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ABSTRACT

BEYOND GRAPHENE:MONOLAYER TRANSITION METAL

DICHALCOGENIDES, A NEW PLATFORM FOR SCIENCE

Carl Hugo Naylor

A.T. Charlie Johnson

Following the isolation of graphene in 2004, scientptsckly showed that it
possesses remarkable properties. However, as the scientific understanding of graphene
matured, it became clear that it also has limitations: for example, graphene does not have
a bandgap, making it poorly suited for use in digitgidoThis motivated explorations of
monol ayer materi al s Abeyond grapheneo, w b
graphene lacks. Transition metal dichalcogenides (TMDs) are leading candidates in this
field. TMDs possess a wide variety of properties agibés through the choice of
chal cogen at om, met al atom and atomic con
graphene, monolayer TMDs may be produced on a small scale through mechanical
exfoliation, but useful applications will require development ofat#é methods for
monol ayer growth over | arge areas. I n this
the chemical vapor deposition (CVD) of high quality, large area, monolayer TMDs under
a 1H atomic configuration, which were integrated into Fgglity biosensor arrays.

These devices were incorporated in a flexible platform and were used for electronic read

out of binding events of molecular targets in both vapor and liquid phases. | also report

Vii



our findings on the CVD growth of monolayer TMDs ieth 1 T6 at omi ¢ conf i g
measurements of their physical properties.
materials due to theoretical predictions that they are 2D topological insulators; however
they remain relatively unexplored due to théficlilty of monolayer growth and their

lack of stability in air. Through careful passivation techniques, we were able to stabilize
theasgr own monol ayer 1T6 TMD fl akes and perf
structure. Lastly, irplane 2D TMD hetarstructures are promising material systems that
combine the unique properties of each TMD. | discuss our results on the synthesis and
study of 1H TMD heterostructures and wuniq
with its many different accessible physigabperties, coupled with the large variety of
applications, have been <classified as the

grapheneo.
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CHAPTER I.

Overview of Thesis

Nanomaterid have had tremendous | mpact i n
continue t o further I mpact tomorrowos t
nanomaterials include biosensing, energy storage, next generation quantum computing,
and many more; hence, an appéreeed to research novel nanomaterials. To study
monolayer materials, scientists preferentially result to mechanical exfoliation from bulk
materials; however, mechanical exfoliation offers small amounts of monolayer material

and thus is not a scalable imedl for industrial applications.

Graphene, one of the most studied nanomaterial throughout the past decade,
offers a large range of properties that are accessible in the monolayer form. Graphene is
reported to be the strongest material ever testétis biocompatible® and possesses
high electron mobility due to massldée charge carriers® Despite its remarkable
gualities, graphene lacks key pesty essential to the semiconducting industry: a
bandgap. The bandgap enables the tuning of the electrical resistivity of a material from an
Afond state to an Aoff o state; this tunin

Consequently, new materiadse being explored that possess the qualities that graphene

|l acks. These next generation of nanomater.

The goal of this doctoral thesis is to develop a reliable synthesis method for a

subset of next generation ramaterials called transition metal dichalcogenides (TMDs).
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Growth was performed by chemical vapor deposition (CVD) and material
characterization was accomplished with a variety of tools that include spectroscopy,
microscopy, and three terminal electricakasurements. These nanomaterials were
incorporated into innovative applications such as biosensors. Biosensors offer the ability
to detect low concentrations of chemical and biological targets that have potential
applications as early stage diagnosticsdifeases or general healthcare monitoring
systems. TMD devices can be used for a wide variety of applications, such as military,
medical, and leisure activities. To further realize these applications, the TMD devices
were incorporated onto flexible subs&athat could potentially be incorporated into

fabric.

In Chapter 2 of this thesis, | will provide a short review of essential solid state
physics knowledge necessary for the full understanding of this thesis. To this extent, |
will discuss the differenttamic arrangements and interactions involved within a solid
and the key differences between a metal, an insulator, and a semiconductor. By utilizing
the free electron model, the KroARgnney model, and band theory, | will explain the
origin of the differat properties within solids and the outcome that they have on the
electronic structure of monolayer materials. | will follow this discussion with the
introduction of fAtradi t neamdahexagomaloboronindeg e r ma
(hBN), which motiated the exploration for next generation nanomaterials. This will lead
us to the introduction of TMDs and specifically the group 6 metal TMDs, followed by
detailed differentiation between the 3 possible atomic configurations for monolayer

TMDs: the 1H phas the 1T phase, and the 1T6 phase



intrinsic properties of the monolayer TMD. | will also highlight other emerging

nanomaterials fAbeyond grapheneo, such as p

Chapter 3 will review the experimental metls that were essential in
synthesizing, characterizing and evaluating the overall quality of our 2D materials. | will
highlight how one can isolate a 2D material, either through exfoliation or by direct
synthesis, such as CVD. | will detail the differenharacterization techniques
(microscopy and spectroscopy) involved in the exploration of the 2D TMDs. Atomic
force microscopy enables the carful characterization of the topography and height of the
nanomaterials. Raman spectroscopy provides a fingerpfinheo atomic vibration
frequencies, identifying the compounds present and their atomic configuration. Electron
microscopy (scanning, tunneling, and aberration corrected) offers valuable direct imaging
of the nanomaterial 6s s wts fgigecar estimbtiom & ¢he t e r mi
overall electronic quality of the nanomaterial. |1 will discuss how three terminal
measurements are manufactured, explain the principle behind the measurements (utilizing
the previous band theory discussion), provide examgdlésree terminal measurements
on different nanomaterials, and explain the mechanism behind the local chemical gating
effect. The local chemical gating effect plays a fundamental role in biosensing, which

will be discussed in Chapter 4.

In Chapter 4, Iwil  di scuss our groupb6s work witt
date, 1H molybdenum disulfide (1M0S,). | will report our synthesis method by CVD
of high quality, large area, monolayer -MbS,. 1H-M0S; is directly synthesized on a

silicon/silicondioxide (Si/SiQ) substrate by the reaction between an ammonium
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heptamolybdate source (Mo feedstock) and sulfur vapor (S feedstock). This growth
method offers large areas of monolayer single crystalMti$, flakes that can be
transferred onto any desirable substrate (@.gpatterned photolithography devices for
scalable 1HMoS; devices). The amount of 1MoS; flakes and the growth location can

be predetermined with the seeded growth method. Seeded growth method utilizes small
Mo sources that are positioned at predeteeahilocations where the resulting -MbS,

flake grows. Due to the highly efficient growth process for dense monolayddBA
flakes, we were able to incorporate the Ma8o many innovative applications such as
biosensors. | will report our work on a saale 1HMoS; biosensor that was
functionalized to detect small traces of opioids (painkillers). Opioid overdose accounts
for over 30,000 deaths a year in the United States {UShere are an estimated 250
million prescriptions for opioids handed out per year in the US, which is equivalent to
one prescription per adult living in the YSThese statistics highlight the urgent need to
understand the interactions opioids have with our bodies. THdd$4 opioid biosensor

is a first step towarddelping medical doctors prescribe the accurate amount of
painkillers. The 1HMo0S; devices werealso electrically measured in the presence of
vapor analytes. The intriguingly high responses of theVid®, flakes to small traces of
vapor analytes suggesin@gore complex interaction mechanism than solely theVild$,
surface with the analytes. By transmission line measurements, we identified that changes
in electrodeMoS,; contact resistance play an important role in the responses to vapor
analytesIn addition,| will discuss how wemanufactured a universal biosensor utilizing
monolayer hBN films. By synthesizing large areas of monolayer hBN by CVD, we

transferred the hBN on top of the scalable-NIBIS, devices, ergo creating a 1H
4



MoS/hBN heterostructure. Thisekerostructure can be functionalized independently of
the underlying 1HMo0S; since the functionalization chemistry depends solely on the top
hBN layer, thus turning the XMo0S/hBN heterostrucire into a universal biosensor.
These devices were incorporatedito flexible/bendable substratédexible devices are
necessary for wearable and portable electronics. We transferred-tle3Hlakes onto

a flexible substrate made with kapton, creating scalable flexibi&a& devices that

can be utilized for biansing applications and much more. Finally, in this chapter, | will
highlight the recent work performed by some of our collaborators with our high quality
synthesized monolayer tM0S,. This work includes the band alignment and rgaps

in monolayer Moggraphene van der Waals heterostructures, electrical tuning of
excitonplasmon polariton coupling in monolayer Mo$itegrated with plasmonic
nanoantenna lattice, and optomechanical enhancement of doubly resonant 2D optical

nonlinearity.

Chapter 5 will higplight additional monolayer 1H materials that were synthesized
by our CVD method. I will discuss the synthesis of W, 1H-MoSe, and 1HWSe.
Each 1H TMD has unique properties that differentiates it from its 1H TMD counterpart.
For instance, 1WWS; possess high photoluminescence due to large exciton binding
energy, and 1HVSe is the only TMD known to be an intrinsictppe semiconductor.
By our efficient growth method, we are able to explore all of the different metal group 6
1H TMDs and utilize thenmni different applications. | will discuss the work performed on
monolayer WS nanopores for DNA translocation with ligatjustable sizes. Finally, |

will discuss our work on the combination of 1H TMDs to fornplane heterostructures.



In-plane heterostruigres offer the prospect of uniting the unique properties of each TMD
into one material, for this reason they are currently heavily explored. For example, 1H
WS, has a larger bandgap than-MéS; and thus emits light at a different energy. But
when synthaging in-plane monolayer 1#10S,/1H-WS; heterostructures, we are able to
obtain a material that has specific regions with either bandgap value. By fluorescence
measurements we were able to specifically choose which region of the heterostructure

emits light(either the 1HMo$S; or the 1HWS,).

I n Chapter 6 we wil/ shift our focus t
1T6 materials are unexplored due to their
synthesizing monol ayer ma, tmechanieal exfoliation ot he 1
bulk 1T6 TMDs down to the monol ayer form
resulting monolayer material decayed during the exfoliation process. | will show that the
direct synt hesis of mo n o | dasgussr morfolay@r sifigDs 1 s
cryst-aMbTe Jrovin by chemical vapor deposition which exhibits a weak
antilocalization effect. This will be followed by a discussion of the intrinsic phonon
bands i n high g uMolTep. tThis symthesis lisanptelined tb Tthee
molybdenuracontaining TMDs and was applied to the tungsten compounds as well, with
the largearea synthesis of highual i t y moWTel flakese As nmieftiéned
previously, inplane heterostructures of TMDs with similar atomic configuratiares a
currently being explored. We were able to synthesize a unigpkame heterostructure

combining two different at omi c configurat



synthesis and properties of monolayé&ansition metal dichalcogenidd H/ 1 T 6

hetertructures in this chapter.

A summary of the work discussed in this thesis can be found in Chapter 7. | will
highl i ght our results of t he TMDs grown
potential applications. | will also summarize the work performedhe various irplane
TMD heterostructures. Finally, I will discuss the outlook for TMDs including potential
hurdles that need to be overcome for technological applications and future work that will

begin in our lab over the next few years.



CHAPTERIII .

Fundamental Properties of Materials, from Bulk to Monolayer

The properties of materials derive from their intrinsic atomic arrangement and
bonds. Metals, insulators and semiconductors are all made of atoms, however they differ
in their electronic bandigicture. These properties can be altered when the size, width or
height is changed. In the monolayer form, new physics appears and materials exhibit

fascinating and unique properties.

In this Chapter, Will first give a brief overview of solid state psigs. | will then
i ntroduce t he i suchaad grapheoenaad hexagoraleboronanitrided and
detail why materials research expandingin thef i el d Abeyond graph
introduce transition metal dichalcogenid€BVIDs), highlighting thé& many exciting
properties in the monolayer form that can be altered by exchanging the combination of
elements or by modifying the atomic configuration. Finally, | will briefly highlight other

promising 2D materials curmhrgmtnldy gb @iph@e nexp



2.1 Overview of solid state physics

2.1.1 Atomic arrangement of solids

Atoms in a solid can arrange themselves in three possible configurations:

monocrystalline, polycrystalline and amorph8ds.

Monocrystalline (or single crystal) is a periodic arrangement of the atoms in all
three directions of space (or two directions for monolayer) in the m&téiiale lattice is
continuous throughout the entire sample with no discontinuities or grain boundaries
(figure 2.1.1). A high quality material tends to be single crystal as the presence of defects
or grain boundaries can cause electrical resistivity to increase (or conductivity to
decrease)? Scientists synthesizing large areas of monolayaterials try to achieve
these large areas of single crystals to reduce the amount of grain boundaries that can

reduce the overall performance.

Polycrystalline solids are made of many monocrystalline gfaiffhese grains
are randomly oriented with respect to each other and are of variable sizes. When two
grains merge they form a grain boundary (figure 2.1.1), which is the location of chemical
impurities in the merial!' As detailed above, grain boundaries decrease the electrical
performance of the materifl. Grain boundaries are also a preferential site for the
precipitation of new phases from the solid and the onset of corrfgsfograin boundary
can be used as a seed location site for the growth of a different material around the
original crystal (please see sections 5.2 and 6.3 for more details -planm

heterostructuregy-1



Amorphous material non-crystalline) refers to a material that has no atomic
arrangement for short distances, it lacks long range order (figur.221DLie to the
nature of chemical bonding however, amorphous materials have some short range order.
Amorphous films, such as few nm of Si@re very important insemiconductor
technology as they represent the insulator (oxide) in the 1oxeidé-semiconductor field
effect transistor (MOSFET) device (please see section 3.2.4 for more information

regarding MOSFET technology).

Single crystal Polycrystalline Amorphous

Figure 2.1.1. Schematic of atoms in diérent crystal arrangements. Single crystal, the atoms are in a
periodic order all across the material. Polycrystalline, grain boundaries between different regions of
single crystal. Amorphous, no order.
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2.1.2 Atomic interactions within a solid

Atoms onstitute a solid and can interact in many ways. There are four
predominant bonds that are used to explain phenomena observed throughout this thesis:

covalent bond, ionic bond, metallic bond and van der Waals forces.

Covalent bond is a strong, directionabnd that results from the sharing of
peripheral electron pairs between 2 atoms in order to satisfy noble gas configftitation.
Examples of covalent bonding can tseen in figure 2.1.2.1A coordinate covalent bond
also known as a dativieond,is when the 2 electrons that form the covalent bond are

brought in from the same atom.

LT H:H b)
H-H L@
.le
@< Ngm-
() (%) @ ) @ HOR
; l /
0:2_23. -
Hydrogen: 1s! ® @ “Sl .3s% 3p?
¢ outer shell: 1 \ /e outer shell: 4
Shared electrons o

of a covalent bond

Figure 2.1.2.1. Schematic of covalent bond. a) Covalent bond for.Hy) Covalent bondfor Si.

lonic bond is a strong, directional bond, which is the result of a complete transfer
of electrons between atoms known as an electrovafenidthen two oppsitely charged
ions interact (an anion and a cation), the extra electron on the anion will transfer to the
cation in order for both atoms to have filled outer shells. Figure 2.1.2.2 is an example of

ionic bond with sodi um crhtibros: 182¥2p°3s. 8load2 u mo6 s
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el ectrons on first shel |, 8 o0on second s he

configuration is 12s2p°323p°. It has 2 electrons on first shell, 8 on second shell and 7
on the outer shell. The chlorine will &khe extra electron off the sodium to fill its outer

shell, creating sodium chloride through this ionic bond.

Transfer of a e Ve —
' » @
Na Cl Na* Cl
Sodium atom Chlorine atom \Sodium ion Chlorine icy

Sodium chloride (NaCl)

Figure 2.1.2.2. Schematic of ionic bond. Sodium and chlorine will come together to make sodium
chloride.

Metallic bond is a strong, nedirectional, strongly polarized bond that is the
outcome from the attraction of framlence electrons in a lattice of positively charged
metal ions° Whereas the eleans in a covalent or ionic bond are fixed, the electrons
involved in metallic bonds can delocalize creating a sea of electrons. It is this sea of
electrons that contributes to the higlectrical conductivity of metals. Figure 2.1.2.3 is an
example of metlic bonds creating a sea of electroRer example gold (Au), a known
metal, filling the molecular orbitals we obtain the electronic configurafel; 414 5d'°

6s', 65 is only half full and represents the free electron.

12



Sea of delocalized electrons

Figure 2.1.2.3.Schematic ofmetallic bond. In a lattice of metallic bonds, the electrons are delocalized
creating a sea of electrons.

Van der Waals force is a weak, attractive force, it is the driving force keeping the
stacked monolayer sheets together in a bulk matérfadr example, graphite is many

layers of graphene held together by weak van der Waals forces (figure 2.1.2.4).

Covalent
bond

/

Figure 2.1.2.4. Van der Waals force between graphene layers in bulk graphite.
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2.1.3 Metal, insulatorsand semiconductors

Metals (M), insulators or oxide (O) and semiconductors (S) are vital in the MOS
field effect transistor (MOSFET) technology (please see section 3.2.4 for details on

MOSFET devices) used throughout this thesis to egtith@ quality of D material

Metals are good electrical and thermal conductors, this originates from their outer
delocalized electrons that we described in the previous section 2.1.2 (metalliébond).
The delocalized electrons are a sea of highly mobile electrons. Without an electric field,

there is a random motion of the electrons. An electric field can be generated through an
applied potential U across the materil= —VU. The electric field will generate a

coulomb forceF = gE that will make the electrons move and this will make a current

appear. The resistivity of metals are on the ordgr-010°q . ¢ m

Insulators,which include oxides such as Sj@re not onductors of electricity.
Their internal electric charges do not flow freely. By applying an electric field no current
can be measured. However no insulator is perfect and by applying a very large electric
field there is a small number of mobile chargest ttan carry current. When a massive
electric field is applied, the electric field will tear electrons away from the atofitss
is known as the breakdowmltage and is the origin of gate leaks in a MOSFET device

(discussed in section 3.2.4). Insulators have very high resigtigiyMq . ¢ m.

Semiconductors are materials where the conduction properties can bé&%uned.
Semiconductors are named based on their position in the periodic table, for example Si is

called a group IV whereas GaAs is called aMlsemiconductor. There are two types of

14



semiconductors, intrinsiand extrinsi&?® Intrinsic semiconductors are materials that are
perfect semiconductors in their single crystal form (e.g. pure Si). Extrinsic
semiconductors ardoped materials, adding impurities will induce various conduction
properties. It can be-doped or pdoped depending on the charge carrier (please see
section 2.1.4 for further details). Furthermore, thin film semiconductor material can be
dictated from armon to an off state by an induced electric field (this is as MOSFET device
that will be discussed further in section 3.2.4). The resistivity of semiconductors & 10

} O10° q . c In contrast to a metals the temperatures increase, the conductivity
increase (decrease of resistarfc€]he tuning of the electrical resistiyits anincredible

feature that makes high quality semiconductors a large area of research in academic and

industrial settings.
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2.1.4 Band theory

Band theory of solids highlights the key differences between a conductor,

insulator and a semiconductor.

As we discussed in the previous section 2.1.2, metallic bonds contawafezee
electrons in the lattic®® One gol d (Au) atom has @n el ec
meaning it has one free electron on a molecular orbitahGs the other levels are full.
Based on quantum molecular orbital theory, when this Au atom is brought in close range
with another Au atom their 6s orbitals will overlap and they will sharairagh electrons
between those two orbitdflS.From quantum mechanics we know energies are quantized
(fixed values), the orbitals will combine making a new molacokbital with a lower in
energy calledi-bonding orbital and a higher energy calfédantibonding orbital (figure
2.1.4.1)%° The electrons will fill the loweenergy state giving a filled-bonding orbital

and an empty* -antibonding orbital (figure 2.1.4.1).

q?‘-antibondihg
6s! |
tl
o-bonding
Au Au, Au

Figure 2.1.4.1. Schematic of orbital overlap.

When additional Au atoms are brought in, more energy levels are created, the

energy levels will start toed closer together due to the Paul exclusion prinéiplé.
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When n Au atoms are present, with n on the order of Avogadro constant (6.2t
energy levels are very compact (figure 2.1.4.2). These levels aresothhat they are
referred to as bands, with thebonding orbitals the valence band BEnd the(*-
antibondingorbitals the conduction bandtHn figure 2.1.4.2, the bands are so close that
an electron can easily jump up and down to different levels withiana with minimal
amount of thermal energy,h&n an electron reaches the lBEand electrical current is
observed. The highest occupied electron state at O K is called the Fermi energy, however
in systems with thermal fluctuations we refer to a Fermi levél (Eis the energy level
with a 50% probaility of being occupied at finite temperaturé$18The probability that

a given avaable electron energy state with energy E will be occupied at a given
temperature is defined by the Fermi function f(E) (derived from FBinaic
statistics§*18

1
fE)= Ty —

g kT +1

This equation dictates that at ordinary temperatures, most of the levels up to the Fermi
level E- are filled, and that relatively few electrons have energies above the Fermi level
The position of Ewith respect to the &and E bands is the defining criteria between a

metal, insulator and semiconductor.
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Figure 2.1.4.2. Filling of the energy levels for increasing amount of Au atoms.
For a metal, Eis located in the band (figutz1.4.3). The electrons can enter E
with minimal energy and we obtain high current. Thus duter electrons are said to be

~ by

nfreeo and wi l |l move under an electric f

For an insulator, there is a large gap betweeartelEv preventing electrons from
entering k& therefore preventing any conductior.i& far from the bands (figure 2.1.4.3).
If a massive electric field is applied electrons could potentially be extracted as explained

in section 2.1.3, however this is callée tbreakdown voltage and to be avoided.

‘Semiconductor‘ ‘ Insulator |

Small E,,, .
ey RSt LR PEEE R Ferm1 leVel

overlap

Figure 2.1.4.3. Energy diagram for a metal, semiconductor and insulator.
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For a semiconductor, the gap betweerakd & is small and thereforerks close
to the bands (figure 2.1.4.3). Only a small amount of gné&gnecessary to induce
conduction. We classify semiconductors into two categori¢gpe and ptype. For a n
type semiconductor s closer to £ and leads to preferential electron conduction, for a
p-type semiconductor&s closer to k and leads tgreferential hole conduction (figure
2.1.4.4)8° By doping the material, £can be moved closer or further away from the
bands making it easier or harder to connd&or example Si is a known semiconductor,
however a highly sloped Si (p*-Si) acts like a metal asrks low in the & band. By
controlling E= you can dictate whether the semiconductor conducts or not. In MOSFET
technologies, where thin film semicondors are used (MOSFET operation is discussed
in further detail in section 3.2.4)rEan be controlled under an electric field making the
semiconductor act as an on/off switch. Semiconductors are extremely promising and vital
mat eri al s i n es, theyane present ire al bun electmrges and billion dollar

companies such as Intel make processors based of nm size semiconductors.

n-type p-type

Figure 2.1.4.4. Energy diagram for atype and p-type semiconductor.
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2.1.5 Free electron and KronigPenney model

To exlain the appearance of the bandgaps in a band diagram, we must first
describe the free electron modé&f’ To simplify the model we will assume a 1D system.
Starting with the time independent Schrodinger equation:

—h? d*W(x)
2m  dx?

+ V(x)¥(x) = E¥(x)

A metal of length L, for 0< x < L we have V(x) = 0, outside the metal V®) =( i nf i ni t
well). This is model makes sense since in section 2.1.2 we explained why a metal has a
sea of delocalized electrons. The equation simplifies and becomes:

—h? d2W(x)
2m  dx?

EY¥(x)

d*¥(x) N 2mE
dx? h?

¥(x)=0

d*¥(x)
2

+k*W¥(x)=0

Solving tis equation gives a traveling wavg(x) = A, e™** + A_e~**_The energy is

E =

Eﬁ: and yields a parabolic E vs K, this is the solution to the free electron model. The

-
s

metal has a length L and sets the boundary condidgfeg = ¥(L) =0 to our wae

nI

function. Solving gives restrictions on Kk, wheu‘e=T and vyields the solution

hn m

2 nIx
¥ o (x)= *J'isin(i—] where n = 12, 3, etc ThereforeE, = — giving us discrete

;ml"
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energy levels. L (1®m) is large ompared to the lattice spacireg(101° m), when
plotting E vs k on a small scale such as/nthe discrete states for a free electron will

look like a solid line.

I n semiconductors there is no sea of
coulombic potential of the lattice V(x)The potential V(x) is aased byionsin the
periodic structure of the crystal creatingedectromagnetic field, therefore the electrons
are subject to a regular potential inside the lattice d  V ( Y Thib coGlambic
potential of the ltdice is the reason behind the gap opening. The KrBeigney (KP)
model demonstrates that a simple -olir@ensional periodic potential yields energy bands
as well as energy bandgdjst”1° An illustration of the KP periodic potential can be

found in figure 2.1.5.1.
V()

V(x)

Figure 2.1.5.1. The KronigPenney model.

For simplified use, the potential barrier is a delta function aitaVob at x=a
and repeated with a period af Details solving the KP model can be found in the
referenceé? As b tends to 0 we obtain the following solution:

sLnl,Er.z} mli-"nbrz

cos(ka) = P—— T

+ cos(fa) , withf =

Solving this equation numerically gives B(k) relation that resembles a parabola

except only specific ranges of energies are valid solutions @mefohe allowed states,
21



while others are not (figure 2.1.5.2 red curve). If we set V(x) = 0, we obtain our parabolic
free electron model described above (figure 2.1.5.2 green curve). The effect of the
periodic barriers has led to gaps in the energy spacwhere the traveling wave has

become a standing wave. The values for the plot in figure 2.1.5.2 were found using an

avdlable software from referenc@

100F '
eseee V(x) = 0
e V (X) £ 0
>
L s0-
S8
O— [} .."'T.‘... | -

-2n/a 0 2n/a

Figure 2.1.5.2.Solution to the Kronig-Penney (KP) and free electron model, plotted in extended zone
scheme for entire reciprocal lattice.

An alternate way to think about the opening of the bandgaps, is in term of Bragg
planes and diffraction. Bragg planes originatesnfithe reciprocal lattice and represents
the periodicity of the structure (similar to our periodic potential in the KP mdd&he
Fourier transform in direct spa of a lattice yields the reciprocal lattice and provides
information with the periodicity of the structure in reciprocal unit. A 1D lattice of spacing
a in direct space becomesalih reciprocal space, and in k space beconied. Z'he
reciprocal lattice vector occurs by interval of & from the choice of originA Bragg

plane is the perpendicular bisector to a valid reciprocal lattice VEttdhe
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perpendicular bisector to our reciprocal lattice vector will occur at intervalgtoin our

k space energy spectrum we i @a@ashedbluBlinagg
in Figure 2.1.5.2). When a free electron (green curvegure 2.1.5.2) touches a Bragg
plane line, conditions for diffraction are satisfied and diffraction will o&Cut the
intersection, the traveling wave becongestanding wave and this is forbidden due to
Bloch theoren?:® Consequently the k value corresponding to the standing wave is
prohibited E vs k will get distorteahear the diffraction condition and forbidden values
will occur at the Bragg lines, yielding the red curve in figure 2.1.5.2. Using Bragg planes

is an alternative way to visualize the band openings.

Figure 2.1.5.2 reveals the opening of gaps in the eneagyain, however there

are other ways of representing this plot. The choice of origin was selected for our

convenience and is somewhat arbitrary, so therefore we can select the reciprocal lattice

point 2 & as our origin. Shifting the plot by n2" &, the curves will build giving us a

repeated zone scheme, figure 2.1.5.3a.

a) b)

TVVVY T\

E (eV)

Of 1 1 L 1 Of 1 1 1 1

-2n/a 0 2m/a m/a 0 m/a

Figure 2.1.5.3. Repeated zone scheme.Rgciprocal lattice. b)First Brillouin zone.

23

p



If we look solely at the region describedths first Brillouin zone. The Brillouin
zone is a defined cell in the reciprocal space, it represents a region in space that you can
access without crossing a single Bragg pfah€he first Brillouin zone is defined from
" dto+" d, the second Brillouin zone is defined fre@i dto-" da n dat ‘o/ aaf'we
plot the energy diagram for the fifBtillouin zone we obtain figure 2.1.5.3b and all the
information in the repeated zone scheme is now present firghBrill ouin zone due to
symmetry. All the conclusions made from inspectingfifst Brillouin zone will actually
be representative of the conclusion across the entire lattice in a periodic structure. This
image can be drawn in terms of block diagram similaretdien 2.1.4. As described in
section 2.1.4, categorizing the material is dependent on the position of the fermi level
(EF). If the energy gap @& is small and E is located in the gap, this defines a
semiconductor. If the &pis big we will have an isulator. No gap (free electron model)

or large doping that results in: Bcated in the band would yield a metal.

The most important consequence of the periodic potential is the formation of

small bandgap at the boundary of the Brillouin zone.

Reducingmaterial dimensions {. Ly, L;) to small length scales gives rise to
novel chemical and physical material properties. The key differences between bulk and a
0D is the quenching of the band diagram and yielding fewer energy levels (figure
2.1.5.4). A diret example for this is the semiconductor molybdenum disulfide g/ioS
that will be described in Chapter IV, in bulk form (3D) Md#s a bandgap of 1.2 eV

whereas in monolayer form (2D) it is 1.8 &V.
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Figure 2.1.5.4. Band diagram for a bulk semiconductor to a 0D quantum dot semiconductdiFigure
was modified from Professor Cherie Kagan ESE525 lecture).

This confining isillustratedin the density of sttes (DOS) of a materjaghe DOS
changes with dimensionaliffigure 2.1.5.%. The DOS of a system describes the number

of stateger interval of energyat each energy levahat are available to be occupfed.

Bulk 20 1D oD
@ % @ @
Q Q Q Q
A [ A A
E E E E
1
D, « JE—E D = constant D¢ D¢ x §(E — Ey)
c ¢ ¢ JE—-E, ¢ n

Figure 2.1.5.5. Variation of density of states as dimensionality of the system is reducééigure was
modified from Professor Cherie Kagan ESE525 lecture).

The DOS explains why novel physics appear nvbee shrinks the dimensions of
a system. You modify the energy diagram of a material, confine the electrons with
physical barriers, and have direct influence on the charge carriers in the system that

contribute to the electrical conductivity.
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2.2 AiTormalia monol ayer materials

2.2.1 Graphene

Fundamental properties of graphene

The term graphene was first used in 1987 to describe one sheet of giaphite.
Graphene is a two dimensional allotrope of carbon atoms tightly packed in a hexagon
network (figure 2.2.1.13% Each hexagon is made of 6 carbon atoms, referred to as a
honeycomb | attice. Each carbon atom-in the
bond with each of its three carbon neighbors (separated by a kergih42A and an
angle of 120) a n d  ebond that is oriented owif-plane? The U-bond is made of a
combination of hybridized orbitals (2s, 2and 2p) or sg.2® The "-bond refers to the
remaining p orbital and determines the le@nergy electronic structure of graphépe.

The unit cell of graphene (figure 2.2.1.1) contains two carbon atoms referred to A and B.

The basis vectors of the unit cell are written as:
a, =a (— (1 + cos {ED, sin G}) a, =a [1 + cos G), sin G))

Figure 2.2.1.1. Graphene.
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When sheets of graphene are stacked tegdtdrming bilayer, trilayer or few
layer graphene and are electronically coupled, we refer to the stacking order in terms of
the A and B atom& As shown in figure 2.2.1.2, when the A of the first layer is aligned
with the B atom of the secorldyer we refer to it as AB stacking. If a third layer is
stacled on top of an AB stacking there are multiple configurations possible. Most
common stacking of tiiayer graphene are: the A atom of the third layer aligns with the
AB atoms creating an ABA stacking (Berrsthcking)?* or the center of the honeycomb
lattice of the third layer aligns with AB atoms makingABC stacking (rhombohedral

stacking¥* figure 2.2.1.2Thelayers are held together by a weak van der Waals fétces.

The layer number and quality of graphene can be estimated by Raman (section
3.2.2) and three terminal measurements (section 3.2.4). Ramaproviile us with a
vibrational fingerprint of our material, whereas the three terminal measurement will give

us valuable information on the charge carrier mobility.

AB ABA ABC
Tpp @
VIEW
O —06—690 ¢6—6$—6€9
dee
VIEW
C—€4—6¢9© *6—6-60—690 ©0—60—00
T
P S % TER
CEE> I I

Figure 2.2.1.2. Graphene stacking arrangements.
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Graphene was first isolated in 2004 bydda Geim and Konstantin Novoselov at
the University of Manchester using mechanical exfoliation (please see section 3.1 for
more details regarding mechanical exfoliatiéhYheir work complimented theoretical
descriptions of its composition, structure, and properties. Scientists are now able to
synthesis large area of high quality graphene by chemical vapor depd€&tiD)
(please see section 3.1 for details), which has enabled edtstudizes on this fascinating
material?® Graphene is reported to be the strongest material ever tested with an intrinsic
tensile strength of 130 @& and a Young's modulus (stiffness)LdfPa (1.5*10° psi) 12
Graphene maintains excellent carrier mobility wheing deformed showing mechanical
robustness that makes it ideal for flexible devices (see section 4.2.4 where graphene was
incorporated onto dexible substrale?” Graphene is biocompatible and possesses a high
surface to volume ratio due to its monolayer form, making it an effective biosefsor.

has unique electrical properties that will be discussed in the following section.
Electrical properties of graphene

As discussed in the previous section, graphene possesse®yctmb lattice
carbon network? The carbon atoms in the lattice are heldgte t h ebondsy howetrer
each car bon at o-ondthasi® orignteds caeptse® Shis @ orbital
or A~ 0 orbital determines the | ow energy s
atoms (as described in f-bgndesg .-b2ridRhgblidizé ) and
together t-boa nfdo rapands2hTeese bands are responsible for most of
graphene's notable electronic properties and can be thoughtbandmg (thelower

energy valence band,/Eand antibonding (the higher energy conduction barl iE our
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semiconductor illustration in section 2.1'#he gap between the bonding/JEand anti
bonding (k) closes at the corners of the Brillouin zone, or K points (spere
2.2.1.3a)+?829This is why graphene is referred to as a zero bandgap semitondthe
pi-band dispersion are approximately linear at the K point (also referred to as the Dirac
point), instead of the typical parabolic bands for a semicondti¢téy,

E=h=vg =K
whereki s Pl anckds cloys @éaspthe Férmi delosity ith grdphene
(measured at approximately®1fis?, 300 times smaller than the speed of light)] kris
the wave vector measured at the K point (figure 2.2.1.3b). A linear dispersion desacribes
particle with a kinetic energy vastly exceeding their rest mass energy (e.g. photons,
neutrinos). Graphene owes its remarkablectron mobility (higher tharany other
measured material to date) to the qumassless nature of the charge carfiéf€® For
comparison, carrier mobility of various materials are showigure 2.2.1.3cSuspended
graphene has a mobility recorded up t8 d@?V-1s1.303! Extrinsic carrier scattering by
substrate phonons | imits graphem¢®d$23room t

On average, CVD grown graphene exhibitsiobility of about 10cm?Vv-1ist,

el

N Si 1400 1.12 0.19
Ge 3900 0.661 0.082
GaAs 8500 1.424 0.067
InGaAs 12000 0.74 0.041
InAs 40000 0354 0.023
InSb 70000 0.17 0.014
i
S 2
2 05 4429 | Graphene I 100000 | 0 I 0 |
Ky Kx

Figure 2.2.1.3. Band structure of graphene. a) The graphene Brillouin zone. Six points where the
conduction and valence bands meet , t he K and Ko
dependence of the electronenergyt t he K and Kitvaesiofrvarisus matejialsMo b i | i
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In summary, graphene is a zero gap semiconductor, with a linear E vs k (unlike
traditional 2D electron system which have parabolic bands) and charge carriers with zero
effective mass. It ltremendous electrical properties that make it very promising for
next generation devices. However graphenebod
are exploring the field fAbeyo#®Thghaadgape ne o
is essential for on/off state in a transistor. The bandgap is also vital for the emission or
absorption of light. A true 2D semiconductor would have high on/off ratio, reasonable

values of mobility and lge photoluminescence.

Figure 2.2.1.4. Beyond graphené®
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2.2.2 Hexagonal boron nitride

Hexagonal boron nitride (hBN) possess a honeycomb lattice similar to that of
graphene, however instead of carbon atoms it is made ofatlteyrboron and nitrogen
atoms (figure 2.2.2.7% The boron and nitrogen atoms are tightly held together by
covalent bonds and the layers are held together by a weak van der Waaf$ li@ise.
can be produced in bulk form similar to graphite and reduced down to monotaygr
mechanical exfoliation (details regarding mechanical exfoliatenm be foundn section
3.1). Scientists are currently trying synthesis monolayer hBN by CVDowever the
guality is still lacking (please see section 4.2.3 about our CVD growtiegsdor hBN).

The lattice constant ofBN is 2.5A,*" approximately 1.7% larger than that of graphene.
It is a weltkknown insulator, referring back to section 2.1.4, indicatireg it possesses a
| arge bandgap that doesndét permit the curr

5.2 eV bandgdi§ to the different onsite energies of the boron and nitrogen atoms.

Top view

Perspective

""llllmtm

Figure 2.2.2.1. Ball and stick model of hBN.
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Due to its large bandgapBN is commonly used as a passivation material. hBN
is relatively inert due to the somewhat ioniepilane bonding, and should be free of
dangling bonds and surface charge tr&p$.hBN deposited on top of any given material
will passivate it from the environment. Because of its insulating properties, hBN will
have no ill effect on the electrical properties of the underlying material. In fact, the
electrical properties of a material capped by hBN will yield higher results asatesial

is no longer subject to degradation or reactions withr@ HO molecules.

With a lattice similar to that of graphene, hBN is known to complement graphene
very well. As discussed in the previous section 2.2.1, suspended graphene has a mobility
recorded at 1®cn?V1s1393! However due to the extrinsic carrier scattgriny he
substrate phonons gr aphenedés room temperat uvwys mobil
1. By utilizing hBN as the substrate instead of the traditionab,3t@ mobility values of
the graphene are reported at 60,006\ths, which is three times highénan on SiQ?
Because of the honeycomb lattice and overall stractanfiguration similarity, the
surface chemistry between hBN and graphene are comparablgi Atacking chemistry
enables direct functionalization of the surface of graphene or hBN. Details of the surface
chemistry of hBN can be found in the sectioB.3.with a direct application towards a

Afuni ver sal bi osensor 0.

Its large bandgap and its high complementarity to other 2D materials (e.g.
graphene) is why hBN has been extensively exfoliated and stiidfetd:>> However
there is a real need for large area synthesis of high quality monolayer hBN to enable

further studies and incorporate hBN into future technologies.

32



2.3 Beyond grajnene: transition metal dichalcogenides

2.3.1 Overview of transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are an extremely promising class of
materials in the field Abeyond magterialydree ne o0 .
made of metal atoms (M) sandwiched on either side by chalcogen atoms (X). The
properties of the MXmaterial are dependent on the choice of metal, chalcogen atom and
the atomic configuratiof? 374244 Figure 2.3.1.1 is an artistic representation of a
monolayer MX under a 1H atomic configuration, the metal atoms are colored in
turguoise and the chalcogen atoms in yelloayérs of monolayer MXcan be stacked to
form bulk MX.. The height of monolayer MxXis approximately & A and can be
recorded by atomic force microscopy (AFM) (please see section 3.2.1 regarding details

on AFM measurements).

Figure 2.3.1.1. Ball and sttk model of a monolayer MX material under a 1H atomic configuration.

Each metal atom in the Mp€oordinate covalently bonds to 6 chalcogen atoms (3
on either side), and each chalcogen atom bonds respectively to 3 metal atoms. Consider

the example of molytenum disulfide (Mog. The electronic configuration of sulfur (S)
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is [Ne] 3¢ 3p* and molybdenum (Mo) is [Kr] 4d5s!, therefore they each have 6
electrons that can contribute to the binding. The Mo will donate 2 electrons to each of 2 S
atoms, becoming ®f* (2 electrons left) sandwiched in between 2 (S now has 8
electrons and a noble gas configuration). Each S will bind to 3 molybdenum atoms by
coordinate covalent bonds using 6 of the 8 available electrons and enable a stable MoS
structure (please sesection 2.1.2 on information regarding coordinate covalent bonds).
This attachment will leave a pair of electrons on the outer of shell of the S atom. This
electron pair can be utilized for the surface functionalization of MinSection 4.2.1 we

will use this electron pair for coordinate covalent bonding t& Miat enables the

creation of a MoShiosensor.

In a similar story to graphite that was used as pencil lead for many years prior to
the discovery of graphene, bulk TMDs have been extensively asea lubricant for
engines due to the weak van der Waals interaction between eachaX resulting in
low friction properties and robustne¥dn the mondayer form however, 2D MXexhibit
numerous fascinating properties such as a semiconductor, topological insulator, and many
more3741.5%66 |n contrast to graphene that possess a set of defined properties, with TMDs
we have access to a whole library of properties that can be chosen depending on your
choice of metal and chalcogen atom from the periodic tableerfodgic table can be
found in figure 2.3.1.2, the metal atoms have been highlighted in various colors
depending on their group (blue, green, red, yellow and purple), whereas the chalcogen

atom are in orange.
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' PERIODIC TABLE OF THE ELEMENTS . ..

a [1 1o 2 40026
21| H He
= (womcen ] e M: Transition metal 13 1A 14 VA IS VA 16 VIA BT WA | MU

3 684 |4 90122 5 10816 120117 14007|8 15999|9 18998 |10 20180
2| Li | Be MX,||B|c N|O|F | Ne
| eeronin somon | canson | wrmocen | oxveen | ruoeme | weon

) .

11 22990 12 24305 X ChalCOgeH 13 6962 | 14 26085 |15 a0974|16 3206|17 354518 s9.840
3| Na | Mg Al | Si P S Cl | Ar
sopwM | maGhESM |3 JIm 4 B 5 VE 6 2 7 VB 8 9 1 1 5 12 [z | Awmmus | sucow | peosprorus | SWPHUR | cHLORME | aRGon

19 39.098 |20 40.076 | 21 44.956 | 22 47.867 | 23 50.842 | 24 51.996 [ 25 54.938 | 26 55.845|27 58.933 | 28 56.693| 29 63546 |30 65.38 |31 60.723 |32 7264 |33 74.922|34 78.971|35 79.904 |36 83798

4 K [Ca | Sc | Ti | V |[Cr |Mn| Fe |Co| Ni Cu|Zn|Ga| Ge | As | Se | Br | Kr

POTASSIUM | CALCIUM | SCANDIUM | TITANIUM | VANADIUM | CHROMIUM |MANGANESE IRON coBALT NICKEL COPPER ZINC GALLIUM | GERMANIUM | ARSENIC | SELENIUM | BROMINE | KRYPTON

37 85468 |38 87.62|39 88905 | 40 91224 |41 92906 (42 9595(43  (38)[44 101.07 45 10291|46 106.42|47 107.87 |48 11241(49 1148250 118.71|51 1217652 1276053 126.90|54 131.29
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RUBIDIUM | STRONTIUM |  YTTRIUM | ZIRCONIUM | NIOBILM | MOLYBDENUM | TECHNETIUM | RUTHENIM | RHODIUM | PALLADIUM |  SIvErR | caowm | momw N ANTIIONY | TELLURIUM |  1DINE XENON
55 1329156 137.33| 57.7] |72 17849 |73 18095 74 1838475 18621|76 190.23(77 192.22(78 195.08| 79 196.97 |80 20059 (81 204.38(82 2072 |83 20898 (84 (200)(85 (210)| 86 (222)

6| Cs | Ba |La-lu| Hf | Ta | W | Re | Os | Ir | Pt | Au | Hg | Tl | Pb | Bi | Po | At | Rn

cagsm | pamuw  [Lanthamidel ey | anraom | Tunesten | meewuw | csmum | woww | Puatem | oo | Mercury | Teawum LEAD BISMUTH | POLONIUM | ASTATME | RaDON

87 (223)|88 (226) §0-102 104 (267)| 105 (268)|106 (271)| 107 (272)| 108 (277) | 109 (276)| 110 (281)| 111 (280)| 112 (285) (113 (... | 114 (287|115 (.. | 116 (281|117 (..o | 118 (..
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FRANCIUM | RADIUM RUTHEAFOROUM | DUBNIUM | SEABORGIUM| BOHRIUM | HASSIUM | MEITNERILM | DARMSTADTIM | ROENTGENUM | COPERNICIUM | UNUNTRIUM | FLEROVLM | UNUNPENTIUM | LNERMORIUM | UNUNSEPTIUM | UNUNOCTIOM

Figure 2.3.1.2. Periodic table highlighting he metal and chalcogen atoms that make MxX

The nonbonding d bands between the bondiaydnd antibonding(() are very
important in defining the electrical properties of the TMD (please see section 2.1.4
regarding bonding and antibonding levels). The diverse electronic properties arise from
the progressive filling of the nemonding dbandsas you move along the periodic table
figure 2.3.1.3° A table overview of electronic/magnetic properties of various:MX

combindions can be found in figure 2.3.1.3.

Throughout this thesis, | will focus on exploring the group 6 metals that are
highlighted in red in figure 2.3.1.2 and figure 2.3.1.3, the molybdenum (Mo) and tungsten
(W) metals, with sulfur (S), selenium (Se) or wellm (Te) chalcogens. It may be
challenging to differentiate between the TMDs utilizing an optical microscope, we will
primarily utilize Raman spectroscopy signals to differentiate them (please see section

3.2.2 on information regarding Raman spectrostopy
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Group 4 (D) Group 5 (Dg;,) Group 6 (Dg,) Group 7 (D3y) Group 10 (D4y)

o*
........... EF
Transition metal | Chalcogen Electrical/Magnetic properties (MX,)

Ti, Hf, Zr S, Se, Te Semiconducting. Diamagnetic

V, Nb, Ta S, Se, Te Narrow band metals or semimetals, superconducting.
Mo, W S, Se, Te S, Se: semiconducting. Te: semimetallic
Tc, Re S, Se, Te Small-gap semiconductor
RSPt S, Se, Te S, Se: semiconducting. Te: metallic

Figure 2.3.1.3.D band filling of dif ferent TMD groups and summary ofthe electrical properties®®

Mo or W combined with $r Se will make semiconductors whereas with Te it
will make semimetals (however we will discover that these propardiedealtered by
modifying the atomic configuration). This group of iMaterials are very interesting in
the academic and industrialteg. The semiconducting MXmaterials have good
electronic properties and exhibit countless other features such as tunable bandgap and
high photoluminescenceé:*4>57%4The semiconductor industry is very attracted to the
semiconducting TMDs as they search for an alternative to silicon (Si) in their transistor
devices. Large corporations such as Intel work on reducing the size of the Si MOSFET
(see section 3.2.4 on detaiesgarding MOSFET), however the scaling limits are caused
by materials and device structure rather than hard quantum limits. The Si layer becomes
difficult to uniformly dope when the dimensions are reduced below 20 nanometers, there

is also leakage from neéigoring devices. Therefore there is a real need to find an
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alternative to Si and monolayer semiconducting TMDs are a potential candidate. For
these multiple reasons, semiconducting M¥Xaterials have become a highly explored
material since the first semieducting MX flake was mechanically exfoliated to the
monolayer form a couple years ago (please see section 3.1 regarding details on
mechanical exfoliation). Scientists are currently trying to synthesis high quality
monolayer semiconducting MXlakes by tiemical vapor deposition (CVD) (please see
section 3.1 regarding details on CVD method). In order to estimate the quality of the
CVD grown semiconducting TMD, three terminal measurements are performed to study
and characterize their electrical propertipleése see section 3.2.4 regarding details on

three terminal measurement).

Scientists have recently discovered that alternating the atomic configuration of the
MX will alter the electronic properties of the TMBIS™ 7! this technique is known as a
phase transformation. There are three possible atomic configurations (three phases) for
monolayer MX: the H, 1T and 1To6. Figure 2.3.1.4 s
revealing each configuration. Aberration correct transmission electron microscopy
(ACTEM) as well as Raman spectroscopy is the characterization technique utilized in
identifying the atomic configation (please see section 3.2.2 and 3.2.3 regarding details
on ACTEM and Raman). We will now refer to monolayer MXaterials as 1H1X 2,
1T-MX2a n d -MXT depending on which atomic configuration they are in. In the bulk
or multilayer they will be referretb as 2HMX>. The following sections will highlight

the key differences between each phase.
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Figure 2.3.1. 4. Bal | and stick model of the 1H, 17T

There is a real need for synthesizing large area, high quality, monolaygr MX
flakes invarious phasesThroughout this thesis, | will highlight our growth results by
CVD of monolayerTMDs in different atomic configurationg will discuss some of the
intriguing phenomena occurring within these TMDs as well as potential applications such
asbiosensing. Some of these atomic configuratisna ¢ h  a s wete haedieved Tode
unstable and unheevable in the monolayer formrlowever we were able to synthettie

firstmonolayerl T6 f | ak e s a nrizatipns onfthts umgueghage® a c t e

With the wide set of different metal and chalcogen atéhnat form a TMD,
coupled with the 3 possible atomic configurations, yield a tremendous amount0f MX
combinatias all with their unique properties. TMDs have a potential broad impact in
various applications such as the semiconductor industry, quantum computing, water
filtration, energy storage, solar cells, light emission dipgeezoelectric, and many
more**™ TMDs truly are a |l eading candidate

scientists are only just discovering some of the countless properties TMDs have to offer.
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2.3.2 The 1H phase

The 1H phase of MXmaterials is the most studied to date. A schematic of the
atomic configuration can be found in figure 2.3.2.1. In the 1H configuration, the metal
and chalcogen atoms are alternating and arranged in a honeyconsbrligire (top
view), however they are not on the same plane unlike graphene and hBN (side view). In
1H-MX> the chalcogen atoms are aligned, so viewed from above the underlying
chalcogen atom is hidden. The 1H phase is the most common atomic configur&tien

MX2 materialsjt is the configuration predominant in the family of semiconducting MX

Top view

‘ Perspective view ‘

Side view

Figure 2.3.2.1. Ball and stick mode of 1HMX 2.

To differentiate a 1HMX> material from another, we rely on Raman spectroscopy
(please see section 3.2.2 regagd Raman spectroscopy and more details on its
operation). Raman spectroscopy provides us with a vibrational fingerprint of our

material; it is a rapid way to characterize the-NI{> material. 1HMX> possess many
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phonon vibration modes, however 2 are daninand are used to identify the layer
number and the elements: thedand Aly peak (figure 2.3.2.2). Each 1MX, will have

different positions for the &z; and Ay peak as each metal or chalcogen will have
different atomic size which will translate intbe phonon vibration. If we have multiple

layers (2HMX?>) this will move the position of the peaks, thegwill redshift and Ay

peak will blueshift (stiffening§"8 8 Strain and dopig can also effect the position of the

peaks (please seedion 6.3 regarding doping @H-MX).”*8The Raman intensity and

peak position is dependent on the layer number and elements present. Raman can serve as

a credible tool for characterizing the -NHX » material.

Figure 2.3.2.2. Ag and E'yg vibrational modes for 1H-MX > materials.

1H-MX2 possess a bandgap and are semiconductors, a quality that graphene lacks.
The bandgaps are different for each-WX > material but the energy values are located in
the visible range. Figure 2.3.2.3 is inspired from referérared represents the calculated
band diagram for each 1MX> combination. The calculations were performed with the
PerdewBurke-Ernzerhof and sphorbit coupling (red line, including theGW corrected
bard edges(blue dashed line As seen in the figure, the bandgap energiegy(fare

different for each 1HMX> combination. Please notice in figure 2.3.2.3 thatMélT e
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and 1HWTe are semiconductors in this 1H phase, in the previous figure 2.3.1.3 we
claimed that they would be semimetals, this a clear indication that the electrical
properties of the MXmaterials can be altered with the atomic configuration. The table in
figure 2.3.2.3 summarizes the energy gaps for the group-BAHand 2HMX>, we
noticethat the Bap changes from multilayer (2H) to monolayer (1H). This highlights an
incredible quality of TMDs, they possess a tunable ban#fgd33824 The bandgap can

be tuned when reducing the number of layers, this is due to the constrictions and changes

happening in the energy diagram.
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Figure 2.3.2.3. Band diagram of 1HMX 2 and table summarizing the bandgaps fodH and 2H-MX 2.

Figure 2.3.2.4a is the calculated energy diagram foM2i%, in k-space as we
reduce the layer numbers to monolayer{liBS;). Figure 2.3.2.4a was modified from a
figure in referencé’ In bulk (2H-Mo0S,), the lowest eergy level at the conduction band
and the highest energy level in the valence band are not aligned, this is called an indirect
bandgap. In monolayer (:M0S,), the levels are aligned and we have a direct bandgap.
The difference between a direct and indireandgap is highlighted in figure 2.3.2.4b.

For a direct bandgap (tM0S;), when an electron and hole pair (exciton) align they can

recombine and emit a photgp Forénhnglifect vandgap a n
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(2H-M0S,), a phonon must be first emitted to align the electron and hole passpade,

then this is followd by the recombination and emission of a photon. The probability of a
phonon followed by a photon is very low, therefore by changing the layer number we are
tuning the bandgap and modulating the light emission. The exciton binding energy in
MX 2 materials ee very high which leads to intense photoluminescence. Another quality
is that 1H-MX> materials have inequivalent valleys in thesgace electronic structure
with an extra valley degree of freedom (figure 2.3.2%%4&)8 This new degree of
freedom can | ead to new physics ter med
photoluminescence in monolayer -MbS, and the valley Hall effec£838% These

qualitiesmakes 1HMX 2 materials very attractive for optic applications and research.

a) Buk L b)

\/ \/\ J N/ /\/ Direct bandgap ‘Indirect bandgap

\ | Ec \‘/ Ec

Figure 2.3.2.4. Tunable bandgapn 1H-MX.. a) Changes in the eergy diagram from 2H-MoS: to
1H-Mo0S2.3" b) Schematic of light emission process for direct and indirect bandgap.

Energy

The variety of bandgaps accessible with-lI{> materials is truly remarkable.
The electronic properties of the semicoatihg 1HMX is dependent on the position of
the Fermi level (E). Please see section 2.1.4 regarding difference betwggrerand p
type semiconductors. Most of the -MX, are ntype semiconductors apart from 1H

WSe the only known gtype semiconductd¥®! The 1HMX 2 have reasonable values of
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mobility and hgh on/off ratio in MOSFET structure (see section 3.2.4 regarding
MOSFET)#162.9294 The high value of these numbers are essential for the potential impact

1H-MX> canmake in the semiconducting industry.

A potential application for monolayer 1MX: is biosensing. In the monolayer
form 1H-MX2 have high surface to volume ratio, therefore a large fraction of atoms are
exposed on the materials surface and the charge sawiélr be influenced by the
chemistry on the surface (please see section 3.2.4.4 regarding local chemical gating
effect). We were able to create a biosensor withMad$,,"* details regarding a scalable

1H-MoS; biosensor can be found in section 4.2.1.

In order to study 1HMX. materials we need to achieve monolayer-MM..
Details regarding techniques used to obtain monolayer materials can be found in section
3.1. 1HMX> materials were first mechanically exfoliated after graphene in 2004.
However there is a real need for largrea, monolayer and high quality -MX>
materials for industrial and educational research. This has led to a surge in the synthesis
of 1H-MX> materials by chemical vapor deposition (CVD). To datesMé$, and 1H
WS, are the most synthesized and stutfiéé®>’"**however there is a need to improve
the quality of the synthesized material.-M$Se and 1HWSe are less common and
still being explored. 1HMMoTe; and 1HWTe; are only theoreticallystudied in the
monolayer 1H phase. We will highlight in Chapter IV and Chapter V the high quality and
large growth of our synthesized MMo0S,, 1HWS,, 1H-MoSe and 1HWSe. The high

quality of our synthesized materiahs led tmumerougpublications’*% 111
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2.3.3 The 1T phase

A schematic of the 1T phase can be seen in figure 2.3.3.1. In the 1T phase, the top
layer of chalcogen atoms have shifted witspect to the bottom, exposing all the
chalcogen atoms (top view). This is phase is very unique and phase transforming 1H
MX2 materials into 1IMX> material will alter the electric properties. For example; 1H
MoS; is a semiconductor whereas-MoS, is ametal. Research groups are interested in
heterostructures of HMo0S/1T-M0oS; in order to study possible novel properties that
would result from the combination of both phases. The 1T phase has been explored in
TaS and MoS. In this thesis | will discusshé group 6 metals, so for details on TaS
please see section 7.4. There are two known methods to induce a phase transformation
from 1HMoS; to 1T-MoS,, by chemical treatment or by thermal annealing in an electron

microscope with atom intercalatiGh’%112

Top view

«

Perspective view

K

Side view

SO

Figure 2.3.3.1. Ball and stick model of the 1M X 2.
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Phase transformation oHIMoS; to 1T-MoS; induced by chemical treatment was
first reported by Chowalla et al. using an organolithium chemical metiiSd°® By
electron beam ¢beam) lithography, they expose the edges of &MtS, flake while the
center of the flake remains passivated by-tse@m polymer. The flake is then inserted in
n-butyllithium solution, only the edges of the flake will see the abahas the center of
the flake is protected. After several hours, the flake is retrieved and the unexposed
PMMA is removed. Electrostatic force microscopy (EFM) phase image of a monolayer
MoS; can be seen in figure 2.3.3.2. EFM is an alternative to attorge microscopy
(AFM) described in section 3.2.1, EFM will reveal regions of different electrical
conductivity. In the EFM image, we clearly see two different regions highlighting the
metallic 1TFMoS; and the semiconducting 1Mo0S,. An aberration correetl
transmission electron microscope (ACTEM) image can be seen in figure 2.3.3.2,
ACTEM gives an atomic image of the boundary between théd8, and 1FMoS,.

This method is very effective in inducirgphase transformation from 1H to, hiowever

n-butyllithium is pyrophoric which makes scalability of this technique an issue.

ACTEM

Figure 2.3.3.2. Electrostatic force microscopy phase image and high resolution transmission electron
microscopy image of 1HMoSzand 1T-MoS;, scal e bars are 1 % m and 5 n
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An alternative apgrach to inducing a phasensformation is by Rhenium (Re)
intercalationand thermal annealing? A group has shown that by first doping a-1H
MoS; flake with Re, one induces Re defects in the-MdS; crystal lattice figure
2.3.3.3a. The flake is inserted in an electron microscope and thermally annealed. The
thermal activation energy can be reached to induce a phase transformation fMo%iH
to 1T-MoS, (figure 2.3.3.&bcd). Figure 2.3.3.3efgh a simplified schematic illustration.
Figure 2.3.3.3 was the first-gitu thermal activation of a phase transformation from 1H

MoS; to 1T-MoS,.

Figure 2.3.3.3. Insitu observation of phase transformation from 1HMoS: to 1T-Mo0S2.11?

All the experiments presented were performed on mechanically exfoliated 1H
MoSz, no group has reported the phase transformation of a CVD griawwials,; to 1T-
MoS,. Furthermore, no group has successfully synthesized by CVD a monolagen MX
the 1T phase. This highlights the difficulty of synthesizing materials in an alternate

phases than the traditional 1H phase.
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2.3.4 The 1T06 phase

Aschematicdb the 1T6 phase can be found in f
distorted 1T phase. Starting from the 1T phase, if one strained the unit cell on either side,
one would isolate a line of chalcogen atoms. The isolated chalcogen has been highlighted

inredin the top view image of fiMKe%e 2.3.4.1

Top view

Side view

Figure 2.3.4.1. Ball and stick model of the 1T6 pha

Theoreticallyt h e TWOs@refascinating anchaveb een accl ai med t |
gr ai | o iale.fA gnoups s recently shown by first principle calculations that a
guantum spin hall (QSH) evXseQ@SH insulatorphaves e nt
an insulating bulk but conducting edge states that are topologipedkected from
backscattering by timeeversal symmetr}t¥11> 1 T-NIX> materials could therefore
provide an alternative route to quantum electronic devices such as quantum computing.

Figure 2.3.4.2a shows the theoretically predicted edge density of states, we can see that

47



the materi al i's conducting at the edge be
2.3.4.2b is the theoretically parfuadionofat ed |
distance away from the edge (LyA sharp pealks present in the bandgap at the edge of

the flakeand decays at a length of ~5 nm away from the edgéatingt h a -MX:2 T 6

will conduct along the edgeof the flakebut not in the centeiTheoretical predictions

al so hi ghiMXgwould be suitable fdr ihr@vative transistor structures that can

be switched/ia a topological phase transition rather than conventional carrier degigtion.
Indeed, first priniple calculations demonstrate that the QSH edge channels fionbe

state can be rapidly switched off via a topological phase transition by applying a vertical
electric field.A van der Waal$eterostructuréopological fieldeffect transistgrmade of

hBN a n dviX3}, Was simulated to show the feasibilitytbe device(figure 2.3.4.2cf*

a) c)

0.3

o

& Energy (eV)

w

-0.6
X r X
0.15
monolayer/multilayer wide-
;3‘ | — gap insulator (c.g. hBN)
30 k=1 . - o
S monolayer QSHI using TMDs MX,
5 ————————————
g decoupled edge states
015 EEEENINI— T e mEmemememmemEmEmeEmEmsmem
0 Ly (nm) 2

Figure 2.3.4.2. Theoretical MIX £ d) iIEdge deositysof stafes. ) SH i n
Local density of states at G point as a function o
van der Waals heterostructured topological fieldeffect transistor !
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There is a real neea fr mo n o |-MXy materials Toéenable studies on this
fascinating phase. Unlike phase transformation fromMDkt to 1T-MX», 1H-MX:> to
1 T-MX: is challenging. Theoretical prediction reveal the large amount of strain that is
necessary to be applied alonige unit cell axis of the TMDto induce a phase
transformation f r osmmaterdls (figure 2.3463f Fooexampld, | M X
extensive amount of strain would be necessary to induce a phase transformation-from 1H
MoS;t o -MIoB0 However, we notice that MoT@nd WTe would require minimum
or no strain to induce a phase transformation from 1HTi® 1 Theoretical f

indicate that WTes houl d automatically be found in bt

Abiby (%)

-10 -5 0 5 10 15 20

Aalay (%)

Figure 2.3.4.3. Theoretical prediction of phase transformation from 1HMX2t o -MX.dby strain.5®

Experi ment al | YMDs navenobbdeen explored1FEV® groups report

the study of bul-WTeamterible Wheyl werg abie 20 otmhically T 6

exf ol i at-WTeldown ko a feWw dayers but never to monolayer form due to the
high i nst abi-MX2(plase see saction 3.bfor infbrimétion on mechanical
exfoliation process). TWilTe are trufy remackable.g-Few o n f €
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| ay e rV¥Te: Wduldl possess extensive properties such as superconducting behavior,
large nomsaturating magnetoresistance, weak antilocalization effsetl many
more®>®0618eg yt no one has achieved or isolated
fast decaying time in air and rarity. There is a real need for scientists to isolate monolayer

1 T-NX:> flake to enable research on some of the fascinating theoretically predicated
properti es -MXehas toaffer Irwill teVedl how we were able to produce

the firstnronol ayer ,1Wé t iMDh e -MogTextame sWISE §pbedise 1 T 6
see Chagwtr VI). We solved its rapid decaying time by utilizingagghene as a passivation

layer,hi s | ead to the first-MEA(fgure28.449. mages of

Figure 2344 Artistic representation of-MXbseg gapherepsul at i
ACTEM i mages o f-MXroerperimanyakresultd iim éxcellent agreement with simulation.
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2.4 Other materials beyond graphene.

The field beyond graphene is not limited to TMDs, there are many other materials

currently being explored. In theection | plan to briefly summarizéhesematerials.
Black phosphors, phosphorene

In the same concept of stacking graphene layers form graphite, stacking
phosphoene layers form black phospherBP). BP and phosphorene have attracted
tremendous amau of attention in the past couple years. They are one of feypep
semiconductors and have a tunable bandgap dependent on the layer number similar to
2H-MX> TMDs. In 2HMo0$S; the bandgap can be tuned between 1.2eV (bulk) and 1.8eV
(monolayer). In BP it aabe dialed up from 0.® 2.0 eV However unlike 2HVI0S2
and some other TMDs, there is no direct to indirect bandgap transition. In other words,
both monolayer phosphorene and miladyier BP have a direct gaphis large range of
bandgap values makes BP and phosphera very promising material for optics and
electronics. BP hole mobility has been reported at 1008/¢at and on/off ratio of
10*117 Interestingly, black phosphorus properties are dependent on the direction of the
crystal, this is due to an intrinsic, strongplane arsotropy*!®11°|ts atomic arrangement
can be seen in figure 2.4.1. However BP is very unstablevdhdecay within a few
hours!®1?1 BP reacts with the oxygen and water present in the atmosphere, therefore
proper passivation is necessary. Groups have successfully grown bulk BP by chemical
vapor transport, leping it isolated in a quartz tube and inserting the tube in a glove box.
In the glove box, BP can be exfoliated down to phosphorene and properly passivated

against air. To date, no group has reported the successful synthesis of phosphorene.
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Figure 2.4.1 Black Phosphorts 1?2

MXenes

MXenes are a new class of 2D nanomaterials that are attracting a tremendous
amount of attention due to their potehtimoad impact. MXenes consist of few atoms
thick layers of transition metal carbides, nitrides, or carbonitrides (figure 222These
atoms are organized into a layered hexagonal structure with P63/mmc symmetry by
strong metallic, ionic, and covalent bonds, where M (transition metals) layers are nearly
closed packed and X (C and/or N) atoms fill octahedral st defines each MXene
is the composition and the surface termination. There are hundreds of theoretical
combinations of MXenes possible, and to date ~20 have been synthssicedheir
discovery in 2011#%3%7 Theyinclude metals and semiconductors. The semiconductors
have a tunable bandgap when decreasing the layer number, similarM¥>H
TMDs.1?212% However the most appealing aspect of MXenes is the hydrophilicity.
MXenes are conductive while hydrophilic, and can be considered as conduapvemng

oxide or hydrophilic graphend® MXenes have been defined as the product of metals and
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ceramic, whi ch has triggered the | abel
morphology, excellet conductivity, and the involvement of transition metals, MXenes
exhibit promising charge storage properties based on redox reaction and interé&ation.
Besides, unlike graphene where bindipglymer nanocomposites to the surface is an
issue due to the few functional groups available, MXenes have a tunable surface
termination enabling many functional groups which yields much stronger polymer
nanocomposite attachment. Due to these amazing ésatiiXenes are expected to be
excellent hosts for a variety of applications such as energy storage applicatioms (Li

batteries and supercapacitossjter purificationgas sensorsnd more39132

Figure 2.4.2. M>enes!*3

Scientists have been exploring the fi
BP and MXenes are promising materials with unique capabilithat make them
appealing. With a vast range of possible applications, the synthesis of high quality and

large area monolayer phosphorene, MXenes and TMDs have become a top priority.
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CHAPTER III.

Experimental Methods

In order to evaluate the qualityf @ material, scientists rely on various
characterization techniques. These techniques are extremely valuable as they represent
the first step in quantifying and understanding the properties gienmaterial. Each
technique will provide specific infornian on the structure and properties and will
compliment a previous technique. As we further characterize the material, we will be able

to paint aclearermpicture ofits quality andunderlyingintrinsic properties.

In this Chapter, | will firstdemonstratehow scientists can obtain monolayer
materials. Methods of production include exfoliation from a bulk source or by direct
synthesis. | willfollow-up bydescriling characterizations tools that are used throughout
this thesis. These tools can be categorinetiiree areas: spectroscopy, microscopy and
three terminalelectrical measurements. Spectroscapgasurementsvill provide us
information on thechemical composition, composition variation, crystallographic
structure and optoelectronic properties of theterials. Microscopy measurements will
provide us information on the sample's structure with valuable direct imaging
approaches. Three terminal electrical measurements will reveal the charge carrier

mobility and will help define the overall crystallinity
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3.1 Isolating monolayer material

To study materials in the monolayer form, one needs to isolate high quality
monolayer material. There are multiple methods to obtain materials in the monolayer
form. Some bulk materials are native element minerals ch éag. graphite) and are
reduced down to the monolayer form, others are directly synthesized using novel

techniques and advanced equipment.

Mechanical exfoliation is the most common method for reducing bulk material
down to the monolchydrapfefomm.t hDlde® fvacotfir st
Geim and Konstantin Novoselov at the University of Manchester in 2004, using a piece
of tape to successfully isolate graphéh@hey wereable to characterize and study
isolated graphene for the first time in history. This discoveryted to theNobel Prize
in  Physican 2010 “for groundbreaking experiments regarding tife
dimensionamaterial graphene® The fAscotch tape methodod is
used worldwide that has enabled the study of countless materials in the monolayer and
few layer foom.A Scot ch tape methodd requires a pi ¢
substrate onto which one wishes to deposit the monolayer material. The method consists
on wrapping the tape around the bulk material and peeling it back and forth multiple
times to sepata the layers of the material from their weak van der Waals interaction.

The tape is then pressed on the substrate and gently heated to release the material from
the tape onto the substrate. The tape is then removed and the substrate is studied under an
optical microscope. Small regions of monolayer material can be observed on the substrate

(figure 3.1.1). The isolated monolayer region is of very high quality but very small. This
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method is exceptional for the initial characterization and study of novemsanals,
however the sparse monolayer region makes this processcatable for any future

application.

\}J
100 pm !
|

Figure 3.1.1. Mechanical exfoliation. Mechanical exfoliation of graphene using scotch tape methdel.

Liquid exfoliation offers large amounts of monolayer material. A bulk material is
inserted into a solvent, the solvent intercalates in the layers of the bulk material and
through an agation (ultrasonication) the solvent separates the layers (figure 3%.2).
The shearing of the layers in the bulk material results in the abundance of moaoldye
few layers in the solvent. A droplet of the solution is deposited onto the substrate and
large amounts of monolayer material can be found (figure 3.1.2). This method offers
large amounts of monolayer material, however the quality of the monolayerahagas

degraded due to surface contaniimaand structural distortion.

Bulk

l Intercalation

| Agitation

Figure 3.1.2. Liquid exfoliation. Few layer graphene by shear exfoliation in liquid&3®
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Molecular beam epitaxy (MBE) was invented at the Bell labs and enables the
direct deposition of single crystal thfitms.'*” MBE consists of a chamber with a stage
and effusion cells (figure 3.1.3). A growth strbge is placed on the stage and the
effusion cells are filled with the natural elements of the material we wish to synthesize.
The system is pumped down to low pressure and the effusion cells are slowly heated until
the compound in the cell begins to saoig. By using a shutter we can control which
compounds reaches the substrate. Due to the long mean free path of the atoms, they do
not interact with each other until reaching the surfd€®&y controlling the deposiin
rate and the temperature of the substrate, the gaseous elements impinging on the surface
of the substrate may be adsorbed and-filim single crystal material will grow. This
growth technique requires the careful optimization and control of all ptagesndhe
resulting material quality is very high, however it will have different thickness across the

substrate and achieving solely monolayer material from MBE can be very challenging.

MOLECULAR BEAM EPITAXY

tolecular beams
| Substrate heaters
Eleztron gun Substrate

rotation
mechanism

Effusion
cells

i
Fluorescant

SCreEeEn
Crvopanels

Figure 3.1.3. Molecular beam epitaxy38
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Chemical vapor deposition (CVD) enables the direct synthesis of monolayer
material on a substrate, and is the technique predominantly used througbhdhesis.
The process involves a growth substrate positioned in the center of a furnace which is
ramped up to high temperatures under gases and precursors, and the material starts to
grow on the substrate. After careful optimization of all the growth peteniin a 1 inch
CVD furnace, monolayer single crystal flakes can grow across the substrate. Figure 3.1.4
shows the growth results of monolayer single crystal graphene flakes. By increasing the
size of the furnace, larger monolayer growth regions canchewed. Using a 4 inch
CVD system, graphene can be grown across large areas (figure 3.1.4 middle). With a roll
to roll process, scientists can synthesize huge sheets of graphene (figure 3.1.46bttom).
Scientists are currently optimizing Mef@rganic CVD (MOCVD) processes for wafer
scale monolayer 1#10S,.24° The larger the furnace, the more challenging it is to achieve
high quality, homogenous monolayer growth. 8rdaviations from the growth recipe
will either result in no growth or in multilayer growth. Therefore all recipes undergo
careful optimization processes and rigorous checking to maintain the high quality growth.
The materials grown can be transferredrfrthe growth substrate to a different substrate
(e.g. TEM grid) through etching or bubble transfer (please see section 4.1.2 and 4.2.3 on
transfer techniques). Transfers can lead to contaminations which would degrade the
quality of the materiat? The large amount of good quality monolayer material
synthesized, the reproducibility between each growth amdhility to dabble at new and
unexplored materials make CVD a reliable process for exploring new and exciting 2D

nanomaterials.
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1 inch CVD
Bk

Scale bar : 15 cm

Roll to roll CVD

Figure 3.1.4. Chemical vapor deposition. 1 inch CVD growth of single crystal graphene flakes. 4 inch
CVD growth of large areagraphene, hydrophobicity on the surface indicates the presence of carbon.
Roll to roll chemical vapor deposition for scalable graphene growt?*®
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3.2 Characterization techniques

3.2.1 Atomic force microscopy

Atomic force microscopy (AFM) enables the careful characterization of the
surface of nanomaterials with nanometer (nm) resolution. AFM relies on the attractive
and repulsive forces between a mechanical probe (ApMatid the substrate. AFM has
three major abilities: force measurements, manipulation and imaging. Force
measurements can be performed at a specific location on the substrate. It entails
measuring the forces between the probe and the sample as a furidiieir enutual
separation. Manipulation involves directly displacing or stimulating the sample using the
AFM tip. Imaging relies on guiding the AFM tip along the surface of the sample using a
precise piezoelectric controller and recording the height clsaoigéhe probe due to the
intramolecular forces the tip undergoes with the saiffjgere 3.2.1.1). Imaging yields a
3 dimensional topographic image of the surface of the sample with resolution of

nanometer size features, well below the diffraction lirhitght.

Position-sensitive

detector
Detector & AH
feedback
electronics Laser
Cantilever

g AFM tip

Ah

Sample surface

Figure 3.2.1.1.Schematic of AFM measurement.
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AFM imaging relies on a laser monitoring the displacement of the AFM tip
during its interaction with the sample. The laser is reflected off the top surface of the
cantilever and is then captured byfaur quadrant photodiode. When the AFM tip is
displaced the laser position deviates from its original position on the photodiode (figure
3.2.1.2a), this shift is converted into a voltage difference that is returned to the feedback
electronics. To maintaia constant interaction force between the tip and surface, the
feedback loop moves the cantilever using the piezoelectric controllers and returns the
laser to the center of the photodiode. The voltage required to do so gives a measure of
surface height ahat location. A topographic image of the surface over a scanned area is
then created with nm scale resolution. The image resolution is dependent on the radius of

the AFM tip. Typical resolution is below 1nm (figure 3.2.1.2b shows a typical AFM tip).

a)

A Photodiode B

Cantilever
/

Figure 3.2.1.2. a) Schematic of photodiode with the laser deflection. b) SEM image of an AFM.{3
There are three methods for AFM imaging: @bt noRcontact and tapping

mode. In contact mode, the tip contacts the surface with a set point normal force kept
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constant during the scan, the AFM tip is dragged across the sample that could potentially
damage the surface of the sample. Montact modeequires the AFM tip to hover over

the sample at a distance of-580 A and monitors the weak attractiveam der Waals
forces between the tip and sample. There is a loss in resolution using this technique. In
tapping mode, the tip is driven across the ganclose to its resonant frequen®&p-500

kHz) and the amplitude of oscillations is kept constant while the tip intermittently enters
the repulsive regime. Parameters of the cantilever oscillation, in particular the phase and
amplitude of oscillation, cagive information on the properties of the surface including
stiffnress and attractive for¢&® Throughout this thesis, AFM measurements were

performed usingapping mode, unless specified otherwise.

Using the tapping mode of the AFM, we are able to scan the height and study the
surface topography of our CVD grown materials. When characterizing materials such as
graphene (figure 3.2.1.3a) and Mo@igure 3.2.13b), a profile scan indicates the
material has a height of around 0.8 nonfirming the monolayer heighiVe are also
able to study protein attachment to the surface of Mo8 study the chemical binding.
Figure 3.2.1.3c reveals specific protein attachime the Mo$ surface whereas the SIO
substrate remains clean. AFM can also reveal nm scale buckling at the interface of two
CVD grown materials that have different lattice constants. Figure 3.2.1.3d is an AFM
image of a CVD grown 1HMX>/ 1-WMX> heterostucture. High resolution scanning
reveals buckling in the 14MX> region that matches theoretical computations (please see

section 6.3 for further information on this buckling mechanism).
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Figure 3.2.1.3. AFM images of various CVD grown samples. a) AFM ofraphene device with
embedded image of the device. b) AFM image of CVD grown Me3%vith embedded high profile scan
revealing monolayer height. c) AFM image of functionalized Mo% revealing specific binding to
MoS2 region and not to Si/SiQ@. d) AFM image of CVD grown 1H-MX2/ 1-M& 2 revealing buckling
mechanism in 1H region.

AFM is a powerful tool in the field of nanotechnology that not only permits the
study of the height of nanomaterials but also the surface morphology as it undergoes
chemical transformatianor topological strains. AFM is used heavily throughout the

remainder of this work as a premier surface characterization technique.
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3.2.2 Raman spectroscopy

Raman spectroscopy is a technique that provides us with a vibrational fingerprint
of our material Light emerging from a laser source inelastically scattrthe material
and is recorded by a CCD camera. The energy of the scattered ghshifftedfrom its
original value due to the interaction the laser has with the molecular vibration of the
material (phonons). The energy difference between the incident and scattered photon is
plotted as Raman shift in wavenumbers #msing the following equadh, wh eis e ¥

the Raman shifemncis the incident anek is the shifted wavelength in nanometers.

1 1
Aine,(nm) A4 (nm)

Aw (em™) = ( )x 107

Due to the weak interaction the laser has with these modes, there is a need to filter
the intense unwanted Rayleigh scattered light. Rayleigh scatteriight scattered at the
incident wavelength. A notch filter is used to eliminate all reflected light at the incident
wavelength, leaving us solely with the vibrational fingerprint of our material. The
intensity of t he sni*gthum the choice gf fasepis crucialdnn a |
distinguishing the vibrational modes. Using an infrared laser-{800 nm) results in a
decrease of scattering intensity compared to green laser (532 nm). However different
wavelengths work better for different systearsd materials. Red or neiafrared (600
830 nm) lasers are used for fluorescence suppression; blue or green lasers are used for
inorganic materials and resonance Raman experiments (e.g. CNTs) and enhanced Raman
scattering; UV lasers are used for resonaReenan on biomolecules (e.g. DNA) and
fluorescence suppressiéHt. In this thesis a green laser(532 nn) was usedunless

otherwise speciéd.
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The Raman shifts enable molecular identification and atomic configuration
distinction but also provide us with information on the quality and the height of our
nanomaterial s. I n graphene, the G band,
identified in graphitic carbon located at 1582 "§nl350 cmt and 25002800 cmt
respectively (figure 3.2.2.%f°> The Gband and Eband are associated with the smd
sp hybridized bonds, whereas the 2D band is@rdorder twephonon process related
to the phonons near the K pointk-space**® Analysis of height, width and position of
these 3 peaks provides mormation on the quality, layer thickness and doping level of
the graphendror instance, high quality monolayer graphene, the D/G ratio should be less

than 0.05 and the 2D/G ratio2 ratio 48 149
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Figure 3.2.2.1. Raman spectrum of graphene.
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In TMDs the separain between vibrational modes provides us with a direct
estimate of the layer number. MoS; has predominantly 2 vibrational modes, theyE
and Ay modes which correspond to theplane and oudbf-plane vibrations, located at
384 cm! and 403 crt respetively. For bulk MoS, the Exq redshifts to 382 crhand the
A1q4 blueshifts to 408 cm (figure 3.2.2.2) The separation of thelfs and Ay peaks
therefore increases with increasing layer number from I9inrmonolayer Mo%to 26

cmtin bulk 27778
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Figure 3.2.2.2. Raman spectrum of MoSwith thickness dependencé’

Raman mapping enables the careful mode mapping of an entire flake, revealing
the intensity and peak positions in specific physical locations on a flake. This enables the
careful characterizato of di fferent | ayers withi-n one
WTe; has 2 known vibrational modes, theglane A; and & that contains ifplane and
out-of-plane phonon vibration$%*In bilayer, the A’s mode does not shift, whereas the
A®1 mode redshifts by ~ 1.5 cinThe Raman mapping of theAmo d e  f-WTexinl T 6

figure 3.2.2.3 clearly reveals this redshift in wavenumbers from monolaygayerb
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Figure 3.2.2. 3. RW Tre:a Revealiagpshift oh A& madé for m@ndlayer to bilayer.

Due to the large spot size of the Raman laserrf)-it may be challenging to
obtain the vibrational modes in smaller regions. By placing an AFM tip on the substrate
and focusing the laser on the AFM tip, one can perform Tip Enhanced Raman
Spectroscopy (TERS). In TERS, the Raman scattering occursextdhe the atomically
thin tip. TERS enables the mapping of nanomsised areas with high resolution. For
instance in 1KMXo/ 1-MéTechet er ost r u cMoUes region is vehyesmall T 6
(<¢ M) and normal Raman mapping cannot differentiate this unicpgion. By
performing TERS along the heterostructure, one can clearly identify both regions of the

heterostructure and associate the correct vibrational modes (figure 3.2.2.4).
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Figure 3.2.2.4 TERS on 1H/ 1T O6Rarhae speatraonsindicates 2 dhtinet regions in
agreement with the inplane monolayer heterostructure.

Raman spectroscopy is a quick, powerful and-destructive tool that enables the
careful characterization of our CVD grown material. It provides us with molecular
identification, iformation on the atomic configuration, quality, height and doping of our

materials.
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3.2.3 Electron microscopy

Electron microscopy such as scanning electron microscopy (SEM) or
transmission electron microscopy (TEM) offer much higher resolution than draaliti
optical microscopes. Electrons are emitted from a gun (thermal or field emission) and
accelerated towards the sample that we wish to characterize. Electron microscopes owe

their high resolution to the small de Broglie wavelength:

h
A=— =
| €
‘\.|| 2mgelU(1 + 3 I}czj
whereh i s Rcbnatant ni8 the rest mass of the electron, c is the speed of light

and eU is the energy of the electrdhe electron wavelength of a 50 ke\beam writing
system is 0.0054 nm, but this resolution is limited by lens aberrations. The configuration
difference between SEM and TEM is the placement of the detsittorespect to the

samplefor aSEMit is placed above whereas for a TENs below(figure 3.2.3.1).
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s Screen
Sample Detector

Figure 3.2.3.1. Schematic of a SEM and TEM(Figure is from Professor Kagan ESE525 lectue).
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For SEM, the electrons interact with atoms in the sample and several signals are
produced that contain information about the topography and composition of the sample's
surface (figure 3.2.3.2). The secondary electrons (SE) provides us with the toyograp
the backscattered electrons (BSE) with the chemical compositior@in{Zast) and X
rays the chemical makeup (inner shell electrons) of our sample. The SE are captured by a
detector and an image displaying the topography of the surface is createdisSEM
operated at lower accelerating voltagé &0 kV) than TEM (80 200 kV) which results
in the sample being less damaged, however much higher resolution can be achieved
through TEM. Figure 3.2.3.3 shows a SEM image of a CVD growsMbi3, directly on

Graphene/Cu foil.
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Figure 3.2.3.2. Schematic of the interaction the electrons have with sample in the SEM and TEM.
(Figure is from Professor Kagan ESE525 lectune

For TEM, the electrons are accelerated towards thin samples and are transmitted

through. In oder for the electrons to solely traverse the thin sample and not a thick
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substrate that could block the imaging, the sample is transferred onto holey carbon grids
or thin SIN membrane. The electrons interact with the sample as it passes through and an
image is formed from these interactions (figure 3.2.3.2). Imaging can be done in either
bright field or dark field mode. Bright field includes the main unscattered beam and the
imaging is done by the occlusion and absorption of electrons in the sample.Reijon

no material appear bright whereas thick or higher atomic number regions appear dark.
Figure 3.2.3.3 shows a bright field image taken of a-Mé$/ 1-MdTe
heterostructure. It is hard to identify the heterostructure due to the lack of contrast but o
can see the triangular region characteristic of theMid$,. Dark field image excludes

the main beam, the intensity of the image is lower and it requires longer exposure times
however the contrast is much higher. In contrast to bright field, regidghsh@imaterial
appear dark whereas thicker and higher atomic number regions appear bright. Due to the
high contrast, this imaging mode is used for identification of defects or different atoms on
a surface. Figure 3.2.3.3 shows a dark field image takeri of-BoTe,, one can clearly

identify the rectangular flake spanning across the holey carbon grid.

‘ EM image

Dark Field TEM

R

e R R

Figure 3.2.3.3. SEM image of 1HM0S: grown on Graphene/Cu foil. Bright Field TEM image of 1H
MoS./ 1-M6Techet erostructure. Dar kMoFe.el d TEM i mage of
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A Selected Area Diffraction (SAED) image can be generated through the
elastically scattered electrons in the TEM. The image holds information about the space
group symmetries, crystal length and orientation. Figure 3.2.3.4 is an SAED image of
1H-MoS; an d  -MdATé, clearly highlighting the differences in the atomic configuration

of the underlying materials.

Figure 3.2.3.4. Dark Field TEM image of 1HMoSz/ 1-MéTechet er ostructure- with S/
MoTez and 1H-MoS: regions respectively.

For TEM, the eletrons travel through many lenses to create an end image. The
spherical and chromatic aberrations caused by going through these lenses reduce the
overall resolution of the system. Modern TEM include aberration correctors to resolve
this issue, by adding mses in the column and increasing the stage stability so that
resolutions below 1 angstrom can be achigvétP® Therefore, TEM offers atomic
resolution imaging tat is essential to having visual confirmation of the atomic

arrangement and atomic elements present in our sample. Figure 3.2.3.5 is a high angle
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annular dark field STEM image of a IMoS; a n d -MoTepheterostructure taken by
aberration corrected TEM (AKEM). The image shows a distinct separation between

both regions, in the top region we can identify the hexagonal lattice that is characteristic

of the 1H phase and in the bottom region we recognize the isolated Te chain specific of
the 1T6 phaessecplioease®. 8 for more details o
of the atoms is proportional to the atomic number squaréd tferefore we can easily

identify the bright Te atoms (Z = 52) from the dim S atoms (Z = 16).

Figure 3.2.3.5. High angle anular dark field STEM image of a 1H-MoS2/ 1 -M6Te:z heterostructure
highlighting the distinction between two different atomic configuration.

Electron microscopy are state of the art imaging systems that offer resolution
down to the atomic level. These toalse essential for the careful characterization and

understanding of our samples.
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3.2.4 Three terminal measurements

3.2.4.1 Principle of a MOSFET device

Three terminal measurements under a metale-semiconductofield-effect
transistor (MOSFET) corjuration enable the study of the electrical properties of our
nanomaterials. The electrical properties are one of the core characteristics of a
nanomaterial and a defining criteria when evaluating the quality of the CVD grown
material. Devices can be maaafured by photolithography orleam lithography on a
Si/SiQ, substrate. Both methods will be described in the following section. The
nanomaterial is contacted by source and drain electrodes across which a constant bias is
applied. A voltage is applied the underlying highly loped Si substrate. The 300 nm
SiO; dielectric layer ensures a capacitive coupling to the nanomaterial channel (figure
3.2.4.1.1). The external field alters the Fermi level in the nanomaterial and thus
modulates the souradrain curent. Please note that throughout this thasielectric of

300 nm SiQis usedunless stated otherwise.

Figure 3.2.4.1.1 shows qualitative description of the effects arising in a
semiconducting channel when a voltage is applied to the gate. Wheitieepeoltage is
applied to the gate an electric field is created. The electric field pushes away the holes
and attracts the electrons creating a conductive electron channel between the source and
drain. However to paint a clearer picture it is essetdialnderstand this phenomena in

terms of energy bands. We will discuss the effects the applied gate voltage has on the
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band diagram in the metal oxide semiconductor (MOS) junction, and the effect the

applied field has on our transistor (FET).

V.=0
s
N\
Aul SC
Metal :
v

Figure 3.24.1.1. Qualitative description of a MOSFET device. The schematic shows the accumulation
of charges in the semiconductor due to an electric field resulting from a voltage applied to the gate.

The energy diagram of the MOS setup for atype semiconductoat different
applied gate voltages to the metal is shown in figure 3.2.4.1.2. As detailed in the previous
section 2.1.4, a metal (labeled as the grey region) does not have a bandgap and its Fermi
energy (E) sits at the top of the conduction band.déscibes the highest occupied state
in a system at 0R18The metal has a work functionbieled as (). The work function
refers to the minimum quantity of energy that is required to extract an electron into
vacuum. An insulator (or oxide) has a very large bandgap, éE6eV), the insulator is
labeled as the blue region. A semiconductor hesall bandgap (&p< 5eV), and ann
type semiconductor has am Eloser to the conduction banddEhan the valence band
(Ev) leading to a preferential conduction of electrons over holes. A semiconductor has a
work function labeled ast§) and the elecon affinity labeled as (. When no voltage is
applied to the gate @& 0) the E of the metal and semiconductor align and the system is
at equilibrium, this is labeled flatband. When a positive gate voltage is appljedQV

the E of the metal de@ases pushing the left side of the figure down, and this effect
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causes a band bending in the semiconducting region. The band bending is the result of the
electric field created by the back gate voltage which decreasesg el energies of

the semicondctor electrons near the insulator. As shown in figure 3.2.4.1.2, the
conduction and valence band both start to bend downwards towards the metal. At the
interface of the semiconductor and insulataf,i€now much closer to &making the
semiconductor more-type than before at the interface. This band bending enables an
accumulation of majority carriers (electrons) in theéype semiconductor and since we

are using nanomaterials this will effectively take place over the whole area. For a
negative applied gje voltage (Vg < 0), the opposite effect occurs. ThefEhe metal
increases, causing the bands in the semiconducting region to bend upwards. This bending
increases the separation between tharifl & of the semiconductor at the interface. This
band beding will cause a depletion of electrons at the interface. If a very large negative
gate voltage is applied ¢(<< 0), the bending of \Ecould reach the Ecausing an

accumulation of holes, this is called an inversion.

Metal |Oxide

Figure 3.2.4.1.2. Band diagram ofMOS. Schematic of band bending with the accumulation or
depletion of charges due to an applied voltage on the gate.
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