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Abstract

Atomically thin, two-dimensional materials have demonstrated their great potentials in
nanoelectronics due to their mechanical and optoelectronic properties. With atomic layers free
of dangling bonds, these materials possess the unique ability to be exfoliated and reassembled
forming heterostructures while preserving sharp crystalline interfaces. As each material has
different electronic structure and properties, heterostructures open new paths for enhancing or
creating new, tailored features that are unseen in their bulk counterparts by inducing the prop-
erty of one material on to another, so as to realize emergent phases. Theoretical descriptions
capturing the quantum mechanical details offer valuable information to understand the prop-
erties of these materials and control the interlayer coupling in the heterostructures they can
form. For instance, the interaction of materials with their surroundings, whether by stacking
order, layer orientation, charge induction, or magnetization, may induce a change in their phys-
ical properties. The enhancement, or impedance, of these proximity effects on the quantum
mechanical features requires a detailed, atomistic viewpoint.

In this work, we characterize the charge transport in two-dimensional materials and the
heterostructures they can form using first principles calculations within the density functional
theory. We elucidate the origins of carrier injection through different mechanisms for lateral
junctions composed of metallic and semiconducting transition metal dichalcogenides. We ra-
tionalize the contact resistance in these systems in terms of the phase, composition and length
of the channel. We find that transmission in metal-metal junctions is nearly ideal as elec-
trode Bloch states remain delocalized through the channel, departing only due to momen-
tum mismatch between states in the lead and channel. We find contact resistance in metal-
semiconducting systems to degrade as a result of large Schottky barriers. However, near band
edges, contact resistance values are about an order of magnitude lower than those obtained
experimentally suggesting that doping and phase-engineering could be employed to overcome

this issue.
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Beyond lateral heterostructures, we characterize the modulation of charge transport in ver-
tically stacked heterostructures composed of a variety of two-dimensional materials. Through
the application of external, out-of-plane strain, we estimate the piezoresistive properties for
junctions based on transition metal dichalcogenides. To circumvent the computational burden
of full-scale heterostructures, we develop a compact model based solely on bulk properties
to predict the gauge factor in these systems. Specifically, tunneling decay rates and Schottky
barrier heights play a vital role in maximizing the piezoresistive response.

Finally, we characterize magnetic tunnel junctions based on two-dimensional materials.
We propose a model that depends on the physical properties of bulk constituents, avoiding the
computational burden associated with full quantum transport simulations. Notably, our model
can handle systems with arbitrary epitaxies, which are typically challenging for first princi-
ples calculations. We investigate various configurations of heterostructures formed by different
magnetic channels, with particular focus on Fe-dihalides, which we predict to exhibit tunneling
magnetoresistance values of up to 10,000%. We present methods for tuning the magnetore-
sistance including adjusting the channel thickness and band alignments. The excellent agree-
ment observed between our model and full quantum transport calculations in heterostructures
demonstrates the promising potential for accelerated data-driven screening of two-dimensional

material candidates suitable for spintronic applications and devices.
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Chapter 1

Introduction

1.1 Two-Dimensional Materials

Two-dimensional materials (2DM) are de ned as layered materials that consist of one (or a
few) monolayers of atoms. 2DMs were considered a class of purely academic materials that
could not exist in a freestanding, atomically thin form [13], until the successful exfoliation of
graphene, a single-layer of graphite, in 2004 [14]. Following graphene, a multitude of other
2DMs have been discovered and isolated from bulk using mechanical or chemical exfoliation
[15, 16, 17]. Beyond this, thousands of 2DMs have been identi ed to be easily or potentially
exfoliable using high-throughput calculations [18]. Extensive research has been done to charac-
terize the physical, chemical, and electrical properties of these materials. While strong covalent
bonds exist between the in-plane atoms of 2DMs, neighboring layers are weakly coupled via
van der Waals (vdW) forces due to the absence of dangling bonds on their surface. This allows
for 2DMs to be readily stacked on top of one another to form heterostructures while preserving
sharp interfaces. The ability to form heterostructures offers a wealth of possibilities, leading to

new physics and interesting phenomena, with potential for device applications [7].

1.1.1 Graphene

Graphene consists of one (or a few) monolayers of hexagonally-arranged carbon atoms. The
unit cell of graphene (Figure 1.1) contains two carbon atoms referred to as A and B.
The carbon atoms of graphene are held together-bgpnds, however each carbon atom

also possesses abond that is oriented out-of-plane [19]. Each unit cell of graphene has 2



Figure 1.1: Atomic structure of Graphene viewed from the out-of-plane direction. Unit cell
highlighted in grey containing identical carbon atoms referred to as A and B.

carbon atoms as described previously, and therefore halsdhds, which hybridize together

to form the -band and *-band [19]. These bands are responsible for most of graphene's no-
table electronic properties. As illustrated in Fig. 1.2, the gap between these bands closes at the
corners of the Brillouin zone, or K points [16, 20, 21], resulting in a zero bandgap semiconduc-
tor. The band dispersion is approximately linear at the K point, which is also referred to as the
Dirac point, instead of the typical parabolic bands for a semiconductor [1]. Graphene possesses
many unique or enhanced properties compared to conventional materials, including high elec-
tron mobility (15,000 crdV !s ! compared to bulk Silicon with 1,400 é&vi 's 1) [22, 23]

and tensile strength greater than steel [24, 25]. Despite these attractive qualities, graphene has
limitations on its application to electronics due to the absence of a bandgap, which limits the

ability for graphene to switch off.

Figure 1.2: (a) Band structure of monolayer graphene. (b) Energy bands close to a corner of
the BZ (K or K"). Image adapted from [1]



1.1.2 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are a family of materials of iipe,, whereM is

a transition metal element axd is a chalcogen (S, Se, or Te). Similar to graphene, TMDs are
layered materials with strong in-plane bonding and weak van der Waals out-of-plane interac-
tions. A TMD monolayer has a sandwich like structure (see Fig. 1.3), with the chalcogen atoms
in two hexagonal planes separated by a plane of transition metal atoms. The properties of the
TMD material are dependent on the choice of metal, chalcogen atom, and the atomic con g-
uration [3, 26]. TMDs exist in several polymorphs such as in the 2H, 1T, or 1T' (distorted
1T) phases as shown in Fig. 1.3. Monolayer TMDs exhibit numerous fascinating properties

including semiconductor, topological insulator, and many more [27, 28, 29, 30, 9, 11, 31].

Figure 1.3: Three crystalline phases of TMDs. Image source [2]

Unlike graphene that possesses a set of de ned properties, TMDs have access to a plethora
of properties that can be chosen depending on the metal and chalcogen atom. The different lay-
ered TMD compounds that have been found to exist is represented in Fig. 1.4. For example,
TMDs such as M& , and WX, are semiconducting, while N, and T&X, are metallic and
demonstrate superconducting behavior [32]. Magnetic TMDs have also been successfully syn-

thesized, including MnSeand VSe [33, 34].

1.1.3 Transition Metal Tri-halides

The growing eld of 2DM has expanded into magnetic systems as well. Of particular interest
are the class of materials known as transition metal trihalides, which are comprised of three

atom thick layers with the general formWéXs, whereM represents a transition metal axia



Figure 1.4: The transition metals and the three chalcogen elements that predominantly crystal-
lize in those layered structure are highlighted in the periodic table. Partial highlights for Co,
Rh, Ir and Ni indicate that only some of the dichalcogenides form layered structures. Image
source [3]

halide (i.e.X = Fe,Cl,Br,l). These materials have been discovered to show magnetic order in
single atomic layers. Semiconducting in nature, these materials retain band gaps greater than 1
eV in the monolayer. In the bulk and layered form, each Cr atom is coordinate with six halide
atoms form a honeycomb lattice within each layer as illustrated in Fig. 1.5. The layers have
two stacking orders, monoclinic and rhombohedral, with layer-dependent magnetism which
can be manipulated in many ways, such as external electric eld, magnetic eld, and pressure.
Crl; has been shown to possess strong magnetic anisotropy with weak interlayer coupling. By
applying a small sweeping magnetic eld, the out-of-plane magnetic order of each layer can

be ipped [35, 36]. Based on these properties, these materials have potential applications in

ultra-compact data storage and spintronic devices.

Figure 1.5: Schematic illustration of Kg crystal structure: a) top view; b) monoclinic and
rhombohedral stacking. Image adapted from [4]



1.1.4 FeGeTe

Fe;GeTe (FGT) is an intrinsic ferromagnetic material with calculated Curie temperature of
220 K in bulk and 90-170 K in monolayer [5]. Each layer is composed of ve sublayers. The
inner three are composed of iron, sandwiched by outer sublayers of tellurium. The central layer
also contains germanium, as shown in Fig. 1.6. Unlike the semiconductiXg @iscussed
previously, FGT exhibits a metallic behavior. As a result, its fundamental magnetic properties
can be studied via transport measurements. It also enables easy control of charge as well as
spin degrees of freedom via electrical currents, which is useful in device applications. FGT
Ims have been demonstrated in ultrathin devices with tunable perpendicular magnetization

via spin-orbit torque [37].

Figure 1.6: (a) Schematic illustration of f&eTe (b) Projections of the single Te, Fe, and
mixed Fe/Ge sublayers. Image adapted from [5]

1.1.5 Iron Di-Halides

Another materials family related to Eg that holds equal promise are the subclass iron di-
halides FX, (X = CI;Br;1 ). In contrast to trihalides, the layered dihalides contain a tri-
angular lattice in the 1T phase similar to TMDs, as shown in Fig. 1.7. MonolayersXof Fe

are predicted to be ferromagnetic half-metals [38] in which the material acts as a conductor to



electrons of one spin orientation, but as a semiconductor to those of the opposite orientation.

Very recently, FeGlmonolayer was successfully synthesized by molecular-beam epitaxy [39].

Figure 1.7: Schematic illustration of Kg: a) Layered bulk; b) Out-of-plane view of mono-
layer. Image adapted from [6]

1.2 Heterostructures

Heterostructures formed with various 2DMs have been extensively investigated, both theoret-
ically and experimentally. Vertical heterostructures can be formed by stacking two or more
identical or different monolayers on top of each other, by means of mechanical assembly or
grown using chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) techniques
[40]. They are also known as van der Waals' (vdW) heterostructures as they are supported
by Van der Waals' forces which act between the layers, holding them together [7], as shown
in Fig. 1.8. These structures show novel electronic [41] and optical [42] properties. Het-
erostructures based on graphene encapsulated by hexagonal BN have been shown to drastically
increase graphene mobility due to the prevention of scattering via extrinsic sources [43]. In
optoelectronics, repeating stacks of TMD semiconductors with hexagonal BN have demon-
strated ef cient electron to photon conversion within an applied electric eld, resulting in light

emitting diodes with high quantum ef ciency at room temperature [40]. The van der Waals



Figure 1.8: lllustration of constructing a 2DM heterostructure, using various materials as build-
ing blocks. Image take from [7].

heterostructures are expected to possess the outstanding properties of the monolayers, and at
the same time, they may reveal new, emergent properties not found in monolayer or bulk.

Aside from vertical stacking layers to form structures, junctions may be formed by lat-
eral stitching materials in the monolayer plane, forming a sharp interface. Unlike vertical
heterostructures, which have performance restrictions due to contaminants between layers and
issues caused by stacking orientation, lateral heterostructures are synthesized by direct growth
where quality and orientation of the interfaces can be precisely controlled. The interface of
the lateral junction can induce many attractive properties and many devices have demonstrated
superior performance. Wg&VS, heterojunctions have been demonstrated as high-mobility
eld-effect transistors [44] and similar M@SMoSe devices have shown optimal photore-
sponse performance [45].

As the number of available 2DMs continues to grow, the possible heterostructures that
can form increases rapidly. Realizing the full potential of 2D material heterostructures for use
in any device application poses an exhaustive challenge experimentally. Therefore, theoretical
descriptions of these materials and the structures they can form is vital to identify promising
platforms for 2DMs. However, the characterization of fully built heterostructures remains an

expensive task, with suf ciently large systems remaining impossible to describe using density



Figure 1.9: Schematic diagrams and optical image of graphene--Muafgje take from [8].

functional theory. An additional goal of this work is to provide models for predicting the prop-
erties of these systems solely based on the characteristics of their bulk constituent materials.
This data-driven design would expedite the realization of 2DM platforms for electronic device

applications.

1.3 Applications

The use of 2DMs device applications as expanded considerably in recent years due to their
unique and diverse properties as well as their free-standing assembly. Two-dimensional mate-
rials offer a broad range of applications. Below, we describe a few applications relevant to our

research.

1.3.1 Field Effect Transistors

A eld effect transistor (FET) refers to a three-terminal device in which the resistance between
two terminals is controlled by the third terminal, the gate. The device consists of a semicon-
ducting channel contacted by two electrodes, the source and the drain, and connected to the
gate electrode, as illustrated in Fig. 1.10. An applied voltage at the gate electrode will induce
an additional surface carrier density into the channel, which can modulate the current in the
channel for values above a particular threshold, de ned by the 'on’ state of the device. A com-

parison between the total drain current measured with a “high” applied gate voltage versus a



“low” applied gate voltage is de ned as the on/off current ratio and is a common metric for
determining FET performance. Conventional FETs contain a semiconducting channel, usually
silicon, and the intrinsic carrier density is often lower than the density of dopants, in the range
of 10 cm 2 to 103 cm 2. The gate voltage required to provide substantial modulation of the

channel conductance in this case is below a volt.

Figure 1.10: Three-dimensional schematic view of a Mb&sed transistors. Image source [9]

The desirable properties for FETs include high carrier mobilities for fast operation, a high
on/off ratio for effective switching, high on-state current for high performance, and low off-
state current for low power consumption. While graphene has demonstrated exceptionally high
carrier mobilities, the lack of band gap means it cannot be switched off. In comparison, the
sizeable band gap in TMD monolayers (1-2 eV) can result in high on/off ratios. The rst
MoS, based FET was developed in 2011 [9]. Compared with classical 3D electronic materials
[46, 47], the extreme thinness of these 2D semiconductors allows more ef cient control over
switching and can help to reduce short-channel effects and power dissipation, the main limiting

factor of current transistors.

1.3.2 Strain Sensors

Strain sensors operate by converting an applied external stress into electrical signals and are
characterized by a gauge factor. The gauge factor is de ned as the ratio of relative change in

electrical resistance to the applied mechanical strain. Conventional strain sensors are dominated



by semiconducting materials, including silicon and germanium [48, 49], due to their relatively
high gauge factors (up to 200) compared to those of metals (around 2) [50]. Recently, interest
has grown in developing exible and stretchable strain sensors for use in healthcare and robotics
[51]. Nanomaterials have been shown to be highly effective in this case, where electrically
conductive devices act as active sensing elements for piezoresistive [52] strain sensors. Two-
dimensional materials, such as graphene [53], M&8], MoSe and WSeg [55], and PtSg

[56], have recently been show to be promising platforms due to their inherent piezoresistive
properties. Furthermore, 2D materials are highly exible and can be applied on structures
unsuitable for metal or silicon strain gauges [57]. In addition, 2DMs can withstand higher
strains and larger bending motions [58]. These new technologies can offer superior sensitivity

compared to commercial strain gauges that are currently available.

1.3.3 Magnetic tunnel Junctions

Magnetic tunnel junctions (MTJs) are modern devices that are the basis for hard disk drives as
well as magnetoresistive random-access memory (MRAM), a new type of non-volatile memory
[59]. A typical MTJ consists of two ferromagnets separated by a thin insulator, as shown in
Fig. 1.11. If the channel is thin enough, electrons can tunnel from one ferromagnet to the other.
Depending on the magnetization of the electrode, this tunneling can be modulated. The rela-
tive difference in resistivity based on the alignment of the ferromagnets de nes the tunneling
magnetoresistance (TMR). The rst demonstration of this effect was in 1975 in Fe/Ge-O/Co
junctions, which exhibited roughly 14% change in resistance [60]. While not gathering much
interest at rst, MTJs based on crystalline MgO have since reported TMR values over 200% at
room temperature [61].

Recently, platforms for these devices have extended into the family of 2DMs. Work has
shown that Cd, a layered magnetic insulator, is an effective spin Iter with TMR values well
over 100% using graphite based electrodes [62, 63], opening the door for the use of 2DMs in
magnetic devices. These novel MTJs utilize the 2D channel as both a magnetic switch and
insulating barrier (Fig. 1.12), in which adjacent layers can be swap between ferromagnetic and

antiferromagnetic con gurations through the application of a strong magnetic eld (around 1
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Figure 1.11: Schematic of a conventional MTJ in a ferromagnetic (left) versus antiferromag-
netic (right) state.

T). Magnetic tunnel junctions based on 2DMs have also been demonstrated in the more con-
ventional geometry of two ferromagnetic electrodes sandwiched by a non-magnetic insulator

using van der Waals heterostructures ofGeTe and BN [64].

Figure 1.12: Schematic of a double spin- Iter MTJ in a ferromagnetic (left) versus antiferro-
magnetic (right) state.

1.4 Thesis Outline

The thesis is organized as follows:

Chapter 2 introduces the basic theoretical framework and methodologies used throughout
this work, including the quantum many-body problem and Density Functional Theory.

Chapter 3 covers my work exploring the contact resistance in lateral 2D heterojunctions
comprised of TMD electrodes and channels. It also elucidates the origins of charge transport

in these systems.
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Chapter 4 describes the modulation of charge transport via out-of-plane strain in vertical
2DM heterostructures. In it we also include a compact model for predicting the piezoresistive
gauge in full heterostructures based solely on the properties of the bulk constituent materials.

Chapter 5 introduces magnetic 2DM to act as channels in vertical heterostructures, form-
ing magnetic tunneling junctions. The chapter compares two distinct methods for character-
izing tunneling magnetoresistance using full quantum transport calculations and, similar to
Chapter 4, a model based on the properties of the bulk materials.

Chapter 6 summarizes the conclusions of this work and provides an outlook for the future.
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Chapter 2

Methodology

2.1 Summary

In this Chapter, we describe the various methods used throughout this work to characterize the
properties of 2D materials and the heterostructures they can form. As the majority of results
here are obtained using rst principles calculations, density functional theory is described in
detail for solving the many-body problem. We also introduce the crystal lattice in both direct
and reciprocal space, as well as the electronic and complex band structure. Finally, charge

transport in the ballistic regime is described as a foundation for the remaining chapters.

2.2 The Many-body Problem

The Hamiltoniar? for any material can be presented as a sum of Hamiltonians representing
the nucleift,,, electronsdd., and the potential energy due to interaction between electrons and

nucleiVu,:

B =H,+H.+ ¥, (2.1)

The Hamiltonian?, andH . are formed with the kinetic energieg,(andT.) and Coulomb
interaction between nucleVy, ) and between electron¥{), respectively, for a system with

number of nuclei and number of electrons. The Hamiltonians can be written as:

X p2 2+:_LX\'X\' 22, €

Hy = Tn+ Vi = —r
n n nn ) 2Mi R; Ri Rjj

(2.2)

i= i=1 j;iSjJ
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Ho= To+ Vee = (2.3)

=y 2Me i=1 jiej )N il
whereM;, Z;, andR; are the mass, atomic number, and coordinates of nuc|easpectively.
Additionally, me, €, andr; are the mass, charge, and coordinates of each electron. Finally, we

can de ne the potential energy of electrons in the presence of nuclei as:

1_)(\' x Z,€?

2 P JRi ri)

V. = (2.4)

Using the Born-Oppenheimer approximation [65], the motion of the nuclei is ignored
as its mass is more than 1,000 times larger than that of the electrons. Therefore, nuclei are
considered to be static particles and the total Coulomb interaction force between nuclei is a

constant. Applying this to Eg. 2.1, the multi-electron Hamiltonian can be simpli ed as:

Xz o XX 7 LN

— I : : :
i 2m 2 . IR 1j] ri ol

B =

(2.5)
i i

2.3 Hartree-Fock Method

In an effort to simplify the many-body problem, the Hatree-Fock method provides an approxi-
mated solution to the many-body equation [66, 67, 68], where the total wavefunctjaraf
be given by a single Slater determinant of single particle orbital4&9, 70]. ForN number

of electrons, the Slater determinant is written as:

2 3
1(r1) 1(r2) 1(rn)
_ p% 2(:r1) 2(:r2) ] 2(:"N) 2.6)
n(r)  wn(r2) n(n)

The Slater determinant satis es the antisymmetric property of the wavefunction as a result

of the Pauli exclusion principle. The Hartree-Fock method is able to describe small molecules,
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but fails for solids due to the absence of the electrostatic correlation effect that arises from

electron motion.

2.4 Density Functional Theory

Density Functional Theory (DFT) is one of the most widely used quantum mechanical methods
to calculate the properties of materials. It is based on the Hohenberg-Kohn theorems [71] and

Kohn-Sham equations [72], which are brie y detailed below.

2.4.1 The Hohenberg-Kohn Theorems

The Hohenberg-Kohn (HK) theorems state [71]: (1) The external poteMig) (s a unique
functional of the electron density(r); and (2) The functional that delivers the ground-state
energy of the system gives the lowest energy if and only if the input density is the true ground-
state energy. Thus, the total energy of a system is de ned as:
Z
E[ (ND]1= FL(NI+ (1) Vex(r)dr; (2.7)
whereF[ (r)] = T + V represents the Hohenberg-Kohn density functional that is unknown

and universal for any system.

2.4.2 Kohn-Sham Equation

In order to nd an approximate expression fof (r)], the Kohn-Sham method replaces the in-
teracting many-body problem with a system of non-interacting particles with the same ground-
state density (r) [72, 73]. The result is for an interacting system, the ground state density is
the same as the density of a non-interacting system of Kohn-Sham patrticles. By decomposing
F[ (r)] into several contributions to the total energy, Equation 2.7 can be expressed as:
Z

E[ (D]= T[ (N1+ Ex[ (N]1+  (N)Vex(r)dr + Exc[ (r)]; (2.8)

whereTs is the non-interacting kinetic energy functiongl, is the Hartree energy functional,

andE,. is the exchange-correlation energy. Apart from the last tétg| (r)], everything
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else can be calculated exactly for a non-interacting system for given density. The Kohn-Sham
equation is de ned as:

[ h_zr 2 4 Vo (1) + Enl (I’)]+ Excl (Nl

2m (r) (r)

where energy eigenvalue is represented;@nd the ground-state electron density is given by:

1= i (2.9)

X . .2
(= 1) (2.10)

i=1

These equations can be solved self-consistently. An initial guess of the density determines

the effective potential, then the wave functions can be calculated along with a new density.

This procedure is repeated until self-consistency is reached. In order to calculate the ground
state energy, the exchange-correlation functi@g[ (r)] is required, which is accomplished

through various methods and approximations.

2.4.3 Local Density Approximation

In the Local Density Approximation (LDA), it is assumed tHag.[ (r)] at the positiorr is
equal to the energy due to the uniform electron gas which has the same densig atresult,
Ex[ (r)] can be written as
Z

Exel M= (1) 3 [ (n]dr; (2.11)
where P* is the exchange-correlation energy per electron in a homogeneous electron gas with
density . In LDA the exchange-correlation energy is separable &g (r)] = Ex[ (r)] +
E¢[ (r)]). The LDA is a purely local approximation that does not consider long-range effects.
As a result, the LDA method is known to overestimate binding and atomization energies while

underestimating bond lengths and lattice parameters [71, 74].
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2.4.4 Generalized Gradient Approximation

The Generalized Gradient Approximation (GGA) provides an enhancement in the accuracy
compared to the one obtained by the LDA as it further considers the gradient of the charge

density as follows

Z
Ex L (M= () ()ir (n)ldr, (2.12)

where SGA depends on the density and its gradient at each point. The gradient correction
captures inhomogeneity within the electron gas. There are several popular GGA methods in
use. One in particular is the Perdew—Burke-Ernzerhof (PBE), which signi cantly lowers the

atomization error of molecules seen in LDA [75].

2.4.5 Heyd-Scuseria—Ernzerhof Functional

The Heyd—Scuseria—Ernzerhof (HSE) exchange-correlation functionals [76] are hybrid func-
tionals which incorporate a part of the exact exchange from Hartree-Fock (HF) theory [77].

The HSEO6 functional takes into account the screened Coulomb potential:

Exom = BTSN+ @ EPESR()+ EZFEIR (1) + ECPR, (2.13)

where is the mixing parameter and is the parameter to control the screening range (i.e.
short-rangeSR and long-rang&.R ). This method enables higher electron localization which
improves band gap estimates considerably. While HSE is a noticeably more accurate than LDA

or GGA, the computational cost makes the hybrid approach computationally prohibitive [78].

2.5 Crystal Lattice

The atoms in a crystal are arranged within unit cells, repeated in space. Crystals are de ned by

a lattice vectoR which is represented by:
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R = nia; + nya, + n3az; (2.14)

wheren; (i = 1;2;3) are integer numbers argl (i = 1;2; 3) are the lattice (primitive) vectors
that de ne the unit cell. Lattices de ned by Eq. 2.14 are called Bravais lattices [79]. In this
work, the majority of materials that are investigated have a hexagonal lattice structure and thus

have hexagonal unit cells. A hexagonal unit cell can be viewed in Fig. 2.1.

Figure 2.1: (Left) Hexagonal lattice with unit cell de ned. (Right) First Brillouin zone of
hexagonal lattice with reciprocal lattice vectors and high-symniepgint [10]
2.5.1 Bloch Theorem

The periodicity of a crystal lattice allows us to consider a periodic potevi{ig) with a trans-
lation vectorT of the lattice as/(r) = V(r + T) [80]. According to Bloch theorem [81], a

wavefunction (r) with periodic potential can be given by:

((r) = €Tu(r); (2.15)

wherek is the wave vector andy(r) is a periodic function. Thereforey(r) is equivalent to

ux(r + T). Due to the periodicityl,(r) can also be written as a Fourier series:

X .
u(r)=  uc€e " (2.16)

K
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whereK represent a set of reciprocal space vectors, which s#tisty= 2 n . Using Egs. 2.15
and 2.16 and considering eigenstates of the Hamiltonian are periodic in k-space, for any vector

K in reciprocal space:

k()= ke (r): (2.17)

As a result, all the wavefunctions of a lattice with periodic potential can be generated
by considering the rst Brillouin zone (BZ) [82]. The BZ of a hexagonal lattice is shown in

Fig. 2.1, de ned by reciprocal lattice vectdos.

2.6 Electronic Band Structure

The electrons of a single, isolated atom can only possess discrete energy levels. However,
when two atoms are brought together very closely, their corresponding electrons can interact
and overlap, forming molecular orbitals which causes the energy levels to split. In the case
of a solid crystal, the number of atoms become suf ciently large, and the atomic states begin
to broaden to such an extent that energy levels appear continuous, resembling a “band” of
energy [83]. The bands represent the available electronic states and an energy range where no
electronic states can exist is de ned as a band gap.

The Fermi energy refers to the highest energy level occupied by an electron at the absolute
zero temperature. Materials that exhibit no band gap at the Fermi energy are deemed metals.
Conversely, materials that possess a band gap are characterized as semiconductors or insulators
if the gap is suf ciently large. Therefore, the electronic band structure serves as a visualization
of the energy levels that electrons may have within it. Applying Bloch theorem, energy levels
are k-dependent eigenvalues, requiring sampling of the BZ, taken as cuts through k-space be-
tween various symmetry points as highlighted in Fig. 2.1. Examples of,NMa8d structures
are provided in Fig. 2.2. In this case, the band gap of the semiconductingiNm8ases while

the material thickness decreases.
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Figure 2.2: Calculated electronic band structures of bulk, four-layer, two-layer, and single-layer
MoS,. The horizontal dashed lines represent the energy of the highest occupied states at the K
symmetry point. Image source [11]

2.6.1 Complex Band Structure

Electron eigenstates have both real and imaginary components. The conventional electronic
band structure, as detailed above, is dependent on the real wavekecibne imaginary
wavevector component contributes to the complex band structure (CBS) of the crystal [84],

as seen in Fig. 2.3 for the semiconductor MaTdhis generalization of the band structure
provides information on the electron transport of the system. These imaginary or evanescent
states determine the likelihood of an electron tunneling through the crystal, where the imagi-

nary wavevector represents the decay constant [85].

Figure 2.3: The complex band structure of 2H-Mg&tong thek,-direction (perpendicular to
the basal plane).
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2.7 Ballistic Transport

Modern technologies and devices are dependent on the transport of electrons in solids. Typ-
ical systems can be simpli ed into a model shown in Fig. 2.4, where a channel material is
sandwiched between two metal electrodes. Traditionally, such a simple channel is governed
by Ohm's law and the Drude conductivity is dependent on the carrier density and the electron
diffusivity [86, 87]. In general, the diffusivity of electrons is described by the mean scattering
lengthl, which can be due to inelastic or elastic scattering. For diffusive transport (Fig. 2.5) the
dominant scattering length is much smaller than the dimensions of the channel [12], however

this is not the case in conventional nanoelectronics.

Figure 2.4: Schematic model of tunneling junction. The scattering region or channel is coupled
with left and right leads.

Instead, the mean scattering length in these systems can be much larger than the size of
the sample, resulting in negligible scattering for an electron (Fig. 2.5). In this regime transport
is ballistic, and conductance can be determined using Landditekd formalism [88, 89].

This approach is based on quantum scattering theory in which electron transport is treated as
transmission through a barrier. The conductivity for a material in the ballistic regime following

this approach is given by:

_ Go

= Zo1(E), (2.18)

HereGy = €=h 387S is the conductance quantum,is the supercell's cross-sectional

area, and (E) is the transmission probability, which reads:

z z 4
T(E)=  dE  dkotar (koiE) o (2.19)
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wheref (E) andtg (k- ; E) are the Fermi-Dirac distribution and tlke -resolved (transverse
to the transport direction) transmission probability averaged over the Brillouin zone [90]. The

probabilityt« (k- ; E) reads:
X
ter (k23 E) = tij (koS E) (2.20)

and accounts for contributions from all modes with crystal momerkunoriginating in the

source electrode (labeled bycoupling to modes in the drain (labeled py

Figure 2.5: Schematic of electronic transport regimes. (Top) Diffusive regime in which the
mean scattering length is much smaller than the channel dimensions. Transport may be de-
scribed within a Drude model. (Bottom) Ballistic regime where there is little to no scattering
within the channel. Transport can be described using Landauer formalism. Adapted from [12].

2.8 Computational Details

The results presented in following chapters are obtained by performing rst principles calcula-
tions within the DFT that are carried out using the Quantum Espresso software [91, 92, 93, 94].
Unless otherwise noted, we employ the Perdew-Burke-Ernzerhof (PBE) [95] parameterization
of the exchange-correlation functional including dispersion forces (vdW-DF-C09) [96, 97, 98].
Description of core electrons is performed with projector augmented wave (PAW) pseudopo-

tentials [99, 100]. Atomic positions are fully relaxed until the forces become smaller than
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0.005 eVA. For magnetic systems, atoms in each layer are assigned a starting magnetization.

All calculations are performed on the Hopper and Easley Clusters.
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Chapter 3

Characterizing Charge Transport and Contact Resistance in Lateral TMD
Heterostructures

3.1 Summary

In this chapter, we characterize from the atomistic viewpoint the in-plane contact resistance of
lateral heterojunctions based on group VI TMDs using rst principles calculations within the
density functional theory (DFT). Speci cally, we combine electronic structure and quantum
transport calculations to identify the underlying physical principles limiting charge carrier in-
jection into metallic and semiconducting TMD channels by accounting for effects stemming
from the composition, phase, and length. In metal-metal junctions, transmission is nearly
ideal for telluride-telluride systems, where the delocalized Bloch states near the Fermi level
overlap across a larger range of reciprocal space than in telluride-selenide systems. In metal-
semiconductor junctions, Schottky barriers emerge for both electrons and holes that signi -
cantly diminish transmission. Our estimates of the contact resistance are comparable to those
obtained experimentally, but yet an order of magnitude higher than the lowest attainable val-
ues (5 m) due to a reduced overlap between states near the Fermi level. These results
suggest that doping could surmount this issue by both lowering the barriers and enhancing cou-
pling between states in the electrode and channel. For short channel lengths, carrier injection
is dominated by tunneling or coupling through metal induced gap states (MIGS) formed at the
interfaces. We discuss the dispersion of these states based on the geometry of the interface and
their implications to transport. Our quantitative analysis predicts the length scale below which
tunneling dominates electrical transport over thermionic emission based on operating condi-

tions. By establishing the mechanisms that determine the contact resistance in TMD junctions,
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this work may prove valuable to the advancement of low-power electronic devices based on 2D

materials.

3.2 Background

Atomically thin crystals [101] have become unique platforms to novel physical phenomena
unseen in the bulk [102]. These two-dimensional (2D) materials — such as graphene, hexagonal
boron nitride, transition metal chalcogenides, and phosphorene among others — have attracted
great attention due to their diverse electrical, mechanical, thermal, and optical properties [14,
103, 104, 105, 106, 107]. Within this growing class of materials, much interest in the pursuit of
nanoscale device applications has been given to the group VI transition metal dichalcogenides
(TMDs) with the stoichiometric formuldX ,, whereM is Mo or W, andX is a member

of the chalcogen family (S, Se or Te) [3]. Group VI TMDs are mostly semiconducting with
band gaps of up to 1.9 eV [32] making them potential candidates for ultrathin, exible low-
power electronics and valleytronics [30, 108]. In addition, a special feature of this group of 2D
crystals is the small energy difference between the semiconducting (2H) phase and the metallic
distorted octahedral structure (1T') [109, 110]. This polymorphism sets them apart from other
2D materials as exceptional systems with reduced dimensionality exhibiting metal-insulator
transitions under ambient conditions [111] and, thereby, promising systems for phase-change
memory devices [112, 113].

Contact resistance in TMDs stands as a key issue for the realization of optoelectronic de-
vice applications based on these materials [114, 115]. Extensive efforts have focused on the
optimization and control of the Schottky barriers between semiconducting channel material
and metal electrodes [116, 117, 118, 119, 120, 121]. The contact resistance of lateral het-
erojunctions [122, 123, 124, 125, 126] has signi cantly diminished with respect to the values
obtained through direct metal deposition onto 2H TMD nanosheets [127, 128]. These promis-
ing approaches rely on inducing TMDs into their metallic phase [129, 130] to produce stable

heterophase junctions via chemical vapor deposition [131, 132, 133] or laser-induced phase
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patterning [124]. Despite efforts to date, the fundamental mechanisms governing contact resis-
tance in these heterojunctions, its fundamental limits, and means to control carrier injection via

phase-engineering are still missing.
3.3 Crystal Structures

We describe the contact resistance in lateral heterostructures formed by TMDs with different
compositions and phases using rst principles calculations within DFT. Under ambient condi-
tions, monolayers of all group VI TMDs (except We)eexist in the 2H structure [134]; Wle

is found to be stable in the asymmetric 1T' structure [135]. Therefore, we mainly focus on
heterogeneous systems where the electrodes are formed by four orthorhombic unit cells (uc) of
1T'-WTe, on each side of the channel. Channels with various compositidhg whereM =

W or Mo, andX = Se or Te, are considered in both their 1T' and 2H phases (see Figure 3.1a
and Figure 3.1b). The channel length of heterojunctions in this work range from 2 to @@e (

36 A). These systems (Figure 3.1c) resemble the sharp interfaces grown experimentally where
either the metal or the chalcogen elements are substituted [122, 123]. Our TMD channels are
selected based on the small formation energy difference between these two polymorphs [111].
Table 3.1: Structural parameters obtained for the monolayer transition metal dichalcogenides
(TMD) studied in this work. The energy differenceE corresponds to the energy per formula

of the 1T' phase relative to the 2H one E = Ejro  Eyy). Lattice constants are provided for

the Brt_horhombic unit cell whera is the cell width and s the cell length. (In the 2H phase
b= 3a)

TMD E(eV) | 2H[al (A) | 1T [aH (A)
MoTe, 0.03 [3.51,6.07] | [3.40,6.31]
MoSe 0.33 [3.28,5.68] | [3.25,5.90]
WTe, -0.09 [3.51,6.07] | [3.45,6.25]
WSe 0.29 [3.28,5.68] | [3.26,5.88]

The geometries of the systems are obtained via structural relaxation of supercells where
the lattice constant of the systegis set to that of the 1 T'-WTgelectrode &y = 3:45A) while
the channel length is allowed to vary. The atoms located away from the interface are kept xed

preserving the shape of the bulk lead. The supercell assumes periodic boundary conditions with
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at least 12A vacuum space between planes. Calculations are carried out following the details
described in Section 2.8.

The self-consistent density is determined udidl k-point grid. We compute the ballistic
conductance using the PWCOND implementation of the Quantum Espresso software package
[91, 93, 92]. A 96Kk, -point grid is employed in the transport calculations to sample the 1D-BZ

and compute thi,-resolved transmissiof(ky; E).

Figure 3.1: Top and side view of (a) 1T' and (b) 2¥X , bulk crystals. The dashed lines
denote the orthorhombic unit cell. (c) Example heterojunction formed by 1T' \WIlBztrodes
and 4 uc-long channel formed with 2H-Magle

3.4 TMD Band Structures

The TMDs used as channels in this work require strain to form epitaxial interfaces with 1T'-
WTe, electrodes. To construct the corresponding interfaces, the lattice paranoétde 2H-

and 1T'MX , materials are xed to that of the electrode, yielding strains smaller than 1% for
tellurides and near 5% for the selenides. We analyze the strain effects on the band structure
by studying the bulk cases where this same epitaxy is imposed and the lattice patameter

is allowed to vary to minimize the energy. The band dispersion of the semiconducting 2H
materials appears mostly unaffected near the band edges, with the band gap remaining constant
(Figure 3.2). In the metallic 1T case, the bands of MgfEmain nearly the same owing to the
minimal epitaxial strain applied. For the selenides, in contrast, the changes in band dispersion

are more noticeable. To further analyze this case, we compare the electronic band structures
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