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ABSTRACT

Semiconducting transition metal dichalcogenides (TMDs) are 2D sheet-like materials

with atomic scale thickness. The quantum con�nement e�ects of TMDs enhance the

interactions between charge carriers, leading to strongly Coulomb bound electron-

hole pairs called excitons. The unique characteristics of the monolayer TMD band

structure allow them to couple strongly with light �elds in two degenerate, but in-

equivalent valleys. TMDs do not require barrier layers, unlike quantum wells, their

quasi-2D predecessors. As such, they can be stacked directly onto substrates or other

2D materials to form heterostructures where the direct contact promotes exciton in-

teraction e�ects without lattice matching restrictions. In the following dissertation,

I explore three unique optical e�ects of TMD excitons in 2D heterostructures. The

�rst e�ect shows how the band alignment of MoSe2/WSe2 heterostructures results in

tightly bound interlayer excitons, where the tunable stacking order and twist angle

between the lattices give rise to a spatially dependent moir�e potential. The moir�e

potential can trap the excitons and give rise to stacking order-dependent optical

properties. The behavior with temperature and power can be explained with the

intervalley exchange interaction for interlayer excitons, which a�ects the population

of bright excitons di�erently based on the stacking order. The next e�ect shows

how encapsulating WSe2 in hBN, a 2D insulator, improves the optical quality of the

TMD. This improvement leads to narrow emission satellites with anomalous non-

linear Zeeman shifts and linear polarization of the exciton-plasmon quasiparticle

when the WSe2 is heavily electron doped. Finally, the e�ects of organic-inorganic

heterostructures are investigated, speci�cally, hybridization between the WSe2 B ex-

citon and the nearly degenerate 0-0 exciton of the organic molecular semiconductor

PTCDA. The excitonic coupling creates a new resonance, resulting in an order of

magnitude enhancement of the molecule's Raman emission.
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CHAPTER 1

Introduction

The universe we live in is 3D. When we are formally taught any �eld of physics, from

introductory Newtonian mechanics to graduate level quantum mechanics, condensed

matter, or statistical mechanics, we often begin by modelling the physics as the

lowest dimensional case. We start with one dimensional kinematic equations, or a

quantum particle in a box moving in one dimensional potential, or a linear crystal

which is just a single-�le row of atoms, with the understanding that we will apply

our �ndings to the \real" 3D world eventually.

But low dimensional physics is actually incredibly rich and not just an instruc-

tional simpli�cation. True 0D, 1D, and 2D quantum systems have di�erent densities

of states, and the con�nement introduces discrete quantum energy states as well as

increases Coulomb interactions between charged particles, leading to the strong ex-

citonic e�ects. Excitons, which are Coulomb-bound electron-hole pairs, exist in 3D

semiconductors, but due to the dielectric screening of the materials and the parti-

cles' reduced band masses, they generally have low binding energies and are weakly

coupled with optical �elds, rendering them ine�ectual for practical applications.

Quasi-2D systems

The �rst forays into low dimensional physics began with the engineering of quan-

tum wells (2D), wires (1D), and dots (0D). Quantum wells are fabricated as a thin

layer (� 10 nm) of semiconductor (the well) sandwiched between two layers of a sec-

ond semiconductor (the barriers). A common structure is AlGaAs/GaAs/AlGaAs,
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Figure 1.1: (a) Construction of a quantum well structure with GaAs (the well
material) and AlGaAs (the barrier material). (b) Spatial modulation of the band
structure, which shows that the valence band rises and the conduction band lowers
in the well due to the type-I alignment between the two materials. The well then
serves as a con�nement potential for electrons and holes.

shown in Figure 1.1a. The type-I band alignment between AlGaAs and GaAs shown

in Figure 1.1b means that the lowest energy states for both holes and electrons lie

in the well. The quantum con�nement creates discrete particle-in-a-box-like energy

levels, enhances binding energies for excitons by reducing the separation between

particles, and strengthens the optical coupling of excitons by increasing the electron-

hole wavefunction overlap1{3 .

Coupled quantum wells (CQWs) can host spatially indirect excitons, or interlayer

excitons (IXs). When two wells are placed adjacent, so that the thickness of the

barrier separating them is of the same order as the wells, an exciton can form

between them. When an out-of-plane electric �eld is applied, the lowest energy

state is in fact the IX, like that shown in Figure 1.2. The reduced wavefunction

overlap between the electron and hole signi�cantly increases the lifetime4, allowing

for the possibility of Bose gases, Coulomb drag, and enhanced exciton transport5.

While excitons in single quantum wells can be tuned by the choice of materials and

the well thickness, IXs in CQWs can be controlled by the barrier thickness, relative

thicknesses and materials of the two wells, and the out-of-plane electric �eld.
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Figure 1.2: The lowest energy con�gurations for electrons and holes in a CQW
system with an out-of-plane electric �eld are in separate wells.

However, quantum wells are still based on 3D semiconductors so they are limited

as quasi-2D systems. For instance, excitonic interactions between di�erent quantum

wells are weak due to the necessary barrier separating them. The spatial separa-

tion reduces wavefunction overlap and minimizes interaction e�ects. Additionally,

fabrication of quantum wells requires lattice matching between the well and barrier

materials to avoid grain defects in the devices, which limit the possible structures

for seeing interlayer interactions.

Atomically thin materials

The modern interest in 2D materials started with the isolation of graphene in 20046,

which won the 2010 Nobel Prize in Physics. Graphene, a sheet of carbon atoms (< 1

nm thick) in a honeycomb structure, is atrue 2D system, and it is surprisingly easy

to fabricate. Graphite, or ordinary pencil lead, is composed of weakly bonded layers

of graphene. By using Scotch tape, the layers can be repeatedly pulled apart until

a single one has been isolated. Since its initial isolation, monolayer graphene has
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shown an abundance of very interesting phenomena, like relativistic electrons, high

carrier mobilities, and the fractional quantum Hall e�ect7.

With the advent of graphene, the quest for other 2D materials has intensi�ed8.

These layered materials (also called van der Waals materials) are characterized by

strong covalent bonds within each layer and weak van der Waals bonds between

adjacent layers. Like 3D bulk crystals, they represent all di�erent materials clas-

si�cations (conductive, semiconducting, insulating, ferromagnetic, etc.) and host

exotic states such as superconductivity and charge density waves.

This dissertation focuses mainly on 2D semiconductors known as transition metal

dichalcogenides (TMDs). With thicknesses< 1 nm, the 2D nature enhances the

excitonic e�ects and interactions in the materials. The features of the materials'

band structures and the resulting selection rules also endow them with simple ways

to control spin and valley polarization, making them attractive for logic technologies.

Van der Waals materials do not have the limits imposed in quantum well sys-

tems. Layers can be stacked directly on top of each other through a dry transfer

technique, which results in strong interlayer coupling8, creating stronger and more

optically accessible IXs than those in CQW systems. There is also no longer a lat-

tice matching requirement, making virtually any combination of materials suitable

for study. Likewise, there is no restriction on the angle between the crystal lattices

of the individual materials in these heterostructures, providing another degree of

freedom to tune exciton behaviors.

Dissertation outline

The optical signatures of excitonic e�ects when TMDs are layered with other ma-

terials is the focus of this dissertation. I begin by outlining the physics of excitons

in monolayer TMDs, as well as the e�ects of the band structure, in Chapter 2.

Chapter 3 reviews the sample preparation techniques used in device fabrication. I
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discuss all of the steps from isolating monolayers with exfoliation and growth tech-

niques, stacking materials, and adding electrical contacts. In Chapter 4, I explain

the measurement techniques used to acquire the data throughout Chapters 5-7.

Chapter 5 explores TMD heterostructures, speci�cally MoSe2/WSe2 heterostruc-

tures, which host strongly bound IXs. The moir�e pattern formed by stacking the

two nearly commensurate lattices gives rise to a periodic trapping potential for the

IXs. The work concluding the chapter explores the temperature and power depen-

dence for these traps. In Chapter 6, I discuss the behavior of monolayer WSe2

encapsulated in an insulating van der Waals material, which enhances the optical

quality of the TMD. As a consequence, previously unreported satellite emission for

the exciton-plasmon quasiparticle emerges in heavily electron doped WSe2. I also

report an anomalous nonlinear Zeeman shift and modest linear polarization of the

exciton-plasmon emission. The work of Chapter 7 investigates the interaction be-

tween a layer of semiconducting organic molecules on monolayer WSe2. I describe

an enhancement of the molecule's Raman emission which can be explained by ex-

citon coupling between the two materials. In Chapter 8, I will discuss some of the

future work possible to study optical excitonic e�ects in TMD heterostructures.
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CHAPTER 2

Monolayer transition metal

dichalcogenides (TMDs)

Transition metal dichalcogenides (TMDs) have the chemical formula MX2, where

the M is a transition metal and the X is a chalcogen. Though TMDs span a wide

range of materials classi�cations9,10, this dissertation focuses on two semiconducting

species: WSe2 and MoSe2. WS2 and MoS2 have very similar optical responses and

analogous physics, but are distinguished by larger band gaps. A monolayer has a

honeycomb structure with alternating transition metal and chalcogen sites. There

are two atoms at each chalcogen site which lie above and below the plane containing

the transition metal atoms. A depiction of the crystal structure of a monolayer

TMD can be seen in Figure 2.1. Bulk crystals are comprised of a large number of

orderly stacked monolayers weakly bonded by van der Waals forces.

The band structure

The band structure of TMDs and con�nement e�ects from the 2D geometry of the

monolayer crystal are what make these materials interesting for various electronic

and optical applications. In contrast to the bulk, the band structures of monolayer

TMDs boasts several advantageous features, like optically accessible direct band

gaps in the visible and near IR spectral region, large spin-orbit splittings of the

valence bands, and optical selection rules at the band edges11{13 . The following

discussion elucidates how these e�ects arise and how they can be used in logic
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Figure 2.1: A top view (above) and side view (below) depiction of the TMD crystal
structure, where the transition metal atoms are magenta and the chalcogen atoms
are gold.

technologies.

Similar to graphene, the Brillouin zone of semiconducting TMDs (Figure 2.2a)

is hexagonal; however, the inversion symmetry breaking of the crystal due to alter-

nating transition metal and chalcogen sites opens up a direct band gap at the K

points. A direct band gap means that the valence band maximum (VBM) and the

conduction band minimum (CBM) exist at the same point in the Brillouin zone.

Importantly, only monolayer semiconducting TMDs have this special property, in

contrast with the indirect gap of their bulk counterparts14,15. The direct gap allows
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Figure 2.2: (a) The Brillouin zone of a TMD. (b) The band structure at the� K
points in WSe2. The bands with spin up (down) electron states are shown in orange
(blue). The optical selection rules of the neutral exciton are also shown.

optical transitions at these points to have large transition dipole moments. The

inversion symmetry breaking also yields two degenerate, yet inequivalent, states at

the K points of the Brillouin zone which are denoted henceforth as +K and� K (also

commonly denoted in literature as K and K0), shown in Figure 2.2b. Local extrema

in the band structure are referred to as \valleys", so the features at the K points

are referred to as K valleys. The inequivalence of these two valleys, known as the

valley pseudospin, can be exploited for logic applications much like electron spins in

spintronics. Several other features of the band structure allow valley control to be

achieved optically.

Unlike graphene, the valence band in TMDs displays strong spin-orbit splitting

of hundreds of meV. However, this spin splitting is di�erent for opposite valleys. The

conduction band and valence bands at the K points comprise mainly transition metal
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d-orbitals, as determined by density functional theory (DFT) calculations16,17. To

the simplest approximation, the conduction and valence bands are given byj� ci =

jdz2 i and j� �
v i = 1p

2
(jdx2 � y2 i + i� jdxy i ), respectively, where� = � 1 corresponds

to the � K valley16{19 . The dz2 orbitals contain no orbital angular momentum in

the z-direction (i.e., lz = 0), however, the valence band has valley-dependent spin

angular momentum oflz = � 2~, corresponding to� K. Thus the L � S coupling in

the valence band is opposite for opposite valleys, typically on the order of several

hundred meV15,19. This is consistent with the time reversal symmetry of the system,

which dictates that the splitting must be opposite in opposite valleys18.

To note, there is a smaller spin-orbit splitting of the conduction bands (� 30

meV), as well, due to the presence of some chalcogenp-orbitals and coupling to

other bands15,19. These e�ects cause opposite splittings and nearly cancel each other

out, but their magnitudes are slightly di�erent for W and Mo materials, causing the

conduction band spin splitting to be opposite for each material. This splitting is

often necessary to consider during measurements, however, much of the exciting

physics in monolayer TMDs comes from the much larger splitting of the valence

band. A diagram of the TMD (in this case, WSe2) band edges at both K points is

shown in Figure 2.2b.

Another consequence of the inversion symmetry breaking in TMDs is the mani-

festation of an angular momentum associated with the valley. Under time reversal,

the magnetic moment (a pseudovector) changes sign, while under inversion, the

magnetic moment is conserved, thus a nonzero magnetic moment can only exist

in systems with broken inversion symmetry. This valley magnetic moment arises

from the self-rotation of the wavepackets17,20,21 and manifests as valley contrasting

optical selection rules: The +K valley couples only to� + polarized light while the

� K valley couples only to � � polarized light17,18,22,23. Thus, the valley degree of

freedom can be optically controlled and measured using circularly polarized light24.

These valley selection rules are depicted in Figure 2.2b. When monolayer TMDs
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are excited with circularly polarized light of appropriate energy (at or slightly above

the optical band gap), the subsequent emission is similarly polarized17,25,26. Optical

control and monitoring of the valley pseudospin has applications to logic devices.

The large valence band spin splitting means that the valley and spin degrees of

freedom for excited carriers are coupled. This e�ect is known as spin-valley locking:

When excited with energy that only allows transitions from the upper valence band,

the opposite valleys will be populated with oppositely spin-polarized carriers. In this

way, the valley degree of freedom and the spin degree of freedom are \locked"18 and

the optical selection rules allow us to control both the spin and valley degrees of

freedom27.

The various magnetic moments of the carriers at the K points provide an op-

portunity to control the valleys using an out-of-plane magnetic �eldB = Bẑ. The

valley magnetic moment is opposite for the� K valleys, so the Zeeman shift from

this contribution is opposite for each valley, given by �valley = � �� B B where the

valley index � = � 1 corresponds to the� K valley momentum, � = m0=m� adjusts

for the e�ective massesm� of the bands, and� B is the Bohr magneton. In �rst order

approximations,m� is the same for both valence and conduction bands28. The con-

tribution of the valley magnetic moment to the Zeeman shift for� K valleys is shown

as the green arrows in Figure 2.3. Similarly, because the lowest energy transition

for the � K valleys involves the electron spinms = � 1=2 valence and conduction

bands, the valleys will shift in energy in opposite directions by �spin = 2ms� B B 28,29,

shown as the gold arrows in Figure 2.3. The last contribution is from the atomic

orbital angular momentum of the bands, which only a�ects the valence bands where

ml = � 2 with shifts of � atomic = ml � B B, while having no e�ect on the ml = 0

conduction bands28{32 . This shift is shown as the magenta arrows in Figure 2.3.

There are two consequences of these shifts. The �rst is a splitting of the gaps for

each valley. The new gap energies areE 0
� K = Eg +� CB

� K � � V B
� K = Eg � �� B B, where

the entire contribution is due to the opposite valence band atomic orbital magnetic
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Figure 2.3: Valley (green), spin (gold), and atomic orbit (magenta) contributions to
the magnetic moment and Zeeman shift of the bands at the� K points in a TMD.
The bands shown are those for the lowest energy optical transitions and are labeled
with valley, spin, and orbital quantum numbers.

moments. A photoluminescence (PL) emission measurement would therefore yield

a splitting of 2�� B B between the� + and � � emission peaks. In MoSe2 and WSe2,

splittings were found to be 0.22-0.25 meV/T28{33 . The second consequence is that

the valley and spin components contribute to a shift of the bands relative to one

another, which can be used to control valley populations29,32.

Excitons

Up until now, I have only discussed the band structure of TMDs with respect to

free carriers; however, free carriers do not make up the dominant optical response

of TMD systems: that role is �lled by excitons34{36 . Excitons are Coulomb bound

electron-hole pairs and occur when an electron promoted to the conduction band

interacts with the hole left in the valence band. Upon electron-hole recombination,
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the energy of the emitted photon is equal to the electronic band gap of the material

minus the binding energy of the exciton. Because these quasiparticles exist at the

band edges at the K points in the Brillouin zone, they are subject to the same

optical selection rules discussed previously. The localization to the� K points in

momentum space means that the excitons are of the Wannier type and that the

real space wavefunction extends over several unit cells37. They are the primary

optical response due to large exciton binding energies. These discrete states can be

exploited for new information processing technologies that may function at room

temperature.

Monolayer TMDs host very strongly bound excitons due to the two dimensional

nature of the material. Figure 2.4a shows that in a bulk material, �eld lines be-

tween the electron and hole are subject to dielectric screening from the material

itself. In monolayer TMDs, many of these �eld lines extend above and below the

surface of the material (Figure 2.4b) which means they experience less dielectric

screening. Excitons in semiconducting TMDs have binding energies typically 300-

600 meV36,38,39. These strongly bound excitons are thus resistant to thermal e�ects

at room temperature (wherekB T � 26 meV) and might therefore be very practical

for new technologies. Because the �eld lines extend above and below the TMD, the

energies of the excitons are sensitive to the dielectric environment and substrates36,

o�ering a possible simple way to tune the emission energies.

To use TMDs in logic technologies, we need to understand the time scales relevant

to exciton recombination and valley polarization. In order to transport or process

a valley polarized state, the exciton lifetime must be relatively long and the valley

polarization time must be at least on the order of the exciton lifetime. Theoretical

models40 and time-resolved PL measurements41{43 show that the exciton decays on

the order of several hundred femtoseconds. This very quick time is due to the large

optical transition dipole moment for the exciton. The valley depolarization time

is on the same order as the lifetime and the main depolarization mechanism is the



25

Figure 2.4: Field lines between the bound electron and hole in a TMD bulk crystal
(a) and TMD monolayer (b). The extension of the lines into free space in the
monolayer reduces the dielectric screening and increases the binding energy.

intervalley electron-hole Coulomb exchange interaction41,44{47 . This interaction (an

annihilation of the exciton in one valley and the creation of an exciton in the opposite

valley) is very e�cient because it does not involve an energetically-forbidden single-

particle spin 
ip.

The presence of additional charges (electrons or holes) added to the TMD layer

leads to the creation of charged excitons. The simplest charged excitons (known

as trions X� ) are quasiparticles that consist of a neutral exciton (X0) and an extra

charge located either in the same or opposite valley48. The binding energies between

X0 and X� are � 30 meV so the emission is redshifted from X0. Many isolated TMD

samples will display a trion peak due to contamination from the fabrication process

which leads to intrinsic doping. The charge density, and thus emission energy, can

be controlled by fabricating �eld e�ect devices, like that pictured in Figure 2.5. The

application of a voltage to the back gate populates the TMD with charges like a

parallel plate capacitor49. The charge densityn is given by

n = �
�� 0

de
V; (2.1)
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Figure 2.5: (a) A schematic of a �eld e�ect device to control the doping in a TMD
sample with the SiO2 serving as the gate dielectric. (b) Doping changes when voltage
is applied to the back gate, producing di�erent species of excitons. X0, X+ , and X�

are shown. Spectra are taken at 4 K with 2.33 eV excitation.

where� and d are the dielectric constant and thickness of the gate dielectric, respec-

tively. When populated with holes by applying a negative gate voltage, the emission

will shift from X 0 to X+ with increasing doping. A positive gate voltage will shift

emission to X� . This dependence can also be seen in Figure 2.5b.

Another species of the exciton is the B exciton (distinguishing it from the neutral

exciton discussed until now, the A exciton). The B exciton is composed of a hole

from the lower spin split valence band. Since this band has the opposite spin of

the upper spin split valence band, selection rules dictate that the electron must also

reside in the opposite spin split conduction band. Due to rapid charge relaxation of

the hole to the energetically favorable upper valence band, the B exciton does not

e�ciently emit PL, however, it can be observed through absorption. This brief in-

troduction to various exciton species is far from complete; there are various excitons

that are optically dark (due to spin or momentum forbidden optical coupling)50,51,

excitons bound to defects52{54 , or multi-exciton con�gurations that arise under very

high powered excitation55{58 .
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Monolayer TMDs appear to be great candidates for valley-based technology be-

cause the spin and valley degrees of freedom can be manipulated and measured using

circularly polarized light. Further, these monolayer excitons can be controlled and

tuned by dielectric environment, external magnetic �eld, and doping. However, the

population lifetime and valley depolarization time seriously limit their applications.

Fortunately, because these are atomically thin materials, they have strong interface

interactions when layered on top of each other. The rest of this dissertation explores

how heterostructures of TMDs can expand the opportunities to use and tune 2D

materials.
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CHAPTER 3

Sample fabrication

Exploring all potential applications for 2D materials requires precise and innovative

microfabrication, starting of course, with the isolation of TMD monolayers. Beyond

simple monolayers, the 2D nature of TMDs and the spatial extension of the electric

�eld lines binding the electron and hole outside of the monolayer mean that the

optical properties of TMDs are highly sensitive to their substrates and interact

strongly with adjacent layers, and the study of heterostructures is rich with more

applications for TMDs. Additionally, the optical responses of excitons can be tuned

by electrical gating of the sample. This chapter discusses all the processes involved

in fabricating the devices used in this dissertation following the order in which they

are used: the isolation of TMD monolayers and other van der Waals materials, the

construction of layered devices, and the patterning of electrical contacts.

Overview of isolating monolayers

Studying 2D materials necessitates �rst isolating monolayer materials and charac-

terizing them. Due to the weak van der Waals bonds between layers in bulk crystals,

thin layers can be achieved through exfoliation from the bulk. Various methods ex-

ist to accomplish this, but most materials isolated for this dissertation are done so

through mechanical exfoliation6,59, notably the Scotch tape method. Chemical exfo-

liation techniques60{62 exist and can result in a large quantity of thin layers, however,

the sizes of the 
akes tend to be too small for my applications. Some TMDs I worked

with were fabricated using one of two vapor deposition techniques63{66 . In this pro-
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cess, monolayers are grown by vaporizing materials and inducing crystallization of

the material on a substrate.

Often, it is necessary to create an optically pristine environment or a device

geometry that allows for doping or electrical contact to the sample. A single layer of

graphite, a layered semimetal, is called graphene, and its structure shown in Figure

3.1a. The rich and interesting physics of graphene, like the massless electrons due

to the linear dispersion of the bands near the K points7, shown in Figure 3.1b, is

not explored here. Instead graphene and few layer graphite 
akes are simply used

as conductors to electrically gate the sample, and are particularly useful for top

gates because monolayer graphene is nearly transparent. When necessary, long thin

pieces of graphene can be used to create more advantageous electrical contacts to

TMD layers for construction or transport considerations.

I also use hexagonal boron nitride (hBN), a van der Waals material with a

large band gap67, to serve as an atomically 
at substrate or a gate dielectric. Its

structure is similar to graphene with alternating B and N sites, shown in Figure

3.1c. Typically, thicknesses of 5-30 nm are used (which corresponds to 15+ layers).

Thicker layers can create a 
atter substrate for devices made on SiO2 and shield out

charge traps that form on the oxide substrate due to the uneven surface. This allows

for better optical and transport quality of the materials being studied68. Both the

graphene and hBN in these works are fabricated from bulk crystals using mechanical

exfoliation, though monolayers can be made using vapor deposition69{74 .

Mechanical exfoliation

. Choice of substrate is an important factor in exfoliating monolayer TMDs.

For most materials, we use 285 nm SiO2/Si substrates. This thickness is ideal

for creating optical contrast between the substrate and monolayer TMDs through

interference e�ects75,76. The Si layer can be a convenient back gate for the sample

which does not involve stacking materials. SiO2 provides a stronger van der Waals
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Figure 3.1: (a) Crystal structure of monolayer graphene. Gray dots are carbon
atoms. (b) The Dirac cone feature of graphene's band structure at the K points.
The linear dispersion gives rise to relativistic massless electrons. The Fermi level of
the ground state undoped system is given byEF . (c) Crystal structure of monolayer
hBN showing alternating nitrogen (orange) and boron (green) sites.

force than bulk, allowing thin layers to stick and separate from the bulk during

exfoliation. Being an amorphous solid, however, SiO2 does not have an atomically


at surface and can create charge traps in the substrate and wrinkles in the device,

both which behave like defects and can inhibit mobility and homogeneity of optical

properties. In cases where these are important, hBN encapsulation is used. When

thin (less than a few nm) hBN is needed, 285 nm oxide does not provide enough

optical contrast, and 90 nm oxide is used instead. Other substrates have been used

for successful exfoliation, such as c-plane sapphire (which is useful for transmission
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measurements) as well as polymer substrates.

The Scotch tape method6,59, illustrated in Figure 3.2, is the standard for me-

chanical exfoliation. First, several pieces of bulk crystal are placed on a length of

adhesive tape, which is then folded to adhere to itself and the bulk (Figure 3.2a).

When peeled apart, the bulk is cleaved and appears on two locations of the tape.

This process is repeated 5-10 times with the aim of thinning out the bulk and spread-

ing it over the tape (Figure 3.2b). For TMDs, exfoliating onto substrates directly

from this tape often creates pieces that are too thick, so a daughter tape is used,

where a matching length of tape is laid upon the mother tape to cleave the bulk into

even thinner pieces (Figure 3.2c). After this, the tape is adhered onto the SiO2/Si

chips which were prepared by cleaving a wafer into approximate squares with sides

about equal to the width of the tape, cleaned with plasma, and heated on a hot plate

at 95-100°C for at least a minute until just before the next step. The prepared chips

are lined on a glass slide, and the daughter tape is placed across with the material

in contact with the chips (Figure 3.2d). N2 gas is blown on the back of the tape to

promote adhesion. After cooling, the tape is slowly peeled back, either by hand or

a specially designed machine with a linear actuator that controls the peeling rate

(Figure 3.2e).

All in all, exfoliation can be more of an art than an exact recipe. For TMDs, our

lab prefers to use \blue tape" as the mother tape and either Scotch Magic or Scotch

Magic greener tape for the daughter tapes. Preferences for factors such as chip

preparation, heating, peeling rate, and amount of bulk material used also vary from

scientist to scientist. Successful exfoliation seems to rely on ambient conditions, and

our lab has been less successful at �nding large TMD monolayers during Tucson's

summer unless the exfoliation is done in the N2 glove box. Graphene exfoliation

follows the same general procedure except graphene usually requires more aggressive

adhesion of the tape to the substrate using the back of a razor blade, for instance,

and can require more than one peel to get good material deposition. hBN exfoliation
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