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Abstract

Moiré superlattices composed of in-plane anisotropic two-dimensional (2D)
materials are expected to exhibit novel physical properties which cannot be achieved
in conventional moiré superlattices. However, the experimental investigation of
moireé superlattice with in-plane anisotropic 2D materials has been limited due to the
instability of these materials. Therefore, it is crucial to fabricate ultrathin, high-
quality, and air-stable in-plane anisotropic 2D materials to enable the realization of
moiré superlattice based on in-plane anisotropic 2D materials.

In this dissertation, orthorhombic molybdenum trioxide (a-Mo0Qs) is focused
and utilized as an air-stable in-plane anisotropic building block for the moiré
superlattice. The research has been divided and specified into three stages to achieve
the moiré superlattice based on a-MoO:s.

In the first stage, a method is developed to epitaxially grow a-MoO3 nanosheets
on various 2D materials. Mono- to multilayer a-MoO3 nanosheets are successfully
synthesized by evaporating amorphous molybdenum oxide thin films in ambient
conditions. Despite significant lattice and symmetry mismatches, single crystalline
a-MoOs nanosheets are synthesized without grain boundaries. Additionally, the
electrical properties of a-MoOsz such as band gap, work function, and carrier type are
investigated.

The second part systemically reveals the electrical and tribological properties
of the epitaxially grown a-MoO3s nanosheets on graphite template. Using atomic
force microscopy, the properties of a-MoO; are investigated including friction,
adhesive force, work function, tunnel current, and dielectric constant. The study
demonstrates that the friction of atomically smooth a-MoOs saturates rapidly within
a few layers due to weak mechanical interlayer interaction. The work function and
dielectric constant of o-Mo0Os; nanosheets also exhibit thickness-insensitivity
attributed to weak interlayer coupling.

Lastly, vdW epitaxially grown a-Mo0O3 is employed as an in-plane anisotropic
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building block. A heterostructure consisting of a-M0Os and monolayer graphene is
fabricated by forming a rectangular superlattice. It is revealed that deposition of a-
MoQs results in hole doping, compressive strain, and in-plane anisotropy to graphene.
This research presents a novel method of symmetry engineering to induce in-plane
anisotropy in symmetric 2D materials through the formation of asymmetric

superlattices using epitaxially grown 2D layers.

Keywords: two-dimensional materials, in-plane anisotropy, graphene, o-MoOs3,

van der Waals heterostructure, moiré superlattice

Student Number: 2019-27477
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Chapter 1. Introduction

1.1. Study Background

1.1.1 Two-dimensional materials

Two-dimensional (2D) materials are composed of layers in which atoms are
connected through strong covalent or ionic bonds, and these layers are held with each
other by relatively weak van der Waals (vdW) force. The vdW force between the
layers can be easily overcome mechanically, and mono- to few-layered nanosheets
can be isolated on various substrates [1]. Due to their dangling-bond-free surface and
extremely limited dimensionality, 2D materials exhibit distinctive properties
compared to their bulk counterparts [2]. This novelty has triggered extensive

research interest in various types of 2D materials.

1.1.1.1 In-plane isotropic 2D materials

Among the various 2D materials, graphene is the most notable example,
consisting of a single layer of carbon atoms arranged in a hexagonal structure (Fig.
1.1a) [3]. Graphene is derived from graphite and has unique properties that have
garnered significant attention in research. Graphene has semi-metallic property due
to the touching of the valence band (VB) and conduction band (CB) at K and K’
valley in its electronic band structure (Fig. 1.1b) [4]. The energy bands around the
valleys exhibit linear dispersion, which indicates massless Dirac fermions in
graphene [4]. Due this linear dispersive band structure, graphene shows remarkable
carrier mobility exceeding 10° cm? V1 s at room temperature [5, 6]. Furthermore,
its carrier concentration can be modulated by electrostatic doping [5, 6]. By applying
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positive (negative) gate bias, electrons (holes) are populated in CB (VB) by shift of
Fermi level above (below) the Dirac cone (Fig. 1.1c) [5-7].

There are also other kinds of 2D materials which have similar structure with
graphene. In hexagonal boron nitride (hBN), boron and nitrogen atoms alternatively
occupy sublattice of hexagonal configuration forming covalent sp? bonds (Fig. 1.2a)
[8]. The lattice constant of hBN is nearly identical to that of graphene. hBN is widely
used as an ultrathin 2D dielectric layer because of its wide band gap (~6 eV) [9, 10],
dielectric constant comparable with SiO; (~3.7) [11], thermal stability [12], and
dangling-bond-free surface (Fig. 1.2b). When used as a substrate, hBN maintains the
original band structure of graphene near the Dirac point resulting in enhancement of
the mobility of graphene-based devices [2].

In group VI transition metal dichalcogenides with 2H phase (2H-TMDCs, e.g.,
MoS;, MoSez, WS,, WSe;), the metal atom is sandwiched by the two chalcogen
atoms with trigonal prismatic arrangement (Fig. 1.3a) [13, 14]. 2H-TMDC:s offer a
broad range of band gap options that span the visible and infrared regions depending
on the metal and chalcogen atoms [14]. In their monolayer form, most 2H-TMDCs
exhibit a direct band gap, while their bulk counterparts typically have an indirect
band gap (Fig. 1.3b) [14]. For instance, monolayer 2H-TMDCs such as MoS; (1.8
eV), MoSe; (1.5 eV), WS; (2.1 eV), and WSe; (1.7 eV) possess a direct band gap,
whereas the bulk phases exhibit an indirect gap with lower energy values [14]. 2H-
TMDCs can exhibit high mobility due to the absence of dangling bonds when
suitable substrate and metal contacts are considered. For instance, MoS; field-effect
transistor with scandium contacts demonstrates a mobility of 700 cm? V! s at room
temperature [15].

These three types of 2D materials belong to hexagonal crystal system and
exhibit almost identical in-plane properties due to their highly symmetric structure.

These 2D materials are referred to as in-plane isotropic 2D materials.



1.1.1.2 In-plane anisotropic 2D materials

In contrast to the 2D materials with in-plane isotropy, there are also other type
of 2D materials that exhibit anisotropy along their in-plane directions. These
materials are referred to as in-plane anisotropic 2D materials. Most of in-plane
anisotropic 2D materials belong to low symmetric crystal systems, such as
orthorhombic, monoclinic, and triclinic crystal systems. Due to the differences in
lattice constants and bonding configurations, these materials exhibit different
physical properties depending on their in-plane orientations.

Black phosphorus (BP), also known as phosphorene, is the most extensively
studied 2D material with in-plane anisotropy. Figure 1.4a illustrates the crystal
structure of BP, which belongs to the Cmca space group and has an orthorhombic
crystal structure [16]. BP exhibits a puckered arrangement of two subatomic layers,
a consequence of the repulsion between the lone pair electrons in phosphorus atoms.
The difference in lattice constants and bonding configurations along the armchair
and zigzag directions leads to in-plane anisotropic mechanical, electrical, and optical
properties (Fig. 1.4b) [16].

The crystal structures of group IV monochalcogenides (MXs, where M = Ge or
Snand X = S or Se) share similarities with that of BP. However, unlike BP, which
consists of a single-element composition, MXs are binary systems composed of two
elements with different electronegativities. Additionally, while BP has two atomic
sublayers, MXs have four sublayers in their atomic layers (Figs. 1.5a-b) [17]. As a
result, MXs exhibit lower symmetry (Pnma space group) compared to BP. Notably,
the monolayers of MXs exhibit an in-plane polarization and broken inversion
symmetry, resulting in the emergence of piezoelectricity and ferroelectricity (Fig.
1.5c) [17-20].

The monolayers of T4 phase group VI TMDCs exhibit dimerization of metal
atoms by Peierls distortion (Fig. 1.6), leading to inversion of the VB and CB [21].
Furthermore, the inverted bands undergo additional hybridization through spin-orbit

.
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coupling, resulting in T4 phase TMDCs to exhibit topologically nontrivial phases
[21].

Rhenium dichalcogenides (ReX) belong to triclinic crystal system and only
have inversion symmetry. Rhenium, which belongs to group VII in periodic table,
has one additional valence electron compared to group VI transition metals. The
excess electron results in clustering of four Re atoms into rhombus shape (Fig. 1.7a),
and the Res rhombuses are connected with Re-Re bridges. ReX; has six-degenerated
domains which can be distinguished by direction and patterns of Re, rhombuses [22-
25]. Since the domains can be transformed with each other by uniaxial strain [24],
propagation of fracture [26], or e-beam irradiation [27], ReX; exhibits ferroelasticity

(Fig. 1.7b) [24].



a b c
Graphite Graphene 4

Figure 1.1. (a) Crystal structure of graphite and graphene. Adapted from the reference [3]

with permission. (b) Electronic band structure of monolayer graphene. Adapted from the
reference [4] with permission. (c) Gate-dependent resistivity of monolayer graphene.

Adapted from the reference [28] with permission.

5 2 M E g



@ Boron

. Nitrogen

Energy (eV)

o

Energy (eV)

o

o )

N A O ®

)

Energy (eV)

o

)

NoA O ®

(a) 1 layer (b) 2 layers
r M K T r ™M K T
(c) 3 layers (d) 4 layers
N/ N NS

______________

M KT

..............

M K T

(e) 5 layers (f) Bulk

Pz

PPy

Figure 1.2. (a) Crystal structure of hBN. Adapted from the reference [8] with permission. (b)

Electronic band structure of hBN from monolayer to bulk. Adapted from the reference [9]

with permission.
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Figure 1.3. (a) Atomic arrangement of 2H-TMDCs. Adapted from the reference [14] with

permission. (b) Electronic band stricture of MoS; from bulk to monolayer. Adapted from the

reference [13] with permission.
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Figure 1.4. (a) Crystal structure of black phosphorous. (b) In-plane anisotropic i)
conductance, ii) optical extinction, iii) photoluminescence, and iv) Young’s modulus of black

phosphorus. Adapted from the reference [16] with permission.
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Figure 1.5. (a) Cross-sectional crystal structures of SnS with different stacking orders. (b)
Top view of crystal structure of monolayer SnS (b) Ferroelectric resistive switching for

Ag/SnS device. (a-c) are adapted from the reference [17] with permission.
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Figure 1.6. Crystal structure of group VI TMDCs with T4 phase. Adapted from the reference

[21] with permission.
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1.1.2 van der Waals heterostructures and moiré superlattices

1.1.2.1 van der Waals heterostructures

As opposed to exfoliation, it is also available to stack more than two layers of
2D materials by vdW force (Fig. 1.8) [2]. These structures are called vdW
heterostructures (vdWHSs) [2], and they exhibit distinctive characteristics compared
to conventional heterostructures. In vdWHs, individual 2D materials are bound
together by relatively weak vdW forces, and they have atomically sharp interfaces
without gradient of atomic composition. Due to these interfacial characteristics, the
vdWHs offer a substantially larger range of diversity compared to the conventional
methods in which the combinations are restricted by lattice mismatch [2].
Consequently, by harnessing the advantages offered by 2D materials, vdWHSs
present new opportunities for the development of novel optoelectronic devices [29,

30].

1.1.2.2 Moiré superlattices with in-plane isotropic 2D materials

The properties of vdWHSs are not only determined by the types of 2D materials
being stacked, but also affected by the stacking angle and lattice constant difference
between them. The spatial overlap of atoms in the two layers can lead to the
formation of long-range periodicities known as moiré superlattices (Fig. 1.9a) [31-
33]. These superlattices give rise to unique phenomena which are not observed in
the individual constituent materials.

When two monolayer graphene sheets are stacked with a small twist angle, a
moiré superlattice is formed in the real space, resulting in a mini-Brillouin zone in
reciprocal space (Fig. 1.9b) [32, 34]. The Dirac cones in adjacent minizone are
hybridized by interlayer hopping, affecting the Fermi velocity at the Dirac cones [32,
34]. At specific twist angles known as magic angles, where the Fermi energy at the
Dirac points becomes zero, a flattened band with a width of less than 10 meV is

.
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formed which is separated from other bands by single-particle gaps (Fig. 1.9c) [35].
In the flat band, the conductance of charge carriers is strongly suppressed due to the
competition between Coulomb energy and quantum Kinetic energy, resulting in
Mott-like insulator behavior in the twisted bilayer graphene [34]. Furthermore, slight
modulation of the charge carrier concentration from the Mott-like state can induce
unusual superconductivity in the twisted bilayer [35].

In the context of 2H-TMDCs, moiré excitons refer to excitons that are trapped
within the potential minimum of the moiré patterns [32]. The moiré potential minima
are typically found at high-symmetry sites that preserve three-fold rotation symmetry
[31, 32, 36]. This property allows moiré-trapped excitons to exhibit valley-
contrasting properties, leading to strong circular polarization. This polarization
feature distinguishes them from quantum emitters localized by random extrinsic
potentials [31, 32, 36]. Moreover, due to their spatial confinement, moiré-trapped
excitons can serve as a platform for applications such as single-photon sources and
guantum photonics [31, 32, 36].

In addition to above examples, there are peculiar moiré-related properties in
diverse combinations of 2D materials, such as orbital magnetism and mid-infrared
photoresponse in twisted bilayer graphene [37, 38], Hofstadter butterfly in
graphene/hBN [39], and out-of-plane ferroelectricity in twisted bilayer hBN [40].
Until now, the experimental research about moiré superlattices is limited in stacking
two hexagonal 2D materials.

The patterns of moiré superlattices can be calculated by mathematically as
functions of lattice mismatch and twist angle between the consisting layers [41, 42].
Considering two individual monolayers denoted as “layer 1” and “layer 2”, the
lattice parameters the layers can be represented as (R, R2)w and (R1’, R2’)w’. Here
R1(R:”) and R2(R2”) are the length of unit lattice vectors, and @ (@) is angle between
the lattice vectors for the layer 1 (layer 2) [41, 42]. Next, the moiré patterns can be
denoted as (p1xp2)R(a1,02), Where p; are p» are the scaling factors of the two unit
lattice vectors of individual monolayers, a1 are o, twist angles R; and R1” and R, and

.
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R’, respectively [41, 42]. Therefore, the geometric parameters of the moiré patterns

can be represented as follows:
R¥ =k R, -+ equation (1.1)
RY = k,Ry ++ -+ +v oo oo equation (1.2)
bd=w—1—a)=w—(y, —ay) equation (1.3)
where RiM and R,M are periodicities of moiré vectors, ¢ is angle between the
moiré vectors, and y1 (y2) is angle between R:™ and R; (Rz), respectively (Fig. 1.10)

[41]. By calculating atomic superposition between the two monolayers, the

geometric parameters of the moiré patterns can be represented as:

Kl — Zj\_l 1 + p% — 2p2 cosS al cee tee see e nen equatlon (14)

KZ — Z;\_Z 1 + p% _ 2p1 cosS az oo ose coe sse ses equatlon (15)
cosay —

cosyy = ( 17 P2) --equation (1.6)

J1+p3—2p,cosa,

cosa, —
cosy, = ( 2 pl) ...............equation (17)

J1+p? —2p; cosa,

cosd

_ cosw’ —p; cos(w — a;) — p; cos(w + a3) + p1p; COS W

J1+p? —2p;cosa,+/1+p? — 2p; cosa,

-~ equation (1.8)

1 O -11
14 A =1



where, A = [sinw' + p;p, sinw — sin (w+2w ) cos (a-;a ) (p1 +p2) +

cos (w;w’) sin (%a’) (p1 — p2)]/sin w [41].

For the two hexagonal monolayers, since the scaling factors, angles between
the unit lattice vectors, and twist angles are all identical (p1=p2, w1= w2=60°, and a;=
a2), k and y are also equal for both layers (x =x1= x> and y =y1=y,). Therefore, the
moiré vectors have the identical lengths (JR:M|= |R2M|), and the equation (1.8) can be
reduced into cos 6=0.5 (6=60°). These results demonstrate that the moiré patterns
between two hexagonal materials also exhibit hexagonal patterns. In this regard, it
can be inferred that moiré-related properties in the system exhibit in-plane isotropic

characteristics.

1.1.2.3 Moiré superlattices with in-plane anisotropic 2D materials

In contrast, moiré superlattices based on in-plane anisotropic 2D materials such
as BP/BP and BP/graphene generally have parallelogram shaped moiré pattens. Due
to the different periodicities of moiré vectors, theoretical studies have reported in-
plane anisotropic moiré-related properties which cannot be observable in moiré
superlattice with hexagonal 2D materials.

For example, moiré superlattice between twisted bilayer black phosphorus
(tbBP) is represented in Fig. 1.11a [43]. There are four high-symmetry local stacking
configurations in tbBP: AA, AB, AA', and AB' (Fig. 1.11b) [43]. The natural
stacking order is AB, and the other configurations can be achieved by translating the
upper layer along specific directions [43]. Interestingly, the CB and VB of thBPs
exhibit flat bands along the T'-X (armchair) direction (Fig. 1.11c) [43]. The CB
remains flat in all directions due to strong localization on AB' stacking, while the
valence band is localized along the x direction on AA and AB stacking. These flat
bands indicate a significantly high effective mass, leading to a sharp decrease in
carrier mobility along the x-direction. The carrier mobility in the y-direction can also
be affected by the twist angle, particularly at 6 = 2.7°, where the conduction wave

.
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function is highly localized even in the y-direction, resulting in a drastic reduction
of electron mobility along the y-direction (Fig. 1.11d) [43].

Furthermore, moiré superlattices in twisted bilayer MX (tbMX) are expected to
exhibit similar but more diverse properties [44, 45]. Due to the reduced symmetry of
MXs compared to BP, the stacking configurations of tbMXs at 6 and 180°-0 angles
are not identical. Consequently, there are eight distinct types of high-symmetry local
stacking configurations in tbMXs. However, both tbGeSe and tbSnS exhibit 1D flat
band as well as charge carrier localization in 1D wires, similar to tbBP (Figs. 1.12a
and b) [44]. The dispersion and charge modulation along a 1D wire can be explained
by using the ionic Hubbard model [44]. The tbGeSe, depending on the twist angle
and chemical potential, can exhibit diverse phases of matter, including band insulator
(BI), Mott insulator (MI), bond-oriented wave (BOW), and Luttinger liquid (LL)
(Fig. 1.12c) [44].
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Figure 1.8. Schematic images of mechanically assembled van der Waals heterostructure.

Adapted from the reference [2] with permission.
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Figure 1.9. Moiré superlattice and its band structures. (a) Moiré superlattice and high
symmetric points between twisted bilayer graphene. Adapted from the reference [33] with
permission. (b) The constructed mini-Brillouin zone in twisted bilayer graphene. Adapted
from the reference [34] with permission. (c) The band energy of twisted bilayer graphene at
0 = 1.05° in the first mini-Brillouin zone of the superlattice. Adapted from the reference [35]

with permission.
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Figure 1.10. Lattice vectors of two individual monolayers and geometric parameters of moiré

superlattice. Adapted from the reference [41] with permission.
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bands labeled by 1-4 in (a). (c) Phase diagram of many-body electron correlation in toGeSe.

(a-c) are adapted from the reference [44] with permission.
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1.2. Purpose of Research

1.2.1 Requirement of air-stable in-plane anisotropic 2D materials as

building blocks of moiré superlattice

Despite the intriguing moiré-related properties composed of in-plane
anisotropic 2D materials, there have been few experimental studies on moiré
superlattices with in-plane anisotropic 2D materials. The limited results can be
attributed to the instability of in-plane anisotropic 2D materials under ambient
conditions.

Compared to in-plane isotropic 2D materials, in-plane anisotropic 2D materials
exhibit more diverse physical properties due to their higher degree of freedom.
However, most of in-plane anisotropic 2D materials are unstable in the ambient
conditions. BP and MXs have lone pair electrons at phosphorus and metal atoms,
respectively, which act as Lewis bases [46-48]. They easily react with oxygen or
water in the air, thus BP and MXs are degraded by forming oxide states (Fig. 1.13a)
[46-48]. T¢-WTe: is also vulnerable to oxygen and water because the weak W-Te
bonds due to small electronegativity difference between the atoms (Fig. 1.13b) [49].

Up until now, most techniques used to create moiré superlattices, such as
exfoliation, selecting suitable flakes, and transferring them to other substrates, have
been carried out in ambient environments. The in-plane anisotropic 2D materials are
easily degraded during these procedures, which makes it challenging to achieve
atomically sharp and ultra-clean interfaces. Therefore, it is necessary to explore air-
stable in-plane anisotropic 2D materials to bridge the gap between the theoretical
expectations and their experimental realization of moiré superlattices with in-plane

anisotropic 2D materials.

22
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Figure 1.13. Air instability of in-plane anisotropic 2D materials. (a) Optical and atomic force
microscope images demonstrating oxidation of GeS in ambient conditions. Adapted from the
reference [47] with permission. (b) X-ray photoemission spectroscopy results in degradation

of T¢-WTe; in ambient conditions. Adapted from the reference [49] with permission.
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1.2.2 a-Mo0Os: air-stable in-plane anisotropic 2D oxide

1.2.2.1 Crystal structure of a-MoO3

a-MoQjs is one of air-stable in-plane anisotropic 2D materials. MoOs3 can exist
in various phases, such as orthorhombic a phase, monoclinic  phase, and hexagonal
h phase [50]. These phases are all composed of MoOs octahedra, but they show
different structures depending on the sharing of oxygen atoms between the octahedra
[50]. Among these phases, a-Mo0Os is the most thermodynamically stable and
possesses a layered structure. The layers of a-MoOs consist of distorted MoOs
double layers. Along the vertical [010] direction corresponding to the out-of-plane
direction, the distorted MoQs octahedra are stacked through weak vdW forces, and
the distance between two adjacent layers is approximately 0.7 nm [51, 52]. The
crystal structure of a-MoOs is shown in Fig. 1.14a [53], and experimental lattice
constants are a=3.96, b=13.86, and ¢=3.70 A [52].

In addition, the connectivity of the distorted MoOg octahedra is different along
crystal orientations, and the properties of the Mo-O bond depend on the equilibrium
bond distance. The crystal structures of a-MoOs contain three types of oxygen atoms,
each with a different coordination. These include apical (Oa), edge-sharing (O¢), and
corner-sharing (O.) oxygen atoms (Fig. 1.14b) [53, 54]. In particular, the O, atoms,
oriented along the out-of-plane direction, are strongly double-bonded with the Mo
atoms [50, 54]. This characteristic contributes to the stability of stoichiometric -
MoOQO; in ambient conditions [55, 56], distinguishing it from other in-plane
anisotropic 2D materials. Meanwhile, O.-Mo0-O,, and O,-Mo-O. bonds are oriented
along the two distinctive in-plane directions, respectively [50, 54].

In addition, O, atoms at two adjacent layers are interdigitated with vdW gap
of ~0.08 nm [50, 53, 54]. The interatomic distance in a-Mo0Osz is extremely shorter
than in other 2D materials, resulting in stronger interlayer interaction between the
layers in comparison with other 2D materials. The elastic modulus values in the x (y)
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direction for mono-, bi-, and trilayer a-M0Os3 are 152.80 (95.64), 332.19 (205.09),
and 516.1 (317.09) J m2, respectively [54]. The relationship between thickness and
elastic modulus shows a dependence larger than linear, indicating that the interlayer
elastic coupling between the double layers increases with the thickness in the few-

layer system [54].
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1.2.2.2 Band structure of a-MoOs

Density functional theory (DFT) has revealed that a-MoOj3 possesses a wide but
indirect band gap of approximately 3 eV (Fig. 1.15) [53, 57, 58]. The density of
states (DOS) of a-MoOQs, calculated using optB88-vdW, are shown in Figs. 1.16a
[54]. 1t can be observed that the states at the VBM are primarily composed of O 2p
states, while the CBM is dominated by Mo 4d states, with slight hybridization
involving O 2p states [53, 54].

Additionally, site- and orbital-resolved DOS can be identified in Fig. 1.16b and
Figs. 1.16c-f, respectively [54]. It has been demonstrated that the VBM is determined
by the 2p states of the O. and O. 0xygens. Especially, the VBM states of the O. and
O atoms are dominated by the py and px orbitals, respectively [53, 54]. On the other
hand, the CBM is predominantly composed of the in-plane Mo-d,, orbital, with slight
hybridization involving the px orbital of the O atoms [53, 54]. These results indicate

both VBM and CBM are governed by the in-plane atomic orbitals [53, 54].

1.2.2.3 High work function of a-M0O3

Bulk a-MoOs3 has work function larger than 6 eV [50, 51, 59]. The extremely
high work function of a-M0O3z; make the material suitable for various applications
such as a transparent anode and hole transport layer in light emitting diodes or solar
cells.

The larger work function in a-MoOs is influenced by its closed shell structure
and additional dipole layers resulted from the apical O. [51]. The closed shell system
of a-MoOs results in the VBM being composed of O 2p states located deep below
the vacuum level, approximately 9.8 eV [51]. In addition, due to the O, atoms,
additional dipole layers are formed in a-MoOs layer [51]. The dipole results in
deeper potential inside of the a-Mo0O3 layer compared to other closed shell structures,

such as TiO,, ZnO, or SnO; (Fig. 1.17) [51].
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1.2.2.4. In-plane anisotropy of a-MoO3

As discussed above, a-MoOs has three different lattice constants and bonding
configurations along each crystallographic orientation. The differences lead to in-
plane anisotropy in a-MoO:s.

As mentioned in Chapter 1.2.2.1, in-plane elastic modulus of a-MoO; is
orientation-dependent because of different bonding configurations [54]. Since
bonding along a-axis is stronger than that along c-axis, the elastic modulus is also
higher along a-axis [54].

In addition, a-MoOs has in-plane anisotropic thermal expansion coefficient
(TEC) [60]. As the temperature rises, lattice constant along the stacking direction of
b-axis increases greatly. There is a slight expansion along the a-axis. It is also worth
to note that TEC along c-axis has negative value for wide range of temperature (0 to
1000K) [60].

Furthermore, a-MoOs exhibit in-plane anisotropic electrical and optical
properties [61, 62]. These characteristics make a-MoOs a promising 2D building

block combined with its stability.
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Figure 1.14. (a) Crystal structure of a-MoOs. (b) MoOg octahedra and three different oxygen
atoms in a-Mo0Qs, (2) and (b) are adapted from the references [53] and [54] with permissions,

respectively.
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1.2.3 van der Waals epitaxial growth of a-MoO3

As discussed in Chapter 1.2.2, a-Mo0Os is an air-stable building block for the
moiré superlattices with in-plane anisotropic 2D materials. In addition, peculiar
interlayer interaction with other 2D materials can be expected by its large work
function and in-plane anisotropy. However, a-MoOsz has higher exfoliation energy
compared with other conventional 2D materials, such as graphene or MoS; [53, 63].
This higher exfoliation energy can be attributed to the extremely short interatomic
distance between O, atoms in adjacent layers, making it challenging to obtain high-
quality and sufficiently large lateral size ultrathin a-MoQ; flakes. While a-MoO; can
be exfoliated like other 2D materials, the resulting flakes usually have thicknesses in
the tens of nanometers [64]. Moreover, the synthesized a-Mo0O; tends to have an
island shape or limited lateral size in the hundreds of nanometers range. Since these
morphologies are not appropriate to be used as a component of moiré superlattices,
it is necessary to develop methods to enable fabrication of ultrathin a-MoOs with
high quality and um-wide lateral size.

I suggest a vdW epitaxial growth of a-M0Os on 2D templates to achieve mono
to few-layered high crystalline a-Mo0Os with large lateral size. The dangling-bond-
free and flat surface of the 2D materials enhances surface diffusion of precursors of
a-MoOs, leading to lateral growth of a-MoO:s.

In Chapter 2, a detailed method of vdW epitaxial growth of a-MoQs is provided.
By evaporating amorphous molybdenum oxide thin film under ambient conditions,
mono- to multilayer a-MoQOj3; nanosheets were successfully synthesized on various
2D substrates. The crystallinity, band structure, and electrical properties of a-MoO3
are demonstrated.

In Chapter 3, comprehensive study using AFM microscopy was conducted on
a-M0O3 nanosheets. Due to its unique crystal structure, a-MoO3 grown on graphite

exhibits high friction and weak thickness-dependence.
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In Chapter 4, interlayer interaction between a-MoO3; and monolayer graphene
is demonstrated. Because of difference in TEC and Fermi level, the monolayer
graphene is compressed and extremely p-doped. In addition, it is demonstrated that
in-plane anisotropy is induced in the monolayer graphene by vdW epitaxially grown
a-MoQOs.

In Chapter 5, the dissertation is summarized and concluded, and lists of future

works will be given.
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Chapter 2. van der Waals Epitaxial Growth of

a-MoOs on Two-Dimensional Growth Template?

2.1. Introduction

a-MoQOs serves as an air-stable building block for moiré superlattices with in-
plane anisotropic 2D materials [54, 55, 60]. Its large work function and in-plane
anisotropy suggest unique interlayer interactions with other 2D materials. However,
compared to conventional 2D materials such as graphene, hBN, or MoS;, a-MoQO3
exhibits higher exfoliation energy [53, 63]. This can be attributed to the extremely
short interatomic distance between O, atoms in adjacent layers, making it
challenging to obtain ultrathin a-Mo0Os flakes of high quality and sufficient lateral
size. The thinnest thicknesses of the exfoliated a-MoOs3 flakes are in the range of
tens of nanometers [64]. This result is in contrast with other 2D materials of which
monolayers with few-angstrom-thick are readily obtained. Even though there also
have been approaches to synthesize a-MoO3z on bulk substrates such as SiO and
SrTiOs, the grown a-MoQ; tends to have an island shape or limited lateral size in the
hundreds of nanometers range [65], which is not suitable to fabricate moiré
superlattice with other 2D materials. In this regard, it is necessary to develop
methods that enable the fabrication of ultrathin a-MoOs with high quality and a

lateral size on the scale of at least few micrometers.

In this study, I propose vdW epitaxial growth to achieve high crystalline a-

MoO;3 with a mono to few-layer structure and a large lateral size. | employed 2D

L The content of this Chapter is derived from a paper published in the 2D Mater. 6, 015016

(2019). The manuscript and figures in this Chapter have been reproduced with permission

from 1OP Publishing and the coauthors involved.
34

» 3

-
|



materials as growth templates. The dangling-bond-free and flat surface of these 2D
materials enhance the surface diffusion of a-M0O3 precursors, facilitating the lateral

growth of a-MoOs (Fig. 2.1) [66].
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Figure 2.1. Schematic images of growth mechanism of a-MoOs on (a) rough and amorphous

substrate and (b) flat 2D templates.
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2.2. Methods

Sample preparation

A 50 nm-thick Mo film is deposited on a Si substrate covered with a 285 nm-
thick SiO; layer using a DC magnetron sputter. The deposited Mo film serves as a
source of Mo and is placed on a pre-heated heater at 550 °C in ambient conditions.
The target substrate containing the 2D materials is placed upside down at 0.5 mm-

above using a modified hotplate method [67, 68].

Characterizations

Raman spectroscopy is performed using a Renishaw Raman inVia Confocal
Raman microscope with a 532 nm excitation laser. Atomic force microscopy (AFM)
is conducted using a Park Systems NX-10 instrument and a home-built high-
resolution AFM. Transmission electron microscopy (TEM) is carried out using a
JEOL JEM-ARM 200F instrument. X-ray photoelectron spectroscopy (XPS) is
performed with a Thermo Scientific instrument using monochromatic Al Ka as the
X-ray source. UV-vis spectroscopy is conducted using an Agilent Cary5000
instrument, with mica serving as a transparent substrate and its effect subtracted from
the measured raw data. Grazing incidence X-ray diffraction (GIXRD) is performed

using a Rigaku SmartLab instrument.

Device fabrication

After the growth of a-MoO3 on hBN, e-beam lithography (TESCAN Vega 3) is
employed to define the source-drain electrodes on the a-MoOs. Subsequently, a
Cr/Au layer (1 nm/70 nm) is deposited using a thermal evaporator. Electrical
measurements are carried out under ambient conditions using a semiconductor

analyzer (Keithley 4200).
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2.3. Results and Discussion

2.3.1. Fabrication of a-MoO3

Figure 2.2 illustrates the setup for growing a-MoOs layers on 2D materials. A
thin molybdenum film was deposited on an SiO, substrate to be used as a
molybdenum source substrate. Under ambient conditions, the source substrate is
placed on a heater with ~500°C to form sub-stoichiometric MoOyx which can be
easily sublimated at relatively low temperature. Meanwhile, as a target substrate, 2D
flakes are mechanically exfoliated on the other SiO; substrate. The target substrate
is positioned ~0.5 mm above the bottom target substrate with upside down. It is
important to note that the target substrate is located on the heater once the growth

temperature is reached to prevent damage to the 2D flakes.
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heater

Figure 2.2. Schematic image of the growth system of a-MoOz. Adapted from the reference

[66] with permission.
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2.3.2. Morphology a-Mo00Os and epitaxial relation with the 2D templates

The dangling-bond-free and smooth surfaces of 2D materials make them ideal
growth templates by enhanced lateral migration of precursors with low energy
barriers [69-71]. The growth method of a-M0O3 was applied to various 2D materials.
The optical microscopic images demonstrate the epitaxial growth of a-MoOs
nanosheets on different 2D materials, including graphene, hBN, mica, and MoSe;
(Fig. 2.3a). The angles between the edges of a-MoOs nanosheets on various 2D
materials are summarized in Fig. 2.3b. The relative angles between the edges of the
a-Mo0O3 are within integer multiples of 60°, indicating alignment of a-MoO3 with
underneath 2D materials. These results are in contrast with the morphology of a-
MoOs grown on non-crystalline substrates. The a-MoOs3 synthesized on amorphous
SiO/Si and glass substrate exhibit irregular shape particles. Therefore, it can be
inferred that highly crystalline and flat 2D materials act as appropriate growth
templates for vdW growth of a-MoOs.

AFM was used to investigate the morphology of a-MoOs; grown on graphene
and hBN (Figs. 2.4a and b). The measured angles between the edges of the a-M0O3
nanosheets are approximately multiples of 60°, similar to the angle distribution
measured by optical microscope. This suggests successful vdW epitaxial growth of
a-MoOs3 on multilayer graphene and hBN, consistent with the previous reports [67,
69]. The AFM height distributions of the synthesized a-Mo0Os; nanosheets and
underlying graphene and hBN substrates demonstrate similar roughness between a.-
MoOs; nanosheets and the 2D substrates (Figs. 2.4c and d), indicating atomic
smoothness and high crystallinity of the synthesized a-M0Os nanosheets.

These results indicate that the grown a-MoOs is epitaxially correlated with the
crystal structures of the underlying 2D substrates. As the growth time increases, the
coverage and thickness of the a-M0O3 nanosheets also increase. Due to the epitaxial
relation between the a-MoQO; and 2D templates, the separated a-MoQjz islands

.
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coalesce together, forming a single crystal and ultimately resulting in an atomically
smooth single-crystal a-MoOs film without visible grain boundaries.

To investigate the primitive growth stage of a-MoO3 nanosheets, they were
synthesized on multilayer graphene with short growth time of 5 minutes. In the AFM
image shown in Figs. 2.5a and b, it can be observed that bilayer (2L) a-MoOjs islands
are predominantly grown with the morphology of round-cornered squares. On the
other hand, the morphology of monolayer a-M0Os (denoted as 1L in Figs. 2.5a and
b) region is distinct from the multilayer a-MoO3 observed in my study and other
reports [72, 73]. The monolayer a-MoOs with ~0.7 nm thickness exhibits irregular
shapes, and they are also mobile during AFM scanning. These results indicate its
instability and weak binding to the underlying graphene substrate. The rarity of
observing monolayer a-MoOQs in previous reports also could be attributed to the high
instability and weak binding forces at the heterointerface.

To investigate epitaxial relation between o-Mo0Osz and graphene, high-
resolution AFM was conducted on the 2L a-MoOQO;3 (red square) and the adjacent
graphene regions (blue square in Fig. 2.5¢). It was available to capture atomic-scale
patterns in both the height and friction images. The friction images obviously
demonstrate the crystal structures of a-MoOs and graphene through atomic-scale
stick-slip phenomena (Fig. 2.5d) [74-76]. The friction image of 2L a-Mo0O3 revealed
quasi-square patterns (red lines) with an interatomic distance of around 0.4 nm. On
the other hand, multilayer graphene shows rhombic patterns with a length of around
0.3 nm indicated by blue lines in Fig. 2.5d, resembling AB stacking structure of
graphite [72, 77, 78]. In addition, it also can be noted that the c-axis of a-MoOs aligns
with zigzag direction of graphene which supports the epitaxial growth of a-M0oO3 on
graphene. The crystal structure of graphene was maintained perfectly, demonstrating
negligible damage during the growth procedure.

Furthermore, a-MoOs/graphene heterostructure was examined using plan-view
TEM, as depicted in Fig. 2.6a. The TEM image in Fig. 2.6a corroborated the AFM
results in Fig. 2.5d by revealing a distinct rectangular lattice structure with
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dimensions of 0.40 nm x 0.38 nm along the a- and c-axes, respectively. Additionally,
the selected area electron diffraction pattern (SAED) shown inset of Fig. 2.6a
provided further evidence of the epitaxial relationship between the a-MoO3 and
graphene, with red and yellow circles representing the diffraction spots of a-M0O3
and graphene, respectively. The (001) direction of a-M0Os was found to be aligned
with one of zigzag direction of the underlying graphene.

A high-resolution cross-section TEM image Fig. 2.6b was obtained to gain
detailed insight into the interface between a-MoOs and graphene. The uniformly
grown o-MoOz film exhibits interlayer spacing of approximately 0.7 nm,
corresponding to the thickness of a monolayer of a-M0Os. The a-MoOj3 layers
appear continuous and smooth, confirming the absence of grain boundaries. These
observations validate the growth of single crystalline a-MoOs films on 2D growth
templates. In addition, the layered structures of multilayer graphene are also well-
preserved with an interlayer distance of 0.35 nm. However, the very first a-MoOs
layer on multilayer graphene exhibited slightly blurred structure in comparison with
the above-deposited a-MoOs layers. As discussed above, the first monolayer is
unstable and weakly bound with the graphene template. Consequently, it can be
inferred that the initial a-MoQj3 layer acts as a buffer layer to relax the strain induced
during epitaxial growth. This buffer layer accommodates the lattice mismatch strain,
preventing further transmission of strain to the upper layers [75, 79]. This finding
coincides with the emergence of the a-phase structure immediately after completing
bilayer a-MoOs; growth on Au substrates [67, 72, 74, 76, 80-83]. Theoretical
predictions also support this observation, indicating a substantial increase in the
elastic modulus of a-M00O3 as discussed in the Chapter 1.2.2.1 [54]. Hence, the initial
layer of a-Mo0Osz performs an important role to relax lattice misfit strain. Once the
strain is substantially relaxed by the initial layer, the growth of a-MoO3 on multilayer

graphene becomes feasible, as illustrated in the schematic diagram of Fig. 2.6c.

42 | -.;.'l_E;



sjuno)

30 60 90 120
Relative angle (°)

Figure 2.3. (a) Optical microscope image of a-M0QO3z on various 2D templates. (b). Statistical
distribution of angle between longer edges of a-MoOs. (a) and (b) are adapted from the

reference [66] with permission.
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Figure 2.4. AFM images of a-Mo0Os on (a) multilayer graphene and (b) hBN. AFM height

distribution of a-M0Os on (c) multilayer graphene and (d) hBN. (a-d) are adapted from the

reference [66] with permission.

44



Distance (um)

Figure 2.5. (a) AFM image and line profile at the primitive growth stage of a-MoOQa. (b) A
magnified image and line profile at white box in (a). (c) High resolution AFM image of 2L
a-MoO3z and exposed multilayer graphene. (d) Friction images of 2L a-MoOs (left) and

multilayer graphene (right). (a-d) are adapted from the reference [66] with permission.
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Figure 2.6. (a) Top-view TEM image and SAED (inset) of a-MoOs/graphene heterostructure.
(b) Cross-section TEM images of a-MoOas/graphene. (c) Schematic image representing

growth mechanism of a-MoQOz on graphene. (a-c) are adapted from the reference [66] with

permission.
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2.3.3. Crystallinity of a-MoO3

To analyze the crystal structure of a-Mo0Os, a grazing incidence X-ray
diffraction (GIXRD) measurement was performed on a thick a-MoQs film (20-30
nm) grown on multilayer graphene (Fig. 2.7a). Four main peaks at 13°, 26°, 39°, and
52° are observable, and they correspond with (020), (040), (060), and (080) planes
of a-MoOs, respectively. These peaks matched the reference positions of a-MoOs
(ICCD, No. 01-074-7909). The interlayer spacing of a-Mo0Os, calculated from the
diffraction peak of (020), was found to be 0.692 nm, which coincides with the value
measured by AFM and TEM. By the absence of other peaks, it can be confirmed that
the crystal structure of the a-MoOs film is highly oriented along the b-axis,
distinguishing it from the growth methods leading to formation of randomly oriented
a-MoOs [77, 84]. The small width of the diffraction peaks (~0.3°) demonstrates the
outstanding crystallinity of the a-MoQOs.

The crystal structure of ultrathin a-MoOs nanosheets with different thicknesses
ranging from 2L to 18L at the micron scale was confirmed by Raman spectroscopy
(Fig. 2.7b). The left and right panels of the figure represent the characteristic Raman
bands of a-Mo0Qj3; and multilayer graphene (growth template), respectively. The peak
positions of the Raman spectra for a-MoO3 nanosheets of different thicknesses did
not exhibit any noticeable shifts, except for variations in peak intensities. The most
prominent Raman peak is centered at 817cm™ [78, 85]. Despite the weak Raman
intensities of ultrathin a-MoQO3; nanosheets, even 2L a-MoOs shows an observable
Raman peak at 817 cm™. However, the peak cannot be identified for monolayer a-
MoOs which can be attributed to its instability and non-crystalline structure.

For the graphene template, an indicator of defects on graphene was not
observable (Fig. 2.7b). This observation, in accordance with the AFM and TEM
images, suggests that the graphene remains intact during a-MoOsz growth. The

relative intensities of the a-MoOs; Raman peak at 817cm™ and the G peak of

2
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multilayer graphene (I(MoOs3)/1(Gr)) were plotted as a function of a-MoOs thickness
(Fig. 2.7b). The relative intensity increased with the number of a-MoOs layers.
Notably, the Raman spectrum in Fig. 2.7b does not show significant shift in the a-
MoO3; Raman peak, distinct from the behavior observed in TMDCs [86].

XPS was conducted to investigate the composition of the grown a-MoOs on
multilayer graphene. The resulting Mo 3d core-level spectra revealed two doublets
corresponding to two different oxidation states: Mo®" (red curve) and Mo®* (blue
curve). The binding energies of Mo 3d 5/2 were measured at 235.8 eV (234.8 eV)
for Mo% (Mo®). The ratio of Mo®" is dominant compared to Mo®" (94:6). By
comparing the peak areas of Mo®* and Mo®* to O 1s, the atomic ratio of molybdenum
and oxygen was calculated as Mo:O = 1:2.84, indicating a deficient amount of
oxygen in the a-MoOs film [83, 87, 88]. This oxygen deficiency is attributed to the
presence of oxygen vacancies, which have a low formation energy. Additionally, the
Mo®* cation is vulnerable to reduction to the lower Mo®* state through electron
transfer by the chemical potential difference with graphene or surface dipoles of

water and OH bonds at the interface [89, 90].
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Figure 2.7. (a) GIXRD result of the a-MoO3 on multilayer graphene. (b) Raman spectra of
a-MoO3z on multilayer graphene as a function of a-MoOs3 thickness. (c) Ratio between Raman
intensities of a-MoOjz and graphene. (d) XPS result of Mo 3d core level composed with Mo®*

and Mo®* states. (a-d) are adapted from the reference [66] with permission.
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2.3.4. Band structure and electrical properties of a-MoO;

To investigate the electronic band structure of a-MoOs, ultraviolet-visible
absorption measurements were conducted on a-MoOs; grown on mica with various
growth durations (Fig. 2.8a). The indirect band gap of a-MoOs; was calculated by
using Tauc’s equation. The resulting data showed that the band gap of a-Mo0O3
increased with decreasing growth time, ranging from 2.9 eV for bulk a-MoOs to 3.2
eV for the thinnest portion (Fig. 2.8b) [91]. This contradicts previous reports
suggesting a constant band gap in a-M0Os3, which is expected due to weak interlayer
interaction [67]. The observed increase in band gap for thinner oa-MoOsz may be
attributed to the formation of amorphous-phase monolayer a-MoOs, which has a
larger band gap, strain accumulated at the interface, and strong interaction with the
underlying 2D substrate [92]. However, further studies are required to verify this
hypothesis.

Ultraviolet photoelectron spectroscopy (UPS) was performed on a-MoOs
grown on multilayer graphene for 10 minutes (Fig. 2.8c). The UPS spectrum
revealed that the VBM of a-Mo00Os is located 2.8 eV below the Fermi level (Fig. 2.8d).
In addition, gap states (d; state) were observed between the Fermi level and the VB
edge, resulting from the oxygen vacancies. The reduction of Mo®* to Mo®* and the
occupation of excess electrons in the gap states lead to n-doping of a-MoQOj3 [93-95].
The work function of a-MoO3 was estimated to be 4.6 eV, indicating a highly n-
doped nature. The low work function is attributed to the presence of oxygen
vacancies and surface adsorbates [96], which can be improved by surface cleaning
[87, 90].

To investigate electrical properties of a-MoOs, a field-effect transistor (FET)
was fabricated (Fig. 2.8¢). An a-MoQ; flake on grown hBN was used as a channel.
The output curves showed a linear increase with drain voltage and gate-voltage
dependence, indicating n-type transport behavior. The observed n-type behavior is

consistent with the above investigated electronic band structure of a-M9Qg. The a-.;
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MoO; FET exhibited on/off ratio of approximately 10° and its field-effect mobility
of electron was 0.03 cm? V1 571, The relatively low field-effect mobility may be
attributed to high contact resistance and charged impurity scattering caused by
oxygen vacancies. Since the measured mobility is highly smaller than the theoretical
values (~1000 cm? V1 s71), further optimization including surface encapsulation,
surface treatment, and contact engineering is necessary to realize the full potential

of a-Mo0O:s.
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Figure 2.8. (a) UV-vis absorption spectra of a-MoOs; grown on mica with different growth
time. (b) Energy band gaps measured from (a) as a function of growth time. (c) UPS valence
band spectrum of a-Mo0O3. The secondary cut-off (SEC) and VBM were determined as
indicated by blue dashed lines. (d) Schematic band structure of a-MoOQ; estimated from the
UPS and UV-vis spectra analyses. (e) Electrical properties of the a-MoOs3 field-effect

transistor. (a-d) are adapted from the reference [66] with permission.
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2.4. Conclusion

In conclusion, | have successfully developed a vdW growth technique for
producing large and single crystalline a-MoQO3 nanosheets on 2D growth templates.
Through this method, | achieved high-quality epitaxial growth of a-MoOs
nanosheets on various 2D materials, with a strong alignment with underlying 2D
materials and the initial a-MoOs layer. | have also investigated the thickness-
dependent crystal structure and band structure of ultrathin a-M0O3 nanosheets. The
epitaxially grown a-MoO3 exhibited a significant band gap ranging from 2.9 to 3.2
eV and a small work function of 4.6 eV, indicating a high n-doping level attributed
to oxygen vacancies and surface chemicals. Consequently, FETs based on a-M0O3
demonstrated n-type characteristics, with a moderate on/off ratio. a-MoQOj3 holds
enormous potential as essential components in future electronic devices based on 2D

materials, serving a wide-band gap semiconductor.
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Chapter 3. Thickness-Insensitive Properties of

a-MoO3 Nanosheets by Weak Interlayer Coupling?

3.1. Introduction

After development of the growth method, it is required to investigate of
mechanical and electrical properties of the vdW epitaxially grown a-MoOs to utilize
it as a building block for vdW heterostructures.

It has been known that bulk a-MoOj3 has high dielectric constant of 6-18 [89,
97-99]. Furthermore, theoretical studies predicted that the variation of orbital
overlapping in a-MoOs is negligibly small regardless of the number of layers, i.e.,
the electrical and mechanical properties of a-MoO3z; would have small correlation
with the number of layers [54, 100]. Because most of the 2D insulating materials
show thickness-sensitive properties such as dielectric constant, breakdown voltage,
and friction, the 2D insulators that retain the bulk properties are highly required for
nanoelectronics applications. Despite tremendous attempts to obtain a-Mo0O3
nanosheets [66, 67, 69, 101], the detailed research of thickness-dependent
characteristics of the a-MoQs is still obscure due to the limited crystallinity of -
MoOs3 nanosheets.

Here | comprehensively investigated electrical and tribological properties of a-
MoOs on graphite by using scanning probe microscopy (SPM). I found that a-MoO3
has higher friction compared to graphene, reduced work function (4.73 eV for > 2L)
compared to bulk a-MoOs, and high dielectric constant (6 for 2L and 10.5~11 for >

3L). Interestingly, all the properties are independent of the thickness due to weak

2 The content of this Chapter is derived from a paper published in the Nano Lett. 19, 8868

(2019). The manuscript and figures in this Chapter have been reproduced with permission

from ACS Publications and the coauthors involved.
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interlayer coupling, which is distinctive from the most of the 2D materials showing

thickness-sensitive properties.
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3.2. Methods

Sample preparation

Using a DC magnetron sputter, sufficiently thick Mo film (> 100 nm) is first
deposited on a SiO; (285 nm)/Si substrate. Multiple graphite flakes were prepared
on the target substrate via mechanical exfoliation. The Mo-deposited substrate is
placed onto a pre-heated heater of 550 °C in ambient conditions, and the target
substrate with 2D materials is placed 0.5 mm-above the source substrate. The
thickness and coverage of the synthesized a-MoOs film are controlled by varying the

deposition time.

Material Characterizations

The as-grown samples were examined by Raman spectroscopy (Renishaw
Raman, inVia Confocal Raman microscope with a 532-nm excitation laser) as a
preliminary test. All kinds of SPM measurements were carried out by NX-10 (Park
systems) at the ambient conditions. For contact modes like friction force microscopy
(FFM) and conductive AFM (c-AFM), soft Pt-coated tip (PPP-CONTSCPT,
Nanosensors) was used, and its nominal spring constant is as small as ~0.2 N m™.
The loading force was set at ~2 nN. The elastic constant of the tip was calibrated
relying on the method of Cleveland et al. [102] where the elastic constant (k) of a
rectangular probe can be defined as k = 2m3PPwp°E*%f;® [102]. Here, | and w
correspond to the length and width of the cantilever, respectively, which are
measured by scanning electron microscopy. The elastic modulus (E) and the density
(p) are set by the manufacturer-provided specifications. fyis the resonance frequency
of the tip when tip is disengaged from the sample. In addition, the lateral torsion
signal of the used AFM tip can be converted to the unit of nN based on Tocha et al.
[103] and trapezoidal silicon grating sample (TGF11, MIKROMASCH). During the

friction (Fr) versus AFM tip loading force (Fip) spectroscopy (Fip-Fr), the motion

—
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along the slow-scan (Y) direction was fixed so that only a single line along X-
direction is repeatedly scanned. While the loading force was changed on a line-by-
line basis, the differences between the forward and backward lateral signals were
recorded from 512 lines. Therefore, the friction force for each loading force was
calculated by averaging each data set (i.e., 256 measurements).

For the c-AFM measurements, a specimen was mounted on a metallic sample
holder, and the external current amplifier (DLPCA-200, FEMTQO) was used to
measure the extremely low current. Tip was directly connected to the signal ground
of amplifier while the bias voltage is applied to the sample stage. The current gain
was set at 108 VV AL, Like FFM, soft tip coated by Pt (PPP-CONTSCPT, Nanosensors)
was used to reduce the scan damage to surface. To minimize the tip damages caused
by the excessive tip-current, the bias-sweeping range was controlled at ~+2 V.

As the contact potential difference (CPD) results of KPFM (Kelvin probe force
microscopy) should be applied to local dielectric constant, KPFM and measurement
of local dielectric constant were conducted sequentially. | used an identical Au-
coated non-contact tip (PPP-NCSTAu, Nanosensors) whose elastic constant was
~7.4 N m* and the resonance frequency is ~170 KHz [104]. The topography and
surface potential signal were measured simultaneously with a mechanical drive
frequency of 75 kHz and an AC modulation of 1 V at 10 kHz. The first harmonics
of the force (Fi,) exerting on the tip were extracted by Lock-in technique [104]. In
my KPFM system, CPD was decided as tip voltage bias to nullify the electrostatic
force existing between a conductive tip and a sample. As shown in the equation (3.8),
if the value is assumed to be equivalent to the difference of work function or Fermi
level between tip and sample, the site-depending variation of work function of
sample can be identified. Meanwhile, when F-D spectroscopy was performed to find
dielectric constant of a-MoOs;, +9V-DC bias was applied to tip to enhance the
electrostatic force between tip and sample. Both AC modulations (for topography

and KPFM) were shut down.
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3.3. Results and Discussion

3.3.1. Fabrication of a-Mo0O3

To examine the electrical and mechanical properties, a-MoQOs; nanosheets were
epitaxially grown on graphite in a way suggested in Chapter 2. Graphite, which is
both conductive and atomically smooth, served as the growth template. To ensure
partial exposure of the graphene surface, a-MoOs; was deposited by evaporating a
thin Mo film in ambient air for a short growth time of 5 minutes. This led to the
formation of o-MoO; partially covering the graphene surface. The o-MoO;
nanosheets grown on graphite is hard to be recognized in the optical microscopic
image of Fig. 3.1a. However, AFM topography image in the inset of Fig. 3.1b show

that square-like a-MoOs; nanosheets are synthesized on the surface of graphite.
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Figure 3.1. (a) Optical microscopic and (b) AFM images of a-MoOs-grown graphite flake
on an Au-coated SiO, substrate. (a) and (b) are adapted from the reference [105] with

permission.
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3.3.2. Surface properties of a-Mo0O3 and graphite

Surface properties of the synthesized a-MoQO; were thoroughly examined by
FFM, c-AFM, and KPFM (Fig. 3.2a). Figures 3.2b-d display the friction, CPD, and
current images of the a-MoOs nanosheets grown on graphene surface, respectively.
Similarly, the line profiles in Fig. 3.2e show height, friction, CPD, and current along
the white dashed line of Figs. 3.2b-d. Analysis of the height profile reveals that the
thinnest a-MoOj3 nanosheets (bilayer) possess a thickness of 1.4 nm, which coincide
with the unit lattice length along b-axis. Furthermore, the thickness of monolayer a-
MoQs; is measured to be 0.7 nm, equivalent to half of the unit lattice length along the
b-axis. In comparison to graphene, the a-MoQO3; nanosheets demonstrate distinct
surface properties, including larger friction, smaller CPD, and larger electrical
resistivity. These contrasting characteristics allow for the differentiation between a-

MoOs and graphene, based on their surface properties.
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Figure 3.2. (a) SPM set-up for characterization of surface properties in a-MoOs/graphite on
Au-coated SiO; substrate. (b) Friction, (c) CPD, and (d) current images obtained by different
AFM modes of FFM, KPFM, and c-AFM, respectively. (f) Profiles of height, friction, CPD,
and current obtained along the white dashed lines of (b-e). (a-e) are adapted from the

reference [105] with permission.
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3.3.3. Tribological properties of a-M0O3

AFM/FFM studies have proven to be valuable for exploring the
nanotribological properties of 2D materials, allowing for the investigation of
phenomena such as stick-slip behavior [106]. Previous research has also highlighted
the thickness-dependent friction tendencies of exfoliated 2D materials, attributed to
the puckering effect [75]. Here, the friction of a-MoO; nanosheets with different
thicknesses was investigated from 2L to 7L (Figs. 3.3a and b), following the
calibration of the AFM tip cantilever's spring constant and friction force [102]. The
results of monolayer a-MoOz were not included due to its instability [66].

The friction image shown in Fig. 3.3b at loading force of 2 nN demonstrates
that the friction of a-MoO3 does not show clear thickness-dependence. To investigate
the correlation between the layer number and friction, height, and friction profiles
along the white dashed lines of Figs. 3.3a and b are plotted in Fig. 3.3c

It can be observed that the friction of 2L a-Mo0Os is larger than that of the
graphite by 11 nN. Interestingly, as shown in the inset of Fig. 3.3c, the friction of a-
MoQs is rapidly saturated as the thickness increases (more than 3L). This result is
distinctive from the 2D materials usually exhibiting thickness dependence. The
difference in friction between 2L and 3L a-MoOs is only 1 nN, and no further change
in friction is observed beyond 3L.

Since FFM images also can be affected by adhesion, the adhesive properties of
a-MoO3 were investigated by force—distance (F—D) spectroscopy. As shown in Figs.

4b and c, the pull-off forces of a-M0Os nanosheets (38.0—38.8 nN) were slightly

larger compared with that of graphene (~36 nN). This marginal difference results

from a slightly higher tip—surface interaction of a-Mo0Os. In addition, the surface
roughness of a-MoOs nanosheets (0.13 nm) is slightly larger than that of graphene
(0.1 nm) as shown in Fig. 3.4a.
A plot of Fi,—Fs is presented in Fig. 3.3d for quantitative investigation of the
.

—
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local friction features. The spectroscopy was performed by scanning the surface of
a-MoOs nanosheets with the same thickness along 100 nm at different loading forces
and with a fixed scan speed of 1 Hz. It is observed that the friction shows linear

relation to the loading force for all cases, following the relation:
Ff = M(Ftip + Fadh) et teeees ten nen equation (31)

where u and Faan are friction coefficient and adhesion force at a zero nominal
normal force, respectively [107, 108].

The graphene surface without a-MoOj3 exhibited friction coefficient of 0.01, in
accordance with the superlubricity of graphite [109]. On the other hand, the friction
coefficients of a-MoOs were 0.158, 0.168, and 0.173 for 2L, 3L, and 7L, respectively
(inset of Fig. 3.3d), exhibiting thickness-insensitive after 3L.

The extremely short interatomic distance between O, atoms leads to large lateral
stiffness. The friction of a-MoOs; on graphite can be estimated by the shear

deformation of a-MoQj; layers based on the 2D-multiple spring model [110, 111]:

1 1 n—-1 1

R + +—-..
Kt KJ_,interf KJ. KII

ceee e equation (3,2)

where n is the number of layers of 2D material anchored by substrate, K; is
the total lateral stiffness of tip-sample system, K, and K, are the intralayer and
interlayer stiffness, respectively, and K, jnters is the interlayer stiffness at the
interface between a-MoOs and graphite [105]. The K and K, are determined by
the strong in-plane interatomic bonding and weak vdW bonding, respectively.
Therefore, K;-term is generally ruled out due to the strong covalent bonds but
negligible vdW force for conventional 2D materials. However, the distance between
the nearest atoms in two adjacent layers of a-MoOs is dramatically shorter than that

of graphene (~0.34 nm) and MoS; (~0.31 nm) [112]. Due to extremely short
1] © |

-
|

63



interatomic distance of a-MoOs notably increases K, , which in turn result in
suppression of the K, -term on the K; [54]. This hypothesis can be supported by
theoretically calculated interlayer sliding energy of a-MoQs, graphene, and MoS..
The interlayer sliding energy between a-MoOs layers (~500 meV) is much larger
than those of graphene (~10 meV) and MoS; (~50 meV) [112-114]. Therefore, the
layer dependence of total friction is greatly weakened by extremely high K, of a-
MoOs. When the layer number of a-MoOs3 is very few, the incommensurate interface
(made by orthorhombic a-MoO; and hexagonal graphene) is likely to reduce the
friction to some extent, which was reported in some other incommensurate systems
[115].

Atomic-resolution friction images were acquired to verify the hypothesis in the
lattice scale. In Figs. 3.4d and e, line profiles of the friction force for a-MoQO; and
graphite are represented, respectively. The measured frictional patterns of a-MoO3
exhibit rectangular 0.4 nm x 0.4 nm periodicities (inset of Fig. 3.4d), which coincide
with the crystal structure and lattice constant of the bulk a-MoOs (schematic inset of
Fig. 3.3c). Similarly, graphite shows the triangular patterns with a length of
approximately 0.3 nm (inset of Fig. 3.4e). The effective lateral stiffness was
determined from the slopes of the lateral forces in the stick regions (Kn, indicated by
blue solid lines in Figs. 3.4d and e). The values of Ky for a-M0Os3 and graphite are
approximately 5.2 and 2.6 N m™, respectively.

The area of the friction hysteresis loop represents the energy dissipated during
a scanning cycle. While the hysteresis on graphite is negligible, that of a-Mo0Os is
more significant due to its different crystal structure. The effective lateral stiffness
between the tip and 2D surface was estimated based on the 1D Prandtl-Tomlinson
(PT) model. The lateral stiffnesses of a-MoO; and graphite are 6.3 and 3.2 N m™?,
respectively, demonstrating twice larger values for a-MoQsa. It is important to note
that the peculiar crystal structure of a-MoQ; contributes to increased friction and
higher lateral stiffness. Therefore, the increased K, in a-MoOs weakened the layer
dependence of the effective lateral stiffness in the equation (3.2).
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Figure 3.3. (a) Morphology and (b) friction images of a-MoQOsz on graphite. (c) Line profiles
of height and friction along the white dashed lines in (a) and (b), respectively. Inset of upper
(c) Schematic for stick-slip behavior on the a-MoOs3 surface. Inset of lower (c) The friction

of a-Mo0O;s as a function of a-MoOj3 layers. (d) Friction as a function of normal force (Fuip-

Ff). (a-d) are adapted from the reference [105] with permission.
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3.3.4. Dielectric properties of a-M0O3

To evaluate the insulating properties of epitaxially-grown a-MoO3; nanosheets
for their potential use as ultrathin dielectrics, current measurements were conducted
by using c-AFM. Simultaneous topography and current maps were obtained for a-
MoO;3; nanosheets grown on graphite, with a sample bias Vs = 0.5 V and a loading
force of 2 nN, as shown in Figs. 3.5a and b. The completely linear 1-V result on
graphite area without a-MoO3; demonstrates that contact resistance between tip and
graphite is negligible. Contrary to graphite, the thinnest a-M0O3 nanosheet with 2L
thickness exhibited an extremely low current, indicating that the a-MoO3 nanosheets
are uniformly insulating and free of pinholes. The I-V curves on a-MoOs; with
various thicknesses were evaluated as shown in Fig. 3.5¢c. The dl/dV curves revealed
significant current gaps for the 2L and 3L a-MoOs nanosheets, with values of 1.6 V
and 2.8 V, respectively (Fig. 3.5d). Furthermore, negligible current was observed
across the 7L a-MoQOs3; nanosheet for the entire voltage sweep range, exhibiting
completely insulating characteristics. The asymmetric 1-V curves can be attributed
to the gradient in the concentration of oxygen vacancy [105].

The energy barrier for tunneling can be calculated by using Fowler—Nordheim

tunneling as described by following equation [114]:

Aerra® smvV2Zm* 3/ %t .
I(V) z—effq Me Vzexp _—71' m ®p ...............equatlon (33)
8Th®pt2mesy 3hqV

where Aet, g, Me, Merr, N, t, and &g denote the effective tip area, electron charge,
the mass of the rest electron, effective mass of electron, Planck constant, thickness,
and the height of energy barrier, respectively [105]. The ratio between the effective
mass of electron to mass of the rest electron (met /me) is 0.45 [116]. The equation

(3.3) can be represented in logarithm expression:
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v2 U 8mhdpt2mess 3hqv

woeeeeequation (3.4)

The In(1/V?) versus 1/V was plotter for 2L and 3L a-MoOs (Fig. 3.5€). The
energy barriers can be estimated by linear fitting the equation (3.4), and those for 2L
and 3L a-MoOs were 1.42 eV and 1.52 eV, respectively. In consideration of band
gap of a-MoOs (~3 eV), this value is almost half of the band gap size. The noise in
the result can be attributed to tip contamination or water absorption [117, 118]. In
addition, the dielectric breakdown strength of a-MoOs was calculated to be 14 MV
cmL, Since this result is larger than that of hBN (8 MV cm™) and bulk a-MoOs (3
MV cm), ultrathin a-MoOs has potential to be applied as an ultrathin gate dielectric
[117, 119].

In addition, dielectric constant of o-MoOs; (&) was evaluated by F-D
spectroscopy with a DC-biased KPFM tip (Fig. 3.6). After positioning the
conductive tip over the a-MoOs surface at a distance of zo, the tip was biased with
DC voltage of Viip. As a result, the tip relocated to a new position of z. The capacitive

force exerted on the tip (F(z)) is defined as follow [120]:
ac
F(Z) = _a_ZtS(thp —_ ]/S)Z + FO cee ces ses see ses equatlon (35)

where Fo, Vs, and Cis are the force exerted on the macroscopic tip body, surface
potential, and capacitance between tip and sample, respectively [105]. The

capacitances (Cys) for metal and dielectric surfaces can be estimated by [121, 122]:

Cesmetar = 2TEgln (1 + @) seeeeeeeeeecequation (3.6a) for metal
Cts gietectric = 2T€gln (1 + R(ZTTS/T:’)) -+ oo equation (3.6Db) for dielectric
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where z, R, h and @ are the distance between tip and sample, the radius of the
tip, the thickness of dielectrics, and the cone angle of tip apex, respectively [105].
By combining the equations (3.6a) and (3.6b) with the equation (3.5), the capacitive

force applied on the tip can be expressed:

F(Z)metar = 2(7+R(1—sind)) +F, equation (3.7a)

for metal

2megR?(1-sind)

F(2)aietectric = — ) + E, oo equation (3.7b)

h h ,
(z+;) <z+;+R(1—sm9)

for dielectric, respectively.

The tip radius was firstly determined to be 29 nm by performing DC-biased F-
D spectroscopy on the graphite exposed region. Next, the dielectric constant of
ultrathin a-MoQO3z was measured by the identical F-D spectroscopy on the a-MoOj3;
covered regions. The dielectric constant of 2L a-MoO3 was calculated to be 6, and
3L and 7L a-MoQj; exhibit higher values with 10.5 and 11, respectively. These
results coincide with the bulk a-MoOs3[89, 97-99]. Unlike conventional dielectric
materials such as HfO, and Al,Os, of which properties are rapidly degraded for
below 5 nm, a-MoOs; shows a high dielectric constant, absence of leakage current,
and pinhole-less surface. These characteristics make a-MoO; nanosheet a candidate

for ultrathin dielectric layer.
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Figure 3.5. (a) Morphology and (b) current images of a-M0O;z on graphite. The current was

measured at the sample bias of 0.5 V. (¢) Tunneling current of a-MoOs3 as a function of tip

bias. (d) dl/dV curves and (e) In (1/V?) versus 1/V curves of 2L, 3L, and 7L a-MoOs. The

dashed lines are fitted results based on the equation (3.4). (a-e) are adapted from the reference

[105] with permission.
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Figure 3.6. Schematic image of DC-biased F-D spectroscopy. Adapted from the reference

[105] with permission.
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(a) and (b) are adapted from the reference [105] with permission.
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3.3.5. Surface potential of a-M0Os

The surface potential of a-M0O3 hanosheets grown on graphene was evaluated
using KPFM, as shown in Fig. 3.8a. The topography and CPD images depicted in
Figs. 3.8a and b clearly demonstrate noticeable variations in surface potential
between a-MoO; and graphene regions. In a mode where the bias of the tip is

changed, the measured CPD can be expressed as

_ ¢tip - ¢sample
e

CPD -ee oo equation (3.8)

, Where ¢ and ¢sampie SAMple represent the work functions of the tip and sample,
respectively, while e is the elementary charge. Consequently, a higher CPD value
(brighter region in Fig. 3.8b) indicates a lower work function. The profiles of height
and CPD along the dashed lines in Figs. 3.8a and b are presented in Fig. 3.8c. It is
evident that o-MoQOj exhibits lower CPD values than graphene by 140 mV.
Interestingly, 2L and 4L a-MoOs exhibited similar CPD values. The ¢ip was
calibrated on a reference graphene sample (¢q = 4.6 V). The work function of the
HOPG substrate without a-MoO3; was estimated as 4.61 eV, closely similar to that
of pristine graphene. This result indicates that the intrinsic electrical properties of the
HOPG surface are preserved after the growth of a-MoOs, corroborating the Raman
and FFM results that the graphene surface remains intact during the a-MoOs growth
process. Furthermore, when a-MoO3s nanosheets with varying numbers of layers
were examined, it was observed that a-MoOj3 consistently displayed a uniform work
function of 4.73 eV for all measured thicknesses, as shown in Fig. 3.8d. These results
are distinctive from other 2D materials such as graphene and MoS;, which exhibit

thickness-dependent work functions [123, 124].
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3.4. Conclusion

In conclusion, comprehensive studies based on AFM revealed that the
tribological and electrical of a-MoO3; nanosheets are preserved even for few-layered
thicknesses. In addition, the properties exhibit thickness-insensitivity in comparison
with other 2D materials. The peculiar crystal structure of a-MoOs increases lateral
stiffness, which in turn results in high friction with thickness-insensitivity.
Furthermore, work function and dielectric constant do not have thickness
dependence. These results demonstrate that crystal and electronic structures of -

MoQs are not severely affected by adjacent layers.
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Chapter 4. In-plane Anisotropy of Graphene by
Strong Interlayer Interactions with van der Waals

Epitaxially Grown MoO3®

4.1. Introduction

In Chapter 2 and 3, the vdW epitaxial growth of a-MoOs and its properties have
been investigated. The vdW epitaxy offers significant advantages due to the absence
of dangling bonds at the interface and the relatively weak vdW interactions between
the growth templates and epitaxial layers [125]. These characteristics facilitate the
growth of epilayers with substantial lattice [126] and symmetry [127-129]
mismatches, without inducing significant interfacial strain or misfit dislocations. In
the context of symmetry mismatch, interlayer interaction plays a crucial role in vdwW
epitaxy, as it leads to the formation of anisotropic superlattices [41, 42, 130, 131]

and the occurrence of directional strain during the cooling process [132].

| present the observation of in-plane anisotropy in graphene, which is induced
by the robust interlayer interaction with vdW epitaxially grown a-MoOs. The strong
interlayer interaction at the vdW interface plays a crucial role in modifying the
mechanical and electrical properties of monolayer graphene. Due to the distinct
TECs of the epilayer and graphene template, graphene is highly compressed up to -
0.6% as the thickness of a-Mo0QOs increases. Additionally, regardless of the a-M0O3

thickness, charge transfer from a-MoOs results in high p-doping of graphene (p =

% The content of this Chapter is derived from a paper published in the Sci. Adv. 9, eadg6696
(2023). The manuscript and figures in this Chapter have been reproduced with permission
from American Association for the Advancement of Science (AAAS) and the coauthors
involved. .
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1.94 x 10% cm™). Interestingly, the graphene deposited with a-MoOs exhibits in-
plane anisotropy in electrical conductance (conductance ratio of 1.43) due to the
periodic potentials induced by the crystal orientation of a-M0Os. Remarkably, the
outstanding hole mobility of 8,155 cm? V! s? is maintained in o-MoO3-deposited
graphene. This study demonstrates that the vdW epitaxial interface can facilitate
strong interlayer interaction and induce in-plane anisotropy, providing a means to

engineer the symmetry of 2D materials.
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4.2. Methods

Sample preparation. A a-MoOs/graphene heterostructure was prepared using
a similar method used in the previous Chapters. As a Mo source, 100 nm-thick Mo
was deposited on a SiO; (285 nm)/Si substrate using a DC magnetron sputter or an
e-beam evaporator. The quality and morphology of a-MoOs did not show any
difference regardless of the deposition method. Graphene-exfoliated SiO./Si
substrate was used as a target substrate. Only monolayer graphene flakes were
selected and utilized as target templates after their thicknesses were identified using
Raman spectroscopy. To synthesize a-MoOs on monolayer graphene, the Mo film
was placed on a preheated hot plate (~525 °C), and the target substrate was placed
0.5 mm above the Mo film. The MoOx was sublimated from the Mo film and
condensed on the target substrate. After 10 minutes, the target substrate was

immediately removed from the heater.

Raman spectroscopy. Raman spectra were obtained by a Raman spectroscope
(Renishaw Raman, inVia Reflex Confocal Raman Microscope, 532 nm, 600
gratings). Angle-resolved polarized Raman results were measured by using a home-
built confocal micro-Raman system with excitation sources of the 532 nm (2.33 eV)
line from a diode-pumped-solid-state laser. The incident (scattered) beam was
focused (collected) onto (from) the sample through an objective lens with 0.8 NA,
and 50x, t (backscattering geometry). A Jobin—Yvon HORIBA iHR550 spectrometer
(2400 grooves per mm) was used to disperse the Raman signal, which was detected
by a liquid-nitrogen-cooled back-illuminated charge-coupled device (CCD) detector.
The laser power was kept below 0.1 mW. The angle of polarizer was fixed at specific
angle (0in), and specific polarization of the scattered light was selected by rotating
the analyzer angle (6owt). The polarization direction with respect to the groove

direction of the grating of the signal entering the spectrometer kept constant by
T | o | |

-
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placing and achromatic half-wave plate in front of the spectrometer.

Transmission electron microscopy. To fabricate TEM samples, poly (methyl
methacrylate) (PMMA)-based wet transfer method was adopted. PMMA was
deposited by spin-coating on the SiO/Si substrate where a-MoQOs/Gr was located.
Next, the substrate was immersed in a 2 wt% KOH solution after scraping the edges
of the substrate. By etching SiO, with KOH, the PMMA/MoOs/Gr film was
delaminated from the substrate. The film was cleaned with deionized water and
transferred onto a TEM grid (Au mesh with holey carbon membrane). The remaining
PMMA was removed by acetone. HR-TEM images were captured using a spherical

aberration-corrected TEM (JEOL JEM-ARM 200F Cs-corrected TEM).

Atomic force microscopy. A commercial AFM system (NX-10, Park Systems)
was used to obtain AFM images. Considering the status of the samples, the

morphology of the sample was measured by contact or tapping modes.

Device fabrication and electrical characterization. E-beam lithography was
used to define the region for source and drain metals around the a-MoQO3/Gr. The
Cr/Pd/Au (2 nm/30 nm/40 nm) was deposited on the patterned substrates by using an
e-beam evaporator. The electrical properties of the devices were measured using a
parameter analyzer (Keithley 4200) in the ambient conditions. The field-effect

mobility (ugg) of the devices was estimated by following equation:

HEE = Gm equation (4.1)

where g,, = dIps/dV; is the transconductance, L and W are the channel
length and width, Vs is the drain voltage, and C is the unit capacitance of back
gate 285 nm SiO,, respectively. The hole concentration (p) was calculated using the

equation:
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equation (4.2)
, Where &y, &, Venp, €, and t,, are the vacuum permittivity, relative
permittivity of SiO,, charge neutrality point of the a-MoOs/Gr device, elemental

charge, and thickness of SiO5, respectively.

DFT calculations. To investigate the electronic and transport properties of the
a-MoOs/graphene heterostructure, first-principles calculations based on DFT were
performed [133, 134] using the VASP code [135, 136]. Projector-augmented wave
potentials [137, 138] were used to describe the valence electrons. The cutoff energy
for the plane wave basis was set to 450 eV, and atomic relaxation was performed
until the Hellmann—Feynman force acting on every atom decreased below 0.01 eV/A .
Dipole correction was included to obtain more precise calculation. For the exchange-
correlation function, the rev-vdW-DF2 method [139] was adopted to include vdwW
interactions. The Brillouin zone (BZ) was sampled using a 2x8x1 k-grid for the
rectangular superlattice of a-MoOs/graphene heterostructure. A vacuum region of

~15 A was introduced to avoid interlayer interaction along the out-of-plane direction.
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4.3. Results and Discussion

4.3.1. Crystal structure of a-MoOs/graphene heterostructure

To explore the interlayer interaction at the interface composed with in-plane
anisotropic 2D materials, I employed a-MoO3 as a building block [54, 60, 61, 67,
140]. The a-MoOs; was grown on exfoliated graphene by the identical methods as
suggested in the previous Chapters. Figure 4.1a shows the monolayer graphene
covered with a-MoQO3 (a-MoQOs/Gr). In Fig. 4.1b, the Raman results of the as-
exfoliated graphene and a-MoO3/Gr samples are presented. The main Raman peaks
of a-MoO; were observable which are located at approximately 817 cm™ and 995
cm? [62, 78]. The absence of the D peak, which indicates defects in graphene,
suggests that there was no notable damage to graphene during the growth process
[141, 142]. However, the G and 2D peaks exhibited dramatic shifts after the
deposition of a-MoOs. This observation indicates that the deposited a-MoOs affects
underlying graphene both mechanically and electrically, because the positions of G
and 2D peaks are extremely sensitive to the strain and doping. The detailed
discussion of the shift of these peaks will be provided later in the paper. By using
AFM, the morphology and thickness of a-MoOs were characterized as shown in Figs.
4.1c and d. The graphene surface was fully covered by bilayer a-MoOs (referred to
as 2L a-MoOs3) with a few thicker islands, consistent with the previous Chapters.
The a-MoOs surface appeared clean and flat, without any signs of contamination or
damage. The height profile in Fig. 4.1d (taken from the white dashed line in Fig.
4.1c) demonstrates that the thickness of the monolayer a-MoOs corresponds to

approximately half of the unit cell (~0.7 nm) [52, 60, 67, 143, 144].
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Figure 4.1. vdW epitaxial growth of a-M0QO3 on monolayer graphene. (a) Optical microscope
image of a-Mo0Os/Gr. (b) Raman spectra of as-exfoliated Gr (black) and a-MoOs/Gr (red).
(c) AFM image of a-MoOz3/Gr of the dashed area in Fig. 1a. (d) AFM height profile along

the white dashed line in Fig. 1c. (a-d) are adapted from the reference [145] with permission.
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4.3.2. Epitaxial relationship between a-Mo0O; and graphene

To analyze the crystal structures and epitaxial relationship between a-MoOs and
Gr, Cs-TEM was employed. Figure 4.2a displays a TEM image of a-MoOs/Gr where
2L a-Mo0Os is partially covering the graphene. The epitaxial growth of crystalline a-
MoOs on graphene is confirmed by the high-resolution TEM image shown in Fig.
4.2b. The diffraction pattern obtained by Fast Fourier Transform (FFT), depicted in
the inset of Fig. 4.2b, verifies the alignment of the rhombic pattern (blue dashed line)
of a-MoO;3 with the hexagonal pattern (orange dashed line) of graphene. Specifically,
the (200) plane of 0-MoQj is parallel to the (1100) plane of graphene [146, 147].
By filtering the TEM images of graphene (left) and a-MoOs (right) using FFT, as
shown in Fig. 4.2¢, the growth of rectangular a-MoOs3 with unit lattice parameters of
3.97 (a) and 3.75 A (c-axis) on graphene is clearly observed. The epitaxial
relationship reveals that the a- and c-axes of a-Mo0Os are aligned with the armchair
(ac) and zigzag (zz) edges of graphene, respectively. Figure 4.2d presents an atomic
model illustrating a superlattices (yellow dashed lines) in the a-MoOs/Gr
heterostructure. The rectangular superlattice in a-MoOs/Gr leads to distinct

periodicities along the ac and zz directions in graphene [41, 42, 130, 131].
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Figure 4.2. Epitaxial relationship between a-Mo0Os epilayers and monolayer graphene
growth template. (a) Low-magnification TEM image of a-MoOs/Gr. (b) High-resolution
TEM image of a-Mo0Os/Gr. The inset shows the corresponding FFT image. Only a single set
of rhombus pattern indicates the growth of single-crystal a-MoOs (blue). In addition, the
perfect alignment of a-MoOs and graphene (orange) patterns demonstrates the epitaxial
growth of a-MoO3 on monolayer graphene. (c) FFT-filtered images of graphene (left) and a-
MoOs (right). (d) Schematic of a-MoOs/Gr superlattices (yellow dashed boxes) based on

their epitaxial relationship. (a-d) are adapted from the reference [145] with permission.
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4.3.3. Modulation of doping and strain in graphene by a-MoO; epilayer

To examine the interlayer interaction between a-MoOs; and graphene, |
conducted Raman spectroscopy measurements on several regions of graphene
covered by a-MoOs islands with different thicknesses (1-5L), as depicted in Fig.
4.3a. The Raman spectra of the as-exfoliated graphene (gray) and the uncovered
graphene (black) are also presented in Fig. 4.3a for comparison. The uncovered
graphene region refers to the area where no a-MoO3 was deposited after the epitaxial
growth. G and 2D peaks were slightly blue-shifted due to the annealing effect [148].
In contrast, G and 2D peaks of the a-MoOs/Gr heterostructure are greatly blue shifted
compared to the as-exfoliated and uncovered graphene. Moreover, these two peaks
experienced pronounced blue-shifts with increasing a-MoOs thickness. The
substantial shifts in the Raman peaks indicate a robust interlayer interaction between
the a-MoQOs epilayers and graphene, resulting in significant doping and strain in
graphene depending on the thickness of a-MoQ; [141, 142].

To analyze the doping concentration (p) and strain () of a-MoOs/Gr separately,
the positions of the G (og) and 2D (w,p) was marked on the correlation plot (Fig.
4.3b). By projecting wg and o, onto the doping concentration (magenta) and
strain axes (gray), respectively [149], it was available to quantify the doping and
strain of graphene. As shown in Fig. 4.3a, the uncovered graphene exhibited p-
doping (p = 7.8 x 102 cm™) and minor compression of —0.07 [148, 150, 151]. In
contrast, the graphene in the a-M0Os/Gr region demonstrated significant p-doping
(p = 1.94 x 103 cm™) for all a-MoOs thicknesses. Meanwhile the compressive
strain increased for thicker a-Mo0Os layers. The distinct dependence on a-MoOs
thickness regarding the doping concentration and strain is clearly visible in Figs.
4.3c—e. Despite the deposition of a-Mo0Osz layers with varying thicknesses on
graphene, as depicted in the AFM image in Fig. 4.3c, the p-doping concentration of
graphene, determined through the Raman peaks, remained consistent irrespective of
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the number of a-Mo0Os layers, as shown in Fig. 4.3d. On the other hand, thicker a-
MoQs epilayers induced higher compressive strain, as illustrated in Fig. 4.3e.

To provide a comprehensive visualization of the relationship between a-M0QO3
thickness and the doping and strain effects on graphene, | have plotted the doping
concentration and compressive strain as a function of a-MoOj5 thickness in Figs. 4.3f
and 4.3g, respectively. It is evident from Fig. 4.3f that the p-doping concentration of
1L a-MoOs/Gr is approximately twice as high as that of the uncovered graphene,
and this high doping concentration remains relatively constant across 1-5L a-MoQOs
thicknesses. This observation suggests that a significant p-doping effect on graphene
can be achieved using only a monolayer of a-MoQOs. The significant p-doping
observed in 1L a-MoOs/Gr can be attributed to the efficient charge transfer
facilitated by the large and thickness-insensitive work function of a-Mo0O3 [51, 105,
152, 153]. Conversely, the compressive strain experienced by graphene in the a-
MoOs/Gr system exhibits a clear dependence on the a-MoOs thickness (Fig. 4.39).
This strain arises from the mismatch in the TECs between a-MoO3 and graphene [60,
154, 155], as well as the high lateral stiffness and friction of a-Mo0Os [105, 112, 113].
The strain in graphene increases with the addition of a-MoOs layers, albeit with a
diminishing incremental effect. This behavior can be attributed to the formation of a
progressively rigid a-MoQs structure as the thickness increases. Both the doping and
strain effects observed in graphene upon the deposition of a-MoO3s demonstrate the
existence of a strong interlayer interaction between o-MoOs and graphene,

characterized by their epitaxial relationship.
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4.3.4. In-plane anisotropy of a-MoO3 /Gr

To investigate the orientation-dependent structural modulation induced by the
elongated superlattice and strong interlayer interaction at the o-MoOs—Gr
heterointerface, |1 conducted angle-resolved polarized Raman spectroscopy on a-
MoOQs/Gr. This involved rotating an analyzer (80.)) While keeping the polarizer fixed
(6in). Figure. 4.4a illustrates the G peaks of 3L a-MoO3/Gr measured at four specific
angles. These G peaks were deconvoluted into two distinct peaks: G* at 1621.7 cm’
! (red area) and G- at 1623.2 cm™* (blue area), respectively. The eigenvectors of these
peaks are parallel and orthogonal to the strain direction, respectively [156-158]. The
intensities of these peaks exhibit variations with 6.y, leading to a periodic change of
position of the convoluted G peak (Fig. 4.4b). The polar coordinates plot in Fig. 4.4c
presents the intensities of G* (red) and G- (blue circles) peaks. Notably, these
intensities demonstrate distinct cos? o patterns, exhibiting repulsive behavior as
predicted by theoretical expectations (solid lines in Fig. 4.4). This finding
unequivocally confirms the uniaxial strain in graphene [156-158]. Therefore, the
vdW epitaxially grown a-MoOs induces a uniaxial strain in graphene [60, 132, 154,
155].

I conducted angle-resolved electrical transport measurements on the 1L a-
MoOs/Gr device to investigate the electrical anisotropy. The inset of Fig. 4.4d
presents the device configuration with multiple electrodes of different angles
deposited around the 1L a-MoOs island. Figure. 4.4d displays the transfer curves
(Ios—Ve) obtained from different electrodes at specific angles, revealing the highly
p-doped nature of a-MoQ3/Gr, consistent with the Raman measurement. Moreover,
in the transfer curve, both current and its slope exhibit strong dependence on the
measured orientation. Figs. 4.4e—g depict the hole concentration at zero gate voltage,
conductance (G), and pgg of a-MoQOs/Gr in polar coordinates. Notably, the doping
level shows no orientation dependence, as it is primarily governed by the charge

.

—
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transfer between a-MoOz and graphene (Fig. 4.4e). In contrast, both conductance
and pgg exhibit anisotropy with 180° periodicity (Fig. 4.4f and g). The anisotropy
conductance ratio (Gyqx/Gmin) reaches 1.43 at Ve = 0 V, comparable to that of BP
(~1.5) [16, 159, 160]. In addition, ppg of a-MoOs/Gr demonstrates a large
anisotropy ratio (Lgg max/HrEmin) Of 1.77, while preserving outstanding mobility of
8,155 cm? V! st at p=1x 102 cm™2 These observations demonstrate the
induction of in-plane electrical anisotropy in graphene through the epitaxial growth

of a-Mo0O:s.
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Figure 4.4. Anisotropy in graphene induced by a-MoQj3 epilayers. (a) Fitting results of four
representative angle-resolved polarized Raman spectra. The measured data are represented
by the hollow circles, while the red and blue shaded areas correspond to the fitted results of
the G* and G peaks, respectively. The peak positions of G* and G™ are indicated by the red
and blue dotted lines, respectively. (b) Contour plot of the angle-resolved polarized Raman
spectra of G peak as function of analyzer angle (6out). (C) Intensities of G* (red) and G~ (blue)
peaks plotted in the polar coordinate. Spheres correspond to the intensities, and solid lines
correspond to the results fitted to the theoretical expectation (42, 43). (d), Orientation-
dependent transfer characteristics of a-M0Oa/Gr electric device. The inset shows an optical
image of the a-MoOs/Gr electric device. (e, f, g) Polar coordinate plots of the hole
concentration at zero-gate voltage (e), conductance (f), and field-effect mobility (g) of the a-
MoOs/Gr device in Fig. 4d, respectively. Conductance and field-effect mobility are measured
under various carrier concentrations, which are represented with different colors. (a-g) are

adapted from the reference [145] with permission.
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4.3.5 Anisotropic distortion of graphene band structure by a-MoO;

epilayer

The origin of the anisotropy of a-Mo0O3/Gr was revealed by first-principles
calculations based on density functional theory (DFT). The band structure of
graphene can be deformed by anisotropic periodic potentials [161, 162]. The
elongated superlattice in a-MoQO3/Gr, as well as compressive strain, can result in out-
of-plane deformation in monolayer graphene. By these factors, the synthesized a-
MoOs; would generate the periodic potentials with anisotropy to graphene.

To confirm my hypothesis, I constructed a heterostructure of a-MoQO3z/Gr under
consideration of strain by TECs [60, 155]. In addition, the a-axis (c-axis) of a-M0Q3
is parallel with the ac (zz) directions of graphene, as observed in the TEM images in
Fig. 4.2d. The graphene is compressed with 1.2 and 0.2% strain along the ac and zz
directions by the a-MoOs lattice, respectively. The out-of-plane corrugation of
graphene is shown in Fig. 4.5a. In the superlattice (indicated by a black box), the
graphene was deformed 0.09 A along out-of-plane direction. The upward (downward)
corrugation of the carbon atoms is represented with red (blue) color. Therefore, 1D-
patterned corrugation parallel to the zz direction is exhibited in a graphene.

The 1D superlattice leads to periodic potentials on graphene. In the superlattice,
the bands fold into small BZ of the supercell, thus the change of Dirac energy bands
of graphene cannot be identified. To avoid this, dense energy bands in the supercell
BZ was projected or unfolded into the original BZ of graphene [163-165]. Figure
4.5b illustrates the unfolded energy bands of the optimized a-MoOs/graphene
heterostructure (highlighted in fiery contour) projected onto the graphene layer,
along two directions: x (ac) and y (zz), as depicted in Fig. 4.5a. The Fermi level (Er,
gray dashed lines) is shifted ~0.7 eV below the Dirac point. For comparison, the
band structures of the isolated graphene layer (represented by green dashed lines)
were also shown. Note that the isolated graphene possesses the same compressive
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strain as the a-MoQOs/graphene heterostructure. Notably, the presence of apparent
gapful (gapless) Dirac points along the gy (qy) direction in Fig. 4.5b can be attributed
to the strain-induced shift of the Dirac point along the gy direction. On the right side
of Fig. 4.5b, the effective band structure along the y-axis undergoes significant
alterations within certain energy ranges, while on the left side, along the x-axis, it
closely resembles that of isolated graphene (indicated by white dashed boxes).
Notably, there is noticeable band splitting around the Fermi level, indicating strong
hybridization with the a-MoOs layer. This directional electronic disparity depicted
in Fig. 4.5b is estimated to induce anisotropy in the electrical transport properties of
the a-MoOQs/graphene heterostructure.

By employing the Boltzmann transport equation under the assumption of a
simple constant relaxation time (1), I was able to estimate the conductivities (o) along
the x- and y-axes based on the band structures [166]. The resulting expression for o

is as follows:

2 9 e ;
o, T) = = [ [ ZnVns®Vnib(e — enp)dk (— %) de equation (4.3)

where v, , €.k, T,and f are the k-dependent group velocity, energy of the
n" band, relaxation time (considered a constant for simplicity), and Fermi
distribution function as functions of the energy (&), chemical potential (u), and
temperature (T ), respectively [145]. As depicted in Fig. 4.5c the electrical
conductivities along the x and y axis show a notable difference, which aligns with

my experimental findings.
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Figure 4.5. Anisotropic band distortion in a-MoOs/Gr. (a) Out-of-plane deformation of
graphene for optimized a-MoOs/Gr heterostructure. Blue (red) color represents the
displacement of carbon atoms below (above) the center of mass of the graphene layer. (b)
Unfolded energy bands of the a-MoOs/Gr heterostructure, projected onto the graphene layer,
along the x-axis (left) and y-axis (right) in the vicinity of the K point. The gray dashed lines
represent the Fermi level of a-MoOs/Gr. The green dashed lines indicate the band structure
of isolated graphene with the same compressive strain as that in the heterostructure, 1.2%
along the ac direction and 0.2% along the zz direction. The color scale indicates the k-
dependent spectral weight for the primitive BZ of the graphene layer. (c) Calculated in-plane
electrical conductivities using the unfolded spectral functions projected on graphene at 300

K along the x- and y-axis. (a-c) are adapted from the reference [145] with permission.
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4.4. Conclusion

To summarize, | conducted a comprehensive investigation into the interlayer
interaction between a-MoOs epilayers and monolayer graphene growth templates in
symmetry-mismatched epitaxy. The results clearly demonstrated that the profound
modulation of doping and strain in graphene was a direct result of the robust
interlayer interaction with the a-MoQj epilayers. Firstly, deposition of a single layer
of a-MoOs led to a significant enhancement in the hole concentration in graphene,
comparable to other doping techniques involving the deposition of a charge-transfer
layer on graphene [167, 168]. Moreover, by adjusting the thickness of the a-MoO3
epilayers, it was possible to control the strain exerted on graphene while maintaining
a high hole concentration. Additionally, the directional deformation of the graphene
band structure induced electrical conductance anisotropy in symmetrical graphene.
In conclusion, this study demonstrates that the strong interlayer interaction between
vdW epitaxially grown 2D oxides and 2D materials can serve as a viable approach
for symmetry engineering of 2D materials, without compromising their exceptional
electrical properties. These findings hold great promise for applications in

optoelectronic devices that necessitate optical and electrical anisotropy.
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Chapter 5. Conclusion

In this dissertation, growth, characterization, and vdW heterostructures of o-
MoQ; have been investigated.

In Chapter 2, I focused on the synthesis and characterization of a-MoOs;
nanosheets on various 2D growth templates. The successful growth of monolayer to
multilayer a-MoOs; nanosheets on 2D substrates was achieved, and a single-crystal
a-MoOs nanosheet without grain boundaries was obtained. The band gap of a-MoO3
increased with decreasing thickness, and the synthesized material exhibited high n-
doping and a small work function. These results demonstrated the immense potential
of ultra-thin a-MoO3 in 2D-material-based electronics.

In Chapter 3, the tribological and electrical properties of epitaxially grown
single-crystal a-M0Oj3 nanosheets on graphite have been thoroughly examined. The
study revealed the thickness-insensitivity of friction, work function, dielectric
constant, and tunnel resistance in a-MoOs. The thickness-insensitivity can be
attributed to the weak interlayer coupling of a-MoOs.

In Chapter 4, | explored the in-plane anisotropy and doping effects in graphene
induced by vdW epitaxially grown a-MoOs layers. It has been demonstrated that
high p-doping of graphene and the compressive strain is induced in graphene by
deposition of a-Mo0Qsz. In addition, the asymmetrical band distortion in a-MoOs-
deposited graphene resulted in in-plane electrical anisotropy. This research presented
a method to induce anisotropy in symmetric 2D materials through the formation of

asymmetric superlattices.
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Meanwhile, several further studies are required to fully expand the potential of
a-MoO; and related vdW heterostructures.

First, directional uniformity of a-MoOs should be improved. Because of
symmetry difference between orthorhombic a-MoOs and conventional hexagonal
2D materials, the synthesized a-MoO;z have triply degenerated grain orientations.
Even though the grain boundaries are well-stitched, the lateral size and uniformity
of the a-MoQ;3 could be improved by reducing the degeneracy of the 2D templates,
such as uniaxial strain or in-plane electric field.

Second, a method to control stoichiometry of a-MoOs is required. Even though
a-MoOs grown on the 2D templates shows high crystallinity, its band structure can
be modulated by controlling oxygen vacancy.

Finally, phase transition of a-Mo0QOj3 also widens the potential of MoOzs-based
heterostructures. Since MoO3 possesses various structures and phases with different
properties, novel physical phenomena can be achieved by phase transition and
formation of multi-phased structures.

Collectively, growth and characterization a-M0Os were investigated, and a-
MoO; was used as an in-plane anisotropic building block for moiré superlattice. The
results open avenues for further research in the field of in-plane anisotropic 2D

materials and symmetry engineering by vdW epitaxy.
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Abstract

A o]HHA] o]x} =4 (in-plane anisotropic two-dimensional materials)
2 TAYE Roldl =ZAAF (moiré superlattice)= 7] Fold] X7z} A
S 7 e 553 E2¢4 S4S ved Ze® Vg aAnk |

J e, o= TAE Wopd %

=R M= AP A (orthorhombic) =B el A4S (a-MoOs)=
75 Bgs |y oA 84w E&eltt olgst &
71 18, A= A7E v=H 2ol A dAR AEE 9 A ST
A oAA dACNA wFEd olxd =4 9ol a-MoO; UEAE
(nanosheet) = |3 B1A] (epitaxy)E A3 44171 WHS stk v A
A a-MoOs& 7Tl S3AA, G5HE B35 a-MoOs YAl EE
deAom st AEe A EdACdE =k, d4E o
MoO; U=AEE AAY-AE HolA ¢om FAHIT. T3 a-MoOs2
MEAY (band gap), L, B Adsk I 22 AV 545 AR

| =3
or, B ATE B o]AEA Jw AAAEAY FHLLEH 29 o

w2}

dstar, oo 5AS w438t 0-Mo0sE w5 2] oI YAl = A

A olF FE2E FAson, olfd olF = A Wk wet
:I_= -, '|'.
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]9 golst AR F7E 7HHth oA 2ARSE 0-Mo0s2] 7]
3de® 13, a-MoOs7F A
doping), &¥= 52 (compressive strain), ] o]
A3kt o] ATE Fall, oYz A%
A2 Pt Wl A olx k=

S
th% &3 WH (symmetry engineering)S Al A] 3kT},
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