphene thickness.

4.2.5 Reflectance Contrast of TMDC/TMDC Heterostruc-

tures

We will now examine heterostructures composed of monolayer TMDCs vertically

stacked. We pair the materials by chalcogen, i.e. MoS2 with WS2 and MoSe2 with

WSe2. As in our WS2/graphene study, we perform reflectance contrast measurements
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(see Figure 4.13) on these samples and find the heterostructure spectrum to be sim-

ilar to the sum of the individual layer responses. While we do not see significant

redshifts of the excitonic peaks (less than 10 meV) as we do in the WS2/graphene

heterostructures, we see more significant broadening. We observe broadening of the

A and B excitons in both layers of 20-35 meV, 2 or 3 times the broadening in the

WS2/graphene heterostructures. Using Equation 4.2, we find an exciton coherence

lifetime of 20-35 fs in TMDC/TMDC heterostructures.

Figure 4.13: Reflectance contrast of TMDC/TMDC heterostructures [51]. (Left)
Reflectance contrast of monolayer WS2, monolayer MoS2, and the heterostructure.
(Right) Reflectance contrast of monolayer MoSe2, monolayer WSe2, and the het-
erostructure. The A and B exciton positions of the individual monolayers are indi-
cated by dashed lines.
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4.3 Sources of Broadening

In this section, we will present the possible sources of exciton peak broadening in

our heterostructure reflectance contrast spectra. We will argue that the dominant

sources of broadening are charge and energy transfer. We will then discuss charge

and energy transfer more in depth in TMDC/graphene, TMDC/TMDC, and general

2D/2D heterostructures.

In our heterostructures, there are a few different mechanisms that could cause

broadening. These possible sources of broadening are: inhomogeneous broadening,

enhanced phonon broadening, change in doping, scattering within or between layers,

and energy transfer. We argue that we may exclude a few of these possibilities.

First, higher inhomogeneity in the heterostructure region is doubtful since the

entire sample undergoes the same processing. Therefore, we have no reason to expect

more inhomogeneous broadening in the heterostructure region than the rest of the

flake. Enhanced phonon broadening would be unlikely to produce the magnitude

of broadening we observe. At low temperature, the phonon broadening within the

layer itself is about 25 meV. Therefore, we would not anticipate an additional 10 meV

broadening from a second layer. As mentioned in section 2.3, we do see indications of a

change in the doping of WS2. However, in a previous work by Chernikov et al. [52] we

found that a reduction in the n-doping in WS2, as we see in the heterostructure, leads

to a narrowing of the excitonic features. Ergo, the change in doping in our system

should lead to narrower peaks rather than broader peaks as we observe. Finally, we

are able to exclude increased scattering within the layer from a change in the WS2

band structure from direct to indirect gap. We do not observe indirect gap PL in

the heterostructure, and theory does not predict a change in the band structure [53].
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Therefore, we do not expect a significant change in the scattering within the layer.

Thus, we can conclude that the broadening in WS2/graphene heterostructures arises

from charge and/or energy transfer, and the fastest that charge or energy transfer

can occur in the heterostructure is the 65-130 fs time scale that we extract.

4.3.1 Energy Transfer

To estimate the rate of energy transfer we expect in our system, we use a model

from a paper by Gordon and Gartstein [54]. They provide an equation for energy

transfer from a point dipole to a thin dielectric slab. For a dipole at a height d above a

dielectric material of thickness t, the energy transfer rate with respect to the radiative

rate of the donor (Γ/Γ0) is given by the equation:

Γ

Γ0

=
3

2(kh)3
Im

∫ ∞
0

dx
(
x2e−2x

) (β2 − 1)(1− e−2xδt/d)

(β + 1)2 − (β − 1)2e−2xδt/d
(4.3)

Where h is Planck’s constant, k is the donor emission wavenumber, β =
√
ε‖ε⊥, and

δ =
√
ε‖/ε⊥ in terms of the in-plane (ε‖) and out-of-plane (ε⊥) dielectric functions

of the acceptor slab. For our system, the height d of the donor, the WS2 exciton, is

0.325 nm which is half the thickness of a single layer of WS2 [8]. The thickness of

the acceptor is given by h = n(0.35) nm, where n is the number of layers of graphene

and 0.35 nm is the thickness of a single layer of graphene [55]. For our samples the

average emission wavenumber of WS2 is 617 nm. At the emission energy of WS2,

the in-plane and out-of-plane components of the dielectric function of graphene are

5.6 + 7.3i and 2.35, respectively [55]. The relative energy transfer rate for monolayer

graphene is 1.52 × 106, which means for a 1 ns radiative lifetime we would obtain
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∼1 fs energy transfer rate. This is 1-2 orders of magnitude faster than the rate we

find from the reflectance contrast broadening. However, this energy transfer model is

overly simplistic and probably inaccurate on the donor-acceptor distance scale in our

system. We are able to conclude that energy transfer is likely a significant source of

broadening.

Figure 4.14: Relative energy transfer rate for monolayer WS2 on graphene from one
to four layers thick. The rate is calculated using Equation 4.3.

We calculate the relative energy transfer rate as a function of the graphene flake

thickness, shown in Figure 4.14. The calculation predicts decreasing energy transfer

with increasing graphene thickness. However, the change in the energy transfer with

graphene thickness is not significant, much like the broadening in our samples.
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4.3.2 Charge Transfer

Charge transfer is the other dominant mechanism of broadening of the excitonic

features. We can imagine that tunneling from one quantum well to another that is less

than a nm away should be a fairly fast process. However, the rate of charge transfer

is slowed by the fact that a charge and momentum conserving charge transfer process

is likely not possible in our system. Since the lattice sizes in WS2 and graphene are

different, the K-point in WS2 and graphene correspond to different in-plane momenta.

The band gap of graphene at the momentum of the K-point of WS2 is over 5 eV. So

long as the graphene Dirac point falls anywhere within the band gap of WS2, there

would not be an energy and momentum conserving charge transfer process. Therefore,

charge transfer would be a phonon-assisted process and, consequently, slower.

In TMDC/TMDC heterostructures, the broadening is almost entirely from

charge transfer. For the lowest energy exciton in the heterostructure, energy transfer

from that layer to the other layer is not possible as the energy of that exciton falls

below the band gap of the other layer. Therefore, the broadening of the lowest energy

exciton arises solely from charge transfer. We conclude that the charge transfer pro-

cess in TMDC/TMDC heterostructures occurs at the fastest on a 20-35 fs time scale.

In another work [56], they found an upper bound on the charge transfer time constant

of 50 fs from transient absorption measurements. Thus, we have a range of 20-50 fs for

the charge transfer process in TMDC/TMDC heterostructures. This is a few times

faster than charge transfer could possibly occur in WS2/graphene heterostructures.
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4.4 Conclusions

In summary, we constructed heterostructures composed of monolayer WS2 and graphene

from one to four layers thick. We performed reflectance contrast measurements on the

heterostructures and observed spectral broadening of the WS2 excitonic features when

capped with graphene. This spectral broadening was attributed to charge and energy

transfer between the layers. We were able to extract a lower bound on the charge

and energy transfer time of 65-130 fs. These results are important for understanding

the limitations and capabilities of TMDCs and graphene in devices.

In the future, we plan to perform experiments to distinguish between charge

and energy transfer in TMDC/graphene heterostructures. We will accomplish this

by inserting an insulating hexagonal boron nitride (BN) flake between the WS2 and

graphene layers. The BN flake will suppress charge transfer but allow energy transfer.

Therefore, we can perform the same measurements, and the broadening would arise

solely from energy transfer. Additionally, by building heterostructures with different

BN thicknesses we can investigate the distance dependence of energy transfer between

a 2D donor to a 2D acceptor (a subject of theoretical interest [57]).
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Chapter 5

Scanning Tunneling Microscopy

and Spectroscopy of MoS2/WS2

Heterostructures

In this chapter, we will investigate the band gap and band alignment of MoS2/WS2

heterostructures using scanning tunneling microscopy (STM) and spectroscopy (STS).

We will experimentally observe the energies associated with the band edge for the

conduction and valence bands in monolayer MoS2, WS2, and the heterostructure.

From our results, we will confirm the predicted type II band alignment in the het-

erostructure.

First, we will describe the samples used in our measurements. Next, we will

present a model of the tunneling current. Finally, we will discuss our data and its

interpretation.
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5.1 Samples

For our STM/STS studies, we use exfoliated flakes assembled in a vertically stacked

heterostructure, like the heterostructure samples used in Chapter 4. Our samples

are on fused silica to fascilitate reflectance contrast measurements as well. However,

unlike the samples used solely for optical studies, in order to perform STM/STS

measurements the flakes need to be in contact with a conducting material. To fulfill

this requirement, gold is deposited on top of the flakes to create electrical contact.

An optical image of a sample as well as a schematic depiction are given in Figure 5.1.

It is essential that we have heterostructures of both stacking orders, i.e. MoS2 on top

of WS2 and WS2 on top of MoS2, as we will discuss later in this chapter.

5.1.1 Sample Preparation

In this section, we give the step by step sample fabrication process. The method has

3 general steps: exfoliate component flakes, assemble the heterostructure, and create

electrical contacts. First, we exfoliate the bottom material onto a fused silica substrate

and then search for sufficiently large monolayer flakes. Next, the top material in the

heterostructure is exfoliated onto PPC (see Appendix B). We search the PPC for a

monolayer sample of adequate size which is transferred onto the first flake using the

polymer transfer technique (see Chapter 4 section 1). The thickness of the flakes is

verfied using Raman and PL spectroscopy. AFM is performed on the heterostructure

to verify that the two materials are in good contact (see Figure 5.2).

Once we have a heterostructure, we use a chemical-free gold coating (shadow

mask) method. We take a transmission electron microscopy (TEM) grid and cut it
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Figure 5.1: Optical image and schematic depiction of the samples. (a) Optical image
of a typical sample used in our study. The MoS2 monolayer region is indicated by a
dark pink border, the WS2 monolayer region by a blue border, and the heterostructure
region is shaded lightly. The gold is indicated by a dashed light pink border. (b)
Depiction of the sample from a side view. In this example, we have WS2 (in blue)
on top of MoS2 (in pink) on fused silica. The evaporated gold contacts are shown on
top of the edges of the monolayer flakes.
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Figure 5.2: AFM image of a typical MoS2/WS2 heterostructure. The monolayer
MoS2 flake is outlined by a dashed pink line, the monolayer WS2 flake is outlined by
a dashed blue line, and the heterostructure region is shaded at the center.

in half with a razor. The grid serves as a shadow mask shielding a region of 10-15

µm in width. The position of the grid is controlled by placing the it on piece of

PDMS which can be nudged with tweezers to move the grid with micron precision.

The grid is placed such that it covers all but the edges of the flakes. Once in place,

the sample and TEM grid are put into a thermal evaporator to deposit gold on the

surface. After the deposition, the TEM grid is removed leaving behind an exposed

(not gold coated) area that can be measured in STM/STS. The gold on the edges of

the monolayer flakes will provide electrical contact. Finally, the samples are annealed

for two hours in ultra-high vacuum (UHV) at 450 K. The gold deposition is depicted

in Figure 5.3.
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Figure 5.3: Schematic depiction of the process used to create gold contacts on our
samples. The basic steps are: cut a TEM grid, place it over the sample, and evaporate
gold onto the surface.

5.2 STS Model

While the onset of tunneling current is fairly obvious by eye in the STS measurements,

to extract the band gap with reasonable accuracy we need a model of the tunneling

current to fit to the experimental data. In the first subsection, we will summarize the
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essential elements of the model we will use for the tunneling current. In the following

two subsections, we will provide two corrections to the model. First, we will discuss

the thermal broadening of the gap. Second, we will present a model of the tip-induced

band bending. We will estimate the scale of both effects in our measurements.

5.2.1 Model of Tunneling Current

To model the tunneling current at the K/K’-point in monolayer TMDCs, we use the

Bardeen approach. In the Bardeen approach, the tunneling current out of the sample

is given by the equation:

I =
4πe

~

∫ ∞
−∞

(
1

1 + e
ε−eV
kT

− 1

1 + e
ε
kT

)
ρS(EF − eV + ε)ρT (EF + ε)T (z, V )dε (5.1)

Where ρS is the local density of states (LDOS) of the sample, ρT is the LDOS of the

conducting tip, and T is the tunneling probability. The first term in parentheses, for

simplicity we will refer to this term as f , provides the thermal broadening (discussed

in depth in section 2.2). In low temperature measurements, f is approximately a

constant.

The tunneling probability can be found using a model of an electron in a one-

dimensional quantum well. From this simple model, we can write the tunneling

probability in the form:

T ∼ e
−2z

√
2m
~2

(
ΦS+ΦT

2
− |eV |

2
+E
)

(5.2)

Where z is the height of the tip, m is the free electron mass, ΦS is the work function

of the sample, ΦT is the work function of the tip, V is the bias voltage, and E is the

energy of the electron. The energy of the electron depends on the in-plane momentum,
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k‖, and effective mass of the electron, m∗: E =
~2k2
‖

2m∗ . Therefore, the larger the in-

plane momentum the lower the tunneling probability. The momentum dependence

of the tunneling probability will be an important consideration in analyzing the data

from TMDCs.

The quantity of interest is typically the change in the tunneling current as a

function of the change in the bias voltage, dI/dV . We treat the tip LDOS as a

constant allowing us to write Equation 5.1 (for the conduction band) as:

dI

dV
∼
∫ ∞
−∞

((
e
ε−eV
kT

(1 + e
ε−eV
kT )2

)
ρST + fT

∂ρS
∂V

+ fρS
∂T

∂V

)
dε (5.3)

The LDOS for a single parabolic band is a step function. Therefore, the deriva-

tive of ρS with respect to bias voltage, ∂ρS
∂V

, is a delta function centered at the energy

of the current onset, i.e. the energy of the conduction band minimum. Plugging the

delta function into the second term of Equation 5.3, we can write:

dI

dV
∼
∫ ∞
−∞

((
e
ε−eV
kT

(1 + e
ε−eV
kT )2

)
ρST + fρS

∂T

∂V

)
dε+ [fT |Eonset ] (5.4)

Where fT is evaluated at the current onset energy, Eonset. We will fit Equation 5.4

to our experimental data in Chapter 5 section 3.2.

We plot and fit to the logarithm of the experimental dI/dV curve. Before

we use the model to fit our experimental data, we need to consider its limitations.

At higher voltages/currents our model will no longer be accurate, because we only

consider tunneling from a single band. Therefore, we should only fit our model to

lower current data. However, when the current is too low we need to consider the

signal-to-noise ratio. To avoid high background and strong defect effects, the fitted
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region begins at the voltage where the current is a factor of five higher than the

average background current plus 3 sigma (standard deviation) of the background.

We confine the fit to a 500 mV window to avoid the region where contributions to

the tunneling current from other bands is appreciable. For the heterostructure, we

need to observe two current onsets, one from each material, in either the conduction

or valence band depending on the stacking orientation. In this situation the fitting

range is 1 V rather than 500 mV, but otherwise the procedure is the same. All of

these voltages and regions are labeled in Figure 5.4.

Figure 5.4: Region of the STS data to which the model is fitted. The region where the
χ2 of the model is reduced is indicated with cyan brackets and dotted green arrows.
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5.2.2 Thermal Broadening

To account for thermal broadening, we follow the arguments presented by Chen [22].

As previously mentioned, the sample LDOS is a step function, and at low temperature

f can be treated as a constant. Therefore, at low temperature the second derivative of

the current, derivative of Equation 5.4 with respect to V , is a delta function. At room

temperature with non-negligible thermal broadening, we expect the second derivative

to be a peak of finite width rather than a delta function. To quantify the effect of

thermal broadening, we perform the integral in Equation 5.1 assuming everything is a

constant except the sample LDOS and the thermal broadening term f . The equation

for the current becomes:

I ∼
∫ ∞
−∞

(
1

1 + e
ε−eV
kT

− 1

1 + e
ε
kT

)
ρSdε (5.5)

We evaluate the integral and take the second derivative with respect to bias voltage.

We obtain the equation:

d2I

dV 2
∼ ex

(x− 2)ex + x+ 2

(ex − 1)3
(5.6)

Where x = ε−eV
kT

. This equation is a peak with width 5.4kT (135 meV at room

temperature). The width gives us the effect of thermal broadening in the energy of

the band .
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5.2.3 Tip-Induced Band Bending

When a bias voltage is applied to a sample, the charges will rearrange to reduce the

electric field. Therefore, the actual applied voltage to the sample will be less than

the voltage we measure; this is known as tip-induced band bending (TIBB). Thus,

a corrective factor should be added to or subtracted from the measured voltage of

the band edge. To evaluate the magnitude of TIBB, we perform calculations using

SEMITIP version 6 created by R. Feenstra and the Film2 package [58, 59, 60]. The

parameters we use are given in Figure 5.5. In the heterostructure calculations, we

treat the bottom layer as the substrate with a relative dielectric constant of 4-6 from

[61] and use the tip height of 0.6 nm from the surface. The total TIBB effect is

approximately 30 meV for both monolayers and the top layer in the heterostructure.

This value should be subtracted fromthe as-measured band gap. The bottom layer

in the heterostructure only experiences 5 meV band bending, which is negligible.

5.3 Experimental Results

In this section, we will examine our STM/STS measurements on MoS2/WS2 het-

erostructures. The measurements are done at room temperature using an Omicron

variable-temperature STM with mechanically-cut tungsten tips. First, we will present

an example STM measurement. Next, we will provide STS measurements from het-

erostructures with two different stacking orientations. Finally, we will analyze the

STS measurements to extract the band gap of the two individual monolayers and the

band alignment in the heterostructure.
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Figure 5.5: Parameters used for the TIBB calculations.

5.3.1 STM Results

The STM measurements are taken in constant current mode with a 1.5 V bias voltage

(see Chapter 2 section 5 for details about STM/STS measurements). In Figure 5.6,

we present a STM image of monolayer WS2. We indicate the lattice in a few areas

and provide a profile of the height to verify the lattice constant. Additionally, we

show the 2D fast Fourier transform which is done using the program Gwyddion.

5.3.2 STS Results

STS measurements are performed in constant height mode with 80 spectra taken at

different positions on each monolayer and heterostructure region. Random groups
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Figure 5.6: STM image of monolayer WS2 over a 5 nm by 4 nm region. We have
highlighted the lattice in a few regions with an overlay of hexagons in blue. In the
bottom right, we provide a height profile along the path indicated by the double-sided
arrow. In the profile, we use the maxima to verify the lattice constant. In the bottom
left, we provide a 2D fast Fourier transform.

of 16 are averaged in order to improve the signal-to-noise ratio and compare repro-

ducibility. These averaged data sets are plotted in Figure 5.7 for monolayer MoS2,

monolayer WS2, and the heterostructure for a sample with MoS2 on WS2 (top) and

a sample with WS2 on MoS2 (bottom).

The fitting procedure described in section 1.1 is performed for all these data

sets and plotted in Figure 5.7. We use a work function of the tungsten tip of 4.5 eV

and the work functions for the two TMDCs given in Figure 5.8. The fit is performed

by adjusting the energy of the band edge or current onset to reduce the χ2. From

these fits, we are able to extract the band gap for monolayer MoS2 and WS2. We find
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Figure 5.7: Monolayer and heterostructure STS experimental data. The top set of
data is from a sample with MoS2 on top of WS2, and the bottom set of data is from
a sample with WS2 on top of MoS2. The experimental data, solid lines of various
colors, are averages of 16 spectra. Additionally, the model fit to the experimental
data is plotted as a dotted grey line.
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band gaps of 2.18 (±0.05) eV and 2.40 (±0.06) eV for MoS2 and WS2, respectively,

when adjusted for TIBB.

To ensure that the observed band gap is indeed the gap of the material at the

K-point, we must consider the entire band structure. In the paper by Zhang et al.

[62], they found that the minimum at the Q-point (directly between Γ and K) in the

conduction band lies close in energy to the K-point, as predicted [53, 63]. Additionally,

recall that the tunneling probability depends on the in-plane momentum, as discussed

in section 2.1. The in-plane momentum at the Q-point is lower than at the K-point

which means that tunneling is more likely at the Q-point. In the paper by Zhang,

they found that in STS measurements taken with the tip too far from the sample

the current from the K-point was not be discernible, so the apparent onset of current

came from the Q-point. To ensure that we performed our measurements with an

appropriate tip height, we examine our MoS2 results. In the paper by Zhang et al.,

they measured the energy difference between the K- and Q-point in monolayer MoS2

to be ∼250 meV. If the current we measure in the conduction band is from the Q-

point, the K → Q gap would be the experimentally obtained 2.18 (±0.05) eV. This

would require the K → K band gap to be less than 2 eV. Given the MoS2 A exciton

1s transition energy of 1.86 eV, we would obtain a binding energy of ∼100 meV.

This value is dramatically less than the binding energy experimentally obtained for

other TMDCs [24, 37, 39, 40] and for MoS2 [41, 42] including our own results [30].

Therefore, we feel confident that the current onset in our measurements arises from

tunneling at the K-point. Since our measurement conditions were the same for all

of our measurements, we can safely assume that we are able to observe the K-point

current for MoS2, WS2, and the top layer in the heterostructure.
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5.3.3 Band Alignment

In this subsection, we will discuss the experimental observation of the band alignment

in the heterostructure. To aid in this discussion, a simple diagram has been provided

in Figure 5.8(a). STS measurements predominantly probe the tunneling current from

the top layer. However, when the bias voltage is such that tunneling can occur only

from the bottom layer, we will observe current from the bottom layer. For example,

for the configuration with MoS2 on top, in the dI/dV curves (top of Figure 5.7) we see

current from the conduction and valence bands in the top layer (MoS2). Additionally,

we probe the WS2 valence band since its energy lies within the band gap of MoS2. In

the other stacking order, we measure current from the valence and conduction band

of the top layer (WS2) and the conduction band of the bottom layer (MoS2).

In the heterostructures, we find band gaps of 2.16 (±0.04) eV and 2.38 (±0.06)

eV for MoS2 and WS2, respectively, as the top layers. These values agree to within

uncertainty with the values we find for the isolated monolayers. This is surprising as

we would expect the change in the dielectric environment to lead to a change in the

band gap. The negligible change in the band gap is likely due to similar dielectric

functions for the TMDCs and fused silica. Additionally, we note that there is a shift

in the position of the current onsets. In the paper by Ugeda et al. [38], they speculate

that such shifts are due to electrostatic processes and charge transfer.

Now we turn our attention to the band gap of the heterostructure, i.e. the gap

from the valence band of WS2 to the conduction band of MoS2. In the heterostructure

with MoS2 on top we find a gap of 1.45 (±0.06) eV, but in the heterostructure

with WS2 on top we find a band gap of 1.56 (±0.06) eV. There is an apparent

discrepancy between the two heterostructure band gap values. However, we must
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Figure 5.8: Experimental band gaps and band alignment in MoS2/WS2 heterostruc-
tures. (a) Schematic diagram of the experimental band gaps and band alignment in
the heterostructure. MoS2 is in red, WS2 in cyan, and the heterostructure band gap
in purple. The energy between the K- and Q-point in the MoS2 conduction band is
also given. (b) Table of the measured band gaps from the two samples, work function,
effective mass, and K-point in-plane momentum for MoS2 and WS2.

consider tunneling from other points in the band structure as we did in the monolayer

case. For the top layer we see the same band gap as the isolated monolayer, so we

must be probing the K-point. For the bottom layer, we are unable to observe the

band gap and verify if we are probing the K-point. Additionally, the tip is twice as

far from the bottom layer as the top layer and the isolated monolayers. Therefore,

it is possible that the observed current comes from areas in the band with lower in-

plane momentum and, consequently, higher tunneling probability; calculations from

Equation 5.2. suggest the additional tip distance may lower the tunneling probability

by 1-2 orders of magnitude. We must consider where the measured current may be

coming from in the valence band of WS2 and the conduction band of MoS2 when they
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are the bottom layer. For the valence band of WS2, we may be probing the Γ-point.

However, the Γ- and K-point are calculated to be within 25 meV of one another

when in a heterostructure with MoS2 [64]. We fit the valence band current with

contributions from both the Γ- and K-point but are unable to fit with two distinct

onsets. Therfore, we conclude that the Γ- and K-point are degenerate to within

our uncertainty. Thus, to within our experimental uncertainty the band gap for the

heterostructure is 1.45 (±0.06) eV. For the conduction band of MoS2, we are likely

probing the Q-point. From the apparent difference in the observed heterostructure

band gap, we infer that the difference in energy between the Q-point and K-point in

MoS2 when in a heterostructure with WS2 is 110 meV.

5.4 Conclusions

In this section, we will offer our final thoughts on MoS2/WS2 heterostructures. First,

we will summarize the chapter. Next, we will address how our results compare to

other works. Finally, we will consider the implications of our results for the future of

TMDC-based devices.

5.4.1 Summary

From our STM/STS measurements, we were able to report the monolayer band gap

of MoS2 and WS2, 2.18 (±0.05) eV and 2.40 (±0.06) eV, respectively. The novel

result is the band alignment in WS2/MoS2 heterostructures. The heterostructure

band gap, 1.45 (±0.06) eV, is particularly important in light of recent reports of the

charge transfer exciton [64, 65, 56, 66, 67].
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5.4.2 Comparison with Other Works

Our band gap results for both MoS2 and WS2 agree well with those in the literature

[24, 41]. We found the energy difference between the Q- and K-point in MoS2 to be

110 meV which is less than was previously reported [62], ∼ 250 meV. However, the

energy of the Q-point is likely reduced when in a heterostructure.

Our value for the heterostructure band gap agrees well with theoretical pre-

dictions [53, 64]. In several different studies [64, 65, 56, 66, 67] on heterostructures

epitaxially grown and assembled from exfoliated flakes, a new PL feature has been

observed at ∼1.35 eV. This luminescence has been attributed to the charge transfer

exciton. If this PL is indeed from the charge transfer exciton, then the binding en-

ergy would be about 100 meV which is less than a third of the binding energy for

monolayer and bilayer flakes. The lower binding energy could arise from the greater

spatial separation of the electron and hole or might suggest that the PL is from a

different source, such as defects.

5.4.3 Impact and Future Work

This work is an important step towards TMDC heterostructure devices. We have

confirmed that we do obtain the desired type II band alignment. More importantly,

we confirm that both layers remain direct gap in the heterostructure. This infor-

mation will be vital in the analysis of optical and electrical characterization of the

heterostructure.

Our future plans involve characterizing the new PL feature others have observed

in heterostructures. Thus far, we have been unable to observe this new PL feature.

However, if we are able to obtain a sample that produces this new PL peak, we
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will perform temperature- and power-dependence PL measurements, PLE, and spin-

resolved PL spectroscopy to characterize the PL feature, decipher its origin, and

understand its formation.
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Chapter 6

Conclusion

In this chapter, we will present a summary of the previous 3 chapters. Next, we will

describe the related ongoing and future projects. We will then give final remarks

about this field, this dissertation, and graduate school in general.

6.1 Summary

In this dissertation, we have discussed the remarkable TMDCs. Our research has

focused on how excitons in TMDCs behave alone in monolayers and interacting with

another layer in a heterostructure. First, we probed the exciton excited state spectrum

and exciton binding energy of monolayer MoS2 and WS2 using reflectance contrast and

photoluminescence excitation spectroscopy (PLE). Next, we examined how the life-

time of the exciton is affected by the presence of an additional layer in WS2/graphene

heterostructures and TMDC/TMDC heterostructures. Finally, to relate this change

in the exciton coherence lifetime to the band structure, we performed scanning tun-

neling microscopy/spectroscopy (STM/STS) on MoS2/WS2 heterostructures.
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To investigate the exciton excited state spectrum, we used two different optical

spectroscopy techniques: reflectance contrast and PLE spectroscopy. We were able

to observe signatures of the excited exciton states in monolayer WS2 and monolayer

MoS2 due to the increased absorption of the layer when excited resonantly with an

excited state. From the energies of the excited states, we were able to extrapolate to

the band gap and obtain the binding energy by fitting our experimental data with

the nonlocal screening model. We found a binding energy of 0.44 eV and 0.32 eV for

monolayer MoS2 and WS2, respectively, which is an order of magnitude larger than

the bulk material.

Next, we investigated excitonic behavior in heterostructures. We assembled

monolayer WS2/graphene heterostructures using a polymer transfer technique to

place graphene flakes from one- to four-layers thick on top of exfoliated monolayer

WS2. We used reflectance contrast to infer the decrease in the coherence lifetime of

the excitons in WS2 when in contact with graphene. The broadening of the excitonic

peaks in the reflectance spectrum is inversely proportional to the exciton coherence

lifetime yielding a lifetime in the range of 65-130 fs with no strong dependence on

the thickness of the graphene. The lifetime gives us a lower bound on the charge and

energy transfer time constant between WS2 and graphene in the heterostructure. In

TMDC/TMDC heterostructures (exfoliated monolayer MoS2 on WS2 and MoSe2 on

WSe2), we found a charge transfer time constant of 20-50 fs between TMDC layers.

To further investigate TMDC/TMDC heterostructures, we performed scanning

tunneling microscopy and spectroscopy (STM/STS) on MoS2/WS2 heterostructures.

Fitting a model to the dI/dV curves, we were able to observe the relative energies

of the valence and conduction bands in the two materials. We verified that the het-
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erostructure has type II band alignment as predicted, i.e. the valence band maximum

in one material (WS2) and the conduction band minimum in the other (MoS2).

All of this work has contributed to the progress of TMDCs and the field of

layered materials in general. Now that we understand the nature of the exciton and

how it interacts with its environment, we can move towards practical application of

TMDCs in real world devices.

6.2 Ongoing and Future Experiments

In this section, we will discuss ongoing and future projects related to the work pre-

sented in this dissertation. We will begin with our ongoing efforts to investigate the

influence of the dielectric environment on the exciton binding energy. Next, we will

present our plan to distinguish between charge and energy transfer in heterostruc-

tures. We will then outline our plans to understand interlayer excitons. Finally, we

will briefly mention the other layered materials that we are optically investigating.

6.2.1 Dielectric Environment and Binding Energy

In Chapter 3, we discussed how the reduced screening and dimensionality in monolayer

flakes leads to an order of magnitude higher binding energy. This is a startling

example of the influence the dielectric environment can have. One advantage of 2D

materials is the incredible sensitivity they have to the environment around them.

We should be able to observe a change in the dielectric environment by tracking the

energy of the excited exciton states as a proxy for the binding energy. We have begun

a preliminary investigation using the WS2/graphene heterostructures from our study
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in Chapter 4. In a few samples we are able to see the 2s and 3s excited states of the

WS2 A exciton and record how their energy relative to the 1s state changes with the

addition of a graphene layer on top. We also plan to make heterostructures with BN

on top to compare with graphene.

6.2.2 Charge vs. Energy Transfer in Heterostructures

In TMDC/TMDC heterostructures (TMDCHs), we were able to distinguish between

charge and energy transfer, because the broadening of the lowest energy exciton is

only due to charge transfer. However, we did not have a way to distinguish be-

tween charge and energy transfer for the higher energy excitons in TMDCHs or in

WS2/graphene heterostructures. Additionally, 2D donor to 2D acceptor resonant en-

ergy transfer is a topic of theoretical interest [57]. It would be beneficial to be able

to experimentally probe solely energy transfer in our heterostructures. To accom-

plish this task, we are currently working on assembling heterostructures with a thin

flake of insulating hexagonal boron nitride (h-BN) between the layers for both the

TMDC/TMDC and WS2/graphene heterostructures. The h-BN layer will prevent

charge transfer but allow energy transfer. Once we successfully make the samples we

can use reflectance contrast, as before, to observe the broadening solely from energy

transfer. Additionally, by varying the thickness of the BN layer we can probe the

distance dependence of energy transfer.

6.2.3 Interlayer Excitons

Some studies have observed a new low energy PL feature in TMDCHs which they

attribute to a charge transfer (CT)/interlayer exciton [66, 67, 68, 69, 70]. An interlayer
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exciton is an exciton with the electron and hole localized in two different layers. We

have not been able to observe a new low energy PL peak in our samples, but we are

working to obtain expitaxially grown CVD samples in the hope of observing this PL

feature. Once we have a sample with this new PL feature, we plan to perform power-

and temperature-dependence PL measurements to distinguish between defect PL and

CT exciton PL. We will also use polarization-resolved PL spectroscopy to observe

whether spin is conserved in the charge transfer process. We also hope to observe the

orientation of the exciton dipole as in this paper [71] on excitons in monolayer and

bilayer MoS2. Finally, we will perform PLE spectroscopy to understand the formation

of the CT exciton and how it relates to excess energy and relaxation pathways.

6.2.4 Other Layered Materials

There is a whole library of other layered materials worth exploring. Currently, we are

using reflectance contrast to observe the band structure of one- and few-layer phos-

phorene, a hexagonal honeycomb lattice made of phosphorous atoms. Phosphorene

research has only just begun [72, 73, 74], and monolayer phosphorene is predicted to

have a visible range band gap and high mobility. If we successfully obtain reflectance

contrast results, we will try to measure the exciton binding energy and other excitonic

properties.

6.3 Final Remarks

It has been such an honor playing my small part in this dynamic and interesting field.

I have grown so much from this experience both as a scientist and a person. I will



6.3. Final Remarks 106

refrain from rehashing my acknowledgements, but I would like to reiterate how much

I truly appreciate the support of my peers, collaborators, advisor, friends, and family.

I would also like to thank anyone reading this dissertation. I hope it has been

an engaging and illuminating read.
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Appendix A

Effective Mass Approximation

For this brief discussion on the effective mass approximation, we will borrow from the

discussion presented in [10]. In order to mathematically describe a single particle, we

want to create a wave packet that is a function of k centered around and within a range

of a specific k0. We use a superposition of infinite Bloch waves, eik·ruk(r), where eik·r

is a plane wave and uk(r) has the periodicity of the lattice, i.e. uk(r +R) = uk(r)

for all lattice vectors R. This wave packet will take the form,

ψk0(r) =
∑
k

cke
ik·ruk(r) (A.1)

We would like to keep k fairly localized, extending only a fraction of the Brillouin

zone. This requires that in real space the wavefunction will extend larger than the

unit cell. This is called a Wannier function.

If we exert a force on the wave packet, we change the energy according to the

equation:

dE(k) = F · ds = F · vgdt (A.2)
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Where vg is the group velocity defined by:

vg =
1

~
dE

dk
(A.3)

Multiplying both sides of the above equation by ~ dk, we can write it in the form

dE(k) = ~vgdk. If we plug this into Equation 1.15, we obtain:

F = ~
dk

dt
(A.4)

Therefore the acceleration of the wave packet, a = dvg
dt

, would be:

a =
1

~
∂2E

∂k∂t
=

1

~
∂2E

∂k2

dk

dt
=

1

~2

∂2E

∂k2
F (A.5)

If we compare this with the usual for of Newton’s law, a = 1
m
F , we can get an

equation for the effective mass of the electron and hole:

1

meff

=
1

~2

∂2E

∂k2
(A.6)

This equation says that we can find the effective mass from the curvature of the

band. Additionally, for a free electron we would recover meff = m0. For a nearly

parabolic band, the mass near the extrema will be approximately constant. Thus, in

semiconductors we often treat the electrons and holes as free particles with the mass

a constant given by equation A.6 applied to the region of the extremum. We used

the effective mass approximation in the nonlocal screening model in Chapter 3.
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Appendix B

Polymer Transfer Technique

To create the samples in Chapter 4 and 5, we used the polymer transfer technique.

The second half of the technique, the process of transferring the flake on polymer onto

the flake on the substrate, is explained and shown in Chapter 4 section 1. In Figure

B1, we provide a schematic depiction of the the first half of the polymer transfer

technique. We coat a silicon chip with PPC. Next, we punch a hole in a piece of

scotch tape which we place on the PPC. We exfoliate as usual onto the polymer.

Finally, we peel the polymer off of the silicon chip and place the polymer onto a

stiffer polymer polydimethylsiloxane (PDMS).
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Figure B.1: Schematic depiction of exfoliating onto PPC for the polymer transfer
technique used to assemble heterostructures. We coat a silicon chip with PPC, exfo-
liate onto the PPC, and peel and place the PPC onto PDMS


