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Abstract

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are atomically
thin, layered materials with unique physical and electronic properties relative to their bulk
forms. Due to these properties, 2D TMDCs show promise for many applications, including
catalysis, nanoelectronics, optoelectronics, and spin- and valleytronics. To utilize TMDCs
for these applications, they must first be reproducibly isolated. Much previous work in this
area has resulted in material batches with low yield, small crystal sizes, and little control
over the crystal morphology and orientation. Here, | present the reproducible chemical
vapor deposition (CVD) growth of a wide array of 2D TMDCs, including MoS;, WSy,
MoTez, NbS,, and WSe,. Control of the growth of these materials is achieved through the
optimization of many parameters, including substrate surface chemistry and synthetic
growth parameters. Through the optimization of these parameters, | demonstrate control

over the resulting material thickness, phase, and morphology.

These high-quality TMDCs are subsequently used to grow many relevant
heterostructures, including MoS,/WS; lateral and vertical heterostructures, MoO2/MoS;
core/shell plates, 2H-1T" MoTe. few-layer homojunctions, and WS,/NbS, lateral
heterostructures, and the utility of these heterostructures is assessed. MoS2/WS;
heterostructures show promise as a semiconductor-semiconductor heterostructure in which
the nature of the alignment is controlled by the initial MoS; seed crystal. MoO2/MoS>
core/shell plates are freestanding and show epitaxial alignment with the underlying crystal
substrate, with potential applications in catalysis. 2H-1T" MoTe; few-layer homojunctions
are grown using a patternable phase engineering procedure, and devices fabricated from

these homojunctions show reduced contact resistance relative to 2H MoTe: devices with



noble metal contacts. Finally, WS2/NbS; lateral heterostructures show promise as an
alternative metal-semiconductor heterostructure system for creating 2D TMDC devices
with low contact resistance. The controlled CVD growth of these materials and

heterostructures bolsters their future use for relevant applications.
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Chapter 1

Introduction



1.1 Structure and Properties of 2D Materials

1.1.1 2D Materials History and Definition

Since the rediscovery of graphene by Novoselov and Geim in 2004,' two-
dimensional (2D) materials, which are defined as being one or a few molecular layers thick,
have seen continually increased interest in the research community.? Many studies have
been performed to understand the properties and formation mechanisms of graphene and
other 2D materials, given that these materials are unique from their bulk forms. 2D
materials are layered, featuring strong, covalent, in-plane bonding and weaker, van der
Waals forces between layers. This difference between in-plane and out-of-plane bonding

gives rise to many novel physical and electronic properties.>>

1.1.2 Physical Properties and Applications

The van der Waals forces between layers in 2D materials have long been used for
their low-friction properties, such as for dry lubrication.®” Given that van der Waals forces
are relatively weak and susceptible to cleavage by shear forces, they provide optimally
low-friction in some mechanical environments. More recently, however, 2D materials have
proven interesting for a number of applications in more active fields of research, including
catalysis and optoelectronics.? For example, cobalt-functionalized MoS; acts as a common
hydrodesulfurization catalyst in the oil industry for the generation of low-sulfur diesel
fuel 810 Catalytic ability of these 2D nanostructures can be enhanced by optimizing their
morphology and maximizing the number the active sites. Furthermore, 2D materials are
particularly promising in the field of optoelectronics because of their large surface-to-

volume ratio, good light sensitivity, and long photocarrier lifetime.!*°



1.1.3 Transition Metal Dichalcogenides

While there are many material families within the umbrella of 2D materials,
transition metal dichalcogenides (TMDCs) are possibly the most studied family in this
class. TMDCs have the general formula MX>, where M is a transition metal (e.g. Mo, W,
and Nb) and X is a chalcogen (or a group 16 element, e.g. S, Se, and Te). Many of these
materials exhibit a lamellar structure with six-coordinate bonding of the chalcogen atoms
around the transition metal.'® Of the layered TMDCs, one of the most frequently studied
materials is MoSa. In this chapter, | will frequently use MoS> as an example to talk about
its specific properties, but many of these properties are common among many other
TMDCs. For more detail about the properties of other TMDCs, continue to read the other

chapters of this dissertation.

MoS; features a MXe coordinate structure and can exhibit trigonal prismatic or
octahedral coordination around the center molybdenum atoms (Figure 1.1). The 1H phase
of MoS;, with Mo in trigonal prismatic coordination, is semiconducting, whereas the 1T
phase, with Mo in octahedral coordination, is semi-metallic.!”® 2H-MoS; is quite similar
to the 1H phase, differing only by the fact that 2H requires having two or more layers in
the crystal. 1H and 2H-MoS:; are by far the most common phases of MoS,, as they are the
most thermodynamically stable. Bulk 2H-MoS; belongs to the space group P6s/mmc (point
group D%m), featuring lattice constant (a) of 3.16 A, interlayer lattice constant (c) of
12.30 A, and layer spacing of about 6.5 A.162° The 1T phase, being only a single layer, has
a significantly reduced c lattice constant of ~7 A, whereas the 3R phase, being comprised

of three MoS; layers per unit cell, has a larger c lattice constant of 18.37 A.*" In each of



these cases the letter accompanying each phase denotes the crystal symmetry of the
structure: T indicates a tetragonal crystal structure (Dsq group), H indicates a hexagonal
crystal structure (Dsn group), and R indicates a rhombohedral crystal structure (C%sy

group).'®

2H

C=
12.30 A
C=
18.37 A
a=3.16 A
a=3.16 A

Figure 1.1. MoS; crystal structure. Schematic illustration of the three most common phases: 1T,

2H, and 3R. Each structure is labeled with corresponding a and c lattice constants.

1.1.4 TMDC Electronic Structure

The electronic properties of TMDCs are quite interesting, and it is these properties
that have driven much of the prevalence of TMDCs in recent research. Bulk 2H-MoS>
features an indirect band gap of 1.29 eV from the valence band (VB) maximum at the T’
point and the conduction band (CB) minimum at the K point (see Figure 1.2).2°> When
reduced to a single layer of 1H-MoS>, however, this band gap shifts to 1.9 eV and becomes

a direct excitation at the I' point.1®2%-2% Furthermore, this band gap is tunable based on the



number of layers in the material, with few-layer MoS; exhibiting an indirect band gap with
magnitude between 1.29 and 1.9 eV, depending on the exact layer number.® A change in
crystal momentum is required for an indirect transition, in addition to the change in energy
required for both direct and indirect transitions. Monolayer MoSg, then, can be excited by
a photon alone, given that the transition from valence to conduction band no longer requires
an additional change in momentum. This difference allows for the excitation of an electron
to be more energetically favorable, because it does not need this change in momentum.
Possessing a direct band gap makes monolayer (ML) MoS; especially beneficial when
applied to optoelectronic applications, because these applications require excitation from
incident light. Furthermore, there exists a change in electron mobility of 2D MoS> devices
between low- and room-temperature conditions. At reduced temperature (where exciton
mobility is dominated by acoustic phonons, or in-phase movement of the atomic lattice), a
mobility of ~2450 cm?-V1.S! has been achieved, whereas at room temperature (where
exciton mobility is dominated by optical phonons, or out-of-phase movement of the atomic

lattice), mobility is limited to ~400 cm?.V-1.51,524
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Figure 1.2. Band structures of bilayer and monolayer MoS,. These band structures were
calculated by density functional theory (DFT) using the general gradient approximation (GGA)
in the scheme of Perdew-Burke-Ernzerhof (PBE). The blue trace represents the valence band
maximum, the green trace represents the conduction band minimum, and the arrow represents
the band gap in each case. Reprinted figure with permission from Kuc, A.; Zibouche, N.; Heine,
T. Phys. Rev. B 2011, 83 (24), 245213.% Copyright 2011 by the American Physical Society.

MoS; and other TMDCs are also promising for the applications of spin- and
valleytronics.?® These fields seek to exploit the unique properties of TMDCs and other
materials to control their spin and valley degrees of freedom, as a way of improving the
efficiency of data storage and transfer. 2D TMDCs typically possess a lack of inversion
symmetry, by nature of their atomically-thin structure, and large spin-orbit coupling. These
properties give rise to strong spin-orbit splitting and thereby enable the possibility of valley
polarization.?® These properties of TMDCs could allow for significant future advances in

the field of valleytronic devices.



Many of the properties of MoS discussed above, including MXs coordinate
structure, P6a/mmc space group, and semiconducting band structure with indirect-to-direct
transition based on layer number, are common to other well-studied TMDCs. Among these

analogs are WS, WSe,, and MoTe>, which will be discussed in detail later.

1.2 Isolating 2D Materials

1.2.1 Exfoliation

2D TMDCs need to be isolated before they can be used in the various applications
for which they prove interesting. Possibly the simplest method for the harvesting of 2D
materials is micromechanical exfoliation. This method involves the placement of a bulk
crystal of the 2D material of interest between two pieces of adhesive film and repeatedly
separating the adhesives (Figure 1.3). The adhesive can be something as simple as
Scotch™ tape, hence the casual reference to this technique as the Scotch™ tape method,
or a deposited film of poly(methyl methacrylate) (PMMA) or polydimethylsiloxane
(PDMS). This process of repeated adhesion and de-adhesion cleaves the layers of the
crystal, which is easily achieved due to the weak van der Waals forces between layers.?’
Upon adhering one of these pieces of adhesive to a substrate of interest (or dissolving the
adhesive in a solvent and drop-casting the resulting solution on a substrate), many mono-
and few-layer crystallites can be observed on the substrate. Despite the relative ease and
cost-effectiveness of this technique, it has many drawbacks. Micromechanical exfoliation
gives little control over the thickness of the resulting flakes, their length and width, the
number of flakes isolated, or any other morphological traits (such as flake density or

separation between flakes on the substrate).'%?® Additionally, the repeated use of sticky

7



adhesives often leaves polymer residue on the flakes and surrounding substrate, which can
interfere with subsequent measurement or deposition steps.?® Because of these drawbacks,
micromechanical exfoliation often results in small batches, with resulting flakes varying in

size and being difficult to use for device integration.

Adhesive

Substrate

Figure 1.3. Schematic illustration of the exfoliation process. In this illustration, a thin layer of a

2D material is being deposited on a substrate using an adhesive film.

A wide number of modified exfoliation procedures have been published in the
literature, including intercalation-assisted exfoliation, in which ions (typically lithium)
intercalate between layers of the crystal and allow for easier exfoliation,® as well as
solvent-assisted exfoliation, in which a solvent (such as isopropyl alcohol or N-
methylpyrrolidone) helps exfoliate the layers.3* Modified exfoliation methods such as these
have produced 2D TMDCs for many works dating back to the 1960°s.22° Larger batch sizes
can be accomplished by intercalation- and solvent-assisted exfoliation methods, but these
methods share many of the morphological drawbacks of micromechanical exfoliation.

Furthermore, intercalation- and solvent-assisted exfoliation can promote unintended



chemical changes in the material, including crystallographic phase changes in the crystal

structure,®>33 sometimes resulting in metallic (1T) character in isolated flakes of M0S,.163!

1.2.2 Chemical VVapor Deposition

1.2.2.1 CVD Mechanism

Chemical vapor deposition (CVD) is a synthetic technique that has been used to
grow nanomaterials and thin films with a variety of morphologies.3**® CVD is often
described mechanistically by the adsorption of a gas-phase reactant to the substrate surface,
a chemical reaction on the surface resulting in the deposition of a solid material (the desired
growth material), followed by the desorption of chemical byproducts (Figure 1.4).34 To this
end, the relative binding energies between chemical components and the surface energy of

the substrate are all parameters that can greatly impact the growth conditions.
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Figure 1.4. General mechanism for CVD growth. (1) Diffusion of reactants through the
boundary layer, (2) adsorption of reactants onto the surface of the substrate, (3) diffusion along
the surface and subsequent chemical reaction, (4) desorption of adsorbed species, including by-
products and unreacted precursors, and (5) diffusion of by-products and unreacted precursors out

of the boundary layer, to be exhausted.

In the case of MoS; CVD growth, for example, the gas flow is composed
predominantly of an inert gas (such as Ar or N2) containing partial pressures of H> gas and
S vapor. This reducing atmosphere leads to the partial reduction of the transition metal
oxide (TMO) precursor, MoOs, to the more volatile MoOs—x species.® Then, both vapor
phase precursors, MoOsz-« and S, diffuse through the boundary layer and adsorb onto the
surface of the substrate, subsequently reacting to form MoS; units. Oxygen is then left as
a by-product to desorb from the substrate and diffuse out of the boundary layer into the

carrier gas flow region.

CVD growth of 2D materials generally involves the radiative heating of a quartz

tube in a tube furnace with gas flow and volatile precursors (Figure 1.5).%° The flow of each
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gas is controlled by a regulator and mass flow controller (MFC). Most CVD methods
provide uniform coverage across the substrate and allow for rational control of precursor
deposition and scalability, provided sufficient reaction kinetics. The rate-limiting step of
CVD reactions is usually determined by surface reaction kinetics, typical for reactions with
low temperature and pressure conditions, or by mass transport, typical for reactions with
high temperature and pressure conditions.®* Tuning the temperature, pressure, and vapor-

phase concentration of precursors can all affect the rate of the reaction.

tube furnace

pump

. bubbler
{ j or
inert hal transililon '
carrier —( % —> chalcogen meta '
gas precur%or precursor  substrate ' —|:|_’ exhaust
MFC / \

s

AVAVAVAN

Figure 1.5. General CVD setup schematic. The quartz tube is heated by a tube furnace, indicated
by the red waves. An inert carrier gas flows through the tube, as controlled by a mass flow
controller. As the chalcogen and transition metal precursors volatilize in this example of TMDC
growth, the precursors are carried by the inert carrier gas flow and delivered to the substrate for
the reaction. By-products and unreacted precursors are exhausted by a bubbler or roughing

vacuum pump.

Practically, there are many ways to control most of the variables present in a CvVD
reactor. The chamber pressure can be coarsely controlled by the method of exhausting the

gas, specifically whether the setup uses a low-pressure method, such as a roughing vacuum

11



pump (typically operating with a chamber pressure between 1 mTorr and 1 Torr) or an
ambient pressure mechanism, such as a mineral oil bubbler, which allows excess carrier
gas and gas byproducts to leave the chamber without air backstreaming into the reaction
vessel. The chamber pressure can further be controlled by the gases used and their
respective flow rates. High flow rates will lead to higher chamber pressures when a
roughing pump is used, but high flow rates should not change the chamber pressure with

an ambient pressure method, such as when using a mineral oil bubbler.

The temperature of the reaction chamber can be controlled by the furnace’s
programmed temperature ramp (in which subtleties of ramping rate, dwell times, and
cooling rate all affect the reaction kinetics), and the local temperature of the precursors and
substrates can be adjusted by their individual placement inside the tube. The tube furnace
creates a temperature gradient with the peak temperature located at the center of the
furnace, and the upstream and downstream ends of the quartz tube being significantly
cooler, especially the parts of the tube that are exposed to air outside of the furnace. If a
precursor has a relatively low vapor pressure, the boat containing this precursor should be
placed close to the center of the furnace to facilitate a greater vapor-phase concentration of
this precursor during the reaction. If a precursor has a relatively high vapor pressure, the
boat containing the precursor should be placed farther upstream such that the temperature
it feels at the peak of the furnace program is less than the peak temperature in the center of
the furnace. This time in which the furnace is at its peak temperature is often referred to as
the “reaction time,” and it is during this time that the precursors are likely at their peak
vapor pressures and the adsorbed precursors are undergoing a reaction on the surface. For

some precursors, such as sulfur and most other chalcogens, there will be a solid-to-liquid
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phase transition that will dramatically increase the vapor pressure of the precursor. It is
important to consider the timing of this phase transition, as melting too early can result in
contamination and conversion of other precursors prior to the intended reaction time,
whereas melting too late can result in no reaction at all. Other details related to precursor
timing will be discussed in Chapter 2, in the context of general CVD growth of TMDCs,

and in Chapter 4, in the context of MoO>/MoS; core/shell plates.

1.2.2.2 Fick’s Laws of Diffusion
The flux of a vapor-phase material in a CVD system can be expressed by Fick’s
laws of diffusion, which describe the net diffusion of atoms in a concentration gradient.

They are expressed by:

— _p 4
J=-D (1.1)
d$ _ p 429
L=p=S (1.2)

where J is the flux, D is the diffusion constant, ¢ is the concentration of the material, x is
position, and t is time.3"* These laws manifest themselves in CVD reaction systems in
many ways. The flux, J, of a given precursor is directly proportional to the concentration
gradient of precursor vapor (Equation 1.1). Thus, increasing the mass or concentration of
a precursor in a CVD reaction will directly increase the flux of the material in the system
by increasing the magnitude of the concentration gradient. Similarly, increasing the
temperature or decreasing the pressure of the system will increase precursor mass transfer

due to the increased concentration of precursor in the vapor phase.** As was discussed in
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the previous section, changing the peak temperature and overall reaction pressure affects
all species in the chamber, whereas local precursor temperature can be changed by moving
the position of the precursor to different points along the temperature gradient. By changing
the location of a given precursor within the temperature gradient, the vapor phase
concentration of the precursor, and thus the magnitude of the concentration gradient, will
change. These effects are all manifested in Fick’s laws of diffusion. Quantitative effects of
these changes on the CVD system can be calculated using Fick’s laws of diffusion and

other derived expressions.

1.2.2.3 Terrace-Ledge-Kink Model

The terrace-ledge-kink (TLK) model describes the thermodynamics of crystal
growth and reformation, and it can be applied to CVD growth of 2D materials.3** This
model suggests that the atoms removed or dislocated during a reconstruction event will be
those with binding energy of the smallest magnitude, and similarly, those with the greatest
binding energy will remain after the reaction is finished. A molecular unit that diffuses
across the surface of a growing crystal will have a variety of locations to which it can bind,
all of which have different energetics based on coordination to other nearby molecular
units. Molecular units, or adatoms, that initially bind to the terrace of a crystal will likely
diffuse along the surface, due to relatively low binding energy, until it either finds a site
with greater binding energy, such as a ledge or kink, or it desorbs and reenters the gas

stream (see Figure 1.6).
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Figure 1.6. Schematic illustration of adatom sites in the TLK model. The least
thermodynamically stable locations are terrace sites, as they are only stabilized by binding on
one edge. Increasingly stable locations are ledge and kink sites, which are stabilized by binding
on two and three edges, respectively. Bulk sites are the most energetically stable, as they feature
complete coordination within the crystal lattice.

The TLK model nominally describes the defects present in a single crystal growth
or reconstruction event, but it can also be used to educate the CVD growth of 2D materials
and TMDCs on a substrate. In the general TLK model, all binding directions are equally
stabilizing, and thus an adatom will be more stable with a greater degree of coordination.
This is generally still true for 2D materials, but the covalent bonding between two atoms
in the same layer is stronger than the van der Waals forces between a layer and nucleating
units above or the substrate below. This anisotropy in the binding forces makes adatoms
on a terrace site relatively less stable than those of single crystal growth, and similarly,
adatoms in a kink site relatively more stable. Because of this, it can be difficult to nucleate
2D material growth on a clean surface, but once nucleated, growth can occur quite rapidly.
Furthermore, ultraclean growth of 2D materials can select toward monolayer growth, by

nature of the weaker van der Waals surface forces.
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1.2.2.4 Film Growth Modes

Once growth begins, there are three main growth modes that can dictate the
resulting film structure: Volmer-Weber (VW), Frank-van der Merwe (FM), or Stranski-
Krastanov (SK). Schematic depictions of these growth modes can be seen in Figure 1.7.
Each of these three modes differs by the surface tensions between the growth material,
substrate, and growth medium (in this case, gas stream).***® Each of these growth modes

can be understood by the following relationship describing the equilibrium condition,

Ys = Vs—r+ YrCOSQ (1.3)

where vs is the surface tension of the interface between the substrate surface and the growth
medium, yr is the surface tension of the interface between the film and the growth medium,
vs-r IS the surface tension of the interface between the film and substrate, and ¢ is the island

wetting angle.
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Figure 1.7. Schematic representations of the three main growth modes: (a) Volmer-Weber

growth, resulting in island growth, (b) Frank-van der Merwe growth, resulting in layer-by-layer
growth, and (c) Stranski-Krastanov growth, resulting in initial layer-by-layer growth and

subsequent island growth.

In VW growth, the cohesive force between two incoming adatoms is stronger than
the adhesive force of the adatom to the substrate, which results in the aggregation of islands
or particles on the surface of the substrate, with little to no film growth.*-* Because of

this, ¢ > 0, and the corresponding condition can be written as
Vs < VYs-rt Vr. (1.4)

In FM growth, the exact opposite is true: the adhesive force between the adatom and the
substrate in this case is greater than the cohesive force between two adatoms, resulting in
uniform film growth, where each layer wets the surface. Because each subsequent layer

maintains complete contact with the substrate (or the surface of the growth layer directly
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preceding the incoming layer), ¢ = 0 in this case, and the surface tensions can be described

by

Vs > Vs-r+ Vr - (1.5)

SK growth is a balance of these previous two cases, in which growth is originally
dominated by the FM growth mode, forming complete wetting layers. After the initial layer
is complete, the surface tension values of ys and ys-r change and the cohesive forces
between adatoms become greater than that of layer wetting on the surface. Subsequent
growth is then dominated by a VW-like mechanism, with islands or particles forming on

top of the deposited wetting layers.*

In the context of the general mechanism of CVD growth, the TLK growth model,
or the different growth modes, the choice of growth substrate can have many effects on the
resulting material growth. The following chapter will describe many considerations when
choosing a growth substrate, as well as experiments | have performed to control the CVD

growth of TMDC:s by controlling the substrate surface.
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Chapter 2

Substrate Effects
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2.1 Preface

When considering the CVD growth of 2D TMDCs and related heterostructures, the
choice of substrate is very important. In this chapter, fundamental parameters related to
epitaxial growth are considered and subsequently applied to synthetically relevant
substrates. The surface preparation of 4H-SiC, c-cut sapphire, SiO2/Si, GaN/Si, and GaN
substrates are pursued via passivation, annealing, and electrochemical polishing methods.
These substrates are then used for the CVD growth of MoS», NbS;, and WSe;, and the
resulting crystals are analyzed. The growth of NDbS: is investigated via two different
precursors, Nb2Os and NbCls, and the resulting crystals generated from these methods
show different morphologies. As-grown WSe: is shown to be symmetrical and monolayer
in nature, but it also degrades in air, thus a selenization procedure is performed. These
CVD-grown 2D TMDCs show promise for large-area growth and the growth of relevant

heterostructures.

2.2 Introduction

2.2.1 Epitaxy

There are many considerations when choosing a substrate for growth. As was
discussed in the context of the TLK model and the different film growth modes in Chapter
1, the surface energy of the substrate is a crucial parameter that determines if an incoming
molecular unit is likely to bind upon adsorption and the subsequent nature of film growth.
Additionally, the crystallinity of the substrate surface is an important property. Epitaxy, the
deposition of one crystalline material on another with crystallographic registry between the

materials, is very sensitive to the crystal structure (e.g. space group) and lattice parameters
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of both materials.***64" Heteroepitaxy, in which the oriented growth of one crystalline
material is grown on a different crystalline material, can allow for the fabrication of high-

quality heterostructures without interfacial contamination.

Many factors must be considered if one is to achieve successful heteroepitaxial
growth. Foremost is the crystal structure of the two materials. Two materials with similar
crystal structures are more likely to facilitate heteroepitaxial growth than those with
different crystal structures, because similar crystal symmetries allow for better geometric
alignment at the interface. Another main consideration, even among materials of the same
crystal structure, is the lattice mismatch between the two materials. The lattice mismatch
is defined as the difference between the lattice parameters of the deposited material relative

to the substrate,*” demonstrated here:

g = A7F (2.1)

ap

where aa is the lattice parameter of the deposited material and ag is the lattice parameter
of the substrate or previously grown material. This concept is schematically illustrated in
Figure 2.1. A small lattice mismatch generally leads to a greater likelihood of successful
heteroepitaxy, due to reduced strain at the interface. Large lattice mismatch in
heteroepitaxially grown materials typically results in increased interfacial strain, more
dangling bonds and defects, and reduced adhesion between layers.®4%47 There is no
definitive lattice mismatch limit, below which heteroepitaxial growth is permitted and
above which heteroepitaxial growth is forbidden, as some material systems allow for
heteroepitaxial growth with larger lattice mismatch than other materials. However, a

general rule of thumb is that material systems with smaller lattice mismatch are more likely
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to allow for uniform heteroepitaxial growth. In systems with large lattice mismatch that
can still achieve heteroepitaxial growth, factors such as small energetic penalties or large
bond strengths can allow for the compensation of large strain values.*®#® Additionally,
some heteroepitaxial systems with exceedingly large lattice mismatch values can form
supercells, in which a certain number of unit cells of the deposited layer overlaps perfectly

with a different number of unit cells of the substrate.>?>2

aA<aB aAzaB aA>aB

Figure 2.1. Schematic illustration of epitaxy. In this example, epitaxy is formed between two
materials (grey and blue lattices) with three hypothetical lattice parameter relations. When the
lattice constants are the same (aa = ag), unstrained covalent bonding (green lines) can occur at
the interface with minimal strain and no dangling bonds. When the lattice constants are dissimilar
(aa > ag Or aa < ag), bonding at the interface is likely to be strained (red lines) and dangling

bonds (orange lines) are likely to occur.

Other factors can affect the success of epitaxial growth. The surface roughness of

the substrate plays a key role, as large physical bumps and kinks can impede the growth of
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another material. Contaminants and adatoms on the substrate surface can impose other
physical or chemical barriers to ideal growth on the surface. The stability of the exposed
crystal surface of the substrate is important, because an unstable surface may react under
the growth conditions of the deposited material and reconstruct to a more stable crystal
surface.*** This more stable crystal surface may have different lattice parameters or a
different crystal structure, which would thereby change the crystallographic alignment of
the materials. Additionally, specific surface reconstructions can be selectively achieved by
inducing the desired crystal surface prior to growth of the second material, which can be

used to aid the growth.

Epitaxy can also exist between 2D materials and crystalline 3D substrates. The van
der Waals forces above and below the 2D material induce a van der Waals gap with no
covalent bonding between the material and substrate, which changes the epitaxial relation
of the two materials. By nature of these van der Waals forces, this mode of epitaxy is
termed van der Waals epitaxy.>*® The crystallographic relationship between the 2D
material and 3D substrate is still important, but the van der Waals gap at the interface in
these systems allows for a significant relaxation of the lattice mismatch requirement for
standard epitaxy between 3D crystals.®’” Thus, it can be significantly easier to grow uniform
2D materials on pristine, crystalline substrates with larger lattice mismatch than would be

possible between two 3D crystals with the same lattice mismatch.
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2.3 Experimental
2.3.1 SiC Passivation

Early experiments in my thesis work sought to take advantage of the van der Waals
epitaxy of 2D materials on crystalline substrates to facilitate large-area growth. The main
system of study in these experiments is the CVD growth of MoS: on hydrogen-passivated
4H-SiC(0001).%%% SiC is a wide band gap semiconductor that is regularly used in the
electronics industry. The (0001) surface of 4H-SiC has a hexagonal lattice (space group
P6amc) with relatively small lattice mismatch between it and MoS; (2.83%), thus would
be an ideal substrate for growth.t%6! The surfaces of commercially available SiC substrates
have a native oxide surface layer, but it has been shown that the surface oxide layer can be
removed and the SiC surface can be passivated with hydrogen bonds by high-temperature
(greater than 1000 °C) annealing in a pure Hz atmosphere. | performed experiments to
achieve hydrogen-passivated 4H-SiC(0001) surfaces, which involved the use of a CVD
tube furnace setup with pure Hz gas being supplied by a mass flow controller. Quartz tubes
were used at temperatures below ~1200 °C and alumina tubes were used for reactions
between 1200 °C and 1500 °C, because quartz softens above ~1250 °C. A pair of 4H-SiC
substrates were placed in the center of the tube, with one on top of the other and the
chemically polished surface of each facing one another to limit the concentration of Hx
reaching the SiC surface. Prior to the annealing, each substrate was rinsed and sonicated in
acetone, isopropyl alcohol (IPA), and nanopore milli-Q water for 10 min each. Cylindrical
graphite blocks were used inside the tube near both tube adapters to prevent any tube
softening or silicone o-ring degradation in the tube adapters. The resulting offgas from this

passivation was simply evacuated through a %4 corrosion-resistant stainless-steel tube and
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exhausted by an open flame. This offgas is composed primarily of H. gas, so lighting it
aflame in ambient conditions results in clean byproducts largely consisting of gaseous

water.

Ultimately, the goal of these passivation experiments was to generate a system in
which the highly ordered surfaces of electronically relevant crystalline substrates could be
used to facilitate large-area 2D material growth. To this end, another set of experiments

was performed to achieve well-ordered, crystalline sapphire surfaces.

2.3.2 Sapphire Annealing

Sapphire is an inexpensive and commercially available substrate that is frequently
used for material growth. Sapphire features a significantly larger lattice constant than MoS;
and other TMDCs and has a different space group, but MoS; can form a coincident
hexagonal superlattice of (3 x 3) MoS. on (2 x 2) Al.03(0001). This coincident superlattice
has a lattice mismatch of only 0.21%, which is favorable for van der Waals epitaxy. Thus,
| investigated the annealing of c-cut sapphire substrates for the growth of large-area, ML
MoS:. Prior to the annealing, each c-cut sapphire substrate was rinsed and sonicated in
acetone, isopropyl alcohol (IPA), and nanopore milli-Q water for 10 min each. The
substrates were then annealed to 1400 °C in an alumina tube for up to 5 hours. During this

annealing, the alumina tube was open to air to facilitate surface oxidation and step flow.
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2.3.3 GaN Polishing

GaN, a direct bandgap semiconductor commonly used for device fabrication, is
another crystalline material that has previously been used as a growth substrate for 2D
materials.t%%? GaN has very small lattice mismatch with MoS; (0.64%), thereby making it
an inherently favorable substrate for van der Waals epitaxy. It has also been demonstrated
that one can induce a smooth GaN surface reconstruction by electrochemical polishing on
a Pt plate in deionized water.®® Thus, | performed a set of experiments attempting to polish
commercially available, epitaxially grown GaN films on Si, such that they could be used

as a cost-effective way of growing large-area, high-quality CVD MoS; on GaN.

| constructed a home-built polishing apparatus using aluminum stock and a
counterweight for structural support, a micrometer for applying pressure to the substrate,
and a level mounting platform to hold the GaN sample flat on the surface of the Pt foil. In
this setup, the Pt foil was fixed to a petri dish on a standard polishing wheel and the GaN
sample was held face-down onto the Pt foil and immersed in nanopore milli-Q water while
the polishing wheel rotates. Per the previous report, the GaN polishing needed to be
performed at a pressure of 40 kPa to achieve the desired surface reconstruction. To calibrate
the pressure that would be applied by the micrometer, | aligned the polishing apparatus
above a digital balance and tared the mass with the mounting platform flush to the balance
platform. A 1 cm? piece of SiO2/Si was adhered to the surface of the mounting platform

with Crystalbond epoxy, to ensure comparable surface area to the intended GaN samples.

Once the pressure applied by the polishing apparatus was calibrated, | performed
some initial polishing tests using SiO./Si samples and Cu foil, to measure the effect of

physical abrasion from this polishing setup on a non-interacting pair of surfaces, as well as
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to ensure the apparatus could remain stable amid the mechanical rigors of the polishing.
To perform these initial tests, the polishing apparatus with mounted SiO2/Si sample was
placed above a polishing wheel fitted with a petri dish to hold nanopore milli-Q water and
the Cu foil, all of which were mounted using double-sided tape. After successive tests with
fractional pressures being applied to the sample, polishing of the SiO2/Si substrate on Cu

foil was performed at full pressure for one hour.

With the polishing apparatus stable under the desired conditions, | performed
electrochemical polishing using Pt foil and epitaxially grown GaN/Si (MTI Corp.). This
GaN/Si wafer was rinsed in acetone, IPA, and milli-Q water prior to being adhered to the
bottom of the mounting platform of the polishing apparatus using Crystalbond epoxy. Pt
foil was adhered to the bottom of a petri dish using double-sided tape, and the petri dish
was filled with nanopore milli-Q water. This electrochemical polishing procedure was also
performed on single-crystal GaN wafers, to serve as a comparison to the GaN/Si samples
and to offer another possibility for an electrochemically reconstructed surface for the

subsequent CVD growth of 2D TMDCs.

2.3.4 CVD Growth of MoS2 on Various Substrates

With a variety of substrates to grow on, | began the process of optimizing the CVD
growth of ML MoS2. MoS; monolayers were synthesized in a horizontal hot-wall three-
zone tube furnace (ThermoFisher Blue M, with only the center zone being heated),
equipped with a vacuum pump (Edwards RV-8) and mass flow controllers (MTI Corp.).
An alumina boat (50 x 20 x 20 mm, MTI Corp.) containing 100 mg MoOs powder

(99.999%, Acros Organics) was placed at the center of the furnace in a 3-inch diameter

27



quartz tube. A substrate was placed face-up on an upside-down alumina boat placed
directly downstream from the boat containing MoOs powder. Initial ML MoS; growths
were performed on 90 nm SiO/Si and c-cut sapphire substrates, but subsequent growths
were performed on annealed sapphire and 4H-SiC. 800 mg S powder (99.999%, Alfa
Aesar) was located upstream, maintained at a reduced temperature during the reaction
(approximately 280 °C at the peak of the reaction). After loading, the tube was evacuated
to less than 100 mTorr, and Ar and Hz gases were supplied at rates of 30 and 5 sccm
(standard cubic centimeters per minute), respectively. The reaction was carried out under
atmospheric pressure. The center of the furnace (and thus the substrate and MoO3s powder
precursor) was heated to 730 °C at a rate of approximately 22 °C/min and kept at 730 °C
for 5 min. After the reaction, the furnace was rapidly cooled by opening the lid of the

furnace. At this point, the Ar gas flow was increased to 200 sccm, to purge any toxic vapors.

2.3.5 NbS2 CVD Growth

NbS; is another 2D TMDC with P6smc crystal structure, and, in this way, it is
similar to other TMDCs, including MoS; and WS,. However, NbS; is metallic and even
shows superconductivity at low temperatures.®*®” Metallic TMDCs are less well-studied
than their semiconducting counterparts, thus there is much room for future work in the field
of metallic 2D TMDCs. In the remainder of this chapter, | will discuss the work | have

performed to grow 2D NbS; via CVD.

Initial CVD growths of NbS> involved a similar reaction scheme to that of the MoS>
growths I discussed previously and other TMDC growths adapted from the literature. This

scheme involves the use of transition metal oxide and chalcogen precursors evolved into a
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gas stream comprised of Ar and Hy carrier gases. However, the vapor pressure of Nb2Os,
the most stable form of niobium oxide, is significantly lower than that of other transition
metal oxides. Because of this reduced vapor pressure, initial NbS, growths required
temperatures as high as 1500 °C, and thus required the use of a high-temperature tube

furnace and an alumina tube.

To perform these initial oxide-based NbS growths, 600 mg of Nb>Os powder was
placed at the center of a 2” alumina tube in a single-zone, high-temperature tube furnace.
1.0 g S precursor was placed upstream from the hot zone, at a position such that it melted
during the peak of the reaction but was not completely exhausted after the reaction (some
sulfur remained in the boat when unloading from the tube after the reaction). c-cut sapphire
substrates were placed polished face-up on an upside-down alumina boat downstream from
the hot zone, so as to receive optimal precursor flux and nucleation. After loading, the tube
was purged with inert Ar gas, followed by the introduction of Hz gas. The furnace was then
ramped to 1470 °C at a rate of ~10 °C/min, held at 1470 °C for 5 hours, cooled to 800 °C
at a rate of ~5 °C/min, and then cooled to room temperature naturally. This slow cooling

procedure was used to prevent fracturing of the alumina tube at high temperatures.

| also pursued the CVD growth of NbS; through the use of a chloride-based
procedure using NbCls precursor. NbCls is significantly more volatile than Nb2Os, which
makes the chloride-based synthesis more amenable to growth at lower temperatures.
However, the volatility of NbCls warrants extra consideration when handling. NbCls left
open to the air reacts with water to form Nb2Os within an hour, thus NbCls stock must be

kept in an inert environment, such as a glovebox. ~100 mg quantities of NbCls were
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allocated into Teflon-capped vials inside a glovebox and these vials were removed from

the glovebox prior to growth.

To perform the chloride-based NbS: growths, substrates were placed at the center
of'a 2” quartz tube in a split-hinge furnace. 1.0 g S precursor was placed in a precursor boat
upstream from the furnace’s center zone, again, such that the sulfur was molten during the
peak of the reaction but was not completely exhausted after the reaction. NbCls was placed
in an alumina boat located farther upstream, such that the temperature experienced by the
NDbCls during the reaction was even lower than that of the sulfur. Due to the volatility of
NDbCls, it was always the last component to be loaded into the tube, and Ar gas was flowed
at a rate of 200 sccm prior to sealing the tube, in an effort to create a more inert environment
in the tube upon NbCls loading. Once the seal on the vial was broken, the NbCls was loaded
into an alumina boat, placed in the tube at the appropriate position, and the tube was sealed
to begin pumping and purging within 100 seconds. After pumping and purging, the carrier
gases were were equilibrated to 60 sccm Ar and 1 sccm Ha, and the reaction was carried
out at low pressure (~400 mtorr). The furnace was then heated to 1000 °C at an average
rate of ~12 °C/min. To gauge the length of the reaction, the physical state of the S precursor
was monitored. Once the surface of the S precursor remained completely molten for 7

minutes, the furnace was shut off and rapidly cooled by opening the lid of the furnace.

2.3.6 WSe2 CVD Growth and Selenization
WSe> is unique to many of the other semiconducting TMDCs in that it is
intrinsically p-type, with a bulk indirect band gap of ~1.2 eV and a monolayer direct

bandgap of ~1.65 eV.%8 WSe; also shows unique spin orbit splitting and is a single photon
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emitter, making WSez quite promising for future work in the fields of spintronics and
quantum optoelectronics.?>% Given the potential for these exciting physical properties, |

began to optimize the CVD growth of ML WSe;.

The growth procedure for WSe; is similar to that of MoS; described above,
involving the use of a horizontal hot-wall three-zone tube furnace equipped with a vacuum
pump and mass flow controllers. An alumina boat containing 800 mg WOs powder
(99.999%, Alfa Aesar) was placed at the center of the furnace in a 2-inch diameter quartz
tube. A substrate was placed face-up on an upside-down alumina boat placed immediately
downstream from the alumina boat containing WOz powder. 200 mg Se slug (99.998%,
Alfa Aesar) was placed in an alumina boat located upstream, maintained at a reduced
temperature during the reaction. After loading, the tube was evacuated to less than
100 mTorr, and the tube was repeatedly purged and pumped down to rid the chamber of
ambient contaminants. Ar and H»> gases were then supplied at rates of 40 and 1 sccm,
respectively and the subsequent reaction was carried out under atmospheric pressure. The
furnace was heated to 1050 °C at an average rate of approximately 10 °C/min and kept at
1050 °C for 5 min. During these last five minutes of the reaction, the H, flow rate was
increased to 6 sccm to prevent additional nucleation on the substrate surface and at the
edges of the ML WSe; crystals. After the reaction, the furnace was rapidly cooled by
opening the lid of the furnace. At this point, the Ar gas flow was increased to purge any
toxic vapors and prevent mineral oil from flowing back into the chamber from the bubbler

during the rapid cooling.

| investigated the selenization of as-grown WSe> crystals to prolong their stability

in air. Selenization reactions were set up in a fresh 2” quartz tube with no WOs3 precursor
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present. As-grown WSe, was placed face-up on an alumina boat near the center of the
furnace and selenium shot was placed in an alumina boat upstream from the substrates.
After loading, the chamber was pumped down and purged repeatedly, and the reaction was
performed at ambient pressure. The furnace was heated to 550 °C at an average rate of
approximately 18 °C/min and kept at 550 °C for 2 hrs. The furnace was then cooled slowly
by allowing the furnace lid to remain closed for 30 min until the furnace reached a
temperature of 375 °C, at which point the lid was opened to allow the furnace to cool to

room temperature.

2.4 Results and Discussion

2.4.1 SiC Passivation

Initial hydrogen passivation of 4H-SiC surfaces at 1000 °C in a quartz tube results
in rough but regular, near-parallel terraces indicative of successful passivation (Figure
2.2b). However, when comparing these passivated 4H-SiC(0001) substrates with 4H-
SiC(0001) substrates that were simply cleaned using a solvent rinsing and sonication
procedure (Figure 2.2a), the root-mean-squared (RMS) surface roughness only decreased
by 32% after passivation (RMS roughnesses are 1.7 and 2.5 A, respectively), as measured
by atomic force microscopy (AFM). Because this RMS roughness reduction is not as great
as would be expected for fully hydrogen-passivated surfaces, passivation was attempted at
higher temperatures using alumina tubes. Passivation at 1500 °C in an alumina tube results
in surfaces with an observable layer of deposited particles approximately 30 nm in size
(Figure 2.2c). X-ray photoelectron spectroscopy (XPS) reveals that the sample passivated

at 1500 °C shows the presence of unexpected metals (including Mg and Al) and a
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considerably larger oxygen peak. These elemental inclusions were concluded to be a result
of etching of the inside walls of the alumina tube due to the high temperature, reducing H:
environment, followed by the deposition of condensed vapor phase contaminants on the
SiC surface. Furthermore, the underlying surface structure of the samples passivated at
1500 °C shows a very similar surface structure to non-passivated SiC substrates (Figure
2.2a), leading to the conclusion that the 4H-SiC surface passivation is impeded by the

deposited particles from the alumina tube.

(wu) wbreH

Figure 2.2. AFM height images of prepared 4H-SiC surfaces. (a) Bare 4H-SiC after solvent
rinsing and sonication, (b) 4H-SiC after hydrogen passivation at 1000 °C in a quartz tube, and

(c) 4H-SiC after hydrogen passivation at 1500 °C in an alumina tube. Scale bars are 1 pm.

2.4.2 Sapphire Annealing

Annealed c-cut sapphire substrates show sharp surface terraces with greater
alignment than the passivated 4H-SiC substrates, as well as wider steps and greater height
differences between terraces, as indicated by AFM imaging (Figure 2.3). The RMS
roughness of this surface increases from 1.4 to 5.5 A after annealing, but the RMS

roughness of an individual terrace is reduced to approximately 0.5 A. This is significantly
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lower than the previous SiC surfaces, and corresponds to a RMS roughness reduction of
over 60% between the bare and annealed substrates. Furthermore, the surface of the
annealed sapphire substrate shows none of the adsorbed particles observed on SiC after H
passivation performed at 1500 °C, which supports the assertion that these particles visible
in Figure 2.2c evolve from the alumina tube under a reducing atmosphere. Each of these
observations suggest a greater degree of step flow on the sapphire surface relative to the

H»-passivated SiC.

Figure 2.3. AFM height images of prepared sapphire surfaces. (a) Bare c-cut sapphire after
solvent rinsing and sonication and (b) c-cut sapphire after 1500 °C annealing for 5 hours. Scale

bars are 1 um.

2.4.3 GaN Polishing

Optical observations and AFM images of the SiO./Si surface after initial testing of
the polishing setup showed that the wear was not completely uniform (see Figure 2.4b).
This could induced roughness could be due to the reduced thickness and increased

roughness of the Cu foil relative to the Pt foil.
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Figure 2.4. AFM height images of SiO,/Si, GaN/Si, and single-crystal GaN surfaces. (a) SiO/Si
before and (b) after test polishing on Cu foil, (¢) GaN/Si before and (d) after electrochemical
polishing on Pt foil, and (e) single-crystal GaN before and (f) after electrochemical polishing on

Pt foil. All scale bars are 1 um.

Electrochemical polishing experiments with increasing pressures and increasing
polishing times show no reconstructed surface on the GaN/Si substrate, as measured by
AFM. The only visible changes in the GaN/Si samples were increasing size and number of
etch pits on the surface, with some areas showing large swaths of decreased height, likely
due to entire regions of GaN being removed from the Si substrate beneath (Figure 2.4d).
Due to these apparent problems with the stability of the GaN layer of GaN/Si substrates, |
decided to repeat the electrochemical polishing using a single crystal of GaN. While GaN
is not a cost-effective alternative to other CVD growth substrates, successful

electrochemical polishing would allow for another reconstructed, crystalline substrate to
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pursue the high-quality, large-area CVVD growth of monolayer TMDCs. After cleaning and
mounting the GaN substrate on the polishing apparatus, polishing was performed at the
calibrated pressure for a total of one hour. AFM analysis shows that no surface
reconstruction was observed on these GaN substrates. The only change observed on the
surface after polishing was the presence of deep trenches, likely mechanically etched by

the Pt foil.

Given the unsuccessful nature of these electrochemical polishing attempts, the use
of GaN as a growth substrate was not pursued. It was concluded that previously reports of
electrochemical polishing of GaN on Pt foil likely require the use of a highly sensitive and

adjustable polishing setup to successfully induce the desired surface reconstruction.

2.4.4 CVD Growth of MoS2 on Various Substrates

Scanning electron microscope (SEM) images of CVD-grown ML MoS; on SiO2/Si
show sharp, symmetrical, triangular flakes (Figure 2.5), but there is no detectable
alignment between grains. This lack of rotational alignment is expected for growth on an
amorphous surface oxide like SiO2/Si. However, this also limits the use of SiO/Si as a
substrate for large area ML MoS», because rotational misalignment prevents grain
coalescence and promotes the formation of defects between merging grains. MoS; grown
on c-cut sapphire shows similarly sharp and symmetrical grains, but the flakes in this case
are significantly larger, up to 50 pum in length. This increase in flake length is likely a result
of the hexagonal surface oxide of the Al>Os allowing for van der Waals epitaxy through
the coincident hexagonal superlattice of (3 x 3) MoS2 on (2 x 2) Al20s3. AFM images

confirm that the MoS; flakes on both substrates are truly monolayer in nature (Figure
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2.5¢—d), showing flake heights of approximately 7 A. Furthermore, many ML MoS: flakes
on sapphire are visibly aligned with the surface terraces visible in the sapphire after growth,

suggesting that van der Waals epitaxy is present in this MoS; growth.
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Figure 2.5. SEM and AFM images of CVD-grown ML MoS;. ML MoS; is grown on (a) 90 nm
SiO,/Si and (b) c-cut sapphire. AFM height images of MoS; grown on (c¢) SiO2/Si and (d) c-cut
sapphire show that the MoS; is monolayer.

ML MoS; grown on annealed sapphire substrates shows a completely different
morphology than that grown on SiO>/Si or non-annealed sapphire (see Figure 2.6). Optical
images show linear patterns of light contrast, and these samples show both the Raman and

photoluminescence (PL) peaks for MoSy, indicating the sample is monolayer in nature.
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While AFM height analysis shows no distinguishable height differences corresponding to
MoS2, MoS; is confirmed to be present by lateral force microscopy (LFM). LFM allows
for identification of materials with different magnitudes of surface adhesion, because these
materials tilt the AFM cantilever laterally to different degrees, which is detectable by the
instrument. LFM images in Figure 2.6d show dark regions of lower friction, which
correspond to the smooth, van der Waals surfaces of the MoS; layers. The MoS; flakes
grown in this system are aligned along the terrace edges of the annealed sapphire and seem
to be confined to these terraces, with few flakes spreading across multiple terrace steps. It
seems that the energetic penalty of growing over an edge of an annealed sapphire terrace
is too large to support uniform, large-area MoS: growth, so the MoS: grows in the confined
regions between terrace edges. Because of this, | used non-annealed c-cut sapphire wafers

for all subsequent MoS, and TMDC growths on sapphire.
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Figure 2.6. CVD growth of MoS; on annealed sapphire. (a) Optical image, (b) PL spectrum
showing the additional presence of MoS, Raman peaks, (c) AFM height image, and (d) LFM
friction image, acquired simultaneously with the height image, of CVD MoS; on annealed

sapphire.

Alongside these experiments of CVD MoSz on annealed sapphire, | performed
MoS; growths on bare 4H-SiC(0001). The optimized CVD growth of MoS> growth on SiC
results in triangular flakes similar to those grown on SiO./Si. However, many MoS: flakes
feature additional MoS; nucleated domains on the surface of the flakes, as visible in SEM
images (Figure 2.7a). In the process of optimizing the CVD growth of MoS> on 4H-SiC,
some experiments resulted in freestanding particles and platelets (Figure 2.7b). Some of
these platelets appear to have different material contrast on the interior and exterior (Figure

2.7¢), leading to the identification of these as core/shell plates comprised of MoO: cores
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and MoS; shells. This intermediate growth condition, in which both MoS; and core/shell
plates are observed, was also achieved on c-cut sapphire substrates (Figure 2.7d), but these
samples are notably more difficult to image in SEM, given that sapphire is an insulating
substrate and is prone to charging effects. Given the intriguing core/shell nature of these
plates and their apparent alignment, | subsequently optimized the CVD growth process to
select for these platelets grown on SiC and analyzed their composition and structure. The
growth and mechanism of these MoO2/MoS: core/shell plates will be discussed in further

detail in Chapter 4.

Figure 2.7. SEM images of MoS; and MoO2/MoS; growths on 4H-SiC. (a) CVD growth of MoS;
on 4H-SiC, (b) CVD growth of MoS; on 4H-SiC using slightly altered reaction conditions,
showing presence of freestanding plates, (c) core/shell plate with truncated corner, showing the
core/shell nature of these plates, and (d) MoS; and core/shell plates as grown on c-cut sapphire.
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2.4.5 NbS2 CVD Growth

Representative NbS flakes synthesized on c-cut sapphire from oxide precursor can
be seen in Figure 2.8. Optical images show symmetrical, triangular flakes with bright
optical contrast. This contrast is significantly brighter than other mono- or few-layer
TMDCs, which implies that the materials are much thicker. This is supported by AFM
height image and profile traces, which show that the flakes are ~50 nm in thickness. The
Raman spectra of representative NbS; flakes synthesized from Nb2Os show the E; and E»
modes for NbS», but none of the other expected Raman modes are present. The absence of
other Raman modes in these NbS; flakes is likely due to a large concentration of defects,

but more research would need to be done to confirm this.
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Figure 2.8. NbS; flakes synthesized from the oxide-based CVD method. (a) Optical image, (b)
Raman spectrum, (¢) and AFM height image of representative oxide-based NbS; flakes. (d) AFM
profile trace along the dashed line in (c).

Many optimization experiments were performed with the intention of decreasing
the thickness of these bulk-like NbS; flakes, but ultimately none were successful. The
thickness of these flakes is likely related to the extreme temperatures required to evolve
the Nb2Os-« precursor. | then decided to pursue the growth of 2D NbS: using a significantly

more volatile chloride-based precursor, NbCls.

Representative NbS> flakes synthesized on c-cut sapphire from chloride precursor
can be seen in Figure 2.9. Optical images show that many flakes have rough, asymmetrical
morphologies with stripes of higher optical contrast than most of the flake. The low contrast
of most of the flake surface is expected for flakes that are mono- or few-layer, whereas the
high contrast of the stripe region likely indicates local regions of multi-layer NbS,. The
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localization of these multi-layer stripes and the rough, asymmetrical morphology of the
flakes are likely due to poor surface diffusion at the reduced temperature of 900 °C. Raman
spectra of these flakes clearly show all expected Raman modes for 3R NbSy, but additional
structural analysis is needed to confirm the phase (see Section 5.4.3). AFM height images
and profile traces show that these flakes are ~2 nm in height, indicative of few-layer NbS;
(~3—4 layers). Furthermore, the surface of the flakes are somewhat rough, with apparent
grain boundaries and gaps in the flake structure. This surface structure is likely a result of
insufficient surface diffusion and in-situ etching from residual chlorine-based species

resulting from the use of NbCls precursor.
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Figure 2.9. NbS; flakes synthesized from the chloride-based CVD method. (a) Optical image,
(b) Raman spectrum, (c) and AFM height image of representative chloride-based NbS; flakes.
(d) AFM profile trace along the dashed line in (c).
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With this data, | have demonstrated the successful CVD growth of few-layer NbS;
on c-cut sapphire substrates. However, it is apparent that the resulting flakes from both
techniques are not nearly as thin or uniform as those of other TMDCs | have grown,
including the ML MoS; described above and the ML WS, that will be described in the
following chapters. The quality of both the oxide-based and the chloride-based NbS; is
likely limited by the precursor in each of these growth schemes. In the oxide-based growth,
the low vapor pressure of Nb2Os requires the use of sufficiently high reaction temperatures
at which bulk NbS; flakes are unavoidable. In the chloride-based growth, the high
reactivity of NbCls and other chlorine-based byproducts likely results in film etching that
appears to compete with the surface diffusion and flake growth. To perform more uniform,
high-quality growth of ML NbS;, future experiments should use alternative niobium-

containing precursors, as they may allow for more control over the growth morphology.

2.4.6 WSe2 CVD Growth and Selenization

Initial growths of ML WSe; can be seen in Figure 2.10. Optical images show clear
triangular flakes, and representative Raman and PL spectra show Raman peaks and strong
PL signal expected for monolayer WSe,. These WSe; flakes are further confirmed to be
monolayers by AFM height imaging. Height profiles show that the flakes have thickness
of ~7 A, indicative of the monolayer thickness. However, the as-grown WSe, monolayers
are quite air sensitive, generally decomposing in less than one day in air. The beginning
stages of this decomposition can be observed in the AFM image in Figure 2.10d, indicated

by the small bumps on the WSe> surface and the larger particles at the WSe> edges. Thus,
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I performed experiments to stabilize the as-grown WSe; through the use of a selenization

procedure.
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Figure 2.10. CVD-grown ML WSe,. (a) Optical image, (b) Raman spectrum, (c) PL spectrum,
and (d) AFM height image of monolayer WSe;. Inset profile trace in (d) corresponds with the
white dashed line in (d).

The results of WSe> selenization can be seen in Figure 2.11. After selenization, the
WSe: flakes appear to be quite stable in air, retaining shape and Raman/PL character after
more than 20 days in air. However, selenization appears to induce some undesirable effects
in the resulting WSe2 morphology. The resulting flakes show asymmetrical shape, and

some higher-contrast regions are visible among the otherwise uniform flake surface in
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optical images. These higher-contrast regions are corroborated in AFM images, appearing
to show local few-layer thicknesses of ~3 nm, compared to the otherwise uniformly
monolayer ~7 A thickness. Despite the non-ideal flake morphologies of these selenized

WSe flakes, they should prove suitable for future applications and study.
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Figure 2.11. ML WSe, after selenization. (a) Optical image, (b) Raman spectrum, (c) PL
spectrum, and (d) AFM height image of monolayer WSe, after selenization. Inset profile trace

in (d) corresponds with the white dashed line in (d).

2.5 Conclusion

Here, | demonstrate the investigation into the preparation of a variety of
synthetically relevant substrate surfaces, including 4H-SIiC, c-cut sapphire, SiO>/Si,

GaN/Si, and GaN. These substrate surfaces were modified with passivation, annealing, and
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electrochemical polishing methods, respectively. 4H-SiC was shown to exhibit a small
amount of step flow under moderate passivation conditions, but higher temperature
passivation resulted in no observable step flow due to obstruction by contaminants from
the tube under the high-temperature, reducing environment. c-cut sapphire shows a great
deal of step flow after high-temperature ambient annealing, with the resulting terraces
showing very smooth surfaces and large step heights. SiO2/Si, GaN/Si, and GaN show
some rough etching as a result of the polishing, but no surface reconstruction or smoothing
is observed. Few of the surface preparation methods discussed here resulted in ideal
substrates for large-area TMDC growth, but they demonstrate ways in which substrate

surfaces can be modified and tailored for specific applications.

After preparing these substrate surfaces, some were used for the CVD growth of a
variety of 2D TMDCs, including MoS2, NbS», and WSe,. MoS> growth on bare SiO»/Si
and c-cut sapphire substrates show large area, monolayer flakes in both cases, but MoS;
grown on sapphire shows that the grains are generally aligned to the surface terraces of the
substrate. MoS2 grown on annealed c-cut sapphire shows irregular, asymmetrical flakes
confined to terrace step edges. MoS2 grown on 4H-SiC shows rotationally disordered
grains with few-layer regions, and with some minor synthetic modifications, the presence
of core-shell plates, which will be discussed in more detail in Chapter 4. NbS; grown on c-
cut sapphire via Nb2Os precursor show bulk-like flakes, whereas NbS, grown via NbCls
precursor show asymmetrical but few-layer flakes. WSe, grown on c-cut sapphire shows
sharp, symmetrical, monolayer flakes that degrade quickly in air. Subsequent selenization
of these WSe; flakes improves their stability in air and retains monolayer thickness in some

regions, despite inducing regions of few-layer thickness in other regions. With this data, |
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show that these high-quality materials can be reproducibly synthesized through
optimization and synthetic control on relevant substrates. It is also demonstrated that the
choice of substrate and surface preparation can have a dramatic effect on the resulting
TMDC growth. The TMDCs grown here will be extended to a variety of novel

heterostructures in the subsequent chapters of this dissertation.
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Chapter 3

2D Material Semiconductor Heterostructures
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3.1 Preface

Atomically thin, TMDC semiconductor heterostructures show promise for next-
generation electronics and optoelectronics, and control of these heterostructures without
interfacial contamination is essential for utility. Here, | describe a controllable, two-step
CVD process for lateral and vertical heteroepitaxy between ML WS, and ML MoS; on c-
cut sapphire. Lateral and vertical heteroepitaxy can be selectively achieved in this system
by careful control of the ML MoS; growth that is used as a 2D seed crystal. Ultraclean
MoS2 monolayers are grown using hydrogen as a carrier gas, which enables lateral
heteroepitaxial growth of ML WS, from the MoS; edges, thereby creating atomically
coherent, in-plane WS>/MoS; heterostructures. When no hydrogen is used, the as-grown
ML MoS; is decorated with small particles along the edges, inducing vertical
heteroepitaxial growth of ML WS, on top of the MoS, to form vertical WS,/MoS;
heterostructures. This lateral and vertical atomic layer heteroepitaxy steered by seed defect
engineering opens a new avenue toward atomically controlled fabrication of 2D

heterostructure architectures.

3.2 Introduction

3.2.1 Semiconductor Heterostructures

Semiconductor heterostructures are material systems in which two or more
semiconducting materials are directly interfaced. By nature of interfacing two different
semiconductors, the band structure position can be independently controlled in each
material, thereby offering new possibilities for device functionality. These materials can

align their bands in one of three different ways (Figure 3.1).”° In type | heterostructures,
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the conduction band (CB) and valence band (VB) of one semiconductor entirely straddle
that of the CB and VB of the second. In type Il heterostructures, the CB and VB of the first
semiconductor are staggered relative to the CB and VB of the second, such that the CB and
VB of one semiconductor are above the CB and VB of the other semiconductor but neither
VB is above either CB. In type 1l heterostructures, the CB and VB of one semiconductor
are above both the VB and CB of the other semiconductor, with no overlap between the
two band gaps. The relative and absolute positions of these bands dictate the properties of
the heterostructure and the applications for which the heterostructure can prove

technologically useful.

Type | Type Il Type llI
Straddling Gap Staggered Gap Broken Gap

Conduction
Band (CB)|_ | —_ |
Valence
Band (VB)

Figure 3.1. Schematic illustrating the band alignment of the three types of semiconductor

heterostructures.

3.2.2 2D Material Heterostructures

Heterostructures composed of 2D TMDCs show promise as building blocks for a
variety of device applications.? 2D semiconductor heterostructures are quite different than
3D semiconductor heterostructures because the 2D materials act both as the bulk material

and interface, simultaneously. This reduces the amount of charge displacement within each
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layer, but allows for interesting possibilities in the context of band-structure engineering.’
Furthermore, the mechanical flexibility and low material thickness of 2D materials are

enticing in the context of novel device fabrication.

Some of the first 2D TMDC heterostructures were fabricated by micromechanical
exfoliation of bulk crystals followed by vertical stacking of the layers.”>"3 Vertical stacking
of WS,/MoS: or WSe2/MoS:; creates type Il heterostructures, as described above, but the
electronic properties of these heterostructures are quite sensitive to many subtle details of
the transfer process, including twist angle and the presence of interfacial debris.”>" It has
also been reported that both vertical and in-plane heterostructures of monolayer WS»/MoS;
can be grown via a single-step CVD process, which allows for a greater degree of control

over the heterostructure morphology and properties.’®

3.2.3 M0S2/WS: Ultraclean Heterostructures

Heteroepitaxy, as described in Chapter 2, can be used to grow in-plane TMDC
heterostructures unobtainable by any exfoliation or transfer-based techniques. In-plane
junctions created using this method have appealing optoelectronic properties, including a
linearly abrupt p—n junction.”® Previous reports of these heterostructures feature only a
single synthetic step, which limits the amount of control one can exert over important
physical features, such as particle size, shape location, and junction width.”®"” To this end,
a two-step process is desirable, as it could allow for patterned 2D heterostructures and
independent growth control of each individual material. Multi-step growth procedures such

as these have been reported for graphene and hexagonal boron nitride heterostructures.”®-

82
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Creating in-plane (lateral) heterostructures can be difficult due to challenges with
preventing contamination of the seed crystal. Adsorbates, defects, or particles persisting
after the growth of the first material can function as unintended nucleation sites when
depositing the second material and can induce additional material growth in undesirable
locations.®® Thus, a two-step process for fabricating lateral heterostructures composed of
monolayer WS,/MoS, demands meticulous care in preparing clean surfaces and edges of

the 2D seed crystals.

We show that a two-step CVD process can be used to selectively achieve lateral
and vertical heteroepitaxy between monolayer WS> and MoS> through careful growth
control of monolayer MoS; seed crystals. Including H2 in the carrier gas results in
ultraclean MoS, monolayers. These ultraclean MoS; flakes suppress the nucleation and
growth of additional vertical layers and facilitate the lateral heteroepitaxial growth of
monolayer WS, culminating in atomically coherent in-plane WS,/MoS; heterostructures.
Without the use of Hz, CVD-grown MoS2 monolayers are decorated with small particles
along the edges. These particles nucleate vertical heteroepitaxial growth during subsequent
growth of WS,, thereby forming vertical WS2/MoS; heterostructures with perfect

alignment. This work is reproduced with permission from Yoo, et al .34

3.3 Experimental

Ultraclean MoS2 monolayers were synthesized in a horizontal hot-wall three-zone
tube furnace (ThermoFisher Blue M, with only the center zone being heated), equipped
with a vacuum pump (Edwards RV-8) and mass flow controllers (MTI Corp.). An alumina

boat (50 x 20 x 20 mm, MTI Corp.) containing 400 mg MoOs powder (99.999%, Acros
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Organics) was placed at the center of the furnace in a 3-inch diameter quartz tube. A c-cut
sapphire substrate (MTI Corp.) was placed polished-face-up on an upside-down alumina
boat placed directly downstream from the boat containing MoO3 powder. 800 mg S powder
(99.999%, Alfa Aesar) was located upstream, maintained at a reduced temperature during
the reaction (approximately 280 °C at the peak of the reaction). After loading, the tube was
evacuated to less than 100 mTorr, and Ar and Hz gases were supplied at rates of 20 and 4
sccm (standard cubic centimeters per minute), respectively. The reaction was carried out
under atmospheric pressure. The center of the furnace (and thus the substrate and MoO3
powder precursor) was heated to 710 °C at a rate of 22 °C/min and kept at 710 °C for 5 min.
After the reaction, the furnace was rapidly cooled by opening the lid of the furnace. At this
point, the Ar gas flow was increased to 200 sccm, to purge any toxic vapors. The
experimental conditions for the growth of MoS, monolayers decorated with particles are
the same as those for the growth of ultraclean MoS. monolayers except that no H» carrier

gas is used.

To synthesize WS,/MoS; heterostructures, monolayer MoS, grown on c-cut
sapphire was used as a substrate for the subsequent growth of WS,. 500 mg WO3 powder
(99.998%, Alfa Aesar) was placed at the center of the furnace in a 2-inch diameter quartz
tube. The substrate was placed a few centimeters downstream from the center of the furnace
and the sulfur powder was placed upstream (at temperatures of approximately 940 °C and
160 °C, respectively, during the peak of the reaction). Ar and Hz gases were introduced at
rates of 60 and 5 sccm, respectively, maintaining a chamber pressure of 350 mTorr during
the growth. The center of the furnace (and thus the WOz powder precursor) was heated to

1050 °C at a rate of 11 °C/min and kept at 1050 °C for 5 min. The furnace was rapidly
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cooled down after the reaction by opening the lid of the furnace. In-plane WS2/MoS;
heterostructures were synthesized when ultraclean monolayer MoS; on sapphire was used
as a substrate, while vertical WS,/MoS; heterostructures were synthesized when the

monolayer MoS; decorated with particles on sapphire was used as a substrate.

The atomic structure of the lateral heterostructure is characterized by Z-contrast
STEM imaging using an aberration-corrected STEM (FEI Titan G2) operated at an
accelerating voltage of 60 kV. Prior to imaging, samples were transferred onto transmission
electron microscopy (TEM) grids using a wet chemical transfer process. First, a 5%
solution of poly(methyl methacrylate) (PMMA, MW ~996,000, Sigma Aldrich) in anisole
was spin-coated onto WS,/MoS; heterostructures grown on c-cut sapphire (3000 rpm
rotation for 1 min). After coating, the sample was baked on a hot plate at 50 °C for 10 min.
The underlying sapphire substrate was etched in a 30% aqueous solution of KOH (Fisher
Scientific) for several hours, etching the top layer of the substrate surface and delaminating
the substrate. The PMMA with adhered WS2/MoS: heterostructures was then rinsed in
deionized water and transferred onto a TEM grid. To remove the PMMA film residue, the
sample was cleaned with ~10 drops of acetone and then annealed in a tube furnace at
350 °C with 100 sccm of Hz and Ar gas at atmospheric pressure. After subsequent loading
into the TEM, samples were annealed at 160 °C for 4 hours under vacuum to avoid

hydrocarbon contamination.

AFM measurements were acquired using a Bruker Nanoscope V Multimode 8
scanning probe microscope in the Characterization Facility at the University of Minnesota.

Raman and photoluminescence spectra were acquired using a home-built Raman setup
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using a 632.8 nm continuous wave laser focused through a 100 objective lens with a beam

power of ~30—300 pum.

In this work, | performed the characterization of the MoS2/WS; heterostructures via
AFM and KPFM, and HRTEM atomic diffusion analysis. I also contributed intellectually
to the realization of these experiments and have since replicated their results. Youngdong
Yoo performed the entirety of the synthesis of these heterostructures, as well as

characterization via AFM, Raman, PL, SEM, and TEM.

3.4 Results and Discussion

Figure 3.2 shows the comparison between triangular monolayer flakes of MoS;
grown with and without H included in the carrier gas stream. Under typical CVD
conditions (without H), the edges of the MoS; flakes are decorated by small particles, as
shown by AFM. Similar particles to those seen in our flakes have been observed in other
reports of MoS; synthesis. The inclusion of 4 sccm Hy into the carrier gas stream during
the synthesis prompts the disappearance of these particles. The ultraclean nature of these
monolayer MoS; flakes is confirmed by AFM height images and line profiles, which show
no presence of particles. In both cases (Hz included and excluded), the flakes are confirmed
to be monolayer by AFM, showing flake thicknesses of approximately 0.7 nm, consistent
with previous reports of monolayer MoS,.852 SEM analysis of ML MoS; grown with and

without hydrogen is visible in Figure 3.3
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Figure 3.2. Monolayer MoS; crystals synthesized on c-cut sapphire without and with hydrogen
gas. AFM height images of monolayer MoS; grown (a) without, and (b) with hydrogen,
respectively. (c,d) Height line profiles along the dotted white lines in (a) and (b), respectively.
PL intensity maps of monolayer MoS. grown (e) without and (f) with hydrogen, respectively.
(9) PL and (h) Raman spectra of ultraclean monolayer MoS,. This figure is reproduced with
permission from Yoo, et al. J. Am. Chem. Soc. 2015, 137 (45), 14281-14287.8*

The monolayer nature of the synthesized MoS; seed crystals is also confirmed by
Raman spectroscopy. The Raman spectrum of MoS: shows two characteristic peaks: the
out-of-plane vibration of the S atoms (A1) and the doubly degenerate in-plane vibrations
of the Mo and S atoms (E).*® The energy of the phonons associated with these vibrational
modes changes with sample thickness, and thus the spectral separation of these two Raman
peaks has become a common tool for determining the number of layers in a given sample
of MoS.. In these samples, the MoS; flakes exhibit a peak separation of 20.3 cm™, which

is in good agreement with previous reports of monolayer MoS; syntheses.
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Figure 3.3. SEM images of monolayer MoS, grown (a,b) with and (c,d) without hydrogen,
respectively. This figure is reproduced with permission from Yoo, et al. J. Am. Chem. Soc. 2015,
137 (45), 14281-14287.%

The MoS; Raman spectrum shown in Figure 3.2h was acquired on resonance with
the B exciton absorption band. Resonance Raman spectra can exhibit spectral changes
including line-broadening, large fluorescence backgrounds, and additional non-zone-
centered modes. Additional modes are observed in the resonance spectra that are not visible
in the off-resonance Raman spectra.®®% To obtain a more accurate measurement of the
separation between MoS, Raman peaks, spectra were acquired using the off-resonance
excitation of a 514.5 nm continuous wave laser. These spectra show no spectral congestion,
increased signal-to-noise, and a MoS; peak separation of 17 cm™. The source of this

decreased splitting could be due to enhanced substrate interactions, but further study is
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needed to confirm this. Raman spectra and Lorentz fitting for ML MoS: can be seen in

Figure 3.4.
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Figure 3.4. Raman spectra and Lorentz fitting results for monolayer MoS,. (a) Raman spectrum
of a monolayer MoS; flake excited by a 632.8 nm HeNe laser. (b) Raman spectrum of a
monolayer MoS; flake excited by a 514.5 nm Ar* ion laser. This figure is reproduced with
permission from Yoo, et al. J. Am. Chem. Soc. 2015, 137 (45), 14281-14287.8*

PL spectroscopy confirms that the inclusion of H gas leads to a cleaner and more
homogeneous material. Figure 3.2g shows a PL spectrum acquired at room temperature on
ultraclean monolayer MoS;, exhibiting a strong A-exciton peak at 667 nm stemming from
the direct band gap of M0S,.2% PL intensity maps of the emission from the A exciton of
monolayer MoS; grown without Hz gas is spatially heterogeneous and shows a faint ~1 um
ribbon with reduced intensity, due to partial quenching of the PL. PL intensity maps of

MoS. grown with H; are highly uniform, indicating uniform chemical composition and

electronic structure.
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Figure 3.5. In-plane heteroepitaxial WS2/MoS, monolayers synthesized from monolayer MoS;
grown with hydrogen. (a) Atomic model of an in-plane heteroepitaxial junction between MoS,
and WS,. (b) SEM image and (c) optical image of the in-plane heteroepitaxial monolayers. (d,e)
PL intensity mapping of WS, and MoS; from the in-plane heteroepitaxial monolayer,
respectively. (f) PL and (g) Raman spectra taken from the points marked by 1-2 in (¢). (h) AFM
height image of the in-plane heteroepitaxial monolayer, with the height line profile in (i) acquired
along the dotted white line in (h). This figure is reproduced with permission from Yoo, et al. J.

Am. Chem. Soc. 2015, 137 (45), 14281-14287.84

c-cut sapphire is an ideal choice of substrate, because the surface is atomically flat
and it has been previously shown to improve the crystallinity of CVD-grown MoS; and

WS,.%897 Furthermore, the lattice mismatch between the sapphire substrate and supercells
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of MoSz and WS; is quite low — only 0.42% and 0.64% for (3 x 3) MoSz and (3 x 3) WS;
supercells on (2 x 2) sapphire(0001), respectively. The MoS2/WS; lateral heterostructures
are oriented along two preferential directions on the substrate, thereby indicating that the
heteroepitaxial monolayers are grown with van der Waals epitaxy on the c-cut sapphire

surface.

PL spectra acquired from the inner triangle and outer ribbon of lateral
heterostructures (Figure 3.5f) show strong PL signals from MoSz and WS, respectively,
due to emission from the lowest energy A excitons of the respective TMDCs.?1:9:%9 The
interface region between the two TMDCs shows PL signal from both WS> and MoS,, as
expected. PL intensity maps of the A exciton from WS, and the A exciton from MoS;
demonstrate that the in-plane junctions are monolayer and have mutually exclusive
domains, with no MoS, PL present in the WS; region and vice versa. The PL intensity
variations visible in the maps could be due to nonuniform strain induced by the lattice
mismatch between the substrate and MoS2/WS; or the difference in thermal expansion
coefficients between the substrate and MoS2/WS,.2%010! These effects could also lead to
the variation of Raman peak positions. In accordance with the PL maps, Raman spectra of
the inner triangle of the lateral heterostructures show E'; and A; peaks of MoS2, and Raman
spectra of the outer ribbon show peaks corresponding to the 2LA and A; phonons of
monolayer WS,. Raman signals of both WS, and MoS; are observed in the junction region.
Raman peak position maps of the 2LA and A1 modes of WSz from in-plane heterostructures

are also visible in Figure 3.6.
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Figure 3.6. (a,b) Raman peak position mapping at the 2LA and A; modes of WS, from in-plane
heterostructures, respectively. This figure is reproduced with permission from Yoo, et al. J. Am.
Chem. Soc. 2015, 137 (45), 14281-14287.8

AFM height images of the in-plane heterostructure and line profiles across these
flakes show that the MoS,/WS; heterostructures are indeed monolayer, with both materials
in the same plane and each possessing a height of 0.7 nm (Figure 3.5h). The lateral force
microscopy (LFM) friction image clearly shows the lateral junction between the MoS; and
WS> domains, likely due to subtle friction differences in the resulting TMDCs (Figure 3.7).
Furthermore, Kelvin probe force microscopy (KPFM) data confirms that as-synthesized
heterostructures have high-quality lateral junctions (Figure 3.8), with the MoS; and WS;
domains showing clear contrast corresponding to the difference in work function between

the two materials.
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Figure 3.7. LFM friction image of the WS2/MoS: heterostructure sample shown in Figure 3.5h.

The height and friction images were acquired simultaneously. The boundary of the interior MoS;

region is clearly visible. This figure is reproduced with permission from Yoo, et al. J. Am. Chem.

Soc. 2015, 137 (45), 14281-14287.%
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Figure 3.8. KPFM analysis of in-plane heteroepitaxial WS,/MoS; monolayers. (a) KPFM
surface potential image of in-plane heteroepitaxial WS2/MoS; monolayers. The distinct contrast
between the inner triangles of MoS; and the outer ribbons of WS; indicates that clear surface
potential differences exist across the lateral junction, confirming that the as-synthesized
heterostructures have high-quality lateral junctions. (b) Surface potential line profiles along the
dotted white lines in (a). (c) Height image of the same flakes shown in (a), which was acquired
simultaneously. (d) Height line profiles along the dotted white lines in (a). This figure is
reproduced with permission from Yoo, et al. J. Am. Chem. Soc. 2015, 137 (45), 14281-14287.%

Scanning transmission electron microscopy (STEM) was used to better characterize
the interface between the two materials, MoS; and WS>, and to demonstrate heteroepitaxy.

High-angle annular dark field (HAADF) microscopy can provide contrast in STEM images
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of these heterostructures based on the scattering cross-sections for Mo and W atoms (also
called Z contrast).?®? Low-magnification HAADF-STEM images of in-plane
heteroepitaxial monolayers show that the junction between the outer ribbon of WS, and the
inner triangle of MoS: is visible but with relatively low contrast. The magnified image of
the dotted orange square in Figure 3.9a shows a clear contrast difference between MoS>
and WS, (Figure 3.9b). The image intensity at a given point in these HAADF-STEM
images is determined by the spatial average atomic number and the thickness of the sample.
Because the atomic number of WS is larger than that of MoS,, the WS> appears brighter
(higher image intensity) than the MoS; in dark-field imaging. Atomic-resolution HAADF-
STEM imaging (Figure 3.9c) with associated fast Fourier transform (FFT) pattern of the
junction region (inset) of the lateral heterostructure shows the atomically sharp junction
between WS, and MoS; along a zig-zag direction. Even though the WS> growth occurs at
a high temperature (higher than that of the MoS> growth), only minor annealing and
elemental mixing is observed across the interface between WS; and MoS,. Of the elemental
mixing that occurs, a larger concentration of W is substituted into the MoS; lattice than
that of Mo substituted into the WS lattice. This will be discussed in more detail later in

this chapter.
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Figure 3.9. Z-Contrast HAADF-STEM images of the in-plane heteroepitaxial WS,/MoS;
monolayer. (a) Low-magnification HAADF-STEM image of the in-plane heteroepitaxial
monolayer. (b) Magnified image of the dotted orange square in (a). (c) Atomic resolution
HAADF-STEM image and its corresponding FFT pattern (inset) of the junction region of the in-
plane heteroepitaxial monolayer. (d,e) Atomic-resolution HAADF-STEM images and
corresponding FFT patterns (inset) of the MoS; region and the WS, region, respectively, of the
in-plane heteroepitaxial monolayer. This figure is reproduced with permission from Yoo, et al.
J. Am. Chem. Soc. 2015, 137 (45), 14281-14287.%

66



The FFT patterns of the MoS2/WS; heterostructure show only one set of hexagonal
spots, demonstrating that the WS, grows outward from the MoS edges with lattice
coherence, likely due to the relatively small lattice mismatch between WS, and MoS;
(0.22%). Atomic-resolution HAADF-STEM images and corresponding FFT patterns of
MoS; and WS, regions show clear hexagonal lattices without any substituted atoms. The
orientation of the FFT patterns of the WS region is the same as that of the MoS; region,

further confirming the lattice coherence across the WS,/MoS; boundary.

When WS; is grown using the particle-decorated MoS, monolayers as 2D seed
crystals, vertically stacked WS,/MoS; heterostructures are created. SEM imaging of these
vertical heterostructures also shows a ribbon of WS> around the edge of the heterostructure
region (Figure 3.10 and 3.11). These structures are confirmed to be vertically stacked by
PL and Raman spectroscopy and AFM imaging. PL and Raman spectra taken from the
center and edge of the vertical heterostructures show PL and Raman peaks from both WS;
and MoS;. The vertical heterostructures show relatively weak PL signal because the PL is
guenched by charge transfer between the WS; and MoS; layers.’>1% The small triangular
flakes visible in close proximity to the vertical heterostructures are identified as WS>
monolayers by PL and Raman spectroscopy. These triangular particles exhibit a strong
WS, PL signal due to the direct band gap of monolayer WS,, and the Raman spectrum
shows only WS; peaks (no evidence of MoSz). AFM height images and line profiles show
that the vertical WS2/MoS; heterostructures have a thickness of about 1.4 nm and the

monolayer WS, ribbons and triangular domains have a thickness of about 0.7 nm.
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Figure 3.10. Vertical WS,/MoS; heterostructures synthesized from monolayer MoS, grown
without hydrogen. (a) SEM image of the vertical heterostructures. (b) PL and (c) Raman spectra
acquired at points marked 1-3 in the inset in (b). The inset in (b) is an optical microscope image
of a vertical heterostructure. (d) AFM height image of a vertical heterostructure. (e) Height line
profile along the dotted white line in (d). (f) Bright-field TEM image of the vertical
heterostructure. (g) HRTEM image of the dotted red square in (f) with corresponding FFT
patterns of the WS; region and the WS2/MoS; region, respectively. (h) SAED pattern of the
vertical heterostructure. This figure is reproduced with permission from Yoo, et al. J. Am. Chem.
Soc. 2015, 137 (45), 14281-14287.84

68



TEM imaging was used to better characterize the detailed crystal structure of the
vertical heterostructures. Bright-field TEM images show the contrast between an interior
triangle of the vertical WS2/MoS; heterostructure and an exterior monolayer WS ribbon.
The contrast in the HAADF-STEM images of the vertical heterostructures is inverse to the
contrast of the HAADF-STEM images of the lateral heterostructures (Figure 3.11). High-
resolution TEM (HRTEM) images of the junction region between the WS ribbon and
WS,/MoS:; vertical heterostructure show the hexagonal lattices of both areas. In the WS,
region, the lattice spacing of the planes perpendicular to the junction is 0.271 nm, consistent
with the spacing of the (100) planes of WS». The FFT patterns of the WS, region are in the
same orientation as that of the WS2/MoS; region, confirming that the monolayer WS>
ribbon grows epitaxially from the edge of the vertical WS2/MoS; heterostructure (see insets
in Figure 3.9c,d). Selected area electron diffraction (SAED) patterns of the vertical
WS,/MoS; heterostructure show only a single set of hexagonal diffraction spots, thereby
confirming that the WS> grows on top of the MoS: crystal with crystallographic alignment

(vertical van der Waals heteroepitaxy).

WS,/MoS,

Figure 3.11. (a) HAADF-STEM image of vertical WS»/MoS; heterostructures. (b) Magnified
image of the orange dotted square in (a). This figure is reproduced with permission from Yoo, et
al. J. Am. Chem. Soc. 2015, 137 (45), 14281-14287.84
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The in-plane growth of WS ribbons around the monolayer MoS: is thought to be
kinetically controlled, because vertical heterostructures are known to be more
thermodynamically stable than in-plane heterostructures.’® The mechanisms for the growth
of MoSz and WS, monolayers from their respective oxide precursors are effectively the
same and well accepted in the literature. Thermal reduction of the transition metal trioxide
precursor results in a volatile suboxide cluster, which can then adsorb onto, diffuse along,
and desorb from the substrate.’®*1% This occurs until the suboxide cluster encounters a
nucleation site, where it will subsequently sulfurize to form MoS;, or WS,. The suboxide
clusters can be supplied to the MoS: seed flakes by direct impingement from the vapor or
by surface diffusion from the substrate. It has been previously reported that surface
diffusion can be the major factor under high flux conditions, whereas direct impingement
can be the major factor under low flux conditions.?” For lateral growth of WS; ribbons
around monolayer MoS», suboxide clusters supplied by surface diffusion are the largest
contribution to the growth, because the anisotropic flow of material can induce the
anisotropic material growth.!%® Thus, all WS, growths described above were performed
under high-flux conditions. In contrast, vertical WS2/MoS; heterostructures possess no
WS: ribbons under low flux conditions (Figure 3.12). Under kinetically controlled reaction
conditions like those shown here, monolayer WS, grows laterally from the edges of
monolayer MoS;, because these edge sites are the only sites active for nucleation when
ultraclean MoS, monolayers are used as seeds.!® When particle-decorated MoS:
monolayers are used as seeds, particles on the MoS; surface can serve as additional
nucleation sites, which leads to the formation of WS2/MoS; vertical heterostructures with

a ribbon of monolayer WS,.
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Figure 3.12. SEM, PL, and Raman analysis of vertical WS,/MoS; heterostructures from low-
flux conditions with no WS, ribbons. (a,b) SEM images of vertical WS,/MoS; heterostructures
possessing no WS, ribbons synthesized from monolayer MoS; grown without hydrogen under
low flux conditions. The temperatures of WO; powder and MoS; seed crystals were about 960 °C
and 940 °C, respectively. (c) PL spectra of the vertical heterostructure (red curve), monolayer
MoS; (blue curve), and monolayer WS, (green curve). (d) Raman spectra of the vertical
heterostructure (red curve), monolayer MoS; (blue curve), monolayer WS; (green curve), and
the sapphire substrate (black curve). This figure is reproduced with permission from Yoo, et al.
J. Am. Chem. Soc. 2015, 137 (45), 14281-14287.84

The cleanliness of the MoS, seed flakes dictates the ability to control the
competitive growth between lateral and vertical heterostructures. The small particles on
the surface and edges of the MoS; synthesized without Hz (Figure 3.2a) should largely be
MoS; formed by sulfurization of small molybdenum suboxide clusters, which are

continually supplied to the substrate during the reaction. Most of the suboxide clusters
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contribute to the growth of monolayers or desorb from the substrate due to the high
substrate temperature, but some of the suboxide clusters will aggregate and form stable
molybdenum oxide particles. During this process, the edge regions of the monolayer MoS;
can serve as preferential nucleation sites, because the edge regions have previously been
shown to be sulfur-deficient when no H; is used.'° These molybdenum oxide particles will
subsequently react with sulfur vapor to form small particles of MoS,. The stability of the
molybdenum suboxide particles is lowered in the presence of a highly reducing gas, such
as Hz. The reduction of suboxide particles by Hz will thereby revolatilize the precursors,
leaving the basal plane of the MoS; flake clean of debris. Furthermore, we believe that
monolayer MoS; synthesized with Hz has highly homogeneous edges without sulfur
deficiencies, because H has been previously shown to drastically improve the quality of

monolayer TMDC edges. 112

The TEM images displayed in Figure 3.9 and Figure 3.13 show atomic resolution
of the individual transition metals in each material. This resolution allows for the extraction
of important details regarding the local diffusion and atomic mixing across the MoS2/WS;
interface. It can be qualitatively seen in a HRTEM image of the interface, such as Figure
3.13a, that more W dopant atoms are visible in the MoS: lattice than Mo atoms in the WS;
lattice. However, the quantitative nature of this elemental mixing and dopant diffusion
could provide a better picture of the growth process during the WS, growth step. To assess
the guantitative diffusion of W and Mo atoms across the MoS,/WS; lateral heterostructure
interface, | wrote a MATLAB script (see Appendix A) to count and plot the W and Mo
atomic concentration across the MoS2/WS; interface. The results of this analysis on a

representative HRTEM image can be seen in Figure 3.13b.
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Figure 3.13. HRTEM of MoS,/WS; lateral interface and diffusion quantification. (a) HRTEM
image of MoS,/WS; lateral heterostructure interface and (b) plot of the concentration of W and
Mo atoms as a function of distance from the interface pictured in (a). In this plot, the blue circles
and trace represent W and the red circles and trace represent Mo.

The W inclusions in the MoS; lattice are present more than 25 nm from the
interface, whereas the Mo inclusions in the WS; lattice seem to be minimal beyond 10 nm
from the interface. Furthermore, the concentration of W inclusions in the MoS; lattice
remains greater than the concentration of Mo inclusions in the WS lattice at any given
respective position from the interface. This data suggests that W diffuses into the MoS;
crystal to a significant degree during the WS, growth step, likely filling vacancies and
defects that form in the MoS; as a result of the high-temperature, reducing WS> growth
conditions. This data also suggests that some Mo diffuses away from the crystal edge and
becomes incorporated into the WS, ribbon during the WS, growth step, but the
concentration of Mo that is incorporated into the WS; ribbon is much lower than W that is

incorporated into the MoS; crystal. These observations could be a result of relatively large
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binding energies of MoS: units within the MoS; crystal, or a locally greater vapor-phase
concentration of WOz« above the substrate surface during the WS, growth step, relative

to any Mo-containing species.

3.5 Conclusion

In summary, by carefully controlling contamination and defects present in the 2D
seed crystals, lateral and vertical heteroepitaxy between monolayer WS> and MoS> can be
selectively achieved on c-cut sapphire substrates. Hydrogen gas plays an important role in
removing small particles contaminating MoS, monolayer seeds. When H> is used as a
carrier gas, ultraclean MoS, monolayers are synthesized, and can thereafter be used as
seeds for lateral heteroepitaxial growth of monolayer WS, to form atomically coherent and
sharp in-plane, lateral WS>/MoS; heterostructures. When no hydrogen is used, particle-
decorated MoS, monolayers are obtained, which serve as seeds for vertical heteroepitaxial

growth of monolayer WS> and the formation of vertical WS>/MoS; heterostructures.

This two-step synthesis serves as a building block for making abrupt junctions
between 2D materials. By controlling the cleanliness of the 2D seed, we can limit the
growth of additional 2D materials in subsequent growth steps to the edges of the 2D seed.
This scheme can be utilized for many 2D heterostructures, including patterned junctions in
2D materials and as platforms for further explorations of the electronic and optical

properties of these materials.
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Chapter 4

MoO2/MoS2 Core/Shell Nanoplates
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4.1 Preface

Controlling the growth of 2D TMDCs is an important step toward utilizing these
materials for either electronics or catalysis. Here, we report a new surface-templated
growth method that enables the fabrication of MoO2/MoS, and MoO./MoTe; core/shell
nanoplates epitaxially aligned on (0001)-oriented 4H-silicon carbide and sapphire
substrates. These heterostructures are characterized by a variety of techniques to identify
the chemical and structural nature of the interface. Scanning electron microscopy shows
that the nanoplates feature 3-fold symmetry indicative of epitaxial growth. Raman
spectroscopy indicates that the MoO2/MoS. nanoplates are composed of co-localized
MoO; and MoS;, and transmission electron microscopy confirms that the nanoplates
feature MoO: cores with 2D MoS: coatings. Locked-coupled X-ray diffraction shows that
the interfacial planes of the MoO2 nanoplate cores belong to the {010} and {001} families.
This method may be further generalized to create novel nanostructured interfaces with

single-crystal substrates.

4.2 Introduction

Mono- and few-layer TMDCs are two-dimensional (2D) materials that feature
electronic properties rivaling those of conventional semiconductors and catalytic activity
rivaling that of expensive noble metals.!!3121122-125 The synthesis of novel TMDC
nanostructures could significantly increase their potential use in catalytic applications and
may result in particles with new electronic properties.8+126-13 Most synthetic efforts to

fabricate TMDCs tacitly assume weak chemical interactions between the TMDC and
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substrate, based on the low surface energy and lack of dangling bonds of chemically
saturated 2D layers. This differs from the growth of traditional semiconductor
nanoparticles on surfaces, where strong particle—substrate interactions can determine
morphology. Recently, Wang et al. reported a synthetic technique that yields MoO2/MoS;
core/shell nanoplates.®? This is effectively a two-step process, in which a metallic MoO2

core plate is grown and then subsequently sulfurized.

We focus on the initial step of this process: the nucleation of the MoO> core onto
the substrate. By selecting single-crystal substrates that are nearly lattice matched with the
MoO: core, we can use surface interactions to drive the orientation of the resulting plates.
The resulting structures are free-standing plates aligned with the substrate. The
spontaneous alignment of these plates along high-symmetry axes of the substrate confirms
the strong bond between the substrate and nanoparticle. Subsequent sulfurization yields
MoS: shells that are also aligned with the substrate. This technique depends only on the
chemistry between the seed MoO- and substrate, and we demonstrate that it can be
extended to form other aligned TMDC platelets by synthesizing MoO2/MoTe; platelets as
well. We characterize these heterostructures with a variety of techniques and identify the
chemical and structural nature of the interface. This work is reproduced with permission

from DeGregorio, et al.*®

4.3 Experimental
Freestanding MoO2/MoS; core/shell plates were grown on nitrogen-doped, n-type
4H-SiC(0001) substrates (Cree, Inc, doping density 5x10® cm®), c-cut sapphire substrates

(MTI Corp.), and 90 nm SiO,/Si substrates (ACS Materials Inc.) via chemical vapor
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deposition using a single zone of a hot-wall three-zone tube furnace (Fischer/Blue M
HTF55347) inside a 3-inch quartz tube (MTI Corp.). The substrate was placed face-up on
an alumina boat downstream from solid MoOs (99.5%, Sigma Aldrich) and elemental
sulfur (99.999%, Alfa Aesar) precursors. The MoOs precursor boat was placed
immediately upstream from the substrate, while the S precursor was located farther
upstream in a cooler region of the furnace (Tsuifur ~ 350 °C). The tube atmosphere was
purged by evacuation followed by the introduction of ultra-high purity Ar (Airgas) until
ambient pressure was restored. The furnace was then heated to 700 °C at a rate of 20 °C
per minute under a constant flow of 20 sccm Ar. After holding at 700 °C for 5 minutes, the

furnace was cooled rapidly to room temperature by opening the lid of the furnace.

A similar procedure was used for MoO2/MoTe: core/shell plate growth on c-cut
sapphire. In this case, tellurium pieces (99.999%, Sigma Aldrich) were used in lieu of
sulfur precursor and the tellurium boat was placed directly upstream from the MoO3
precursor boat. The reaction temperature for MoO2/MoTe; core/shell plate growth was
650 °C. For MoO2/MoS: core/shell plate growth, annealed SiC substrates were also used.
Annealed SiC substrates were heated to temperatures between 700 °C and 1000 °C using
identical purging procedures in a clean tube without any MoOs or S present. Annealed

substrates were exposed to air between the annealing and CVD growth of nanoplates.

Samples were characterized by scanning electron microscopy (SEM) using a JEOL
JSM-6500F microscope with an accelerating voltage of 5 kV. Electron backscatter
diffraction (EBSD) was performed on the samples using an accelerating voltage of 20 kV
and a beam current of ~20 nA, and the scattered electrons were detected by an Oxford

EBSD detector. Channel 5 software was used for acquisition and pole figure generation.
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Raman spectroscopy was performed using a home-built Raman microscope at room
temperature. The output of a 632.8 nm HeNe continuous wave laser (Thor Labs HNL210L)
was expanded and directed into an Olympus MPLNI100X objective with ~200 uW
impinging on the sample. The scattered light was dispersed off of a 1200 g/mm grating
inside 500 mm spectrograph and imaged onto a charge-coupled device (CCD) camera
(Pixis 100BR-X). Imaging was achieved by rastering the sample using a computer-
controlled Mad City Labs MCLS02845 nanopositioning stage controlled by a computer
running LabView 2014. Transmission electron microscopy (TEM) was performed using a
Tecnai T12 microscope operated at an accelerating voltage of 120 kV. Samples were
prepared for TEM characterization by transferring MoO2/MoS; core/shell nanoplates onto
Cu grids with Quantifoil carbon supports using a solution dispersion method. X-ray
diffraction (XRD) is performed using a PANalytical X’Pert diffractometer with
monochromated Cu Ka source in a locked-coupled configuration. Low-energy electron
diffraction (LEED) and Auger electron spectroscopy (AES) were performed using a 4-grid
MCP-LEED system from Oxford Instruments. Samples were attached to a stainless steel
sample holder and degassed at 250 °C inside an ultrahigh vacuum chamber (base pressure
1 x 1071° torr) to remove atmospheric adsorbates. The MCP LEED system allowed for the
use of nA of current to reduce sample degradation and surface charging on the insulating
substrates. Auger experiments were performed at an electron beam energy of 1500 kV and

a beam current of ~20 pA.

In this work, | performed all of the MoO2/MoS; core/shell plate synthesis,
experimental design, and characterization via Raman, XRD, LEED, AES, and plate

orientation analysis in SEM. Youngdong Yoo performed the synthesis of MoO2/MoTe>

79



core/shell plates, performed characterization via TEM and SEM, and assisted with the

realization of the experiments.

4.4 Results and Discussion

This report stems from recent research characterizing the nucleating event for
growing monolayer and few-layer TMDCs. The synthetic approach for CVD growth of
monolayer TMDCs is shown schematically in Figure 4.1a. The accepted mechanism for
the growth of monolayer TMDCs involves the formation of small transition metal suboxide
particles (such as MoOs-x) that nucleate on the substrate surface (the first frame of the
schematic in Figure 4.1a).1% Subsequent sulfurization of these particles results in fullerene-
like TMDC shells followed by the growth of monolayer TMDC flakes. By altering the
temporal flux profile of the chalcogen species, we obtain vertical, freestanding plates rather
than flakes on SiC(0001). This procedure works for both MoTe: as well as MoS,, implying
that nucleation of the MoO core rather than chalcogenization is the morphology-

determining step. Here, we will focus on the synthesis of the MoS»-based plates.
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Figure 4.1. Mechanism schematics and Raman spectroscopy of MoO2/MoS; core/shell plates.

Schematics illustrating the self-seeding mechanisms of (a) monolayer TMDCs (previously

reported) and (b) core/shell nano-plates (reported here). (¢) Raman spectra (excited at 632.8 nm)

of MoOy/MoS; core/shell plates on SiC, MoO,/MoS; core/shell plates on sapphire, and

MoO,/MoTe; core/shell plates on sapphire with identities indicated with a symbol above each

peak (square for SiC, diamond for sapphire, circle for MoO,, star for MoS; and triangle for

MoTe,). For MoO»/MoS; core/shell plates on SiC, 2D maps are generated for the fitted Raman
peak intensities of the (d) MoO. ~750 cm™ peak and (e) MoS; E. (~385 cm?) mode (no
background subtraction). Fitted peak positions used in the 2D maps in (d) and (e) feature filled

peak identity symbols and bolded peak positions in (c). This figure is reproduced with permission

from DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1%°
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By moving the sulfur to colder/hotter regions of the furnace, we can reduce/increase
its concentration within the CVD tube. Reducing the sulfur concentration in this manner
additionally delays the arrival of the chalcogen species relative to the metal oxide precursor
due to the position-dependent temperature ramp within the tube. The saturated sulfur vapor
pressure at the source, which ultimately determines the concentration of sulfur at the
sample during the growth process, is calculated in Figure 4.2. The low initial concentration
of sulfur results in the condensation and crystallization of MoO2 on the surface of the
substrate, which is subsequently converted to MoS: as the sulfur concentration rises. The
resulting structure is a core/shell plate of MoO2/MoS>, and the chemical interactions
between the initial MoO- core and the substrate determine the shape and orientation of the

particle, as shown in Figure 4.1b.
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Figure 4.2. (a) Plots of temperature of sulfur boat position as a function of time and (b) plots of
calculated sulfur vapor pressure as a function of time in the case of MoS, monolayer growth
(blue) and MoO./MoS; core-shell plate growth (red). Vapor pressure was calculated using
experimentally determined temperatures and using the relation in Ref. 137.1%" Between these two
cases, the MoOgs precursor boat position is unchanged, thus the MoOs.x vapor pressure as a
function of time is approximately the same in each case. This figure is reproduced with
permission from DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1*

We confirm that the plates contain both crystalline MoO> and crystalline TMDC
using Raman spectroscopy on representative plates. The Raman spectra of SiC(0001),

MoO2, MoSz, and MoTe, have been extensively studied and are here used as chemical
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identifiers 3136138141 The Raman spectrum of a representative MoO2/MoS; plate on
SiC(0001) is shown in yellow in Figure 4.1c. All 19 of the peaks in the spectrum were
assigned as known Raman peaks for either SiC,**® Mo0O2,"*° or M0S,.*® The Raman
spectrum of bulk 2H-MoS; contains two primary peaks located at 381.9 cm™ (El2) and
406.0 cm™ (A1g). Importantly, the energy separating these two phonon modes varies
monotonically from 25 cm™ in the bulk to 18 cm™ in monolayer MoS;. On the basis of the
peak separation shown in Figure 4.1c, we estimate that the MoS; in the platelets is ~3—5
layers thick.®®> We note that interfacial strain will certainly induce shifts in the Raman
spectra, and this has been extensively studied for MoS». Here, however, we are using the
Raman spectrum as an analytical tool to identify the vibrational fingerprints of each
component material. Raman mapping of the most intense MoS, and MoO, modes further
confirms that the TMO and TMDC signals are coming from the same location (Figure

4.1d,e) and from regions of high optical contrast (Figure 4.3).
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Figure 4.3. Optical image of MoO2/MoS; core-shell plates visible in two-dimensional Raman
maps in Figure 4.1d-e. Dark optical contrast corresponds well with increased intensity of Raman
peaks for MoS, and MoO.. Image width is 10 pm. This figure is reproduced with permission
from DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1%°

We used TEM to determine the core/shell structure of the MoO2/MoS; plates.
MoO2/MoS:; plates grown on SiC(0001) were carefully transferred from the SiC substrate
onto a Quantifoil TEM grid using a solution dispersion method to place the plates flat on
the TEM grid. Typical plates are shown in Figure 4.4a,b. The selected area electron
diffraction (SAED) patterns acquired from these plates (Figure 4.4c,d) confirm that the
monoclinic MoO; plate cores are single-crystalline and have a zone axis of [201]. Because
the TEM images and SAED patterns were taken with nearly zero tilt angles, we deduce
that the [201] zone axis is nearly perpendicular to the basal planes of the flat plates. Thus,
the basal planes of both plates are identified as the {100} planes by simple crystallographic
facet angle calculations. The dim spots scattered on the SAED patterns originate from
MoS:; shells. High-resolution TEM images of the plate edges (Figure 4.4e,f) show lattice

fringes with spacing of ~6 A, consistent with those of the MoS; formed on the side facets
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of the plates. By counting the number of lattice fringes, we estimate that the MoS: shell is

three layers thick, consistent with the estimate from Raman spectroscopy.

21/nm *
- Zone axis: [201]

Figure 4.4. TEM analysis of MoO,/MoS; core/shell plates. (a,b) TEM images of suspended
vertical MoO,/MoS; core/shell nanoplates. (c,d) SAED patterns corresponding to the plates in
(a) and (b), respectively. (e,f) HRTEM images of plate edges in (a) and (b), respectively, showing
lattice fringes indicative of MoS; few-layer shells. This figure is reproduced with permission
from DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1%°
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Having confirmed the platelet core/shell structure, we seek to understand the
growth mechanism driving vertical plate growth, as opposed to flat plate growth that has
been reported previously.®? We hypothesize that the vertical structure is due to strong
chemical interactions between the substrate and the MoO- core. First, the plates are aligned
along the high-symmetry directions of the underlying wafer, as seen in SEM (Figure
4.5a—c). The plates display two different morphologies. They are either normal to the
surface or tilted at an angle from the surface. Both families of plates (normal and tilted)
have preferential growth directions, as highlighted by the red (normal plates) and blue
(tilted plates) dotted lines in each image of Figure 4.5. Aside from the difference in tilt
angle, these two morphologies have similar shapes and sizes, as shown by the tilted SEM
images in Figure 4.5b. In these images, the sample stage was tilted inside of the microscope
until the microscope was looking down the growth axis of the tilted plates (approximately
35°). In the tilted image, the previously tilted plates appear vertical, and the previously

vertical plates appear tilted with a similar shape to that of the tilted plates in Figure 4.5a.

The platelets are aligned on the surface with 60° rotational symmetry, with a 30°
offset between the two families. We measured the orientation of several hundred normal
and tilted plates on the surface relative to the [1120] direction of the silicon carbide. These
results are shown in Figure 4.5d. Additionally, annealing the substrates prior to CVD leads
to increased nucleation and alignment. At high temperatures, SiC(0001) undergoes a range
of surface reconstructions that depend on temperature, pressure, and environmental
composition.%8°9142-146 Eigyre 4.5¢ shows a SEM image of a SiC sample that was annealed

at 1000 °C under Ar prior to growing the MoO2/MoS: nanoplates, resulting in ~3x more
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plates on the surface. This increase in nucleation indicates that substrate surface chemistry

is playing an influential role in particle nucleation.

e \/ertical Plates
e Tilted Plates

Figure 4.5. SEM analysis of MoO2/MoS; core/shell plates. (a) SEM image of MoO,/MoS;
core/shell freestanding nanoplates on bare SiC with overlaid dotted triangles indicating three-
fold symmetry of freestanding plates (red for vertically aligned plates and blue for tilted plates).
(b) SEM image of the substrate in (a) with the stage tilted to 35°. (c) SEM image of growth on a
SiC substrate previously annealed to 1000 °C. (d) histogram of MoO,/MoS; core/shell
nanoplates visible in a representative SEM image as a function of the azimuthal angle (relative
to the SiC [1120] direction). (¢) SEM image of MoO,/MoS; core/shell nanoplates grown on c-
cut sapphire. (f) SEM image of the substrate in (e) tilted to 45°. (g) SEM image of MoO,/MoTe,
core/shell nanoplates on sapphire. (h) SEM image of the substrate in (g) tilted to 45°. All scale
bars are 1 um. This figure is reproduced with permission from DeGregorio, et al. J. Phys. Chem.
Lett. 2017, 8 (7), 1631-1636.1%°

To understand how the substrate interactions could be directing growth of these

core/shell plates, we consider the structure and reactivity of both the TMDC shell and the
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TMO core. Conventional epitaxial growth of a material on a substrate induces a strain
penalty that must be energetically compensated for by favorable chemical interactions.
MoS:; is a hexagonal layered material with a similar in-plane lattice constant to that of
SiC(0001) (asic = 3.09 A, amos2 = 3.15 A).69147 However, as a layered material, MoS;
interacts weakly between layers and with a substrate surface. In order to exhibit epitaxy,
the energy stored in the strained TMDC would need to be compensated by the interaction
with the substrate. Indeed, by changing our reaction conditions, we were able to grow

monolayer flakes of MoS;, on SiC(0001) (Figure 4.6).

Figure 4.6. SEM image of MoS, monolayer flakes grown on a SiC substrate. Image width is
50 um. This figure is reproduced with permission from DeGregorio, et al. J. Phys. Chem. Lett.
2017, 8 (7), 1631-1636.%%°

Despite needing only a 2.2% compression to be epitaxial on SiC(0001), these flakes
of MoS; exhibit no preferred orientation. Additionally, growth of MoO2/MoS; core/shell
plates on SiO2/Si substrates results in freestanding and flat plates with random orientations

(Figure 4.7). Given this data, the interactions between SiC(0001) and the TMDC basal
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plane and between MoO: cores and the amorphous SiO2/Si substrate must be too weak to

account for the oriented nanoplates that we observe.

Figure 4.7. SEM image of MoO,/MoS; core-shell plates grown on a SiO,/Si substrate (90 nm
oxide). No rotational symmetry or epitaxy is visible and plate faceting is different than on other
substrates. Image width is 16 um. This figure is reproduced with permission from DeGregorio,
et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1%

Next, we consider the structure of the MoO2 oxide core and its relationship to
SiC(0001). MoO:z is a monoclinic crystal derived from a distorted rutile structure with a
much larger lattice constant than SiC (space group P21/c,a=5.61 A, b=4.86 A, c=5.63 A,
f=121°).18 However, if one slices MoO- along its low-index planes, there would be
unsaturated metal and oxygen atoms that could form strong covalent bonds to the oxide
surface. Furthermore, while the lattice of MoO: is monoclinic, the angle between the a axis
and the c axis is nearly 120°, suggesting that it could also adopt hexagonal symmetry on

the surface.

Finally, we note that the SiC(0001) surface is known to reconstruct in a variety of

ways, but at lower temperature, the most prominent reconstruction is the highly studied
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SiC (V3 x V3)R30°. This surface reconstruction has a hexagonal lattice constant of
5.323 A, only 5% different from the a and ¢ axes of MoO2. We used low-energy electron
diffraction (LEED) and Auger electron spectroscopy to confirm the presence of the
(N3 x V3)R30° reconstruction following nanoparticle growth and following sample
annealing at 1000 °C (see Figures 4.8 and 4.9). We therefore hypothesize that oriented
growth of the freestanding MoO- core is driven by the initial formation of a strained,
epitaxial MoO: particle on the reconstructed surface, which is subsequently sulfurized to

form the MoS: layers.

Figure 4.8. LEED patterns of prepared 4H-SiC and core/shell nanoplate samples. (a) Bare 4H-
SiC, (b) MoO2/MoS:; core/shell nanoplates grown on SiC, (c) SiC substrate after 1000 °C anneal,
and (d) MoO./MoS; core/shell nanoplates grown on SiC that had been previously annealed to
1000 °C (all images acquired with 100 eV beam energy, scale bars denote 1 A™). This figure is
reproduced with permission from DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-
1636.1%°
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Polished SiC(0001) samples show the 6 spots belonging to the (1x1) unit cell
(Figure 4.8a). The LEED patterns of samples after MoO2/MoS; core/shell nanoplate
growth on SiC (Figure 4.8b) show diffuse SiC (V3x\3)R30° diffraction spots in addition
to the primary SiC (1x1) spots.>® After annealing the substrates to 1000 °C under argon,
the pattern sharpens, takes on additional structure, and grows brighter (Figure 4.8c). This
structure grows more diffuse, but persists, after growing MoO2/MoS; platelets on the
annealed substrates (Figure 4.8d). The increased structure indicates that additional

reconstruction is happening, but it is difficult to resolve the exact symmetry and spacing.

1000 °C Anneal
Growth

Bare SiC 50 60 70 80 90 100
100 200 300 400 500 600
Auger Electron Energy (eV)

Figure 4.9. Low-energy Auger electron spectra with inset high-resolution spectra of MoO>/MoS;
core-shell plates grown on SiC (orange trace), bare SiC (green trace), and SiC after annealing at
1000 °C (yellow trace). Charging was observed on some spectra, so a linear offset was applied
to align the Ck.. peaks. The ratios of Sicvy to Ckie peak amplitudes for core-shell plates grown
on SiC (orange trace), bare SiC (green trace), and SiC after annealing at 1000 °C (yellow trace)
are 554, 547, and 5.59, respectively, supporting the growth of the carbon-deficient
(V3xV3)R30° surface reconstruction. The signal-to-noise of peaks for the SiLvv peaks in each of
these cases is 38, 33, and 27, respectively, while the signal-to-noise of peaks for the Ck.. peaks
is 5, 7, and 7, respectively. This figure is reproduced with permission from DeGregorio, et al. J.
Phys. Chem. Lett. 2017, 8 (7), 1631-1636.%%°
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Auger spectroscopy (Figure 4.9) confirms that all samples show the presence of
Sitvv and Cko peaks. The Auger spectra of substrates after growth and after annealing
show additional peaks in the range of 60-85 eV, consistent with silicon-oxygen bonds.4?
The ratio of Sipvv to CkLL peak amplitudes (measured trough to baseline) after background

subtraction increases for the sample after growth and after annealing relative to bare SiC,

consistent with the growth of the carbon-deficient (V3xV3)R30° surface reconstruction.

To probe the epitaxial relationship between the MoO:> cores and the SiC substrate,
we used locked-coupled XRD to determine which planes are parallel to the SiC(0001)
surface and we performed electron backscatter diffraction (EBSD) on 63 individual plates.
Representative results of this analysis can be seen in Figure 4.10. Pole figures generated
using representative EBSD data (Figure 4.10c—d) show spots in similar positions near the
center for the SiC (0001) pole figure and the MoO> (010) and (001) pole figures for a
variety of representative plates, which indicates that these crystallographic planes are
aligned. The alignment of the SiC (0001), MoO> (010), and MoO> (001) planes as measured
by EBSD supports that these are the interfacial planes responsible for epitaxial growth of
the core/shell plates. However, due to the sample geometry, it is unclear whether EBSD
diffraction patterns acquired from specific plates are detected via traditional Bragg
diffraction or a transmission Kikuchi diffraction. This uncertainty makes definitive

orientation analysis from EBSD data alone impossible.
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Figure 4.10. Representative EBSD analysis of core/shell nanoplates. (a) Raw and (b) indexed
EBSD patterns for a MoO2/MoS; plate. EBSD pole figures of MoO2/MoS; core/shell plates
generated on (c) one region of exposed SiC substrate and (d) seven representative MoO2/MoS;
core/shell plates. This figure is reproduced with permission from DeGregorio, et al. J. Phys.
Chem. Lett. 2017, 8 (7), 1631-1636.%%°

The XRD pattern of the MoO2/MoS: core/shell plate sample (Figure 4.11a) shows
four 4H-SiC {0001} peaks corresponding to the single-crystal 4H-SiC(0001) substrate used
in the growth. Two MoO; peaks corresponding to the (020) and (002) planes are also
visible. The locked-coupled 6/26 methodology only probes crystal planes with the g vector
normal to the surface. The presence of peaks corresponding to MoO, (010) and (001)
planes confirms that these planes feature interfacial binding with the reconstructed
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substrate surface. These interfacial plane assignments are supported by EBSD (Figure
4.10). Schematics of vertical (Figure 4.11b) and tilted (Figure 4.11c) plates indicate low-
energy surface planes responsible for plate morphology. Given the crystal structure of the
MoO: cores, the SAED patterns in Figure 4.4 indicate that all plates have basal planes of
(100). The edge plane identities schematically represented in Figure 4.11b,c were
determined by simple crystallographic facet angle calculations. These edge plane identities
are supported by the interfacial planes identified from XRD, EBSD, and calculation of the
plate facet angles using SEM images of flattened plates (Figure 4.12). Top-view, two-
dimensional schematic illustrations of the MoO> (010) and (001) planes with underlying

4H-SiC (V3xV3)R30° surface reconstruction can be seen in Figure 4.13.
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Figure 4.11. Structural analysis of MoO./MoS; core/shell plates. (a) XRD pattern of
MoO,/MoS; freestanding core/shell nanoplates on SiC acquired using a locked-coupled
methodology. Schematics illustrating the MoO, crystallographic planes associated with the
facets of (b) normal plates and (c) tilted plates. This figure is reproduced with permission from
DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1%
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Figure 4.12. SEM images of MoO2/MoS; core-shell plates that have been pushed flat using
another bare SiC substrate. Higher-magnification SEM images of (b) tilted plates and (c) vertical
plates are labeled with average plate facet angle measurements. This figure is reproduced with
permission from DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1%
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Figure 4.13. Top-view, two-dimensional schematics illustrate the crystallographic alignment of
(a) MoO; (010) plane and (b) MoO; (001) plane with underlying 4H-SiC (V3x\3)R30° surface
reconstruction. Silicon atoms are indicated with blue circles (light blue for surface, darker blue
for bulk), carbon with black, SiC surface oxygen atoms with purple, MoO, bulk oxygen atoms
with red, and molybdenum with beige. Red parallelograms in each case represent MoO; unit
cells and green parallelograms represent 4H-SiC (V3x\3)R30° surface reconstruction repeating
unit. Red text indicates MoO; crystallographic direction, green text indicates SiC direction, and
black text indicates mismatch along specified directions. This figure is reproduced with
permission from DeGregorio, et al. J. Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1*

Finally, while we have focused on the growth of MoO2/MoS; platelets on silicon
carbide, the mechanism that we propose for the aligned growth should be generalizable to
create other structures. We note that c-cut sapphire has a hexagonal lattice and could also
serve as a template for freestanding nanoparticles. The Al-O surface bonds should provide
chemical anchors to form AlI-O—Mo bonds, resulting in epitaxial freestanding plates.
Indeed, under similar synthetic conditions, we observe the growth of freestanding,
substrate-aligned MoO./MoS: plates (Figure 4.3e,f). Changing the chalcogen from sulfur
to tellurium results in isomorphic structures composed of MoO2/MoTez, as observed by
SEM and Raman mapping (Figures 4.5g,h and 4.14). We hypothesize that this method
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could be extended to any single-crystal substrate that has suitable symmetry, size, and
chemical anchors to epitaxially nucleate the transition metal oxide. Furthermore, we
propose that future experiments could change the symmetry of the substrate to favor a
different interfacial plane of the MoO: core, creating a pathway to form TMDC

nanoparticles with a wide variety of shapes and sizes.
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Figure 4.14. Optical image and Raman maps of MoO./MoTe; core-shell plate. (a) Optical image
of a MoO2/MoTe; core-shell plate. (b) Raman map of MoTe, 170 cm™ mode of the MoO,/MoTe;
core-shell plate. (c) Raman map of MoO, 747 cm™* mode of the MoO2/MoTe; core-shell plate.
All scale bars are 2 um. This figure is reproduced with permission from DeGregorio, et al. J.
Phys. Chem. Lett. 2017, 8 (7), 1631-1636.1%

4.5 Conclusion

We have reported the novel growth of epitaxial, freestanding TMO/TMDC
core/shell nanoplates. These core/shell plates were initially grown as MoO2/MoS;
core/shell plates on 4H-SiC, but they are also shown to grow on other substrates, in the
case of MoO2/MoS; plates grown on c-cut sapphire, and with other chalcogens, in the case
of MoO2/MoTe> core/shell plates on c-cut sapphire. The growth mechanism of these

core/shell nanoplates is an extension of an established mechanism regarding self-seeding
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TMDC monolayer growth. By delaying the chalcogen flux in this established mechanism,
we can control the morphology of the TMO seed prior to chalcogenization. Delaying the
chalcogen flux allows for the epitaxial growth of TMO plates on the substrate prior to the
formation of the TMDC, but this modification could be extended to create TMO seeds of

a variety of morphologies.

The method described here may be used as a general method for growing TMDC
materials in a controlled, oriented manner and linking them to the substrate by a metallic
core. The metallic TMO core could lead to improved charge injection in these
heterostructures, due to the epitaxial, covalent bonding with the substrate. These
TMO/TMDC core/shell nanoplates show promise in the field of catalysis, which requires
high densities of active sites in good contact with a conductive substrate. The procedure
described above should also be general to substrates of a variety of crystal structures, and
as such, this scheme could allow for the growth of core/shell nanoplates grown in many
epitaxial orientations. Finally, this modified mechanism offers pathways for creating new
families of TMDC and TMO/TMDC nanoparticles controlled by substrate surface

chemistry for future study.
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Chapter 5

Metal-Semiconductor Heterostructures
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5.1 Preface

Metal-semiconductor heterostructures are extremely important to consider in the
context of electronics applications of TMDCs. Given that noble metals form contacts with
high contact resistance, novel metal-semiconductor heterostructures must be investigated.

Two different TMDC metal-semiconductor systems are investigated here.

First is the fabrication of in-plane 2H-1T" MoTe> homojunctions by the flux-
controlled, phase engineering of few-layer MoTe, from Mo nanoislands. The phase of few-
layer MoTe: in this system is controlled by changing the Te atomic flux controlled by the
temperature of the reaction vessel. Few-layer 2H MoTe; is formed with high Te flux, few-
layer 1T" MoTe; is formed with low Te flux, and few-layer in-plane 2H-1T" MoTe>
homojunctions are formed with moderate Te flux. KPFM and Raman mapping confirm
that in-plane 2H-1T" MoTez homojunctions have abrupt interfaces between the two
material domains, and they possess a potential difference of approximately 100 mV. This
method is extended to a two-step lithographic process to create patterned junctions between
2H and 1T MoTe,. FETs of these in-plane 2H-1T° MoTez homojunctions were
subsequently fabricated, and the use of 1T" MoTe; as metallic electrodes in the FETSs
improves device performance by decreasing the contact resistance. The contact resistance
extracted from transfer length method measurements is 470 + 300 Q-pum. Temperature-
dependent transport characteristic measurements indicate a barrier height at the lateral 2H-
1T  interface on the order of 10 meV, several times smaller than the metal-2H Schottky

barrier height.

Secondly, lateral heterostructures between ML WS, and few-layer NbS; films are

demonstrated here. These WS2/NbS; heterostructures show abrupt edges between the two
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materials, as indicated by SEM, Raman, AFM, KPFM, and PL mapping. FETs were also
fabricated using these lateral WS2/NbS; heterostructures. Preliminary device performance
shows that the NbS; films are indeed metallic and show promise as a 2D TMDC contact
material. However, due to device fabrication limitations related to sample degradation and
resist under-exposure, the true electronic properties of WS2/NbS; heterostructures have yet

to be determined.

5.2 Introduction

5.2.1 Metal-Semiconductor Heterostructures

Metal-semiconductor heterostructures, as the name implies, describe the interface
between a metal and a semiconductor. These heterostructures are typically designed with
the intent of forming a FET or other electronic device that would use the semiconducting
material as the channel and the metals on either side as contacts. When a semiconductor
comes into contact with a metal, a barrier layer forms at the interface.”® Charge carriers
become depleted in this region, and thus it is referred to as the depletion region. Depending
on the alignment of the metal’s work function and the semiconductor’s VB maximum and
CB minimum, this depletion region can result in ohmic contact, in which charge can flow
easily between both materials, or a Schottky barrier, in which the charge depletion induces
a barrier that impedes the flow of charge.*’

Some of the most common electronic devices are based on bulk 3D channels
comprised of silicon or 11—V semiconductors, such as GaAs or GaN, connected by noble
metal contacts, such as Au, Ag, or Pt.*° Bulk devices have been developed to exhibit ideal

device properties, including ohmic contacts, large on-off ratios, and good charge transfer
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efficiency.’®1%2 Generally, such devices can be cost-effective and have been scalable
down to nanoscale dimensions. However, as devices are continually pushed to smaller
geometries, many of these traditional 3D devices struggle with fundamental limitations,
including poor heat dissipation, high leakage currents, and tunneling effects.'®*1% 2D
materials, by nature of their sub-nanometer layer thickness and unique electronic

properties, show promise for improved device properties in the small size limit.?°

5.2.2 Device Considerations for 2D Materials

Using traditional metal contacts for 2D semiconductor devices has been shown to
induce a large contact resistance between the metal contact and 2D semiconductor.*® The
nature of this interface is very important, because a large contact resistance fundamentally
limits the drain current and charge transfer efficiency of the device. The large contact
resistance in 2D devices typically arises from the poor adhesion and general lack of
chemical bonding that occurs between the deposited noble metal and 2D material due to
the van der Waals forces at the 2D material surface. This contrasts with a bulk
semiconductor device, in which covalent bonds can more easily form between the
deposited metal and a reactive surface of a 3D semiconductor. The layered, van der Waals
nature of all 2D materials generally prevents the possibility of binding with top-down
deposited metals, giving rise to a tunneling barrier between the metal and the
semiconductor in many 2D material devices.

One promising strategy for overcoming high-contact-resistance junctions with 2D
semiconductors is to create lateral edge contacts.'>® 2D materials are more reactive at their

edge sites, thus stronger chemical bonds more likely to form at the edges of a 2D material.
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Modeling has shown that edge contacts lead to shorter bonding distances, stronger
hybridization, and reduced overall contact resistance.*>®>° These effects are especially
pronounced in the case of 2D materials due to the large conductivity anisotropy between
the in- and out-of-plane directions in 2D materials. It is also worth considering the choice
of metal, as this can affect the overall contact resistance. While noble metals can be used
to form edge contacts, it is difficult to control the precise contact position with traditional
metal deposition, and thus it is difficult to control the charge injection pathway in the
device. Metallic 2D materials can also be used, which can allow for native chemical
bonding and fewer dangling bonds at the lateral interface. The efforts | have made to create
metallic 2D TMDC contacts to semiconducting 2D TMDCs will be detailed in the

remainder of this chapter.

5.2.3 In-Plane 2H-1T" MoTe2 Homojunctions

The electronic properties of TMDCs are enriched by their polymorphism, with
varying stacking orders and coordination geometry around the metal center that change the
material properties.>#331%0 Traditionally, and most notably true for Mo- and W-based
TMDCs, the 2H phase is semiconducting and features trigonal prismatic coordination,
whereas the 1T phase is metallic and has octahedral coordination. Despite these enticing
and disparate properties, tailoring the electronic properties of TMDCs is challenging,
because of the metastability of 17T TMDCs and the large free energy difference between

2H and 1T TMDCs, 161163

MoTe: is an exciting candidate material due to its large spin-orbit coupling and the

fact that the 2H phase possesses a narrow band gap of 0.9—1.1 eV (notably similar to that
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of Si, 1.1eV).164%7 These properties make MoTe; an ideal candidate for spintronic
devices, valleytronic devices, and optoelectronic devices operating in the near-infrared
frequency range. One of the chief features of MoTe: is its phase tunability, originating from
a relatively small free energy difference (40 meV per unit cell) between the 2H and 1T"
phases of MoTe,.26216816% Semjconducting 2H MoTe; is the most thermodynamically
favorable phase, but semimetallic 1T° MoTe, (1T MoTe: that has undergone a Peierls
distortion) can also be favored under specific conditions.'#+1"% 2H MoTe; has been reported
to transform into 1T" MoTe, under applied tensile strain or by inducing Te deficiencies
through laser illumination.*%8%° If one could control the phase of MoTe, by simply
controlling the reaction conditions, phase-patterned MoTe, could be mass produced for

device fabrication.

Electronic and optoelectronic applications of 2D TMDCs require
semiconductor—semiconductor junctions to allow for device functionality (e.g., p—n
junctions, diodes, and FETs) and metal—semiconductor contacts to inject charges. As was
discussed in Chapter 3, in-plane semiconducting TMDC heterostructures have been
previously synthesized, and these heterostructures possess an abrupt change in electronic
and optical properties across the atomically sharp junctions.’®#38410! Edge contacts have
been formed in 2D material-based metal-semiconductor junctions to increase transistor
“on” currents and effective charge mobility, as compared to traditional metal contacts.°6:"1
When the metal and semiconducting materials are two phases of the same material, the
barrier to charge injection can be quite low, thereby resulting in ideal, minimally resistive,

Ohmic contacts.'®1168 Metal-semiconductor homojunctions in MoTez have previously

been fabricated via applied strain or laser illumination, but prior to this report, no group
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has reported a direct synthetic approach for creating important metal—semiconductor

homojunctions in any 2D material.

Here we report the fabrication of in-plane 2H-1T" MoTe2 homojunctions using
flux-controlled phase engineering of few-layer MoTe, from Mo nanoisland precursors. The
phase of few-layer MoTe: is controlled by changing the Te atomic flux through the reaction
vessel temperature. At high Te flux conditions, few-layer 2H MoTe: is formed, whereas
few-layer 1T MoTe; is obtained with low Te flux. Few-layer, in-plane 2H-1T" MoTe>
homojunctions are synthesized using an intermediate Te flux condition. 2H-1T" MoTe;
homojunctions are confirmed to have abrupt interfaces between the 2H and 1T domains
by Kelvin probe force microscopy (KPFM) and Raman mapping, with an approximately
100 mV potential difference between the domains. Furthermore, patterned few-layer 2H-
1T" MoTe; heterostructures are fabricated using a phase-selective synthetic strategy. This
flux-controlled phase engineering method could be utilized for the large-scale controlled
fabrication of 2D metal-semiconductor junctions for future electronic and optoelectronic

devices. This work is reproduced with permission from Yoo, et al.1"

5.2.4 2H-1T" MoTez Devices

The in-plane 2H-1T" MoTe2 homojunctions discussed in the previous section were
used to fabricate in-plane field-effect transistors (FETS) to assess their electronic
properties. As was discussed in Chapter 1, semiconducting TMDCs frequently have
tunable bandgaps and ambipolar transport behavior, which makes them well-suited for use
in CMOS logic circuits. Moreover, no devices with 1T" have been published yet using as-

grown MoTez, and the detailed electrical properties of as-grown 2H-1T" MoTe: interfaces
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have not yet been studied. This section on the fabrication and measurement of 2H-1T"
MoTe, homojunction devices is presented as a summary of the work performed in
collaboration with the Koester group at the University of Minnesota. The bulk of this work

was performed by Rui Ma.

5.2.5 WS2/NbS2 Heterostructures

Interfacing semiconducting 2D TMDCs with other 2D materials has given rise to
heterostructures of a wide range of properties. Increased control of growth conditions and
sample preparation with 2D TMDCs has allowed for the design of increasingly complex
2D heterostructures and device geometries in recent years.’8171173174 However, many
electronic devices featuring 2D materials suffer from large contact resistances at the metal
contact interface, as was discussed earlier in this chapter.®® Thus, it is imperative that the
contact resistance be minimized to allow for accurate property measurement and optimal
device performance.

One way to minimize the contact resistance of such a device is to form lateral
heterostructures using a metallic 2D TMDC. In a lateral heterostructure, covalent bonds
can form at the edge of the semiconducting TMDC layers, avoiding the involvement of the
van der Waals surface in the device geometry. Some recently published works have utilized
this strategy.'1:17>176 Despite progress in this area, metal-semiconductor heterostructures
have not yet been achieved using NbS;, a metallic TMDC with a P6smc crystal structure.
NbS; and WS> both have the same crystal structure and similar lattice constants (anps2 =
3.33 A, aws; = 3.16 A),” which should allow for favorable covalent bonding at the

interface with minimal strain and few dangling bonds.
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In this work, CVD-grown, monolayer WS is used as a seed to grow few-layer NbS;
in a lateral WS2/NbS; heterostructure geometry. In this heterostructure, metallic NbS;
functions as a 2D electrical contact to the semiconducting WS,. These heterostructures
were subsequently characterized, and electrical devices were made to determine the

electronic effects of using NbS> as a contact material.

5.3 Experimental
5.3.1 In-Plane 2H-1T" MoTe2 Homojunctions

In-plane 2H-1T" MoTe, homojunctions were synthesized from Mo nanoislands
using a horizontal hot-wall tube furnace equipped with mass flow controllers and a vacuum
pump, the same general setup as described above for MoS: growth. Mo nanoislands were
deposited on SiO2/Si substrates using an e-beam evaporation setup at the Minnesota Nano
Center. Contact-mode AFM images and height line profiles show that the Mo nanoislands
have heights of about 1-3 nm and widths of a few hundred nanometers (Figure 5.1),
showing similar morphology to that of conventional transition metal nanoislands deposited
by e-beam evaporation.’® Te lump precursor was prepared by annealing Te slugs (0.8 g,
99.999%, Sigma Aldrich) at 635 °C for one hour under an Ar environment. Mo nanoislands
on SiO>/Si were placed face-down on an alumina boat containing the Te lump precursor
placed at the center of the heating zone in a 3-inch quartz tube (MTI Corp.). After
evacuating the quartz tube to less than 100 mTorr, Ar gas was flowed at a rate of 500 sccm
until atmospheric pressure was reached. Ar and H> were then each flowed at a rate of 5

sccm. During the reaction, the furnace was ramped to 585 °C in 15 minutes and was kept
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at this temperature for an hour. After the reaction, the furnace lid was opened so that the

furnace would cool rapidly to room temperature.
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Figure 5.1. AFM of Mo nanoislands and in-plane 2H-1T" homojunctions. (a) AFM height image
of Mo nanoislands deposited on SiO/Si substrates. (b) AFM height image of in-plane 2H-1T’
homojunctions. (c) Height line profile along the dotted white line in (a). (d) Height line profile
along the dotted white line in (b). This figure is reproduced with permission from Yoo, et al.
Adv. Mater. 2017, 29 (16), 1605461.172

In-plane 2H-1T" MoTe2 homojunction films are synthesized at a peak temperature
of 585 °C, but this same procedure can be used to grow uniform films of few layer 2H
MoTe, or 1T" MoTez by simply changing the temperature of the reaction. 2H MoTe; is
synthesized at 635 °C, whereas 1T is synthesized at 535 °C. Given that the reaction times
are the same in each of these cases, the linear ramp rate in each case was slightly different:
~41 °C/min for 2H MoTe;, ~37 °C/min for in-plane 2H-1T" homojunctions, and

~34 °C/min for 1T" MoTe; films.
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Using a phase selective synthetic strategy, we also demonstrate the patterning of
few-layer 2H-1T" junctions. The fabrication process is illustrated in Figure 5.2. First, few-
layer 1T' MoTez is synthesized from Mo nanoislands with low Te flux. These few-layer
1T MoTe, samples were subsequently spincoated with (methyl methacrylate) (PMMA)
(MW ~950000). We wrote patterns using a Vistec EBPG 5000+ system, developed the
PMMA in 1:3 MIBK:IPA, and rinsed the sample in IPA. Using the PMMA patterns as a
protecting mask, the unmasked few-layer 1T MoTe, was etched away in 30% H»O:
aqueous solutions for 3 min, and Mo nanoislands were deposited on the sample through e-
beam evaporation. The PMMA was lifted off in acetone for 30 minutes to obtain patterned
regions of 1T MoTe. and Mo nanoislands, which were subsequently annealed with high

flux to make few-layer 2H-1T' MoTe patterns.

1T' MoTe; Coating with Exposure &
- = - — - — -

Mo nanoislands 1T MoTe;
on SiOy/Si on SiOy/Si on 1T MoTe;
on Si0y/Si
Etching of
1T" MoTe;
- 2H MoTe; Removal of Evaporation
ﬁ Gmwm - PMMA - Of - -
2H-1T" MoTe;
on SiOy/Si

Figure 5.2. Schematic illustration of the fabrication procedure for few-layer 2H-1T' MoTe>
patterns. This figure is reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16),
1605461.172
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Contact-mode AFM measurements were performed on a Bruker Nanoscope V
Multimode 8 SPM using silicon tips with nominal force constant of 0.60 N/m. KPFM
measurements were performed using a Bruker SCM-PIT probe possessing an electrically
conductive Pt-1r coated tip with a tip radius of about 20 nm. Raman spectra and the maps
were acquired using a 632.8 nm laser excitation focused through a 100x objective lens with
a power of 30 uW at room temperature. SEM images were taken on a JEOL JSM-6500F
SEM operated at an accelerating voltage of 5 kV. XRD measurements were performed on
a Bruker D8 Discover equipped with a 2D X-ray diffractometer using a Co Ko radiation

point source.

In this work, I acquired the AFM and KPFM data of the in-plane 2H-1T" MoTe>
homojunctions. | also contributed intellectually to the realization of these experiments and
have since replicated their results. The synthesis of in-plane 2H-1T" MoTe, homojunctions

for this work and all other material characterization was performed by Youngdong Yoo.

5.2.2 2H-1T" MoTez Devices

In-plane 2H-1T" MoTe> homojunction samples were patterned and etched into
rectangular bars of 2H, 1T, and 1T -2H-1T" MoTe; regions, upon which contacts of Ti/Au
(10 nm/80 nm) were patterned and deposited. These devices were used to assess the device
performance of MoTe> devices with and without the use of conducting 1T~ MoTe> as an

electrical contact.

This work is presented as a summary of work performed largely by Rui Ma in the

Koester group. In these experiments, | was responsible for certain portions of the in-plane
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2H-1T" MoTe, homojunction synthesis, as well as the Raman mapping. Much of the
experimental design was performed by Rui Ma and Youngdong Yoo, and all of the device
performance measurement was performed by Rui Ma and collaborators in the Koester and

Low groups.

5.2.3 WS2/NbS2 Heterostructures

Ultraclean WS> monolayers were synthesized using a procedure reported
previously.®* A Lindberg/Blue M hot-wall, single-zone tube furnace was equipped with
mass flow controllers and an Edwards RV8 vacuum pump. An alumina boat containing
500 mg of WO3 powder (99.998 %, Alfa Aesar) was placed at the center of the furnace in
a 2-inch diameter quartz tube. A c-cut sapphire substrate was placed polished-face-up on
an upside-down alumina boat, which was placed a few centimeters downstream from the
center of the furnace. Sulfur pieces (99.999 %, Alfa Aesar) were located in another alumina
boat upstream from the center of the furnace. After evacuating the tube to less than 10
mtorr, Ar gas at 400 sccm was used to purge the tube. The Ar flow rate was then reduced
to 60 sccm (standard cubic centimeters per minute) and Hz gas was introduced at 15 sccm,
maintaining a chamber pressure of 550 mtorr during the reaction. The furnace was heated
to 1050 °C at a rate of 11 °C/min and kept at 1050 °C for 5 min. The temperatures of the
substrate and sulfur powder were measured to be approximately 940 °C and 160 °C,
respectively. The furnace was rapidly cooled after the reaction.

To synthesize WS2/NDbS; heterostructures, monolayer WS> grown on c-cut sapphire
was used as a substrate for NbS> film growth. The NbS> film growth described here is very

similar to the chloride-based, few-layer NbS, growth described in Chapter 2. WSa/sapphire
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substrates were placed at the center of the furnace in a 2-inch quartz tube, while S pieces
and 100 mg NbCls powder were placed upstream from the center of the furnace. Prior to
loading, NbCls powder was kept in a sealed vial with an Ar-rich atmosphere. Ar gas was
introduced at 200 sccm prior to precursor loading and tube evacuation, to create an Ar-rich
environment and minimize ambient degradation of the NbCls powder during setup. After
evacuating the tube, Ar gas was used to purge the tube. Ar and Hz gas were then introduced
at rates of 60 and 5 sccm, respectively, and the reaction was carried out at low pressure
(~400 mtorr). The center of the furnace was heated to approximately 1000 °C at an average
rate of 11 °C/min. After the S precursor remained molten for 7 min, the furnace was rapidly

cooled.

Raman spectra and optical images were acquired using a Raman microscopy setup
featuring 532 nm laser excitation aligned through a 100x objective lens with incident power
of approximately 200 uW. AFM data was acquired in tapping mode on a Bruker Nanoscope
V Multimode 8 SPM using Si tips with nominal force constant of 42 N/m. KPFM
measurements were performed using a Bruker SCM-PIT-V2 probe comprised of a Pt—Ir
tip with radius of approximately 20 nm. SEM images and EDS data were acquired using a
JEOL JSM-6500F SEM and TEM images were acquired using a FEI Tecnai G2 F30 TEM.
SEM, EDS, and TEM characterization was performed with the help of Nick Seaton and
Jason Myers in the Characterization Facility at the University of Minnesota.

To ascertain the effectiveness of the NbS, as a contact material in these
heterostructures, we have patterned samples in a metal-semiconductor—metal device
geometry (NbS;—WS>—NbS) using e-beam lithography, with isolated regions of

monolayer WS laterally connected only to regions of NbS». Similar to the results presented
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in Section 5.2.2, this work was done in collaboration with the Koester group, with the
device fabrication performed by Rui Ma. Ti/Au (10 nm/80 nm) electrodes were deposited
on top of the metallic NbS; film regions to read out the electronic properties of the patterned
devices, and printed ion gels were deposited on top of the flakes to function as a top gate.
NbS:-only and WS2-only control devices were also fabricated, in which isolated regions of
each single material were used for depositing electrodes and top-gate ion gels. Aside from
the device work and the SEM, EDS, and TEM characterization, all synthesis and

characterization of these materials was performed by the author.

5.4 Results and Discussion
5.4.1 In-Plane 2H-1T" MoTe2 Homojunctions

The MoTe: films obtained from the Mo nanoisland tellurization method can be seen
in Figure 5.3. These MoTe> films are continuous and possess root-mean-square (RMS)
roughness of about 0.88 nm, as determined by AFM, which is relatively smooth compared
to the the 0.5—1 nm roughness of the underlying SiO2/Si substrates. The thickness of these
films were measured to be about 3.5 nm, consistent with the thickness of five layers of

MoTez (see Figure 5.4).140.17°
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Figure 5.3. Growth of in-plane 2H-1T" MoTe, homojunctions from Mo nanoislands. (a)
Schematic illustration of the growth process. (b—d) Optical image of few-layer 2H, in plane 2H-
1T, and 1T" MoTe; synthesized at 635, 585, and 535 °C, respectively () Raman spectra acquired
at the points marked by 1-4 in (b—d). (f) High-resolution XPS spectra showing Mo 3d peaks of
few-layer 2H and 1T" MoTe.. (g) High-resolution XPS spectra showing Te 3d peaks of few-
layer 2H and 1T" MoTe,. The Mo 3d and Te 3d peaks of few-layer 1T MoTe; are downshifted
by ~0.6 eV and ~1.1 eV, respectively, compared to those of few-layer 2H MoTe,. This figure is
reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16), 1605461.%"2
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Figure 5.4. AFM of scratched in-plane 2H-1T’ MoTe; films. (a) AFM height image of in-plane
2H-1T' MoTe; films with tweezer scratch. (b) Height line profile along the dotted white line in
(a). This figure is reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16),
1605461.172

Optical images of few-layer MoTe> films show that the MoTe> in each case is very
uniform, with large optical contrast between 1T" and 2H MoTe; domains. The change in
optical contrast between the 1T  and 2H MoTe> is due to the change in the visible
absorption spectrum of each phase.#1%* Raman spectra taken from different points of a
2H/1T" homojunction show that each domain exhibits phase-specific characteristic Raman
peaks: the By (163.0 cm™) and Ay (260.1 cm™) modes for 1T" MoTe,, and the Aig
(170.9 cm™) and Ezq (233.5 cm™) modes for 2H MoTe,.26418 The crystal structures of as-

synthesized few-layer 2H and 1T" MoTe2 were confirmed by XRD (Figure 5.5).
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Figure 5.5. XRD patterns of few-layer 2H (red) and 1T’ (black) MoTe,. The peaks of as
synthesized few-layer 2H and 1T’ MoTe; are indexed to hexagonal 2H MoTe, (JCPDS #73-
1650) and monoclinic 1T' MoTe, (JCPDS #71-2157), respectively. This figure is reproduced
with permission from Yoo, et al. Adv. Mater. 2017, 29 (16), 1605461.17

XPS measurements allowed for the analysis of the elemental composition and
chemical states of few-layer MoTe,. The presence of elemental Mo and Te are confirmed
in few-layer 2H and few-layer 1T" films by the XPS survey spectrum. Also present in the
survey spectrum are adventitious C and O signal, which originate from atmospheric
transfer of the material. These signals were used to calibrate the electron binding energies.
The high-resolution XPS peaks for 2H MoTe, were observed at 228.4 eV (Mo 3ds),
231.5eV (Mo 3ds), 573.1 eV (Te 3dsr2), and 583.5 eV (Mo 3ds). The high-resolution
XPS peaks for 1T" MoTe, were observed at 227.8 eV (Mo 3ds/2), 230.9 eV (Mo 3dsp),
572.0eV (Te 3ds2), and 582.4 eV (Mo 3ds2). The XPS peaks for 1T" MoTe; are reportedly
downshifted by about 0.4-0.6 eV from the XPS peaks of 2H MoTe,.14016817 |n our few-
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layer 1T" MoTe, however, the Te 3d peaks are downshifted by ~1.1 eV, whereas the Mo
3d peaks are downshifted by ~0.6 eV. We attribute this additional downshifting of the Te
3d peaks to Te deficiency. Chalcogen deficiency in TMDCs reportedly decreases the
binding energy of the chalcogen while maintaining the same binding energy of the
transition metal, '8 which is consistent with our XPS measurements (Figure 5.6). The
Te/Mo atomic ratios of the MoTe; films were quantified by comparing the area ratio of Mo
3d-to-Te 3d peaks of 2H MoTe> with that of 1T MoTe.. When the value of this Te/Mo
atomic ratio for 2H MoTez is normalized to 2.00, the Te/Mo atomic ratio of 1T" MoTez is

calculated to be about 1.86.
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Figure 5.6. XPS survey spectrum of few-layer 2H (red) and 1T’ (blue) MoTez. This figure is
reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16), 1605461.17
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Based on the Te deficiency present in these few-layer 1T~ MoTe films, we
hypothesize that the flux of Te during the growth determines the phase of MoTey,
consistent with the previously reported crystal growth.*#18 The experiments presented in
Figure 5.3 conflate two variables: substrate temperature and Te flux. Figure 5.7 shows a
series of reactions performed to exclude the influence of substrate temperature on the
resulting films. In these experiments, the Te flux was controlled independently by keeping
the substrate temperature at 635 °C and placing the Te lump at four different positions in
the growth tube: A (635 °C), B (585 °C), C (535 °C), and D (485 °C). The vapor pressure
of Te was calculated to be approximately 10.9, 4.5, 1.7, and 0.5 Torr for the 635, 585, 535,
and 485 °C conditions, respectively.'8® Flux, defined as the number of deposited atoms per
unit time and area, is proportional to the vapor pressure. To this end, the Te flux at 635 °C
is estimated to be approximately 20 times greater than at 485 °C. Stokes and anti-Stokes
Raman spectra show that sample A (Te temperature of 635 °C) exhibits characteristic
Raman peaks of 2H MoTez, while sample C (Te temperature of 535 °C) shows
characteristic Raman peaks of 1T~ MoTe>. Sample B (Te temperature of 585 °C) shows
Raman peaks corresponding to both 2H and 1T" MoTe, indicating that the sample is
composed of both 2H and 1T~ MoTe,. Sample D (Te temperature of 485 °C) exhibits
shifted Raman peaks of 1T MoTe, likely due to the severe Te deficiency present in the
sample as a result of the dramatically decreased Te flux. Additional Raman measurements

and Lorentzian fitting results are shown in Figure 5.8.
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Figure 5.7. Flux-controlled phase engineering of few-layer MoTe,. (a) Schematic illustration of
the experimental setup for flux-controlled reactions and the temperature profiles of the furnace
heated to 635 C. Te lump was placed at positions of A (635 °C), B (585 °C), C (535 °C), and D
(485 °C) for the syntheses of few-layer 2H, mixed 2H-1T", 1T", and defective 1T~ MoTe,,
respectively. The temperature of Mo nanoislands on SiO,/Si substrates was kept at 635 °C for all
experiments. (b) Stokes and anti-Stokes Raman spectra of few-layer 2H, mixed 2H-1T", 1T", and
defective 1T~ MoTe; synthesized at Te temperatures of 634, 585, 535, and 485 °C, respectively.
This figure is reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16), 1605461.17
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Figure 5.8. Raman spectra and Lorentzian fitting results of few-layer 2H, mixed 2H-1T’, 1T,
and defective 1T’ MoTe;. This figure is reproduced with permission from Yoo, et al. Adv. Mater.
2017, 29 (16), 1605461.17

This synthesis is assumed to be in thermodynamic control, given that the Mo
nanoislands are annealed in a Te environment for long enough that they can reach
thermodynamic equilibrium. This is further supported by the observation that the changes
in phase are driven by the Te chemical potential. Density functional theory (DFT)
calculations have previously predicted that 2H MoTe; is the most thermodynamically
stable phase for stoichiometric MoTe>, whereas the 1T" phase becomes more stable as the
Te vacancy concentration increases.'®® Here, it is demonstrated experimentally that the
MoTe> phase is determined thermodynamically by the Te vacancy concentration, and we
provide optimum quantitative values of vapor pressures for the growth of 2H, mixed 2H-

1T, and 1T" MoTe..
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The in-plane 2H-1T" MoTe> homojunctions are further characterized by Raman
mapping and KPFM (Figure 5.9). An optical image of the 2H-1T" MoTe> region used for
Raman mapping shows clear optical contrast between the 2H and 1T~ domains. Raman
spectra indicate that the inner, circular area is composed of 2H MoTe;, whereas the outer
region is composed of 1T~ MoTe2. Raman maps of the 2H MoTe; E>g mode and the 1T”
MoTe, By mode show that the junctions between the 2H and 1T" MoTe, domains are
abrupt. An AFM height image and corresponding height line profile show that no
significant height difference exists between the 2H and 1T" regions. A KPFM image and
corresponding potential line profile confirm that a sharp 100 mV potential difference exists
between the 2H and 1T~ MoTe> domains. KPFM measures the contact potential difference
(CPD) between the scanning probe tip and the material.'® CPDs measured on 2H and 1T"
MoTe; are defined to be [®(tip) — P(2H MoTez)]/e and [D(tip) — (1T MoTez)]/e, where
d(tip), ®(2H MoTez), and O(1T" MoTe) are the work functions for the tip, 2H MoTey,
and 1T" MoTey, respectively. Based on the KPFM measurement, the work function
difference between the 2H and 1T" MoTe; domains, ®(2H MoTez) — ®(1T" MoTey), is
calculated to be approximately 100 meV. This work function difference can be attributed
to the Te deficiency in 1T" MoTez and the electronic structure difference between 2H and
1T MoTez. An atomic model of in-plane 2H-1T" MoTe> junctions is illustrated in Figure

5.9i.
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Figure 5.9. Raman mapping and KPFM study of in-plane 2H-1T" MoTe, homojunctions. (a)
Optical image of in-plane 2H-1T" MoTe, homojunctions. (b) Raman spectra taken from the
points marked by 1 and 2 in (a). (¢) Raman intensity map of the Exy mode of 2H MoTe;. (d)
Raman intensity map of the B; mode of 1T~ MoTe». (€) KPFM potential image of the in-plane
2H-1T"° MoTe, homojunctions. (f) AFM height image of the in-plane 2H-1T" MoTe;
homojunctions. (g) Potential line profile along the dotted white line in (€). (h) Height line profile
along the dotted white line in (f). (i) Atomic model of an in-plane junction between 2H and 1T”

MoTe;,. This figure is reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16),
1605461.1"2

Using a phase selective synthetic strategy, we also demonstrate the patterning of
few-layer 2H-1T" junctions (Figure 5.10). A crucial observation of these patterns is that
the phase of few-layer 1T~ MoTe; is conserved without phase change or decomposition
during the annealing step with high Te flux (Figure 5.11). We believe this is due to Te
atoms being unable to effectively incorporate into the lattices of previously synthesized
few-layer 1T~ MoTe> under the high Te flux conditions. Generally, once MoTez has been
grown in a specific phase, it becomes kinetically trapped in that phase under our reaction

conditions. The 2H-1T" MoTe> patterns fabricated by this method show a sharp optical
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contrast between the inner and outer regions. Raman measurements and mapping confirm
that the inner and outer domains of these patterned junctions are 2H and 1T~ MoTe,
respectively, and that the junction features abrupt interfaces between the 2H and 1T~

domains.
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Figure 5.10. Fabrication of few-layer 2H-1T" MoTe; patterns. (a) Optical image of 2H-1T"
MoTe; patterns. (b) Raman spectra taken from the points marked by 1 and 2 in (a). (¢) Raman
intensity map of the Exy mode of 2H MoTe.. (d) Raman intensity map of the By mode of 1T”
MoTe,. This figure is reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16),
1605461.1"2
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Figure 5.11. Phase conservation of few-layer 1T’ MoTe, during annealing with high Te flux.
Raman spectra of the 1T’ MoTe; before (black) and after (red) annealing with high Te flux. This
figure is reproduced with permission from Yoo, et al. Adv. Mater. 2017, 29 (16), 1605461.17

5.4.2 2H-1T" MoTe2 Devices

The in-plane 2H-1T" MoTez homojunctions discussed in the previous section were
used to fabricate in-plane field-effect transistors (FETS) to assess their electronic
properties. Figure 5.12 shows an optical image and Raman peak intensity maps of
representative 1T -2H-1T" MoTe, devices, showing optical contrast and Raman peak
intensity differences between the interior 2H and exterior 1T  regions that indicate an

abrupt junction between the two phases.
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Figure 5.12. Schematic illustration and Raman mapping of 1T -2H-1T" MoTe; devices. ()
Schematic diagram of an in-plane, monolayer 1T -2H-1T" MoTe, homojunction. The top
schematic in (a) is a cross-section view and the bottom is a basal plane view, with blue spheres
representing Mo atoms, yellow spheres representing Te atoms, and the red dashed boxes
representing primitive unit cells. (b) Optical image of a few-layer 1T -2H-1T" MoTe; device. ()
Raman spectra acquired from the 1T and 2H regions in (b). (d) and (€) are Raman intensity maps
of the Ezg mode of 2H MoTe; and the By mode of 1T~ MoTe,, respectively, acquired from the
region indicated by the red dashed rectangle in (b). White dashed lines in (d) and (e) indicate the
borders of the Ti/Au contacts. This figure is reproduced with permission from Ma, et al.

Manuscript in preparation.

The transfer length method was used to determine the contact resistances of 1T"-
only and 2H-only devices (Figure 5.13). The contact resistance between Ti/Au and 1T"
MoTe> was determined to be 0.47 + 0.03 kQ-pum and the sheet resistance of the 1T~ MoTe>
was determined to be 2.65 £+ 0.09 kQ-um with no applied backgate voltage (Vsg), which
are comparable to the lowest published resistance values for phase-transitioned FETs of
TMDCs (200-300 Q-pm).1%! The contact resistance between Ti/Au and 2H MoTe; was
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determined to be 15.6 £ 0.58 MQ-um, with sheet resistance of 5.67 £ 0.7 MQ-um at Veg
=-100 V, which indicates that the contact resistance of a MoTe; device can be reduced by
approximately 4 orders of magnitude when using 1T~ MoTe> as the contact material. The
back-gate dependence of the 2H-only device contact resistance is shown in Figure 5.13b,

which indicates that the contact resistance increases with increasing Vge.
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Figure 5.13. Transfer length measurements and device characteristics. (a) Resistance vs. contact
spacing for the 1T" device at Vec = 0 V. (b) Resistance vs. contact spacing for the 2H device at
Vee =—100 V and Vps =-0.1 V. The inset in (b) is the percentage change of contact resistance
at four different values of Vac. () Room temperature transfer characteristics of the 1T and 2H
devices at Vps = 0.5 V. (d) Room temperature output characteristics of the 1T" device at Veg =
0 V and the 2H device at Vee =100 V. This figure is reproduced with permission from Ma, et
al. Manuscript in preparation.
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Room-temperature transfer characteristics of drain current (Ip) vs. Ves of 1T -only
and 2H-only devices (Figure 5.13c) indicate that the 1T -only device shows high drive
current (245 pA/um at Vps = —0.5 V) and no gate modulation, thereby confirming its
metallicity. The 2H-only device shows typical metal-oxide-semiconductor field-effect
transistor (MOSFET) transfer characteristic with a current on/off ratio of ~10°, possibly
affected by defects in the channel. The interface trap density of this device is calculated to
be ~10'3 cm/eV at room temperature. The room-temperature output characteristics (Ip vs.
Vps) of the 1T"-only device (Figure 5.13d) show that the current of the 1T"-only device is
more than 4 orders of magnitude larger than that of the 2H-only device at the same Vps.
Additionally, the 1T -only device shows a linear relationship whereas the 2H-only device
shows nonlinear behavior, supporting the assignment of 1T" and 2H MoTe; as metallic and

semiconducting, respectively.
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Figure 5.14. Temperature-dependent transport characteristics of 2H-only and 1T -2H-1T"
MoTe; devices. (a) and (b) are schematic diagrams of the 2H and 1T -2H-1T" device structures,
respectively. The 2H device dimensions are Lps = 3 um and W = 21 um, and the 1T -2H-1T"
device dimensions are Lps = 23 pm and W = 9 pm (with 17 um 2H region length). Transfer
characteristics (Io vs. Veg) of the (c) 2H device and (d) 1T -2H-1T" device at Vps = -0.1 V for
temperatures varying from 77 K (black curve) to 300 K (olive curve). Output characteristics (Ip
vs. Vps) of the (e) 2H and (f) 1T -2H-1T" device for Vgs varying from —100 V (top curve) to
+100 V (bottom curve) in steps of 40 V, acquired at T = 77 K (black points) and T = 300 K (olive

points). This figure is reproduced with permission from Ma, et al. Manuscript in preparation.
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The temperature-dependent device behavior for 2H-only and 1T°/2H/1T" device
geometries (Figure 5.14) show that the on-current, current on/off ratio, and subthreshold
swing (SS) are all improved by the use of 1T" electrodes. The on-current, current on/off
ratio, and SS for the 1T /2H/1T  device all increase with decreasing temperature,
suggesting that the current of the 1T°/2H/1T" device is in the mobility-limited regime, as
opposed to the thermionic-limited regime. Improvement of the current on/off ratio and SS
is not strongly observed in the 2H-only device, indicating that the current is limited by
thermionic transport associated with the metal/MoTe; interface in this case. Table 5.1
compares the performance of the 2H-only and 1T /2H/1T" devices, and is reproduced with
permission from Ma, et al. (manuscript in preparation). Each of the properties compared in
Table 5.1 shows a significant improvement with the 1T°/2H/1T" devices. It is important to
note that these devices have relatively high defect density, suggesting the need for further

work to reduce the defects in the as-grown MoTex.

The hole mobility was extracted from the temperature-dependent transfer
characteristics for 2H-only and 1T'/2H/1T’ devices. The hole mobility at a given
temperature and Vps is extracted at the maximum transconductance, gm, which is the

maximum derivative of the Ip-Ves curve. The hole mobility, y, is then calculated by

p=—dmt (4.1)

W:Cox'Vps

where L and W are the length and width of the device, respectively, Cox is the gate dielectric
capacitance, and Vps is the drain-to-source voltage. The extracted hole mobility as a
function of temperature for the 2H-only and the 1T'/2H/1T' devices are shown in Figure

5.15.
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Figure 5.15. Hole mobility (log scale) as a function of temperature (log scale) for the (a) 2H-
only device and the (b) 1T"/2H/1T’ device in Figure 5.14 at different values of Vps. This figure
is reproduced with permission from Ma, et al. Manuscript in preparation.

The 1T'/2H/1T' device shows more than 10 times higher hole mobility than that of
the 2H-only device, which is a logical result of the reduced contact resistances at the
metal/1T" and 1T'/2H interfaces. The mobility is relatively low in both devices because of
the high defect density in the as-grown MoTez. The 2H-only and 1T'/2H/1T' devices show
a power-law mobility vs. temperature dependence, i oc T, where x = 5.9 and x = 1.3,
respectively. The slope of the 1T'/2H/1T' device is close to the typical factor of x = 1.5 for
impurity scattering-dominant transport in the material due to the negligible effect of the
contacts. This confirms the ohmic nature of the metal/IT’ and 1T'/2H interfaces.
Additionally, the dependence of Vps on the hole mobility in the 1T'/2H/1T' device is less
than that in the 2H-only device, again confirming ohmic contacts in the 1T'/2H/1T’ device.
For the 2H-only device, the contact resistance and sheet resistance are of the same order of

magnitude, thus one would expect higher Vps dependence.
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Table 5.1. Comparison of 2H and 1T -2H-1T" device performance.

Property 2H devices IT’/2H/1T” devices  Ratio
On-current (nA/pm) 5.72 39.6 6.9
(at 300K, Vgs =-100V, Vps =-0.1V)

Transconductance (nS/pum) 0.2 0.43 2.1
(at 300K, Vps =-0.1V)

Mobility (cm?V-1s1) (at 300K, Vps =-0.1V) 0.6-0.8 9-10 12-15
Current on/off ratio (at 77K, Vps = -0.1V) 10 3.5x103 350

Improvement in the contact resistance when using the metal/1T" electrode design
is also observed in the output characteristics (Io vs. Vps) of the devices shown in Figures
5.14e—f. The linear output characteristics of the 1T°/2H/1T" device at 300 and 77 K
indicates ohmic behavior of the 1T electrode and the 1T'/2H interface, whereas the output
characteristics of the 2H device are nonlinear and become severe at low temperature,

suggesting the presence of a Schottky barrier at the metal-2H interface.

Temperature-dependent transfer characteristics were used to extract Schottky
barrier heights for three interfaces: (1) Metal/2H MoTez, (2) metal/IT" MoTez, and (3)
1T°/2H MoTez. The thermionic emission equation was used to model the temperature and

bias dependence of Ip, expressed as

Ip = AT Sexp [—m(cbsg) —4 UDS] (4.2)

where A™ is the effective Richardson constant, T is the temperature, ks is the Boltzmann
constant, @sg is the Schottky barrier height between the metal Fermi energy and the valence
band edge of 2H MoTey, q is the electronic charge, Vps is the drain-to-source voltage, and
n is the ideality factor. The activation energy is denoted by (®sg — qVbs/7), and ®sg at each
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gate voltage is extracted by the Arrhenius plot, In(Io/T*°) vs. 1/kgT, at different values of

Vps.

The Arrhenius plots for a 1T -only device at Ves = 0 V (Figure 5.16a) show positive
slope values, indicating a negative activation energy. This suggests that the conductivity of
1T" MoTe> decreases with increasing temperature, thereby implying that 1T~ MoTe: is
metallic or semi-metallic. The Arrhenius plots for a 2H-only device at Ve = —100 V
(Figure 5.16b) show negative slope values, indicating thermally-activated transport.
Similar behavior was observed for all Ve values used. Finally, the Arrhenius plots for a
1T /2H/1T" device at Vesc = —100 V (Figure 5.16c) also show negative slope values,
indicating thermally-activated transport. However, since no thermally-activated transport
was observed for the metal/1T" interface, the energy barrier associated with transport in
the 1T°/2H/1T" device must be associated with the 1T /2H interface and not the metal/1T"

interface.
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Figure 5.16. Arrhenius plots and bias-dependent effective barrier heights. (a) Arrhenius plots of
In(Io/T*%) vs. 1/ksT for the 1T -only device (depicted above the (a) panel) at Vsg = 0 V for
different values of Vps. The positive slopes here indicate the absence of an energy barrier at the
metal/1T" interface. (b) Arrhenius plots for the 2H-only device at Vgg = —100 V for different
values of Vps. (c) Arrhenius plots for the 1T /2H/1T" device at Vsc =—100 V for different values
of Vps. Given the absence of a barrier at the metal/1T" interface, the positive slope in (¢) is an
indication of the barrier height at the 1T"/2H interface. This figure is reproduced with permission

from Ma, et al. Manuscript in preparation.

According to Equation 4.2, the Arrhenius curve slopes can be plotted as a function
of Vpbs and then extrapolated to Vps = 0 V to extract the effective hole Schottky barrier
height, ®sg. The slopes of the Arrhenius curves are (qVps/n — ®sg), SO the effective
Schottky barrier height, ®sg, can be extracted by plotting the slopes vs. Vps and then
extrapolating to Vps = 0 V. A representative plot of the extraction for a 2H-only device at
a given Vgg is shown in Figure 5.17. ®sg is extracted for all values of Vec. The results of
this extrapolation for the 2H-only device and the 1T°/2H/1T" device (Figure 5.18) show
that the overall barrier height for the 1T°/2H/1T" device is significantly lower than that of

the 2H-only device over the entire range of Vgg.
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Figure 5.18. Effective Schottky barrier height of the 2H device (black curve) and the 1T /2H/1T"
device (red curve) as a function of Vgg. Error bars are extracted from the fitting shown in Figure

5.16. This figure is reproduced with permission from Ma, et al. Manuscript in preparation.
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These results are qualitatively consistent with the Schottky barrier heights extracted
for metal contacts to exfoliated 2H MoTe,,'#1% and the 1T°/2H energy barrier is also
consistent with that previously observed for exfoliated MoTe> with process-induced 1T"
regions.'%® However, some discrepancy exists in the gate voltage dependence of the barrier
height for the metal/2H contacts. In a previous report,'8 the effective barrier height was
found to have a strong gate voltage dependence, with the barrier height increasing to
300 meV near the transistor off-state to near 0 V in the strong on-state region.
Contrastingly, our work shows that the metal/2H barrier height has only a small gate
voltage dependence, with similar behavior for the 1T°/2H barrier height. This behavior is
likely due to the presence of defects in MoTez, which can lead to trap-assisted tunneling of

carriers from the metal contacts into the MoTex.

We have also performed density functional theory (DFT) calculations of monolayer
to five-layer 1T" and 2H MoTe> band structures to estimate the expected band alignments.
Figure 5.19 shows the computed band structures of 5-layer 2H and 5-layer 1T' MoTex.
Using PBE/GGA with spin-orbit coupling, the 5-layer 2H MoTe; is determined to be a
semiconductor with an indirect band gap of 0.75 eV. This band gap is smaller than the
experimentally determined value, but DFT has long been shown to underestimate the
magnitude of band gaps. For the 5-layer 1T’ MoTey, the band gap is closed and the CB
minimum and VB maximum are overlapping. Because these CB and VB states are not

completely separated, the 5-layer 1T’ MoTe: is determined to be semi-metallic.
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Energy (

Figure 5.19. Calculated band structures of (a) 5-layer 2H MoTe,, and (b) 5-layer 1T’ MoTey,
respectively, with spin-orbit coupling included. Inset are the crystallographic unit cells. This
figure is reproduced with permission from Ma, et al. Manuscript in preparation.

DFT calculations confirm that 1T" and 2H MoTe; are metallic and semiconducting,
respectively. DFT calculations also show that the Fermi level at the five-layer 1T°/2H
boundary is within ~100 meV of the valence band edge, which is much closer than
expected for Ti contacts to 2H MoTe2.2®” We believe that the effect of trap-assisted
transport in our samples makes it difficult to perform a truly quantitative comparison with

experimental data.

The thickness dependent band gap determined by the difference between the CB
minimum and VB maximum is shown in Figure 5.20a. The barrier heights (for holes) at
the 2H/1T' interface were calculated using the Schottky-Mott model,'® which assumes that
the barrier for holes is the energy difference between the work function of the metal and
the VB maximum of the semiconductor. The calculated barrier heights as a function of

layer number are shown in Figure 5.20b.
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Figure 5.20. (a) Band gap of 2H MoTe, and (b) barrier height at the 2H/1T’ interface as a
function of layer number. This figure is reproduced with permission from Ma, et al. Manuscript

in preparation.

The calculated barrier height for the 5-layer 2H-1T" interface is ~136 meV. This is
much larger than the electrically determined value in Figure 5.18, but it has been previously
demonstrated that the Schottky-Mott model is insufficient in predicting the barrier height
of 2D lateral heterostructures.’®® Sophisticated models are needed to more accurately
estimate the barrier heights, possibly including the construction a supercell that consists of
both material phases. Another possible explanation for this barrier height discrepancy is
that the interfacial traps in our devices may pin the Fermi level of 1T’ MoTe; closer to the

VB of 2H MoTeo>.

Finally, we note that the roll-off of the Schottky barrier for the 1T /2H/1T" device
in Figure 5.18 at positive gate voltages is unexpected, because the effective barrier height
should continue to increase to at least half of the band gap before decreasing due to the
onset of ambipolar transport.'® Thus, additional experiments and simulations are needed
to understand the role of traps and the electrostatic effects of the in-plane 1T/2H

heterostructures.
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5.4.3 WS2/NbS2 Heterostructures

WS2/NbS; lateral heterostructures grown via CVD can be seen in Figure 5.21. The
as-grown WS, triangular flakes grown on bare c-cut sapphire are shown in the
representative optical microscope image in Figure 5.21a and confirmed to be monolayer
by PL spectroscopy (Figure 5.21b), showing strong PL peak intensity.® Subsequent NbS;
growth on these samples results in the lateral heterostructures visible in the optical image
in Figure 5.21c. Raman spectra (Figure 5.21d) confirm the presence of WS, and NbS;
Raman modes over the respective regions of each material, with modes of both materials
visible at the interface region.®%1%-1%2 SEM images (Figure 5.21€) show the WS2/NbS;
lateral heterostructures with some NbS> nucleated on the center of the top of the WS..
These SEM images show some charging at the edge of the WS, domains, partially due to
the insulating sapphire substrate beneath the semiconducting WS, regions, accentuated by
charge pooling at the interface between the WS> and metallic NbS,. EDS data in these
regions show the clear presence of elemental Nb and S in the NbS; film regions, but there
is little to no W signal visible anywhere on the surface. This lack of W signal is easily
explained by the monolayer nature of the WS, domains providing such a small sample

volume that the generated signal is below the detection limit of the EDS detector.
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Figure 5.21. WS,/NbS; lateral heterostructure characterization. (a) Representative optical image
of ML WS; on sapphire, (b) PL spectrum of another representative ML WS;/sapphire sample,
(c) optical image of WS,/NbS; heterostructures, (d) Raman spectra corresponding to regions 1—3
in (c), () SEM image of WS,/NbS; heterostructures, and (f) EDS spectrum over NbS; film
region.
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AFM analysis in Figure 5.22 provides a clear perspective of the interface
morphology. The monolayer WS, flakes show smooth surfaces that undulate
correspondingly with the underlying surface terraces in the sapphire substrate. The NbS:
film on the other side of the interface is polycrystalline, with a ~1 nm height increase
(relative to the WS> height), implying that the NbS: is few-layer at the WS,/NbS interface.
The NbS; film thickness increases significantly with increasing distance from the interface.
The maximum NbS; film thickness varies between samples but is typically ~50—100 nm,
as shown in Figure 5.22b. The NbS; film shows a variety of triangular plateaus and etch
pits on the surface, which are likely due to dislocations or defects generated during growth.
As was discussed in Chapter 2, it is likely that the use of NbCls precursor has unintended
consequences on the NbS; film morphology. Vapor-phase chlorine or other chloride-
containing byproducts of the NbCls precursor are likely creating regions of local oxidation,
which result in the formation of triangular etch pits in the NbS; film at high temperatures.
While this morphology is not ideal, the film appears to be completely continuous, with all
grains in seemingly good contact with nearby grains. Most importantly, the NbS film
appears to grow laterally from the edge of the WS flake, with a seemingly abrupt junction

between the NbSz and WS regions.
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Figure 5.22. AFM and KPFM analysis of WS,/NbS; heterostructures. (a) AFM of a WS2/NbS;
heterostructure interface and (b) AFM of a NbSz-only film region. (¢) KPFM potential image
and (d) height image of a WS,/NbS; heterostructure interface, acquired simultaneously.

To better characterize the electronic properties of the heterostructure, | performed
KPFM across the interface. KPFM potential images show a ~0.35 V potential difference
across the WS,/NbS; interface. This potential difference is somewhat larger than the
potential difference expected between the work function of NbS; and the valence band
maximum of WS;,'% but this discrepancy is likely due to the insulating sapphire substrate.
NbS; is expected to be metallic, but the geometry of the deposited film is such that it is not

directly in contact with any other metals. Thus, the WS2/NbS; heterostructures are not able

142



to be properly grounded during KPFM measurement without inducing permanent
damaging to the sample through the use of carbon tape or a metallic epoxy.

Cross-section HRTEM analysis was performed on the WS,/NbS; heterostructures
to investigate the interfacial structure. A cross-sectional lamella of the sample was etched
and lifted out of the substrate using a focused ion beam (FIB) setup. Figure 5.23 shows
HRTEM analysis of this cross-sectional sample. The crystal lattice of the sapphire substrate
is clearly visible (with lattice spacing of ~5 A), upon which layers of the NbS; film are
stacked with layer spacing of ~6 A, consistent with the crystal structures of both materials.
The inset in Figure 5.23a shows a convergent beam electron diffraction (CBED) pattern of
the NbS; film region, which shows the rhombohedral, A-B-C stacking order expected for
3R NbS;, thereby confirming the NbS: film is the 3R phase. In other regions of the cross-
section sample, the WS, monolayer crystal is visible, indicated by the sub-nanometer film
of dark contrast above the sapphire substrate. EDS data acquired from each of these regions
confirms the presence of NbS, and WSy, respectively. However, it is difficult to ascertain
any information about the interfacial bonding and structure of these heterostructures from
these HRTEM images, because the lateral NbS2/WS; interface was not clearly resolvable.
The inability to resolve the lateral NbS2/WS: interface is likely due to the difficulty in
etching and thinning the cross-sectional lamella via FIB. The hard, insulating nature of

sapphire makes this process slow and prone to charging-induced error.
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Figure 5.23. Cross-section TEM and PL mapping analysis of the WS,/NbS; interface. Cross-
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section TEM image of the (a) NbS./sapphire interface and (b) WS./sapphire interface. Inset in
(a) is a CBED pattern of NbS; film. Map of WS; PL (c) intensity and (d) position observed in a
WS>/NDbS; heterostructure on sapphire.

To better understand the nature of the WS2/NbS: interface, | acquired PL maps of
the WS2/NbS; heterostructures on sapphire (Figure 5.23c—d). Photoluminescence is
sensitive to a variety of factors, including external electrostatic doping, strain, and
structural defects, thus PL mapping can help us better understand the interfacial

structure.!® The PL intensity map of the WS2/NbS; heterostructures in Figure 5.23c—d
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shows that there is significantly increased PL intensity at the edge of the ML WS; flakes
that directly borders the NbS> film. This locally increased PL intensity at the WS> edge
also corresponds with a general decrease in the PL peak position. It has been previously
shown that the PL peak wavelength can blueshift when the material has a higher
concentration of n-dopants.'®1% In the case of WS2/NbS; heterostructures, the increased
intensity and blue-shifting of the PL at the WS edges is likely due to n-doping caused by
structural defects (such as S vacancies or Nb inclusions) localized at the edges of the WS>
flakes.

The goal of this work is to use metallic few-layer NbS; as a lateral contact to the
semiconducting WS, monolayers. The preliminary characteristics of NbS;-only,
NbS2/WS>, and WS»-only devices are shown in Figure 5.24. Output characteristics of a
representative NbS»-only device with no applied gate voltage show relatively large current
with applied drain-to-source voltage (Vbs), especially compared to that of WS,/NbS; and
WS;-only devices (Figure 5.24b—c). Some non-linearity is present in the NbS; output
characteristics, which could be an indicator of semi-metallic character in the NbS..
However, transfer characteristics of the NbSz-only device (Figure 5.24d) show no gate
dependence in the drain current at a varying Vps, which indicates that the NbS> channel is

metallic.
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Figure 5.24. Preliminary device characteristics and investigation of WS,/NbS; heterostructure
devices via Raman and PL mapping. Output characteristics (drain current vs. drain-to-source
voltage) of representative (a) NbSz-only, (b) WS,/NbS;, and (c) WS;z-only devices with no
applied gate voltage. (d) Transfer characteristics (drain current vs. gate-to-source voltage) of a
NbS;-only device at varying drain-to-source voltages, showing no gate dependence. (e) Optical
microscope image of a representative WS2/NbS; heterostructure device. (f) WS, Raman and (g)

PL maps of device in (e), showing degradation in the channel.

It was observed that the e-beam resist was under-dosed during device fabrication,
resulting in resist residuals that are visibly present for WS2/NbSz, NbSz-only, and WS-
only devices (all devices shown in Figure 5.24). The presence of these residuals is a more
likely explanation of the non-linearity present in the NbS; output characteristics than semi-
metallic character. Output characteristics of the WS>/NbS, heterostructure device show
two orders of magnitude less current than the NbS,-only device, which can be due to e-
beam resist residuals and damage to the channel during device fabrication, which I will
discuss in more detail in the following paragraph. Output characteristics of the WSz-only
device show no distinguishable current, which can be due to e-beam resist residuals,
channel damage, or van der Waals tunneling barriers formed between the Ti/Au leads and

the WSy, as discussed in Section 5.2.2.
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The particularly low drain currents for the WS2/NbS, and WS»-only devices
prompted an investigation into the integrity of the materials in these devices. After
removing the ion-gel top gates, all devices appear to show significant damage to the
channel region, as indicated in WS, Raman and PL maps (Figure 5.24f—g). A significant
portion of the channel region in these devices do not show the indicative WS, Raman or
PL peaks that were present before device fabrication. This damage is likely induced by the
choice of ion gel top gate or long solvent soaking times for resist removal during device
fabrication. In future devices, gentler device fabrication procedures will be used. It is also
worth noting that the WS, Raman map was generated by integrating the Raman intensity
over a small relative wavenumber range around the WS, 2LA(M) mode near 352 cm™.1%
However, this range overlaps with Raman modes for NbS;, hence we can see moderate

Raman intensity over the NbS; regions in Figure 5.24f.%7

5.5 Conclusions and Future Work

The work with in-plane, few-layer, 2H-1T" MoTe, homojunctions demonstrates
that flux-controlled tellurization of Mo nanoislands can be used to grow phase-specific
few-layer MoTe; films. This is the first time few-layer in-plane 2H-1T" MoTe;
homojunctions have been synthesized at optimum Te flux conditions. With low Te flux,
few-layer 1T" MoTe> is obtained, whereas few-layer 2H MoTe; is formed with high Te
flux. With exceedingly low Te flux, defective 1T" MoTe> can be grown. Raman mapping
and KPFM confirm that the junctions of the in-plane 2H-1T~ MoTe2 homojunctions have
a sharp interface possessing a potential difference of 100 meV between the two domains.

Furthermore, the phase-selective MoTe> synthesis has been shown to be useful for the
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fabrication of patterned few-layer 2H-1T" MoTe> junctions. This flux-controlled synthetic
approach allows for the possibility of large-scale direct fabrication of patterned edge-

contact 2D material devices.

With the few-layer 2H-1T" MoTe, device fabrication, we have shown that 2H
MoTe, devices are significantly improved with the use of metallic 1T contacts. This
improvement is a result of the reduced contact resistance and small barrier height at the
2H/1T" interface. This technique for creating 1T -contacted MoTe, FETs can be expanded
to the phase-selective synthetic strategy demonstrated above, in which 2H MoTe: is
initially grown and patterned and 1T~ MoTe> is subsequently grown around the 2H
channels. 2H-1T" MoTe2 homojunctions show promise for realizing phase-change memory

and logic devices.

The successful two-step CVD growth of lateral WS2/NbS> heterostructures is also
demonstrated here. We have investigated the nature of the interface between these two
materials, and subsequently patterned the heterostructures into a FET device geometry to
assess the heterostructure’s electrical performance. Due to device fabrication limitations
related to sample degradation and resist under-exposure, the true electronic properties of
these WS,/NbS, heterostructures have yet to be determined. Future work in sample
patterning and device fabrication seeks to minimize sample damage and eliminate any
other deleterious effects that may conceal the electronic properties of the materials. We
also intend to extract the contact resistance quantitatively by performing transfer length
measurements on NbS; films. If NbS> is going to succeed as a 2D lateral contact for
semiconducting TMDCs, the NbS> films must show high electrical conductivity

throughout the entirety of the film. Furthermore, there must be little to no contact resistance
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at the interface between the NbS, and WS. Future tests seek to investigate these properties
of the WS2/NbS; devices.

Assuming NbS; continues to show promise as a metallic 2D contact material, we
wish to use this framework for additional experiments. Many semiconducting 2D TMDCs
show promise for future electronics, and each TMDC possess a unique band gap. The
magnitude of a given band gap and the energetic position of the CB minimum and VB
maximum are all important parameters to consider. When considering an interface with a
metal, the position of these bands relative to the work function of the metal is also quite
important, because these relative positions dictate whether ohmic contact or a Schottky
barrier is present at the interface. In the example of WS2/NbS; heterostructures, there is
expected to be a relatively small Schottky barrier between the n-type WS, and metallic
NbS.6819 However, in the case of WSe, a p-type semiconducting TMDC, there is
expected to be a small but negative Schottky barrier, indicative of spontaneous charge
transfer between the NbS, and WSe». Given this and the work | have performed to grow
monolayer WSe; films via CVD, we intend to grow lateral WSe2/NbS; heterostructures
and assess the electronic properties of fabricated devices. Similar to the CVD growth of
NbS: films described above, WSe2/NbS; heterostructures will be grown using ML WSe;
as a seed crystal for the lateral growth of NbS> using the chloride-based CVD growth
procedure. These WSe2/NbS> heterostructures will then be patterned into devices and their
characteristics will be assessed. These heterostructures have the potential to greatly impact

the future of 2D material devices.
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Chapter 6

Conclusions
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The work | present here demonstrates the exhaustive investigation into the CVD
growth of a variety of promising 2D TMDCs, including MoS;, WSz, MoTez, NbS>, and
WSe>. With these results, | have demonstrated synthetic control over the growth of these
materials. 1 have grown 2D TMDC crystals and films with variable thickness, phase, and
morphology. | have been able to reproducibly synthesize the growth of monolayer crystals
of MoS,, WS, and WSe, as well as the few-layer film growths of 2H MoTe, 1T" MoTey,
and NbS,. | have demonstrated that the various aspects of these materials can be controlled
through the systematic optimization of many synthetic parameters, including substrate
choice, substrate preparation, precursor choice, precursor temperature, substrate

temperature, precursor timing, reaction time, and post-growth conditioning.

With the substrate modifications | have performed, | have shown that surface
reconstruction and modification can have a direct result on the subsequent CVD growth of
2D TMDCs. ML MoS: growth on SiO>/Si is randomly oriented, whereas ML MoS> growth
on c-cut sapphire is aligned to the sapphire surface terraces. Annealed sapphire substrates
show a great deal of step flow after ambient annealing at high temperature, but despite
these smooth surfaces, subsequently MoS: growth is confined to the step edges, and thus
grows in irregular, truncated flakes along surface terrace edges. These experiments
demonstrate the feasibility of using surface preparation methods to control the CVD growth
of TMDCs. The effects demonstrated here of the substrate on the CVD growth of TMDCs

should be considered in future TMDC growths.

| have shown that controlled growth of 2D TMDCs allows for the creation of many
novel 2D semiconductor-semiconductor and metal-semiconductor heterostructures.

Specifically, 1 have demonstrated the synthesis of vertical and lateral MoS2/WS;
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heterostructures, freestanding MoO>/MoS; core/shell plates, in-plane 2H-1T" MoTe; few-

layer films, and lateral heterostructures between ML WS; and few-layer NbSa.

With the growth of lateral and vertical MoS2/WS; heterostructures, it is
demonstrated that the lateral or vertical nature of alignment can be directly controlled by
the cleanliness of the MoS: 2D seed. When hydrogen is included in the carrier gas stream,
sharp and clean MoS; crystals are synthesized, and these can be used for the lateral
heteroepitaxial growth of WS,. When hydrogen is excluded from the carrier gas stream,
MoS; crystals with particles along the edges are synthesized, and subsequent growth of
WS; results in vertical heterostructures due to additional nucleation on the MoS; surface
due to the presence of additional particles. This synthetic dichotomy can be used in future

work to select for lateral and vertical heteroepitaxy between a variety of 2D TMDCs.

| have demonstrated the novel growth of epitaxially grown, freestanding
MoO2/MoS:; core/shell nanoplates on 4H-SiC. These core/shell nanoplates are grown using
a minor synthetic modification of ML MoSz growth. Specifically, this is achieved by the
delaying of chalcogen precursor during the growth, which allows for the MoOs—x precursor
to nucleate and grow into freestanding, epitaxial plates on the 4H-SiC surface,
subsequently sulfurizing to form MoS; shells. This procedure is demonstrated to be
generalizable to MoO2/MoTe:> core/shell nanoplates, and it can likely be extended to other
TMDC systems. These materials show promise for catalytic applications that require

TMDC active sites and high-density, epitaxial, freestanding nanoplate geometries.

The in-plane 2H-1T" MoTe> few-layer homojunctions and WS2/NbS; lateral
heterostructures are shown to be patternable, and electronic devices have been fabricated

to assess their characteristics. In-plane 2H-1T" MoTe> few-layer homojunction devices
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show significant improvement over 2H MoTe: devices made with noble metal contacts,
demonstrating reduced contact resistance and Schottky barrier height. This improved
functionality is achieved by the reduced potential difference between the 2H and 1T’
MoTe, and the metallic nature of the 1T" MoTez. The improved functionality of
1T°-2H-1T" MoTe> devices also bolsters the underlying premise of using metallic TMDCs

as contacts with reduced contact resistance.

The WS2/NbS; lateral heterostructures shown here are the first ever report of lateral
heterostructures between these materials, and it is demonstrated that the growth of NbS: is
limited to growing around the edge of ML WS; crystals. Problems with the fabrication of
WS2/NbS; lateral heterostructure devices obscure the electronic properties of these devices,
but the properties of these devices will be determined in future work. This system will also
be extended to make metallic NbS; contacts to other semiconducting TMDCs. WSe2/NbS;
heterostructures will be grown using ML WSe; as a seed crystal for the lateral CVD growth
of NbS; via the chloride-based CVD growth procedure. These WSe2/NbS; heterostructures
will then be patterned into devices and their characteristics will be assessed. In-plane 2H-
1T MoTe; few-layer homojunctions and WS2/NbS lateral heterostructures show promise
for future 2D TMDC devices by the reduction or elimination of the Schottky barrier

induced with noble metal contacts.

Analysis of the TMDCs and related heterostructures grown here indicates that they
are high-quality and can be reproducibly grown when considering the synthetic parameters
described above. These CVD-grown TMDCs and heterostructures show promise for a
variety of applications, including catalysis, nanoelectronics, optoelectronics, and

valleytronics. There is much future work that has yet to be done in the context of showing
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these heterostructures’ utility in the various applications for which they show promise. It
is my hope that this presentation of data bolsters support for future use of these materials

in applications and industry.
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Appendix A

MATLAB Script for HRTEM Diffusion Analysis
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A.1 HRTEM Diffusion Analysis MATLAB Script

line x min=(pixel nm conv).* (((height-line pixels(1,2))./m)+line pixels(1,1));
line_x_max:(pixel_nm_conv).*(((—line_pixels(l,2))./m)+line_pixels(l,l));
line width=((line x max)-(line x min));

height nm=height* (pixel nm conv);

width nm=width* (pixel nm conv);

line length=sqrt (((height nm) ."2)+(line width."2));
step=1;

%$in units of nm

start=-25;

finish=25;

total steps=((finish)-(start)) ./ (step);
area atom nm=(3.16"2)*(10"-2);

%$in units of nm”2/atom

area atom cm=(3.16"2)* (10"-16);

%$in units of cm”™2/atom

for 1ii = 1:(((finish)-(start))./((step)));
step width=((step).* (line length)) ./ ((height nm));
x_bot_coord(l,iii)=(line_x_min)+(((start)—(step)).*((step_width)./(step)...
L))+ (iii.*(step_width));
x_top_coord(l,iii)=(line_x_max)+(((start)—(step)).*((step_width)./(step)...
L))+ (iii.*(step_width));

if (x_bot coord(l,iii)) > 0 & (x_top coord(l,iii)) < (width nm);
area(l,iii)=(step).* (line length);

elseif (x bot coord(l,iii)) < 0 & (abs(x_bot coord(l,iii))) < (step);
side y coord l=m.*(-x bot coord(l,iii))+ (height nm);
area(l,iii)=(((step).*(line length))-((0.5).* ((step)-(abs(...
..x bot coord(l,iii)))).* ((height nm)-(side y coord 1))));

elseif (x bot coord(l,iii)) < 0 & (abs(x_bot coord(l,iii))) > (step);

y bot coord 1(1,iii)=m.*(-x bot coord(l,iii)+ (step))+(height nm);
y_top coord 1(1,iii)=m.*(-x bot coord(l,iii))+ (height nm);

top _diag=sqgrt(((x_top coord(l,iii)).”2)+((-(y_top coord 1(1,iii)...
L)) "2
bot diag=sqrt ((((x_top coord(l,iii)+(step)) . 2)+((-...
... (y bot coord 1(1,1iii)))."2)));
area(l,11i)=((0.5).* (step) .* ((top_diag)+ (bot diag)));

elseif (x bot coord(l,iii)) < 0 & (abs(x_top coord(l,iii))) < (step);
area(l,iii)=(0.5).* (abs(x_top coord(l,iii))).* (abs...
...(y _top coord 1(1,1iii)));

elseif (x top coord(l,iii)) > (width nm) & (abs((x_top coord(l,iii))-...

. (width nm))) < (step);

side y coord r=m.* ((width nm)-x top coord(l,iii));
area(l,iii)=(((step).*(line length))-((0.5).* ((abs (x_top coord...
...(1,iii)-(width nm)))).*(side_y coord r)));

elseif (x_top coord(l,iii)) > (width nm) & (abs((height nm)-...

...x bot coord(l,iii))) < (step);
y top coord r(l,iii)=m.* ((width nm)-x top coord(l,iii)+(step));
area(l,iii)=(0.5).* (abs((width nm)-x bot coord(l,iii))).* (abs...
... ((height nm)-y top coord r(l,iii)));

elseif (x _top coord(l,iii)) > (width nm) & (abs((x_top coord(l,iii))-...

.(width_nm))) > (step);

y_top coord r(l,iii)=m.* ((width nm)-x top coord(l,iii)+ (step));
y bot coord r(l,iii)=m.*((width nm)-x top coord(l,iii));

top diag=sqgrt((((width nm)-x bot coord(l,iii)).”"2)+...
.. (((y_top coord r(l,iii))-(height nm))."2));
bot diag=sqrt((((width nm)-(x bot coord(l,iii)+(step)))."2)+...
.. (((y_bot coord r(l,iii)-(height nm)))."2));
area(l,iii)=((0.5).* (step).* ((top_diag)+ (bot diag))):;
else

area(1l,1ii)=0;
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end
end

d l=csvread('8 1 d left 6-9-15.csv');

d r=csvread('8 1 d right 6-9-15.csv'");

edges 1=[ (start): (step):0];

edges_r=[0: (step) : (finish)];

xaxis=[ ((start)+((step)./2)): (step): (((finish)-(step))+((step)./2))]1;
[h 1,edges 1l]=histcounts(d 1,edges 1);
[h_r,edges_r}zhistcounts(d_r,edges_r);

all counted=cat(2,h 1,h r);

for 1ii = 1:(((finish)-(start))./(step)):;
if iii <= ((-start)./(step)):;
h 1 norm(iii)=(1/(area atom cm))-(h 1(iii).*(10714)./(area(l,1iii)));
elseif iii > ((-start)./(step)) & iii <= ((finish-start)./(step)):;
h r norm(iii+ ((start)./(step)))=((h r(iii+((start)./...
. (step)))) .*(10714) ./ (area(l,1iii)));
else
h wrong=(area(l,1iii))
end
end
h combined=cat(2,h 1 norm,h r norm);
error=sqrt((all_counted.*(lOAl4))./(area(l,iii)));

errorbar (xaxis,h combined,error,'-o'")

xlabel ('Distance (nm) ')

ylabel ('Concentration (atoms/cm”2)")

hold on;

h_l_norm_atom2=(1/(area_atom_cm))—h_l_norm;

h r norm atom2=(1l/(area_atom cm))-h r norm;

h combined atom2=cat(2,h 1 norm atom2,h r norm atom2);
errorbar (xaxis,h combined atom2,error,'-o'")

legend ({'[W]"','"'[Mo]"'}, 'FontSize',12, 'Location', "northwest")
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